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•black holes of the EM universe in a nut shell

•black hole “binaries” of the GW universe

•digression of stellar-origin black holes

•the “fil rouge”between “stellar-origin” 
and“seed” black holes in the high redshift universe

•LISA golden binaries - EM counterparts - 
cosmography?

•3C168: sign of a recoiling  massive black hole that 
merged few Myrs ago?

OUTLINE

M. Chiaberge et al.: A gravitational wave recoiling black hole in a young radio source?

Fig. 4. Velocity o!sets of the broad emission lines as measured with re-
spect to the systemic redshift zh plotted against the observed wavelength
of each line. The light blue points and the red points are for the spectral
models without and with broad absorption, respectively. Note that there
is only one point representing the C III] line because for semi-forbidden
lines broad absorption is not expected.

perimposed onto the PSF, Galfit is able to correctly fit the image,
with a !2 consistent with that of our best-fit model. Therefore, if
such a galaxy were present in the image, Galfit would have been
able to detect it.

We also simulate a smaller (re!=1!!) spheroid with the same
magnitude as in the previous simulation, and we superimpose
that to the QSO. Galfit is again able to fit such a component,
but with a larger error on both the e!ective radius and the Sér-
sic index. Therefore, even in the case of the lower BH mass
estimate that was derived assuming accretion at the Eddington
limit, the expected host galaxy would still lie within the range
that we could detect with our method, based on the tests per-
formed above.

We conclude that, even if the presence of an under-luminous
object cannot be completely excluded, the best model to fit the
image includes two components only: one PSF and one elliptical
galaxy. Any additional galaxy at the location of the PSF would
be significantly under-luminous (possibly by a factor of more
than 100, according to our first test) with respect to its expected
luminosity, given the BH mass of the QSO. This directly implies
that such a scenario is very unlikely.

3.3. X-ray Chandra-ACIS data

We analyzed archival Chandra X-ray observations to evaluate
the possibility of a second AGN located at the coordinates corre-
sponding to the isophotal center of the host galaxy. We register
the Chandra 0.5-7 keV image to the world coordinate system of
the HST WFC3-IR image, using the peaks of the emission in the
two images (i.e. the position of the unresolved quasar). In regis-
tering the Chandra image to the framework of the HST image,
we assume that the bright point sources in each image are both
associated with the QSO, and that they are co-spatial.

Fig. 5. Chandra X-ray image of 3C 186. The bright point source at the
center of the field of view is the quasar. The region marked with the
circle corresponds to the location of the galaxy nucleus, where the upper
limit for any additional AGN source was estimated. In this figure North
is up and East is left.

We take into account the contributions from the quasar (and
the associated PSF of the ACIS-S instrument), the cluster and
the background.

We estimate a 3" upper limit F2"10keV < 2.2#10"15 erg cm"2

s"1 for a second AGN, in a circular region with one pixel ra-
dius centered at the coordinates corresponding to the host galaxy
center (Fig. 5). This value corresponds to a 2-10 keV luminos-
ity L2"10keV = 1.3 # 1043 erg s"1 at the redshift of the source.
This is $100 times lower than the luminosity measured for 3c186
(L2"10keV = 1.2 # 1045 erg s"1). Assuming that any AGN at the
center of the host is strongly obscured in the X-rays we can cor-
rect its observed X-ray flux for an average factor (Marinucci et
al. 2012) of 70, leading to an upper limit of LC"thick

2"10keV
< 9.1#1044

erg s"1. We also note that the power needed to photo-ionize
the narrow emission lines as estimated from L[OIII] (Hirst et al.
2003) is L2"10keV = 7.3#1045 erg s"1, using the relation between
these two quantities (Heckman et al. 2005). This implies that
if the observed QSO and the galaxy were a chance projection,
the presence at the center of the host of an AGN that is power-
ful enough to photo-ionize the observed narrow lines would be
detected at > 3" level, even if Compton-thick absorption was
present, under reasonable assumptions.

4. Discussion

We presented evidence for both a spatial o!set between the nu-
cleus of 3C 186 and its host galaxy, and a velocity shift be-
tween the broad and narrow emission lines in its spectrum. In
the following we discuss possible interpretations of our results.
We first consider scenarios that assume that the velocity o!sets
are caused by peculiar properties of the central AGN, i.e an ex-
treme disk emitter or a peculiar wind. We then discuss scenarios
that can possibly account for both the velocity and spatial o!sets
displayed by this source. We then outline the reasons why we
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(a) �11.0M8 hrs (b) �3.0M8 hrs

(c) 4.6M8 hrs (d) 6.8M8 hrs

FIG. 1: Electromagnetic energy flux at di↵erent times. The
collimated part is formed by two tubes orbiting around each
other following the motion of the black holes. A strong
isotropic emission occurs at the time of merger, followed by a
single collimated tube as described by the Blandford-Znajek

scenario.

black holes act as stirrers for the surrounding plasma.
Their orbital dynamics and strong curvature a↵ect the
electromagnetic field in the close neighborhood of each
black hole, inducing both a poloidal electric field and
a toroidal magnetic field –both scaling as vB0– (as in
models for magnetospheric interactions of binary pul-
sars [35, 36]). Fig. 2 illustrates field lines correspond-
ing to E and B as well as the ⌦F . The induced time-
dependent topology gives rise to a net Poynting flux
aligned/antialigned with the orbital momentum vector
around each black hole, with an EM frequency given by
⌦F ⇠ ⌦orb/5. As a result, despite the fact that the black
holes are not spinning, there is a strongly collimated elec-
tromagnetic flux of energy dominated by an m = 2 mul-
tipolar structure with a time-dependence determined by
the orbital motion.

During the merger, which lasts about ⇠ 7M8 hours
–from late orbiting, through the plunge phase to the for-
mation of a highly distorted black hole– the highly non-
linear dynamics translates into a significant increase in
both electromagnetic and gravitational energy radiated.
As expected, a common collimated tube arises and a nat-
ural transition from m = 2 ! 0 is observed. In addition
to the collimated flux of energy, a rather isotropic flux is
also emitted whose energy is much smaller than the col-
limated one during the inspiral but of the same order at
the merger, where both these energy fluxes reach a peak

(a) �8.2M8 hrs (b) 4.6M8 hrs

FIG. 2: Some representative electric and magnetic field lines,
together with the electromagnetic rotation frequency ⌦

F

.

and the collimated part doubles in magnitude.
Afterwards, the late stage is described by a single black

hole which, after a relatively short time, is well approxi-
mated by a Kerr black hole. The remnant black hole ra-
diates gravitational radiation described by quasinormal
modes which decay to zero exponentially as the black
hole settles into a Kerr configuration. Thus, the post-
merger behavior of the electromagnetic field behavior is
increasingly better represented by the Blandford-Znajek
process for a spinning black hole with a ' 0.67. As a re-
sult, the collimated electromagnetic energy flux does not
decay to zero, rather it approaches the value predicted by
the Blandford-Znajek model. For a single spinning black
hole, this energy flux evaluated at the horizon goes like
FEM ⇠ RBH⌦F (⌦H �⌦F )B2, where ⌦H is the rotation
frequency of the black hole (which is similar to the orbital
velocity at the merger). In this case, we numerically find
that the EM rotation frequency for a single black hole
relaxes to ⌦F ⇠ ⌦H/2.

Energetically, the system radiates gravitational waves
primarily through l = |m| = 2 modes. These waves
display a chirping behavior as the orbit tightens, fol-
lowed by exponential decay after the merger (see e.g. [7]).
Overall, the system radiates ' 2.5% and ' 16% of the
rest mass energy and angular momentum (at the initial
separation) respectively. In the electromagnetic band
the radiation profile displays a more complex structure.
Throughout the orbiting stages, the electromagnetic ra-
diation exhibits a strongly collimated character along the
magnetic field lines in the region around the individual
black holes, together with a weaker isotropic emission.
These features are illustrated in Fig. 1 in which the flux
of electromagnetic energy is shown at four di↵erent times
during the evolution. In the early stages the black holes
stir the surrounding plasma, leading to a clear collima-
tion of electromagnetic flux induced by the orbiting black
holes pulling the EM field lines. These collimated tubes
twist about each other as the black holes proceed. When
the merger takes place, the collimated tubes merge into
one and acquire a rather smooth structure around the fi-
nal black hole’s ergosphere. In addition to the collimated
energy flux, a strong burst of isotropic electromagnetic
radiation is produced at the merger.
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both the time series and their associated power spectra. We cut
the spatial domain into the following radial annuli:

(i) 0 a < r < 10 a: the entire domain;
(ii) 0 a < r < 1 a: the “binary region”;
(iii) 1 a < r < 1.8a: the “cavity region”;
(iv) 1.8a < r < 2.5a: the “rim region”;
(v) 2.5a < r < 10 a: the “disc region”.

The associated time series and power spectra are shown respec-
tively in the left and right panels of Fig. 7.

In all the simulations, the overall torque (i), shows a clear
periodic oscillation, much larger in amplitude than its average
value. The power spectrum unveils several distinctive peaks,
with relative amplitudes that can vary significantly for di!erent
simulations. In particular, peaks in the iso simulations are much
sharper and better defined. This is because in the adia simula-
tions the BHB shrinks significantly, resulting in a broadening of
the characteristic frequencies. Moreover, as we shall see in the
next section, the disc sub-structures are much better defined in
the iso runs, giving rise to neater features.

In the binary region (ii) the torque is mostly coherent and
positive. Because the torque strength in (ii) is regulated by the
mass inflow, it shows periodicities that are related to the accre-
tion flow: a disc component around f ! 0.25P"1

0 (correspond-
ing to the disc peak density at r ! 2.5a), the forcing frequency
of the binary at f = P"1

0 , and the beat between these two at
f ! 0.75P"1

0 (see Sect. 5 and Roedig et al. 2011, Sect. 5.1). In the
cavity region (iii) the torque is negative on average but strongly
oscillating. Several periodicities are detectable, the most strik-
ing being a peak at f ! P"1

0 which appears again to be directly
related to the binary period. In the rim region (iv) the torque is
highly oscillating, and the strongest feature is a sharp peak at
f ! 1.3P"1

0 , whereas in the disc region (v) the only significant
spectral component is at f ! 1.7P"1

0 . As a general trend, moving
from the inner region to the disc body, torques become incoher-
ent (i.e. they average to zero) and strongly oscillating (compare
the power spectra scales in the di!erent panels of each plot).

4.3. Interpretation: torque origin and location in the disc

In this Section, we provide a global interpretation of the fea-
tures observed both in the radial distribution of the time aver-
aged torques and in their temporal evolution. The arguments dis-
cussed below are supported by Figs. 8–10 and by Table 2.

4.3.1. Origin of the positive and negative peaks

It seems natural to compare the torque radial profiles obtained by
our simulations with linear perturbation theory, in which torque
minima and maxima are connected to outer Lindblad resonances
(OLRs). It is in fact tempting to associate the torque minimum
at r ! 1.6a with the 2:1 OLR. We should however be careful
in pushing this interpretation too far, since, as already pointed
out by MM08 and S11, the assumptions of linear theory are not
satisfied in this context. Most importantly, looking at the upper
panels of Figs. 8 and 9, we notice that the region r < 2a is
almost devoid of gas, and the streams are almost radial. Mass
fluxes reported in Table 2 clearly show that, at any radius, there
are always fluxes of ingoing and outgoing mass, resulting in a
steady net inward flux consistent with the accretion rate onto the
two BHs. A strict OLR interpretation of the torque minimum at
r ! 1.6a would instead require particles in circular orbit at that
radius, experiencing a secular e!ect due to the phase-coherent
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Fig. 8. Top panel: typical instantaneous logarithmic surface mass den-
sity of the iso05 simulation. Bottom row: combined surface torque den-
sity exerted by the disc onto the binary (left panel), onto the primary
BH (central panel) and onto the secondary BH (right panel). All plots
are in code units: G = M0 = a0 = 1.

periodic forcing of the binary; this is not what happens within
the cavity region. The strongest 2:1 OLR is certainly respon-
sible for the evacuation of the gas close to the binary and for
the formation and maintenance of a cavity, however cannot be
directly responsible for the coherent torque seen in the cavity re-
gion. This is also supported by the fact that MM08 and S11 find a
minimum at the same location (r ! 1.6"1.7a) for an equal mass
binary, where the 2:1 resonance is absent (because of the sym-
metry of the forcing potential), and the location of the strongest
OLR (3:2) would be at r ! 1.3a. The strong negative torque
in the cavity region has a purely kinetic origin: material ripped
o! the disc edge forms well defined streams following the two
BHs, which are clearly distinguishable in both the surface den-
sity plots shown in Figs. 8 and 9. The streams are responsible
for the yellow tails following the two BHs at #1.5a in the torque
density panels, which lead to a net negative torque. Conversely,
at r ># 2a, we have a well defined, almost circular disc, and the
torque density peaks at r ! 2a and r ! 2.5a can be identified
with the loci of the strong 3:1 and 4:1 OLRs (Artymowicz &
Lubow 1994).

Our simulations also allow us to investigate the torques
within the binary corotation radius at r < a, a region often
excised in grid-based simulations (see MM08 and S11). Here
we find strong positive torques on both BHs. This is because
the infalling material approaches the BHs at super-Keplerian ve-
locities, and bends in a horseshoe fashion, exerting a net pos-
itive torque in front of them. In fact, the maximum positive
torque basically coincides with the location of the two BHs
(sharp peak at r ! 0.75a for the secondary and a broader peak
around r ! 0.3a for the primary, see Fig. 6). The very same
e!ect, in the context of planetary migration, was discussed by

A127, page 8 of 13



THE BLACK HOLES
OF

THE  ELECTROMAGNETIC  UNIVERSE
Stellar Origin 
Black Holes Supermassive 

Black Holes

EMPTY
?

TRANSITION
OBJECTS?

cartoon

Accretion Paradigm

Black Hole 
Desert 

Sgr A*



Lacc
bol < LE =

GMBHmpc

4⇡�T

Lacc

bol

= "Ṁ
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8 Reines & Comastri

Figure 7. The luminosity–redshift plane of representative X-ray and optical surveys as labeled. The blue squares are the sources
detected in current X-ray surveys. Data are from the COSMOS–Legacy survey and the Chandra Deep Field South. Filled squares
represent sources with a spectroscopic redshift, while empty squares have photo-z’s. The red triangles are the SDSS QSOs reported
in Figure 2. The open empty blue circles are the predictions for the Euclid surveys (Roche et al. 2012). The black diamonds are the
predictions from the large and deep Athena surveys (Aird et al. 2013).

arcminutes, highlighting the need of larger area surveys
to uncover high redshift SMBHs.

The bottom line is that the current number of X-ray
selected AGN at very high redshift (z > 6) is consistent
with zero. There might be a few candidates, but either
the redshift determination is uncertain or the source
could be a spurious detection in X-rays or both. Much
deeper X-ray observations will certainly help to obtain
additional and tighter constraints on the emissivity of
high-redshift AGN.

2.3 ATHENA surveys

The detection of large, statistically meaningful samples
of QSOs around and below the L⇤ luminosity at z >6,
and over a wide range of obscuring column densities,
would provide unique constraints on the formation and
early growth of BHs. This will require a next genera-
tion of X-ray observatories that can perform surveys to
comparable depths as the deepest Chandra fields, but
over a substantially larger areas. The ATHENA X-ray
observatory (Nandra et al. 2013), currently approved
as an ESA large mission for a launch in 2028, has the
capability to probe this new discovery space.

The prospects for a multi-tiered ATHENA Wide
Field Imaging survey, combining extremely deep and
shallower wide area observations, include the ability
to identify a statistically meaningful sample of AGNs
at very high (z >6) redshifts and thereby revolution-
ize our understanding of the early Universe at the
epoch of reionization (Aird et al. 2013). The multi-cone
ATHENA Wide Field Imager (WFI) survey has been
designed to maximize the instrument capabilities and
the expected breakthroughs in the determination of the
luminosity function and its evolution at high (> 4) and
very high (> 6) redshifts. It is a major investment of
the entire science program and will take more than one
year of observations.

To adequately constrain the faint end of the lumi-
nosity function (L ⇠1043�44 erg s�1 at z ⇠ 6� 8) re-
quires a survey that reaches flux limits of ⇠ 3⇥ 10�17

erg s�1 cm�2 over an area a few square degrees and of
⇠ 2⇥ 10�16 erg s�1 cm�2 over several tens of square
degrees. This coverage is well beyond the capability of
current X–ray observatories. The expected output of
the multitiered Athena WFI survey is shown in Fig-
ure 7 over the entire range of redshifts, and well within
the epoch of the reionization (i.e. up to z ⇠10). From
a visual inspection, it is clear that X-ray surveys will

PASA (2016)
doi:10.1017/pas.2016.xxx
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Figure 20: Left: Evolution of the stellar mass density as a function of redshift (black points,
observations), where the density is given as a ratio to the local value, !!,0 = 5.6!108M" Mpc#3

(Cole et al., 2001). Shaded areas represent 1-sigma confidence intervals of the model fits. Solid
black line with purple shaded area shows the best joint fit from eq. (9) and eq. (10) to both
stellar mass and SFR density points (left and right panels), while the dot-dashed line with yellow
shaded area marks the normalized evolution of the SMBH mass density only. The slight o!set
between the two is compensated by a change in the normalization of the average black hole
to spheroid mass ratio with redshift (see text for details). The dashed (dotted) line with red
(blue) shaded area shows the relative growth of the mass density in spheroids (discs). Values
of "0 = 0.3 (Fukugita & Peebles, 2004) and !BH,0 = 4.2 ! 105M" Mpc#3 (Shankar, 2009) are
adopted here. Right: The corresponding best-fit relation for the SFR density evolution, from
eq. (10) is shown with a solid line and dark blue shaded area. The dash-triple-dotted line is
(1000 times) the black hole accretion rate density "BH(z) (BHAR). It appears that the BHAR
declines slightly faster than the SFR, another way to emphasize the need of an evolution in the
average MBH/Msph ratio.
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Fig. 2.— Black hole mass versus host spheroid’s stellar mass (in
units of solar mass). Core-Sérsic spheroids are shown with open
red circles, while Sérsic spheroids are shown by the large blue dots.
A sample of 139 low mass AGN from Jiang et al. (2011) are de-
noted by the small dots, while an additional 35 higher mass AGN
(which may have had their host spheroid masses over-estimated by
overly-high (M/L)stellar ratios, see Busch et al. 2014) are denoted
by the cross hairs. The optimal near-linear and near-quadratic scal-
ing relations from Scott et al. (2013) are shown as the red (solid
and dashed) and blue (solid) line for the core-Sérsic and Sérsic
spheroids, respectively. Of note is that 68% of the 139 AGN (i.e.
+/-34%) are contained within 0.83 dex in the horizontal direction,
representing a level of scatter equal to that about the near-linear re-
lation observed at the high-mass end. The non-AGN Sérsic galaxies
have more scatter than the non-AGN core-Sérsic galaxies because
of the crude way in which their bulge masses were estimated (see
Graham & Scott 2015, from which this figure is taken).

This had resulted in these lower mass spheroids be-
ing considered distinct by some, and sometimes labelled
‘pseudobulges’ as opposed to ‘classical’ bulges (Gadotti
& Kau!mann 2009; Kormendy, Bender & Cornell 2011)
with the separation said to occur at n = 2. This is also
where the alleged divide between dwarf elliptical and or-
dinary elliptical galaxies was said to occur (MB = !18
mag, Mgal,! " 2 # 1010M" n " 2–2.5, ! " 100–120
km s#1). However, without the fuller parameter baseline
that we now have, or artificially subdividing the data at
a Sérsic index of 2, or at MB = !18 mag, or where the
curvature in relations using ‘e!ective’ radii and surface
brightnesses are a maximum (see Graham 2013 for an
explanation of this), the continuity between the low- and
intermediate-luminosity Sérsic galaxies can be missed,
even if the data itself is accurate. This issue is discussed
further in section 5.2.1.
The distribution of points in Figure 2 reveals that black

holes grow faster than the stellar population of their host
spheroids, for which abundant evidence is now appear-
ing (e.g. Diamond-Stanic & Rieke 2012; Seymour et al.
2012; Trakhtenbrot & Netzer 2012; Agarwal et al. 2013;
Alonso-Herrero et al. 2013; LaMassa et al. 2013 Lehmer
et al. 2013; Drouart et al. 2014). For example, Diamond-
Stanic & Rieke (2012) report that the black hole growth
rate is proportional to the 1.67 (=1/0.6) power of the
star formation rate within the inner kpc (roughly the

bulge half-light radii) of their Seyfert galaxies, while the
analysis from LaMassa et al. (2013) gives an exponent
of 2.78 (=1/0.36) for their sample of $28,000 obscured
active galaxies, quite di!erent from the linear value of 1.
Figure 2 also reveals that classical bulges, pseudob-

ulges, clump-bulges (Noguchi 1999), and mixed-bulges
containing both a classical bulge and a pseudobulge, all
follow the steeper scaling relation, until the onset of rel-
atively dry mergers revealed by the scoured cores seen in
the centres of (many of) the most massive spheroids.
With their supernova feedback producing a steeper re-

lation than their AGN feedback prescription, the models
of Cirasuolo et al. (2005, their Figure 5) show a bend in
theMbh–Msph (andMbh–M!) relation atMbh " 108M".
At these lower masses, a steeper than linear Mbh–Msph
relation can also be seen in the di!ering models of Dubois
et al. (2012), Khandai et al. (2012, their Figure 7); Bonoli
et al. (2014, their Figure 7) and Neistein & Netzer (2014,
their Figure 8).
What happens in the Mbh–Msph diagram at black hole

masses less than 105M" is not yet known, although
LEDA 87300 suggests that the steep relation continues
(Graham, Ciambur & Soria 2016). While the absence
of a definitive black hole detection in M33 (Kormendy
& McClure 1993; Gebhardt et al. 2001; Merritt et al.
2001) had reinforced the idea that black holes are asso-
ciated with bulges (e.g. Dressler & Richstone 1988; Ko-
rmendy & Gebhardt 2001), bulgeless galaxies with mas-
sive black holes have since been detected (e.g. Reines et
al. 2011; Secrest et al. 2012; Schramm et al. 2013; Sim-
mons et al. 2013; Satyapal et al. 2014). Obviously these
galaxies do not (yet?) participate in the observed Mbh–
Msph,! scaling relation. As noted in Graham & Scott
(2013), there are however tens of galaxies known to con-
tain AGN in bulges whose spheroid magnitudes suggest,
based on this near-quadratic Mbh–Msph,! scaling rela-
tion, that they harbour intermediate mass black holes
(102 < Mbh/M" < 105). It will be interesting to see
a) if this missing population of intermediate-mass black
holes exists and b) where they reside in the Mbh–Msph
diagram.

4.1.1. Implications

Of course the above represents a dramatic revision to
the bulge-(black hole) connection , i.e. a completely dif-
ferent relation connecting supermassive black holes with
their host bulges, and as such has wide-spread implica-
tions. For one, the many-merger scenario proposed by
Peng (2007), and explored further by Jahnke & Macciò
2011 and Hirschmann et al. (2010), to produce a linear
one-to-one scaling via the central limit theorem can be
ruled out. Using a sample of galaxies with a range of ini-
tialMbh/Mgal,! mass ratios, Peng (2007) noted that after
many mergers it would naturally create an Mbh–Msph,!
relation with a slope of 1. Although this concept was
independently ruled out by Anglés-Alcázar et al. (2013)
who had emphasized that the number of actual major
mergers are not frequent enough to have established such
a linear relation, the quadratic slope of the Mbh–Msph re-
lation confirms this ruling.
Some additional implications of the new relation in-

clude obvious things like (i) black hole mass predictions
in other galaxies, (ii) estimates of the local black hole
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alleged over-massive black hole in NGC 1277 from van
den Bosch et al. 2012 which has since been rescinded).
If they had of additionally used the inverse of this re-
gression, in which the unknown intrinsic scatter is as-
signed to the log ! direction, they would have obtained
a slope of 6.64, and thus an average slope of 6.14. This
is steeper than previously reported, and is in part due to
their inclusion of the o!set barred galaxies at low masses.
While McConnell & Ma (2013) do report that their 19
late-type galaxies (with both classical bulges and pseu-
dobulges) have an Mbh–! relation with a zero point (i.e.
the term ‘a’ in y = a+bx) that is 0.29 dex lower than for
their 53 early-type galaxies (8.36 vs 8.07), i.e. o!set by a
factor of 2, they did not perform a fit to the barred and
non-barred galaxies. Given that the early-type galaxies
dominate at the high-mass end of the diagram, and the
late-type galaxies at the low-mass end, they combine to
produce the steeper relation with a slope of !6.
Graham et al. (2011) highlighted a potential sample

selection bias such that the need to resolve (or nearly
resolve) the sphere-of-influence of the black holes may be
resulting in an artificial floor to the distribution of points
in the Mbh–! diagram. As such, they additionally used
a non-symmetrical regression, but one which minimised
the o!sets in the horizontal direction, i.e. they performed
the ‘inverse’ regression as this should provide the least
biased fit (see Lynden-Bell et al. 1988). Adding eight
black hole masses to the compilation of 64 data pairs in
Graham et al. (2011), Graham & Scott (2013) reported a
slope of 6.08±0.31 using their preferred inverse regression
on their sample of 72 galaxies (see Figure 4). For the 51
non-barred galaxies, their optimal slope using the inverse
regression was 5.53±0.34. While this is at first glance in
agreement with the preferred value of 5.64±0.32 reported
by McConnell & Ma 2013, it should be realised that it is
a coincidence as di!erent things have been measured: a
forward regression for all galaxy types versus an inverse
regression for non-barred galaxies.
Using updated and expanded data for 57 non-barred

galaxies, taken from the sample of 89 galaxies in Sa-
vorgnan & Graham (2015), the forward, inverse and av-
erage regression give a slope of 5.10, 6.48 and 5.79. Fold-
ing in the o!set barred galaxies results in steeper slopes
still, as seen with the McConnell & Ma (2013) data. The
increase to the slope over the past few years (see also
Sabra et al. 2015 who report a slope of 4.60 using 89
galaxies and the ‘forward’ linear regression) has largely
come from increased black hole masses, and new data, at
the high mass end. McConnell & Ma (2013) additionally
note that the flux-weighted velocity dispersion within one
e!ective radius can be as much as 10–15% lower in their
massive galaxies when excluding data within the black
hole’s sphere-of-influence. This follows Graham et al.
(2011) who noted that the velocity dispersion for M32’s
spheroid should be reduced from "75 km s!1 to "55 km
s!1 (Tonry 1987) for exactly this reason. Increases to
black hole masses have also come from e!orts to account
for dark matter halos, resulting in an average increase
of "20% (Schulze & Gebhardt 2011; Rusli et al. 2103a),
but as high as a factor of 2 in the case of M87 (Gebhardt
& Thomas 2009). Incorporating a dark matter halo is
akin to relaxing the past assumption/simplification that

Fig. 4.— Mbh–! diagram taken from Graham & Scott (2013).
Red circles represent core-Sérsic galaxies; blue dots represent Sérsic
galaxies. The crosses designate barred galaxies, which tend to be
o!set to higher velocity dispersions. The three lines are linear
regressions, in which the barred Sérsic galaxies and the non-barred
Sérsic galaxies have been fit separately from the core-Sérsic galaxies
(which are not barred).

the stellar mass-to-light ratio is constant with radius37.
This new, slightly steeper, Mbh–! relation for the non-

barred galaxies suggests that if Lsph # !6 (Lauer et al.
2007) for the core-Sérsic galaxies, then one can expect
to recover Mbh # Lsph for the core-Sérsic galaxies. If
Lsph # !5 (e.g. Schechter 1980) then one can expect

to find Mbh # L6/5
sph, suggestive of a second order e!ect

on the picture of dry mergers maintaining a constant
Mbh/Lsph and Mbh/Msph ratio. Resolution to this minor
query may simply require consistency with the regression
analyses, or perhaps a careful bulge/disc separation of
the galaxies involved (e.g. Laurikainen et al. 2005, 2011;
Balcells et al. 2007a,b; Gadotti 2008; Läsker et al. 2014a),
because core-Sérsic galaxies can contain a fast-rotating
disc (e.g. Dullo & Graham 2013; Krajnović et al. 2013).

5.2.1. Pseudobulges

Pseudobulges are particularly hard to identify, for
the multitude of reasons presented in Graham (2013,
2014). Furthermore, many galaxies contain both a
disc-like ‘pseudobulge’ and a classical bulge (e.g. Er-
win et al. 2003, 2014; Athanassoula 2005; Gadotti 2009;
MacArthur, González & Courteau 2009; dos Anjos & da
Silva 2013; Seidel et al. 2014), including the Milky Way
it seems (e.g. Dékány et al. 2013; Kunder et al. 2016; see
also Saha 2015). In addition, some may have formed from
the (secular) inward migration and (classical) merging of
stellar clumps (e.g. Noguchi 1999; Bournaud et al. 2007;

37 This raises another issue which is yet to be properly addressed
in the literature: not only do many spheroids have radial stellar
population gradients, but most Sérsic galaxies have nuclear star
clusters in addition to massive black holes, and the assumption
of a single stellar mass-to-light ratio when modelling the data to
derive a black hole mass is therefore not appropriate.

Graham+, 2016
Kormendy & Ho, 2014 for a review

• discovery of fundamental scaling relations: the relations indicate 
that the processes fostering the growth of stars and black holes are 
physically linked to the environment and the way structure 
formation proceeds, but that energy/momentum deposition by the 
active black hole + stellar feedbacks  affect the BH growth inside 
the galaxy 

BRIGHT ELLIPTICALS AND
BULGES OF DISC GALAXIES

• symbiotic evolution implies the 
necessity of understanding black 
hole and galaxy formation within 
a “cosmological framework”

MBH ⇠ 10�3Mpsh,⇤



• X-ray light from accretion <-> mass increment

• mass density increment that  black holes in  the mass 
range (log MBH~8-9)  experienced from  redshift 3 to 
the present 

�⇢AGN
• ⇠ 3.5⇥ 105 ("/0.1)�1 M� Mpc�3

• supermassive black holes have grown in mass due to  
radiative efficient accretion and mergers

⇢• ⇠ [2� 5]⇥ 105 M� Mpc�3

• mass density of the dormant black holes at z=0



• black holes in AGN do not provide any information on the 
seeding mechanism
• loss of memory of the mass and spin at birth
• spin is modeled by accretion and mergers

p
6MBH,initial

p
3/2MBH,initial

• spin increases  from 0 to 1 after accreting 
(for prograde accretion)

• spin decrease from 1 to 0 after accreting 
(for retro-grade accretion)

• accretion torques re-orientation of BH  
(disc-spin alignment )

• e-folding times for accretion of ~ 100 million 
years

• chaotic versus coherent accretion shape 
the spins in relation to the environment and 
feeding process

• when and where and how black hole seeds form is UNKNOWN
• seeds are rare & EM dim

COLPI & SESANA 2016  for a review
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fitting of the continuum
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• EM observations probe the “environment”close to the horizon 
• masses and spin moduli “indirectly measured”fitting the EM spectra

Parameter space of accreting black holes in active galactic nuclei

|S|spinBH



GRAVITATIONAL UNIVERSE
COALESCING BINARY BLACK HOLES

• the elementary  “gravito-dynamic” process to probe gravity under extreme 
conditions is occurring in  Nature



• exquisite and direct measurement of the“charges”  of the 
“Kerr Black Hole”
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Figure 23: Waveforms from a black hole binary with mass ratio q = 1/3. The
upper panel refers to a non-spinning binary viewed face-on, i.e. with optimal
orientation corresponding to the highest signal. The remaining panels refer to
a spinning binary with in-plane spin sspin,1 = 0.75, and sspin,2 = 0, viewed at
di↵erent angles with respect to the total angular momentum J. The morphology
changes with the viewing angle, and the modulation by precession is absent when
the binary is seen along J. Adapted from M. Hannam talk, Hannover 24 May
2016 : https://gw150914.aei.mpg.de/program/mark-hannams-talk

7.1 Black hole binary coalescences

Black hole binaries (BH*,BH*) of stellar origin, or massive (MBH,MBH) have
universal signals as black holes are geometrical objects, according to general
relativity. Spin-precession colours the waveform in various ways, changing the
morphology. This is illustrated in Figure 23 where we show the spin-induced
modulation on the gravitational wave amplitude, during the inspiral phase, as
view from di↵erent orientations with respect to the observer’s viewing angle.

For an accurate measure of the physical parameters and in order to break
degeneracies, one needs to know the full waveform and detect a source with a
high signal-to-noise ratio.

The whole waveform (including the ringdown) contains precious information
on the mass and spin of the new black hole. We recall that if the object is
truly a black hole as predicated by general relativity, then the mass and spin
obtained from the di↵erent oscillation modes present in the ringdown signal
should all be consistent within the measurement errors.105,128 Inconsistencies
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Figure 23: Waveforms from a black hole binary with mass ratio q = 1/3. The
upper panel refers to a non-spinning binary viewed face-on, i.e. with optimal
orientation corresponding to the highest signal. The remaining panels refer to
a spinning binary with in-plane spin sspin,1 = 0.75, and sspin,2 = 0, viewed at
di↵erent angles with respect to the total angular momentum J. The morphology
changes with the viewing angle, and the modulation by precession is absent when
the binary is seen along J. Adapted from M. Hannam talk, Hannover 24 May
2016 : https://gw150914.aei.mpg.de/program/mark-hannams-talk

7.1 Black hole binary coalescences

Black hole binaries (BH*,BH*) of stellar origin, or massive (MBH,MBH) have
universal signals as black holes are geometrical objects, according to general
relativity. Spin-precession colours the waveform in various ways, changing the
morphology. This is illustrated in Figure 23 where we show the spin-induced
modulation on the gravitational wave amplitude, during the inspiral phase, as
view from di↵erent orientations with respect to the observer’s viewing angle.

For an accurate measure of the physical parameters and in order to break
degeneracies, one needs to know the full waveform and detect a source with a
high signal-to-noise ratio.

The whole waveform (including the ringdown) contains precious information
on the mass and spin of the new black hole. We recall that if the object is
truly a black hole as predicated by general relativity, then the mass and spin
obtained from the di↵erent oscillation modes present in the ringdown signal
should all be consistent within the measurement errors.105,128 Inconsistencies
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(BH*,BH*)  (MBH,MBH) (MBH,BH*)



THE MULTI-FREQUENCY
GRAVITATIONAL UNIVERSEM. Colpi, A. Sesana Gravitational wave surces

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

coalescence, was emitting gravitational waves at about 15 mHz, accumulating a
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•stellar- origin black holes 
•a little digression!
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8

Weak wind

Strong wind

Figure 1. Left: dependence of maximum BH mass on metallicity Z, with Z
�

= 0.02 for the old (strong) and new (weak) massive
star winds (Figure 3 from Belczynski et al. 2010a). Right: compact-remnant mass as a function of zero-age main-sequence
(ZAMS; i.e., initial) progenitor mass for a set of different (absolute) metallicity values (Figure 6 from Spera et al. 2015). The
masses of GW150914 are indicated by the horizontal bands.

Mink 2016; Marchant et al. 2016). Nevertheless, there are no
calculations that find BHs more massive than 30 M

�

unless
the metallicity is lower than Z

�

.
Stellar properties at core collapse and the ensuing compact-

remnant masses have also been shown to depend, albeit much
more weakly, on the treatment of microphysics in stellar
structure and evolution codes, especially on assumptions re-
garding convective overshooting and resultant mixing (Jones
et al. 2015). Finally, Fryer et al. (2012) and Spera et al.
(2015) investigate how basic properties of the supernova ex-
plosion might affect remnant masses at different metallicities.
They show that remnant masses in excess of ' 12 M

�

at Z
�

(' 30 M
�

at 1/100 Z
�

) are formed through complete collapse
of their progenitors. Therefore, the masses of BHs in “heavy”
BBH mergers only carry information about the evolution lead-
ing up to the collapse and not about the supernova mechanism.

The measured masses of the merging BHs in GW150914
show that stellar-mass BHs as massive as 32 M

�

(the lower
limit on the more massive BH at 90% credible level) can form
in nature. Given our current understanding of BH forma-
tion from massive stars, using the latest stellar wind, rota-
tion, and metallicity models, we conclude that the GW150914
BBH most likely formed in a low-metallicity environment: be-
low '1/2 Z

�

and possibly below ' 1/4 Z
�

(Belczynski et al.
2010a; Mapelli et al. 2013; Spera et al. 2015).

It is, in principle, possible that “heavy” BHs are formed
through indirect paths that do not require low metallicity, but
we consider this very unlikely. For example, the formation of
“heavy” BHs through the dynamical mergers of lower-mass
BHs with massive stars in young clusters has been considered.
However, these models adopt the optimistic assumption that
in such mergers, even for grazing collisions, all of the mass
is retained, leading to significant BH mass growth (Mapelli &

Zampieri 2014; Ziosi et al. 2014). Stellar collisions in dense
stellar environments (see Portegies Zwart et al. 1999) could
potentially produce stars massive enough to form “heavy”
BHs, but these objects are also subject to strong winds and
intense mass loss unless they are stars of low metallicity
(Glebbeek et al. 2009). Finally, formation of “heavy” BHs
from the mergers of lower-mass BHs in clusters is unlikely
because most dynamically formed merging BBHs are ejected
from the host cluster before merger (Rodriguez et al. 2015,
see their Figure 2).

3.3. BBH Masses from Isolated Binary Systems

The fact that the majority of massive stars are members
of binary systems with a roughly flat mass-ratio distribution
(Kobulnicky & Fryer 2007; Sana et al. 2012; Kobulnicky et al.
2014) provides the opportunity for BBH formation in isolated
binary systems. In that case, the masses of BHs depend not
only on the initial mass of the star and metallicity, but also on
any binary interactions. The development of binary popula-
tion models focused on the formation of double compact ob-
jects goes back to Kornilov & Lipunov (1983) and Dewey &
Cordes (1987), but the first population models to account for
BBH formation appeared a decade later starting with Tutukov
& Yungel’son (1993). Several groups have explored differ-
ent aspects of BBH formation from isolated binaries at vary-
ing levels of detail (many reviewed by Kalogera et al. 2007;
Vanbeveren 2009; Postnov & Yungelson 2014). Models find
that BBH formation typically progresses through the follow-
ing steps: (i) stable mass transfer between two massive stars,
although potentially non-conservative (i.e., with mass and an-
gular momentum losses from the binary), (ii) the first core
collapse and BH formation event, (iii) a second mass trans-
fer phase that is dynamically unstable leading to inspiral in

��
�����

���
�����

�����

Figure 3: The figure shows the mass of the remnant as a function of the mass of
the progenitor star in the interval between [10 M�, 100 M�] for di↵erent values
of the stellar metallicity, from33 . The lower (solid red) line refers to Z = 0.02
(Sun’s metallicity). The upper line refers to Z = 10�4. In between the metallic-
ities (from bottom to top) are 0.01, 0.006, 0.004, 0.002, 0.0001, 5⇥10�4, 2⇥10�4.
(A black hole is assumed to form above MNS

max = 3M�.) The upper horizontal
bands indicate the two values of the black hole masses of GW150914 (and uncer-
tainty interval), prior to merger, and the lower pink strip indicates the interval
of black hole masses measured electromagnetically in galactic X-ray binaries.6

The black holes in GW151226 fall in this lower strip. Courtesy of M. Mapelli.

longer than 0.5 sec) or prompt (lasting less than 250 msec) and determine the
value of the mass of the relic star.

Figure 3 shows the mass of the compact remnants as a function of the star’s
initial mass, in the interval between [10M�, 100M�] for di↵erent values of the
absolute metallicity Z, predicted by the models of33 . The figure indicates that
lower metallicity progenitor stars leave heavier relic black holes. The upper
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Fig. S1. BH mass as a function of initial (Zero Age Main Sequence) star mass, for a range
of metallicities. These results show calculations for single star evolution with no binary in-
teractions. Our updated models of BH formation show a general increase of BH mass with
initial progenitor star mass. There is strong dependence of BH mass on the chemical com-
position of the progenitor. For example, the maximum BH mass increases from 10–15 M!

for high metallicity progenitors (Z = 150–100% Z!) to 94 M! for low metallicity progenitors
(Z = 0.5% Z!). Note that the formation of a single 30 M! and 40 M! BH requires metallicities
of Z ! 25% Z! and Z ! 10% Z!, respectively. The BHs detected in GW150914 are estimated
to have masses in the 30–40 M! range.
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Figure 34: Multi-band gravitational wave astronomy of (BH⇤,BH⇤) binaries,
adapted from.174 Plotted is the dimensionless characteristic amplitude versus
frequency as in Figure 33. The violet lines are the sensitivity curves of three
eLISA configurations; from top to bottom N2A1, N2A2, N2A5.175 The orange
lines are the current (dashed) and design (solid) Advanced LIGO sensitivity
curves.172 Blue lines represent tracks of a sample of (BH⇤,BH⇤) binaries. The
light turquoise lines are systems with signal-to-noise ration (SNR) between 1 and
5 in the eLISA band. The light and dark blue curves crossing the Advanced
LIGO band are sources with SNR > 5 and SNR > 8 respectively in eLISA; the
dark blue ticks are binaries with SNR> 8 in eLISA not crossing the Advanced
LIGO band within five years. The characteristic amplitude track completed
by GW150914 is shown as a black solid line, with the top label indicating its
frequency progression in the last 10 years before coalescence.

signal-to-noise ratio of ⇡ 10, sweeping across the eLISA window as shown in Fig-
ure 34. Although rates are still uncertain and will be constrained by Advanced
LIGO and Virgo in their forthcoming runs, the detection of several such ”heavy”
(BH⇤,BH⇤) binaries in both mHz and kHz bands will open the era of multi-band
”correlated” gravitational wave astronomy, with profound implications for tests
of general relativity and multi-messenger astronomy.
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2 A. Nishizawa et al.

is well known to circularize the orbit. While field and cluster
formation scenarios predict very distinct eccentricity distri-
butions at BHB formation, both scenarios result in nearly
circular binaries in the Advanced LIGO band. The first ob-
served signals did not set strong bounds on the eccentricity
of the binary (Abbott et al. 2016c,b), and it is quite unlikely
that eccentricity measurements with ground-based detectors
will ever di↵erentiate between the field and cluster scenar-
ios. However, Sesana (2016) showed that, depending on the
intrinsic rates (which are only loosely constrained by current
detections) and on the detector baseline, the evolved Laser
Interferometer Space Antenna (eLISA) will observe few to
few thousands BHBs (see also Kyutoku & Seto 2016). Be-
cause of the much lower frequency band, eLISA will detect
these systems before circularization, and in many cases it
will be able to measure their eccentricity (Nishizawa et al.
2016).

In this Letter we use Bayesian model selection to
demonstrate how eLISA eccentricity measurement can con-
clusively distinguish between di↵erent BHB formation chan-
nels. In Section II we consider three models for BHB forma-
tion, and discuss the eccentricity distributions predicted by
these models in the eLISA band1. In Section III we simu-
late and analyse eLISA observations using various models
and detector baselines. In Section IV we present our main
results, and in Section V we discuss their implications. We
assume a concordance ⇤CDM cosmology with h = 0.679,
⌦M = 0.306 and ⌦

⇤

= 0.694 (Planck Collaboration et al.
2015).

2 ASTROPHYSICAL MODELS AND
ECCENTRICITY DISTRIBUTIONS

We consider a BHB population merging at a rate R, char-
acterized by a chirp mass probability distribution p(Mr) –
where Mr ⌘ (M

1,rM2,r)
3/5/(M

1,r + M
2,r)

1/5, and a sub-
script r denotes quantities in the rest frame of the source
– and by an eccentricity probability distribution p(e⇤) at
some reference frequency f⇤ close to coalescence (we set
f⇤ = 10Hz). If p(e⇤) depends only on the BHB formation
route, but not on chirp mass and redshift, the merger rate
density per unit mass and eccentricity is given by

d3n

dMrdtrde⇤
= p(Mr) p(e⇤)R. (1)

Equation (1) can be then converted into a number of sources
emitting per unit mass, redshift and frequency at any time
via

d4N

dMrdzdfrde⇤
=

d3n

dMrdtrde⇤

dV

dz

dtr
dfr

(e(e⇤, f)), (2)

where dV/dz is the standard volume shell per unit redshift,
and

dtr
dfr

(e(e⇤, f)) =
5c5

96⇡8/3
(GMr)

�5/3f�11/3
r

1
F (e(e⇤, f))

. (3)

1 For a detailed astrophysical comparison of BHBs formed in
galactic fields and globular clusters observable by eLISA, see
Breivik et al. (2016).

Figure 1. Eccentricity distributions predicted by the field (or-
ange), cluster (turquoise) and MBH (purple) scenarios. The top
panel show the distribution at the reference frequency f⇤ =
10Hz, while the bottom panel is the observable distribution p(e

0

)
evolved “back in time” to f

0

= 0.01Hz.
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We can construct a population of systems potentially observ-
able by eLISA by Monte Carlo sampling from the distribu-
tion in equation (2) using appropriate distribution functions
for p(Mr) and p(e⇤). For the mass distribution we employ
the “flat” mass function of Abbott et al. (2016f), i.e., we as-
sume that the two BH masses are independently drawn from
a log-flat distribution in the range 5M� < M

1,2,r < 100M�,
restricting the total BHB mass to the be less than 100M�.
For the eccentricity distribution we consider, as a proof of
concept, three popular BHB formation scenarios:

(i) Model field: this is the default BHB field formation
scenario of Kowalska et al. (2011), taken to be representative
of BHBs resulting from stellar evolution.

(ii) Model cluster: globular clusters e�ciently form BHBs
via dynamical capture. Most of these BHBs are ejected in the
field and evolve in isolation until they eventually merge. Be-
cause of their dynamical nature, BHBs typically form with a
thermal eccentricity distribution. A comprehensive study of
this scenario has been performed by Rodriguez et al. (2016c).

(iii) Model MBH. BHs and BHBs are expected to cluster
in galactic nuclei because of strong mass segregation. In this
case, binaries within the sphere of influence of the central
MBH undergo Kozai-Lidov resonances, forming triplets in
which the external perturber is the MBH itself. This scenario
has been investigated in Antonini & Perets (2012), and it
results in high BHB eccentricities.

The eccentricity distributions at f⇤ = 10Hz, as pre-
dicted by these models, are shown in the top panel of Fig-
ure 1. In the bottom panel we propagate these distributions

MNRAS 000, 1–6 (2016)

“eccentricity”

LIGO-VIRGO

LISA

mock LISA observations
(Bayesian model selection)

 to probe 
formation channels

Sesana 2016,Nishizawa+ 2016

KL-MBHFIELD

DYN

several tens of observations are necessary 
to disentangle between “field” and 
“dynamical” channel in globular clusters



•heavy stellar- origin black holes might be the only  
seeds for massive black holes !

HIGH 
NOON

Figure 14: Mean metallicity of the Universe (in solar units): (solid curve) mass of heavy elements
ever produced per cosmic baryon from our model SFH, for an assumed IMF-averaged yield of y = 0.02;
(turquoise square) mass-weighted stellar metallicity in the nearby Universe from the SDSS (Gallazzi et al.
2008); (green triangles) mean iron abundances in the central regions of galaxy clusters (Balestra et al.
2007); (red pentagons) column density-weighted metallicities of the damped Ly! absorption systems
(Rafelski et al. 2012); (orange dot) metallicity of the IGM as probed by OVI absorption in the Ly! forest
(Aguirre et al. 2008); (black pentagon) metallicity of the IGM as probed by C IV absorption (Simcoe
2011); (magenta rectangle) metallicity of the IGM as probed by C IV and C II absorption (Ryan-Weber
et al. 2009, Simcoe et al. 2011, Becker et al. 2011).

medium, as probed in absorption by C III, C IV, Si III, Si IV, OVI, and other transitions,

provides us with a record of past star formation and of the impact of galactic winds on

their surroundings. Figure 14 shows that the ionization-corrected metal abundances from
OVI absorption at z ! 3 (Aguirre et al. 2008) and C IV absorption at z ! 4 (Simcoe 2011)

track well the predicted mean metallicity of the Universe, i.e. that these systems are an
unbiased probe of the cosmic baryon cycle.

The Universe at redshift 6 remains one of the most challenging observational frontiers,

as the high opacity of the Ly! forest inhibits detailed studies of hydrogen absorption along
the line-of-sight to distant quasars. In this regime, the metal lines that fall longwards of

the Ly! emission take on a special significance as the only tool at our disposal to recognize

individual absorption systems, whether in galaxies or the IGM, and probe cosmic enrichment
following the earliest episodes of star formation. Here, we used recent surveys of high- and

low-ionization intergalactic absorption to estimate the metallicity of the Universe at these
extreme redshifts. According to Simcoe et al. (2011) (see also Ryan-Weber et al. 2009), the

comoving mass density of triply ionized carbon over the redshift range 5.3"6.4 is (expressed

as a fraction of the critical density) !CIV = (0.46 ± 0.20) # 10!8. Over a similar redshift
range, C II absorption yields !CII = 0.9 # 10!8 (Becker et al. 2011). The total carbon
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• link is established by the “metallicity”



BLACK HOLE DESERT
 SEEDS 

which origin?

RUN-AWAY MERGERS
OF MASSIVE STARS OR

STELLAR BLACK HOLES IN NUCLEAR 
STAR CLUSTERS  @ 

REDSHIFT  z<10
IN METAL  POLLUTED HALOS

CORE 
COLLAPSE OF 
POP III STARS 

COLLAPSE
OF A SMS

(DBHC)
ZERO METALS

LATIFF & FERRARA 2016 for a review



• POP III stars forming via molecular hydrogen cooling in metal free 
mini halos of million-10 million suns  @ z~30=20
• the  POP III relics are light seeds which accrete intensely at super 

Eddington rates  to deliver heavier black holes 

unhalted accretion

LIGHT SEEDS: CORE  COLLAPSE OF  POP III STARS 

LATIFF & FERRARA 2016 for a review



• this would lead to a more continuum mass spectrum 

• formation sites spread over DM halos of low but not null metallicity

•  transition objects, resulting from the dynamical clustering of 
stellar objects viewed as single building blocks, in “dense 
(nuclear) star clusters”:  “RUNAWAY STAR”

RUN-AWAY MERGERS OF MASSIVE STARS OR STELLAR BLACK HOLES IN 
NUCLEAR STAR CLUSTERS  @  REDSHIFT  z<10

LUPI, COLPI, VOLONTERI + 2009,10,1



• this would lead to a more continuum mass spectrum 

• formation sites spread over DM halos of low but not null metallicity

•  stellar origin black holes in dense gas rich star clusters 
transition objects: RUNAWAY GAS-INDUCD COLLAPSE OF BH* 

RUN-AWAY MERGERS OF MASSIVE STARS OR STELLAR BLACK HOLES IN 
NUCLEAR STAR CLUSTERS  @  REDSHIFT  z<10

DEVECCHI+ 2009,10,1



a genetic divide - DIRECT BH SCENARIO

LATIFF & FERRARA 2016 for a review

FORMATION AND 
COLLAPSE

OF  SUPER MASSIVE STARS FORMING
IN HEAVIER DM HALOS

ILLUMINATED BY A UV FLUX
ZERO METALS



a genetic divide

HEAVY SEEDS
BOSON STARS?

CARDOSO+2016



8

FIG. 3. Predicted merger rates per unit redshift (left panel) and per unit total redshifted mass Mz = (m1 +m2)(1 + z) (right
panel) for the three models described in the text.

(cf. Sec. III A). Note however that setting Qc = 2
only decreases the merger rates by a factor ⇠ 2.
As in the case of the popIII model, the inclusion
of delays makes this model more “realistic” (and
conservative).

(3) Model Q3-nod: This is the same as model Q3-
d, but without accounting for the delays between
galaxy and MBH mergers. For this reason, this
model should be considered an “optimistic” (upper
bound) scenario for eLISA event rates.

For each of the three models above we simulate about
1300 galaxies/galaxy clusters, with dark-matter masses
ranging from 1010M� to 1016M�. By tracking self-
consistently the mass and spin evolution of MBHs and
their interaction (e.g. via feedback and accretion) with
the galactic host, our model allows us to predict the
masses, spin magnitudes and spin orientations of the
MBHs when they form a GW-driven binary system. As
such, while MBHBs often present partially aligned, high
spins in our simulations, systems with low and/or mis-
aligned spins are also possible in the three models listed
above

The merger rates for popIII models are rather insensi-
tive to the inclusion of delays, but this is not true for the
heavy-seed models. This is illustrated in Fig. 3, which
shows the predicted MBH merger rates as a function of
mass and redshift in the three models considered above.
Note that while the popIII and Q3-nod models predict a
high merger rate up to z > 15, very few or no events at
z > 10 are expected in the Q3-d model.

The di↵erence in merger rates among the various seed
models is due to two factors. First, di↵erent models have

di↵erent mass functions and occupation numbers at high
z. Second, whether a MBHB stalls or merges depends
on the details of its interactions with the stars, nuclear
gas, and other MBHs, which depend critically on the
MBH masses (cf. [59] for more details on our assump-
tions regarding these interactions). The di↵erent MBH
mass functions at high redshifts in the light- and heavy-
seed models imply that many more binaries can “stall” at
high redshifts in the heavy-seed scenarios. Nevertheless,
since our treatment of the delays is quite simplified (in
particular when it comes to modeling triple MBH sys-
tems and the interaction with nuclear gas), models Q3-d
and Q3-nod can be thought of as bracketing the possible
range of merger rates.

D. Population completeness

Because our models follow the coevolution of MBHs
with galaxies including both their dark-matter and bary-
onic constituents (cf. Fig. 2), at fixed resolution for the
dark-matter merger trees our simulations become com-
putationally expensive for high redshifts and very mas-
sive galaxies. For galaxies with dark-matter halo masses
MH > 1013M� at z = 0, we find that it becomes di�-
cult to resolve the halos where MBHs form at high red-
shifts within acceptable computational times. Therefore
it is possible that we may “miss” merging binaries at
high redshift, when simulating the most massive halos at
z = 0.
We quantify this e↵ect in Figure 4, which shows the

number of MBH mergers as a function of halo mass. The
linear trend seen at MH < 1013M� is easily explained.

KLEIN+ 2016  



•how can we detected the seeds to 
unveil the origin and evolution of 
massive   massive  black holes ?



“COSMOLOGICAL APPROACH” THE BUILD UP OF A 
POPULATION  OF BINARY BLACK HOLES DURING THE BULID UP 

OF GALAXY HALOS
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COLPI 2014 , for a review
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seed mass function

seed formation 
mechanism

metallicity
metal pollution in halos accretion efficiency

occupation fraction 
of seed black holes accretion

geometry
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 the black hole population is shaped by the details of the seeding 
process and accretion history - processes poorly understood and 

largely unconstrained observationally and theoretically

redshift interval
of formation rate of growth

fragmentation natal or inherited 
black holes  in halos

spin evolution
when and where
the seeds form

or are implanted

 LISA detections have the potential 
to distinguish among  theoretical models

thus among differences in the underlying physics



Event&Rates&for&MBH&Mergers&
•  10&–&100&events/year&from&semi8analy:c&merger&tree&models&
–  Account&for&hierarchical&clustering&of&dark&maAer&halos&
–  Do&not&trace&baryon&physics&along&cosmic&history&

•  Recently,&full&hydrodynamic&simula:ons&of&structure&
forma:on&show&importance&of&cold&gas&flow&to&feed&BH&
growth&

&!&Merger&rates&largely&unaffected!&

17&

Sesana&et&al.,&2013&

EVENT RATES OF BLACK HOLE MERGERS

10-100 mergers/year
I. semi-analytical models 

II. cosmological hydrodynamical simulations
(inclusive of cold flows)
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• accumulated SNR of 200 allows for estimate of the rest-frame mass with a 
precision limited by weak lensing (5%) , a spin with absolute error better 
than 0.1 and spin misalignment better than 10 degrees

A proposal in response to ESA call for the L3 mission



• LISA BHB coalescences may not occur in vacuum

BARAUSSE+15

A&A 545, A127 (2012)

both the time series and their associated power spectra. We cut
the spatial domain into the following radial annuli:

(i) 0 a < r < 10 a: the entire domain;
(ii) 0 a < r < 1 a: the “binary region”;
(iii) 1 a < r < 1.8a: the “cavity region”;
(iv) 1.8a < r < 2.5a: the “rim region”;
(v) 2.5a < r < 10 a: the “disc region”.

The associated time series and power spectra are shown respec-
tively in the left and right panels of Fig. 7.

In all the simulations, the overall torque (i), shows a clear
periodic oscillation, much larger in amplitude than its average
value. The power spectrum unveils several distinctive peaks,
with relative amplitudes that can vary significantly for di!erent
simulations. In particular, peaks in the iso simulations are much
sharper and better defined. This is because in the adia simula-
tions the BHB shrinks significantly, resulting in a broadening of
the characteristic frequencies. Moreover, as we shall see in the
next section, the disc sub-structures are much better defined in
the iso runs, giving rise to neater features.

In the binary region (ii) the torque is mostly coherent and
positive. Because the torque strength in (ii) is regulated by the
mass inflow, it shows periodicities that are related to the accre-
tion flow: a disc component around f ! 0.25P"1

0 (correspond-
ing to the disc peak density at r ! 2.5a), the forcing frequency
of the binary at f = P"1

0 , and the beat between these two at
f ! 0.75P"1

0 (see Sect. 5 and Roedig et al. 2011, Sect. 5.1). In the
cavity region (iii) the torque is negative on average but strongly
oscillating. Several periodicities are detectable, the most strik-
ing being a peak at f ! P"1

0 which appears again to be directly
related to the binary period. In the rim region (iv) the torque is
highly oscillating, and the strongest feature is a sharp peak at
f ! 1.3P"1

0 , whereas in the disc region (v) the only significant
spectral component is at f ! 1.7P"1

0 . As a general trend, moving
from the inner region to the disc body, torques become incoher-
ent (i.e. they average to zero) and strongly oscillating (compare
the power spectra scales in the di!erent panels of each plot).

4.3. Interpretation: torque origin and location in the disc

In this Section, we provide a global interpretation of the fea-
tures observed both in the radial distribution of the time aver-
aged torques and in their temporal evolution. The arguments dis-
cussed below are supported by Figs. 8–10 and by Table 2.

4.3.1. Origin of the positive and negative peaks

It seems natural to compare the torque radial profiles obtained by
our simulations with linear perturbation theory, in which torque
minima and maxima are connected to outer Lindblad resonances
(OLRs). It is in fact tempting to associate the torque minimum
at r ! 1.6a with the 2:1 OLR. We should however be careful
in pushing this interpretation too far, since, as already pointed
out by MM08 and S11, the assumptions of linear theory are not
satisfied in this context. Most importantly, looking at the upper
panels of Figs. 8 and 9, we notice that the region r < 2a is
almost devoid of gas, and the streams are almost radial. Mass
fluxes reported in Table 2 clearly show that, at any radius, there
are always fluxes of ingoing and outgoing mass, resulting in a
steady net inward flux consistent with the accretion rate onto the
two BHs. A strict OLR interpretation of the torque minimum at
r ! 1.6a would instead require particles in circular orbit at that
radius, experiencing a secular e!ect due to the phase-coherent
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Fig. 8. Top panel: typical instantaneous logarithmic surface mass den-
sity of the iso05 simulation. Bottom row: combined surface torque den-
sity exerted by the disc onto the binary (left panel), onto the primary
BH (central panel) and onto the secondary BH (right panel). All plots
are in code units: G = M0 = a0 = 1.

periodic forcing of the binary; this is not what happens within
the cavity region. The strongest 2:1 OLR is certainly respon-
sible for the evacuation of the gas close to the binary and for
the formation and maintenance of a cavity, however cannot be
directly responsible for the coherent torque seen in the cavity re-
gion. This is also supported by the fact that MM08 and S11 find a
minimum at the same location (r ! 1.6"1.7a) for an equal mass
binary, where the 2:1 resonance is absent (because of the sym-
metry of the forcing potential), and the location of the strongest
OLR (3:2) would be at r ! 1.3a. The strong negative torque
in the cavity region has a purely kinetic origin: material ripped
o! the disc edge forms well defined streams following the two
BHs, which are clearly distinguishable in both the surface den-
sity plots shown in Figs. 8 and 9. The streams are responsible
for the yellow tails following the two BHs at #1.5a in the torque
density panels, which lead to a net negative torque. Conversely,
at r ># 2a, we have a well defined, almost circular disc, and the
torque density peaks at r ! 2a and r ! 2.5a can be identified
with the loci of the strong 3:1 and 4:1 OLRs (Artymowicz &
Lubow 1994).

Our simulations also allow us to investigate the torques
within the binary corotation radius at r < a, a region often
excised in grid-based simulations (see MM08 and S11). Here
we find strong positive torques on both BHs. This is because
the infalling material approaches the BHs at super-Keplerian ve-
locities, and bends in a horseshoe fashion, exerting a net pos-
itive torque in front of them. In fact, the maximum positive
torque basically coincides with the location of the two BHs
(sharp peak at r ! 0.75a for the secondary and a broader peak
around r ! 0.3a for the primary, see Fig. 6). The very same
e!ect, in the context of planetary migration, was discussed by

A127, page 8 of 13



•“coincident detection”during final stage of the merger
3

(a) �11.0M8 hrs (b) �3.0M8 hrs

(c) 4.6M8 hrs (d) 6.8M8 hrs

FIG. 1: Electromagnetic energy flux at di↵erent times. The
collimated part is formed by two tubes orbiting around each
other following the motion of the black holes. A strong
isotropic emission occurs at the time of merger, followed by a
single collimated tube as described by the Blandford-Znajek

scenario.

black holes act as stirrers for the surrounding plasma.
Their orbital dynamics and strong curvature a↵ect the
electromagnetic field in the close neighborhood of each
black hole, inducing both a poloidal electric field and
a toroidal magnetic field –both scaling as vB0– (as in
models for magnetospheric interactions of binary pul-
sars [35, 36]). Fig. 2 illustrates field lines correspond-
ing to E and B as well as the ⌦F . The induced time-
dependent topology gives rise to a net Poynting flux
aligned/antialigned with the orbital momentum vector
around each black hole, with an EM frequency given by
⌦F ⇠ ⌦orb/5. As a result, despite the fact that the black
holes are not spinning, there is a strongly collimated elec-
tromagnetic flux of energy dominated by an m = 2 mul-
tipolar structure with a time-dependence determined by
the orbital motion.

During the merger, which lasts about ⇠ 7M8 hours
–from late orbiting, through the plunge phase to the for-
mation of a highly distorted black hole– the highly non-
linear dynamics translates into a significant increase in
both electromagnetic and gravitational energy radiated.
As expected, a common collimated tube arises and a nat-
ural transition from m = 2 ! 0 is observed. In addition
to the collimated flux of energy, a rather isotropic flux is
also emitted whose energy is much smaller than the col-
limated one during the inspiral but of the same order at
the merger, where both these energy fluxes reach a peak

(a) �8.2M8 hrs (b) 4.6M8 hrs

FIG. 2: Some representative electric and magnetic field lines,
together with the electromagnetic rotation frequency ⌦

F

.

and the collimated part doubles in magnitude.
Afterwards, the late stage is described by a single black

hole which, after a relatively short time, is well approxi-
mated by a Kerr black hole. The remnant black hole ra-
diates gravitational radiation described by quasinormal
modes which decay to zero exponentially as the black
hole settles into a Kerr configuration. Thus, the post-
merger behavior of the electromagnetic field behavior is
increasingly better represented by the Blandford-Znajek
process for a spinning black hole with a ' 0.67. As a re-
sult, the collimated electromagnetic energy flux does not
decay to zero, rather it approaches the value predicted by
the Blandford-Znajek model. For a single spinning black
hole, this energy flux evaluated at the horizon goes like
FEM ⇠ RBH⌦F (⌦H �⌦F )B2, where ⌦H is the rotation
frequency of the black hole (which is similar to the orbital
velocity at the merger). In this case, we numerically find
that the EM rotation frequency for a single black hole
relaxes to ⌦F ⇠ ⌦H/2.
Energetically, the system radiates gravitational waves

primarily through l = |m| = 2 modes. These waves
display a chirping behavior as the orbit tightens, fol-
lowed by exponential decay after the merger (see e.g. [7]).
Overall, the system radiates ' 2.5% and ' 16% of the
rest mass energy and angular momentum (at the initial
separation) respectively. In the electromagnetic band
the radiation profile displays a more complex structure.
Throughout the orbiting stages, the electromagnetic ra-
diation exhibits a strongly collimated character along the
magnetic field lines in the region around the individual
black holes, together with a weaker isotropic emission.
These features are illustrated in Fig. 1 in which the flux
of electromagnetic energy is shown at four di↵erent times
during the evolution. In the early stages the black holes
stir the surrounding plasma, leading to a clear collima-
tion of electromagnetic flux induced by the orbiting black
holes pulling the EM field lines. These collimated tubes
twist about each other as the black holes proceed. When
the merger takes place, the collimated tubes merge into
one and acquire a rather smooth structure around the fi-
nal black hole’s ergosphere. In addition to the collimated
energy flux, a strong burst of isotropic electromagnetic
radiation is produced at the merger.

• spacetime helps stir EM field 
lines, and akin the BZ 
mechanism,  the  plasma is 
able to tap translational and 
rotational energy from the 
system to produce dual jets, 
and  a“braided” jet  close 
to the merger

L ⇡ B2

X

i=1,2

[⌦
horizon

(i)2 + kV 2

translational

]

PALENZUELA + 2010



• chirping binaries are standard sirens - their gravitational wave 
signal can determine the source absolute luminosity distance. 

• used in concomitance of an independent measure of the 
redshift of the host galaxy

• standard siren observations provide information on the 
luminosity distance -redshift relation: Hubble parameter          
at 1-2 % level of accuracyM. Colpi, A. Sesana Gravitational wave surces
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Figure 16: Simulated data points of ”standard sirens” MBHCs in the luminosity
distance versus redshift diagram.108 Simultaneous electromagnetic counterparts
to the MBHCs are assumed, which provide an independent measure of the red-
shift of the source. The data are from a simulated catalog of MBHCs extracted
from a model of heavy seeds, and for a selected configuration of a LISA-like
observatory. Note that a LISA-like mission will be able to map the expansion
of the universe out to z > 2, which cannot be tested by Supernovae Type Ia or
other current probes. Few standard sirens will be available at lower redshift, as
MBHCs are rare events. See for details.108 Courtesy of N. Tamanini.

information about the nature of the first seeds, whereas the spin distribution
will constrain the primary mode of accretion that grows them to become super-
massive.104

Cosmography - Another peculiar property of MBHCs is that their luminosity
distance can be directly measured as it is encoded in the gravitational wave
signal, and its estimate does not involve cross-calibrations of successive distance
indicators at di↵erent scales (as the distance ladder in the electromagnetic uni-
verse) since the gravitational wave luminosity of MBHCs is determined by grav-
itational physics, only. Thus MBHCs are standard sirens (we defer to §6.1 for
an exact definition). A LISA like interferometer can provide the distance to the
source to a stunning few percent accuracy. If an electromagnetic counterpart to
the MBHC event can be observed,109,110 it will make it possible to reconstruct
the luminosity distance versus redshift relation, as shown in Figure 16 o↵ering
the possibility of measuring the Hubble parameter at the level of 1�2%, and of
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• afterglow: turn on of an AGN, weeks -
months-years after the merger, when 
the “outer” disc which remains 
bound to the new black hole refills the 
empty cavityA&A 545, A127 (2012)

both the time series and their associated power spectra. We cut
the spatial domain into the following radial annuli:

(i) 0 a < r < 10 a: the entire domain;
(ii) 0 a < r < 1 a: the “binary region”;
(iii) 1 a < r < 1.8a: the “cavity region”;
(iv) 1.8a < r < 2.5a: the “rim region”;
(v) 2.5a < r < 10 a: the “disc region”.

The associated time series and power spectra are shown respec-
tively in the left and right panels of Fig. 7.

In all the simulations, the overall torque (i), shows a clear
periodic oscillation, much larger in amplitude than its average
value. The power spectrum unveils several distinctive peaks,
with relative amplitudes that can vary significantly for di!erent
simulations. In particular, peaks in the iso simulations are much
sharper and better defined. This is because in the adia simula-
tions the BHB shrinks significantly, resulting in a broadening of
the characteristic frequencies. Moreover, as we shall see in the
next section, the disc sub-structures are much better defined in
the iso runs, giving rise to neater features.

In the binary region (ii) the torque is mostly coherent and
positive. Because the torque strength in (ii) is regulated by the
mass inflow, it shows periodicities that are related to the accre-
tion flow: a disc component around f ! 0.25P"1

0 (correspond-
ing to the disc peak density at r ! 2.5a), the forcing frequency
of the binary at f = P"1

0 , and the beat between these two at
f ! 0.75P"1

0 (see Sect. 5 and Roedig et al. 2011, Sect. 5.1). In the
cavity region (iii) the torque is negative on average but strongly
oscillating. Several periodicities are detectable, the most strik-
ing being a peak at f ! P"1

0 which appears again to be directly
related to the binary period. In the rim region (iv) the torque is
highly oscillating, and the strongest feature is a sharp peak at
f ! 1.3P"1

0 , whereas in the disc region (v) the only significant
spectral component is at f ! 1.7P"1

0 . As a general trend, moving
from the inner region to the disc body, torques become incoher-
ent (i.e. they average to zero) and strongly oscillating (compare
the power spectra scales in the di!erent panels of each plot).

4.3. Interpretation: torque origin and location in the disc

In this Section, we provide a global interpretation of the fea-
tures observed both in the radial distribution of the time aver-
aged torques and in their temporal evolution. The arguments dis-
cussed below are supported by Figs. 8–10 and by Table 2.

4.3.1. Origin of the positive and negative peaks

It seems natural to compare the torque radial profiles obtained by
our simulations with linear perturbation theory, in which torque
minima and maxima are connected to outer Lindblad resonances
(OLRs). It is in fact tempting to associate the torque minimum
at r ! 1.6a with the 2:1 OLR. We should however be careful
in pushing this interpretation too far, since, as already pointed
out by MM08 and S11, the assumptions of linear theory are not
satisfied in this context. Most importantly, looking at the upper
panels of Figs. 8 and 9, we notice that the region r < 2a is
almost devoid of gas, and the streams are almost radial. Mass
fluxes reported in Table 2 clearly show that, at any radius, there
are always fluxes of ingoing and outgoing mass, resulting in a
steady net inward flux consistent with the accretion rate onto the
two BHs. A strict OLR interpretation of the torque minimum at
r ! 1.6a would instead require particles in circular orbit at that
radius, experiencing a secular e!ect due to the phase-coherent
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Fig. 8. Top panel: typical instantaneous logarithmic surface mass den-
sity of the iso05 simulation. Bottom row: combined surface torque den-
sity exerted by the disc onto the binary (left panel), onto the primary
BH (central panel) and onto the secondary BH (right panel). All plots
are in code units: G = M0 = a0 = 1.

periodic forcing of the binary; this is not what happens within
the cavity region. The strongest 2:1 OLR is certainly respon-
sible for the evacuation of the gas close to the binary and for
the formation and maintenance of a cavity, however cannot be
directly responsible for the coherent torque seen in the cavity re-
gion. This is also supported by the fact that MM08 and S11 find a
minimum at the same location (r ! 1.6"1.7a) for an equal mass
binary, where the 2:1 resonance is absent (because of the sym-
metry of the forcing potential), and the location of the strongest
OLR (3:2) would be at r ! 1.3a. The strong negative torque
in the cavity region has a purely kinetic origin: material ripped
o! the disc edge forms well defined streams following the two
BHs, which are clearly distinguishable in both the surface den-
sity plots shown in Figs. 8 and 9. The streams are responsible
for the yellow tails following the two BHs at #1.5a in the torque
density panels, which lead to a net negative torque. Conversely,
at r ># 2a, we have a well defined, almost circular disc, and the
torque density peaks at r ! 2a and r ! 2.5a can be identified
with the loci of the strong 3:1 and 4:1 OLRs (Artymowicz &
Lubow 1994).

Our simulations also allow us to investigate the torques
within the binary corotation radius at r < a, a region often
excised in grid-based simulations (see MM08 and S11). Here
we find strong positive torques on both BHs. This is because
the infalling material approaches the BHs at super-Keplerian ve-
locities, and bends in a horseshoe fashion, exerting a net pos-
itive torque in front of them. In fact, the maximum positive
torque basically coincides with the location of the two BHs
(sharp peak at r ! 0.75a for the secondary and a broader peak
around r ! 0.3a for the primary, see Fig. 6). The very same
e!ect, in the context of planetary migration, was discussed by
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both the time series and their associated power spectra. We cut
the spatial domain into the following radial annuli:

(i) 0 a < r < 10 a: the entire domain;
(ii) 0 a < r < 1 a: the “binary region”;
(iii) 1 a < r < 1.8a: the “cavity region”;
(iv) 1.8a < r < 2.5a: the “rim region”;
(v) 2.5a < r < 10 a: the “disc region”.

The associated time series and power spectra are shown respec-
tively in the left and right panels of Fig. 7.

In all the simulations, the overall torque (i), shows a clear
periodic oscillation, much larger in amplitude than its average
value. The power spectrum unveils several distinctive peaks,
with relative amplitudes that can vary significantly for di!erent
simulations. In particular, peaks in the iso simulations are much
sharper and better defined. This is because in the adia simula-
tions the BHB shrinks significantly, resulting in a broadening of
the characteristic frequencies. Moreover, as we shall see in the
next section, the disc sub-structures are much better defined in
the iso runs, giving rise to neater features.

In the binary region (ii) the torque is mostly coherent and
positive. Because the torque strength in (ii) is regulated by the
mass inflow, it shows periodicities that are related to the accre-
tion flow: a disc component around f ! 0.25P"1

0 (correspond-
ing to the disc peak density at r ! 2.5a), the forcing frequency
of the binary at f = P"1

0 , and the beat between these two at
f ! 0.75P"1

0 (see Sect. 5 and Roedig et al. 2011, Sect. 5.1). In the
cavity region (iii) the torque is negative on average but strongly
oscillating. Several periodicities are detectable, the most strik-
ing being a peak at f ! P"1

0 which appears again to be directly
related to the binary period. In the rim region (iv) the torque is
highly oscillating, and the strongest feature is a sharp peak at
f ! 1.3P"1

0 , whereas in the disc region (v) the only significant
spectral component is at f ! 1.7P"1

0 . As a general trend, moving
from the inner region to the disc body, torques become incoher-
ent (i.e. they average to zero) and strongly oscillating (compare
the power spectra scales in the di!erent panels of each plot).

4.3. Interpretation: torque origin and location in the disc

In this Section, we provide a global interpretation of the fea-
tures observed both in the radial distribution of the time aver-
aged torques and in their temporal evolution. The arguments dis-
cussed below are supported by Figs. 8–10 and by Table 2.

4.3.1. Origin of the positive and negative peaks

It seems natural to compare the torque radial profiles obtained by
our simulations with linear perturbation theory, in which torque
minima and maxima are connected to outer Lindblad resonances
(OLRs). It is in fact tempting to associate the torque minimum
at r ! 1.6a with the 2:1 OLR. We should however be careful
in pushing this interpretation too far, since, as already pointed
out by MM08 and S11, the assumptions of linear theory are not
satisfied in this context. Most importantly, looking at the upper
panels of Figs. 8 and 9, we notice that the region r < 2a is
almost devoid of gas, and the streams are almost radial. Mass
fluxes reported in Table 2 clearly show that, at any radius, there
are always fluxes of ingoing and outgoing mass, resulting in a
steady net inward flux consistent with the accretion rate onto the
two BHs. A strict OLR interpretation of the torque minimum at
r ! 1.6a would instead require particles in circular orbit at that
radius, experiencing a secular e!ect due to the phase-coherent

x

y

 

-5 0 5

-5

0

5

-4 -3 -2
log density

-1!10-5 0 1!10-5

Tz

-1!10-5 0 1!10-5

Tz

-5!10-5 0 5!10-5

Tz

Fig. 8. Top panel: typical instantaneous logarithmic surface mass den-
sity of the iso05 simulation. Bottom row: combined surface torque den-
sity exerted by the disc onto the binary (left panel), onto the primary
BH (central panel) and onto the secondary BH (right panel). All plots
are in code units: G = M0 = a0 = 1.

periodic forcing of the binary; this is not what happens within
the cavity region. The strongest 2:1 OLR is certainly respon-
sible for the evacuation of the gas close to the binary and for
the formation and maintenance of a cavity, however cannot be
directly responsible for the coherent torque seen in the cavity re-
gion. This is also supported by the fact that MM08 and S11 find a
minimum at the same location (r ! 1.6"1.7a) for an equal mass
binary, where the 2:1 resonance is absent (because of the sym-
metry of the forcing potential), and the location of the strongest
OLR (3:2) would be at r ! 1.3a. The strong negative torque
in the cavity region has a purely kinetic origin: material ripped
o! the disc edge forms well defined streams following the two
BHs, which are clearly distinguishable in both the surface den-
sity plots shown in Figs. 8 and 9. The streams are responsible
for the yellow tails following the two BHs at #1.5a in the torque
density panels, which lead to a net negative torque. Conversely,
at r ># 2a, we have a well defined, almost circular disc, and the
torque density peaks at r ! 2a and r ! 2.5a can be identified
with the loci of the strong 3:1 and 4:1 OLRs (Artymowicz &
Lubow 1994).

Our simulations also allow us to investigate the torques
within the binary corotation radius at r < a, a region often
excised in grid-based simulations (see MM08 and S11). Here
we find strong positive torques on both BHs. This is because
the infalling material approaches the BHs at super-Keplerian ve-
locities, and bends in a horseshoe fashion, exerting a net pos-
itive torque in front of them. In fact, the maximum positive
torque basically coincides with the location of the two BHs
(sharp peak at r ! 0.75a for the secondary and a broader peak
around r ! 0.3a for the primary, see Fig. 6). The very same
e!ect, in the context of planetary migration, was discussed by
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Fig. 1. HST image of 3C 186 (top-left). The host galaxy center is indicated with a blue circle. The orientation of the radio jet is shown as a
yellow line. The white arrow indicates the location of the so-called blob of unknown origin, ! 2 arcsec East-North-East of the quasar point source.
Top-right: model of the source, which includes a PSF and a Sérsic model. Bottom-left: residuals after model subtraction. Bottom right: smoothed
(4-pixel kernel) version of the HST image showing the presence of low S/N shells or tidal tails in the host galaxy (indicated by the blue arrow).

of information to provide a consistent physical interpretation of
the data.

3.2. Spectroscopy

3.2.1. Spectral modeling

Spectral fitting is performed using the Specfit tool in IRAF. The
spectrum is fit with a global power-law and a collection of Gaus-
sian profiles to each line of interest. The parameters are then
successively freed and optimized through a maximum of 100 it-
erations using a combination of the Simplex and Marquardt min-
imization algorithms. The optimal parameters for each line are
determined until convergence is achieved. The most prominent
features in the HST FOS UV spectrum are Ly! and C IV1549
(Fig. 2, panel A). The optical SDSS spectrum shows C III]1909,
Mg II2798, [O II]3727 and [Ne III]3869 (Fig. 3, panel A).

The procedure used to derive the best-fit parameters is as fol-
lows. We first fit each line complex separately, focusing on the
spectral region dominated by each line, to limit the contamina-
tion from additional features. This is particularly important for
Mg II, to isolate such a line from the possible contamination
from Fe II features. At this first step we use the parameters for
the continuum power law derived from a first-guess global fit.
The best-fit values found for each single line complex is then

used in the global fit as first guesses. The errors are estimated
from the final global fit.

We checked that the spectral region between ! 5600Å and
5700Å (corresponding to a rest frame wavelength range of !
2710 " 2750Å) is not significantly contaminated by Fe II emis-
sion. We followed the prescriptions of Vestergaard & Wilkes
(2001), i.e. we compared the continuum-subtracted emission of
the Fe II features in the pure iron spectral region between 2500
and 2600Å with the flux level measured in the above range of
wavelengths. We derived that the flux immediately blue-ward
of the peak of the Mg II line is significantly higher than that
expected from Fe II features (by a factor of at least ! 2). A
larger contribution from Fe II features is expected red-ward of
the Mg II line (around "obs ! 6100Å) and the observed features
are consistent with the expectations in that spectral range.

Broad (FWHM > 3000 km/s) and narrow (FWHM < 3000
km/s) emission and absorption components are used to fit the
spectra. The [O II] and [Ne III] forbidden narrow lines are each
fit with a single component. Ly!, C IV, C III], and Mg II are each
fit using broad and narrow emission components. Narrow ab-
sorption components are also required for both Ly! and the C IV
doublet. For the Ly! complex, the presence of the Si III 1206 line
is also apparent, at an observed wavelength of ! 2475Å (Fig. 2,
panel A). In the spectral model of the SDSS data we also include
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Fig. 1. HST image of 3C 186 (top-left). The host galaxy center is indicated with a blue circle. The orientation of the radio jet is shown as a
yellow line. The white arrow indicates the location of the so-called blob of unknown origin, ! 2 arcsec East-North-East of the quasar point source.
Top-right: model of the source, which includes a PSF and a Sérsic model. Bottom-left: residuals after model subtraction. Bottom right: smoothed
(4-pixel kernel) version of the HST image showing the presence of low S/N shells or tidal tails in the host galaxy (indicated by the blue arrow).

of information to provide a consistent physical interpretation of
the data.

3.2. Spectroscopy

3.2.1. Spectral modeling

Spectral fitting is performed using the Specfit tool in IRAF. The
spectrum is fit with a global power-law and a collection of Gaus-
sian profiles to each line of interest. The parameters are then
successively freed and optimized through a maximum of 100 it-
erations using a combination of the Simplex and Marquardt min-
imization algorithms. The optimal parameters for each line are
determined until convergence is achieved. The most prominent
features in the HST FOS UV spectrum are Ly! and C IV1549
(Fig. 2, panel A). The optical SDSS spectrum shows C III]1909,
Mg II2798, [O II]3727 and [Ne III]3869 (Fig. 3, panel A).

The procedure used to derive the best-fit parameters is as fol-
lows. We first fit each line complex separately, focusing on the
spectral region dominated by each line, to limit the contamina-
tion from additional features. This is particularly important for
Mg II, to isolate such a line from the possible contamination
from Fe II features. At this first step we use the parameters for
the continuum power law derived from a first-guess global fit.
The best-fit values found for each single line complex is then

used in the global fit as first guesses. The errors are estimated
from the final global fit.

We checked that the spectral region between ! 5600Å and
5700Å (corresponding to a rest frame wavelength range of !
2710 " 2750Å) is not significantly contaminated by Fe II emis-
sion. We followed the prescriptions of Vestergaard & Wilkes
(2001), i.e. we compared the continuum-subtracted emission of
the Fe II features in the pure iron spectral region between 2500
and 2600Å with the flux level measured in the above range of
wavelengths. We derived that the flux immediately blue-ward
of the peak of the Mg II line is significantly higher than that
expected from Fe II features (by a factor of at least ! 2). A
larger contribution from Fe II features is expected red-ward of
the Mg II line (around "obs ! 6100Å) and the observed features
are consistent with the expectations in that spectral range.

Broad (FWHM > 3000 km/s) and narrow (FWHM < 3000
km/s) emission and absorption components are used to fit the
spectra. The [O II] and [Ne III] forbidden narrow lines are each
fit with a single component. Ly!, C IV, C III], and Mg II are each
fit using broad and narrow emission components. Narrow ab-
sorption components are also required for both Ly! and the C IV
doublet. For the Ly! complex, the presence of the Si III 1206 line
is also apparent, at an observed wavelength of ! 2475Å (Fig. 2,
panel A). In the spectral model of the SDSS data we also include
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Fig. 4. Velocity o!sets of the broad emission lines as measured with re-
spect to the systemic redshift zh plotted against the observed wavelength
of each line. The light blue points and the red points are for the spectral
models without and with broad absorption, respectively. Note that there
is only one point representing the C III] line because for semi-forbidden
lines broad absorption is not expected.

perimposed onto the PSF, Galfit is able to correctly fit the image,
with a !2 consistent with that of our best-fit model. Therefore, if
such a galaxy were present in the image, Galfit would have been
able to detect it.

We also simulate a smaller (re!=1!!) spheroid with the same
magnitude as in the previous simulation, and we superimpose
that to the QSO. Galfit is again able to fit such a component,
but with a larger error on both the e!ective radius and the Sér-
sic index. Therefore, even in the case of the lower BH mass
estimate that was derived assuming accretion at the Eddington
limit, the expected host galaxy would still lie within the range
that we could detect with our method, based on the tests per-
formed above.

We conclude that, even if the presence of an under-luminous
object cannot be completely excluded, the best model to fit the
image includes two components only: one PSF and one elliptical
galaxy. Any additional galaxy at the location of the PSF would
be significantly under-luminous (possibly by a factor of more
than 100, according to our first test) with respect to its expected
luminosity, given the BH mass of the QSO. This directly implies
that such a scenario is very unlikely.

3.3. X-ray Chandra-ACIS data

We analyzed archival Chandra X-ray observations to evaluate
the possibility of a second AGN located at the coordinates corre-
sponding to the isophotal center of the host galaxy. We register
the Chandra 0.5-7 keV image to the world coordinate system of
the HST WFC3-IR image, using the peaks of the emission in the
two images (i.e. the position of the unresolved quasar). In regis-
tering the Chandra image to the framework of the HST image,
we assume that the bright point sources in each image are both
associated with the QSO, and that they are co-spatial.

Fig. 5. Chandra X-ray image of 3C 186. The bright point source at the
center of the field of view is the quasar. The region marked with the
circle corresponds to the location of the galaxy nucleus, where the upper
limit for any additional AGN source was estimated. In this figure North
is up and East is left.

We take into account the contributions from the quasar (and
the associated PSF of the ACIS-S instrument), the cluster and
the background.

We estimate a 3" upper limit F2"10keV < 2.2#10"15 erg cm"2

s"1 for a second AGN, in a circular region with one pixel ra-
dius centered at the coordinates corresponding to the host galaxy
center (Fig. 5). This value corresponds to a 2-10 keV luminos-
ity L2"10keV = 1.3 # 1043 erg s"1 at the redshift of the source.
This is $100 times lower than the luminosity measured for 3c186
(L2"10keV = 1.2 # 1045 erg s"1). Assuming that any AGN at the
center of the host is strongly obscured in the X-rays we can cor-
rect its observed X-ray flux for an average factor (Marinucci et
al. 2012) of 70, leading to an upper limit of LC"thick

2"10keV
< 9.1#1044

erg s"1. We also note that the power needed to photo-ionize
the narrow emission lines as estimated from L[OIII] (Hirst et al.
2003) is L2"10keV = 7.3#1045 erg s"1, using the relation between
these two quantities (Heckman et al. 2005). This implies that
if the observed QSO and the galaxy were a chance projection,
the presence at the center of the host of an AGN that is power-
ful enough to photo-ionize the observed narrow lines would be
detected at > 3" level, even if Compton-thick absorption was
present, under reasonable assumptions.

4. Discussion

We presented evidence for both a spatial o!set between the nu-
cleus of 3C 186 and its host galaxy, and a velocity shift be-
tween the broad and narrow emission lines in its spectrum. In
the following we discuss possible interpretations of our results.
We first consider scenarios that assume that the velocity o!sets
are caused by peculiar properties of the central AGN, i.e an ex-
treme disk emitter or a peculiar wind. We then discuss scenarios
that can possibly account for both the velocity and spatial o!sets
displayed by this source. We then outline the reasons why we
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Fig. 1. HST image of 3C 186 (top-left). The host galaxy center is indicated with a blue circle. The orientation of the radio jet is shown as a
yellow line. The white arrow indicates the location of the so-called blob of unknown origin, ! 2 arcsec East-North-East of the quasar point source.
Top-right: model of the source, which includes a PSF and a Sérsic model. Bottom-left: residuals after model subtraction. Bottom right: smoothed
(4-pixel kernel) version of the HST image showing the presence of low S/N shells or tidal tails in the host galaxy (indicated by the blue arrow).

of information to provide a consistent physical interpretation of
the data.

3.2. Spectroscopy

3.2.1. Spectral modeling

Spectral fitting is performed using the Specfit tool in IRAF. The
spectrum is fit with a global power-law and a collection of Gaus-
sian profiles to each line of interest. The parameters are then
successively freed and optimized through a maximum of 100 it-
erations using a combination of the Simplex and Marquardt min-
imization algorithms. The optimal parameters for each line are
determined until convergence is achieved. The most prominent
features in the HST FOS UV spectrum are Ly! and C IV1549
(Fig. 2, panel A). The optical SDSS spectrum shows C III]1909,
Mg II2798, [O II]3727 and [Ne III]3869 (Fig. 3, panel A).

The procedure used to derive the best-fit parameters is as fol-
lows. We first fit each line complex separately, focusing on the
spectral region dominated by each line, to limit the contamina-
tion from additional features. This is particularly important for
Mg II, to isolate such a line from the possible contamination
from Fe II features. At this first step we use the parameters for
the continuum power law derived from a first-guess global fit.
The best-fit values found for each single line complex is then

used in the global fit as first guesses. The errors are estimated
from the final global fit.

We checked that the spectral region between ! 5600Å and
5700Å (corresponding to a rest frame wavelength range of !
2710 " 2750Å) is not significantly contaminated by Fe II emis-
sion. We followed the prescriptions of Vestergaard & Wilkes
(2001), i.e. we compared the continuum-subtracted emission of
the Fe II features in the pure iron spectral region between 2500
and 2600Å with the flux level measured in the above range of
wavelengths. We derived that the flux immediately blue-ward
of the peak of the Mg II line is significantly higher than that
expected from Fe II features (by a factor of at least ! 2). A
larger contribution from Fe II features is expected red-ward of
the Mg II line (around "obs ! 6100Å) and the observed features
are consistent with the expectations in that spectral range.

Broad (FWHM > 3000 km/s) and narrow (FWHM < 3000
km/s) emission and absorption components are used to fit the
spectra. The [O II] and [Ne III] forbidden narrow lines are each
fit with a single component. Ly!, C IV, C III], and Mg II are each
fit using broad and narrow emission components. Narrow ab-
sorption components are also required for both Ly! and the C IV
doublet. For the Ly! complex, the presence of the Si III 1206 line
is also apparent, at an observed wavelength of ! 2475Å (Fig. 2,
panel A). In the spectral model of the SDSS data we also include
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Fig. 1. HST image of 3C 186 (top-left). The host galaxy center is indicated with a blue circle. The orientation of the radio jet is shown as a
yellow line. The white arrow indicates the location of the so-called blob of unknown origin, ! 2 arcsec East-North-East of the quasar point source.
Top-right: model of the source, which includes a PSF and a Sérsic model. Bottom-left: residuals after model subtraction. Bottom right: smoothed
(4-pixel kernel) version of the HST image showing the presence of low S/N shells or tidal tails in the host galaxy (indicated by the blue arrow).

of information to provide a consistent physical interpretation of
the data.

3.2. Spectroscopy

3.2.1. Spectral modeling

Spectral fitting is performed using the Specfit tool in IRAF. The
spectrum is fit with a global power-law and a collection of Gaus-
sian profiles to each line of interest. The parameters are then
successively freed and optimized through a maximum of 100 it-
erations using a combination of the Simplex and Marquardt min-
imization algorithms. The optimal parameters for each line are
determined until convergence is achieved. The most prominent
features in the HST FOS UV spectrum are Ly! and C IV1549
(Fig. 2, panel A). The optical SDSS spectrum shows C III]1909,
Mg II2798, [O II]3727 and [Ne III]3869 (Fig. 3, panel A).

The procedure used to derive the best-fit parameters is as fol-
lows. We first fit each line complex separately, focusing on the
spectral region dominated by each line, to limit the contamina-
tion from additional features. This is particularly important for
Mg II, to isolate such a line from the possible contamination
from Fe II features. At this first step we use the parameters for
the continuum power law derived from a first-guess global fit.
The best-fit values found for each single line complex is then

used in the global fit as first guesses. The errors are estimated
from the final global fit.

We checked that the spectral region between ! 5600Å and
5700Å (corresponding to a rest frame wavelength range of !
2710 " 2750Å) is not significantly contaminated by Fe II emis-
sion. We followed the prescriptions of Vestergaard & Wilkes
(2001), i.e. we compared the continuum-subtracted emission of
the Fe II features in the pure iron spectral region between 2500
and 2600Å with the flux level measured in the above range of
wavelengths. We derived that the flux immediately blue-ward
of the peak of the Mg II line is significantly higher than that
expected from Fe II features (by a factor of at least ! 2). A
larger contribution from Fe II features is expected red-ward of
the Mg II line (around "obs ! 6100Å) and the observed features
are consistent with the expectations in that spectral range.

Broad (FWHM > 3000 km/s) and narrow (FWHM < 3000
km/s) emission and absorption components are used to fit the
spectra. The [O II] and [Ne III] forbidden narrow lines are each
fit with a single component. Ly!, C IV, C III], and Mg II are each
fit using broad and narrow emission components. Narrow ab-
sorption components are also required for both Ly! and the C IV
doublet. For the Ly! complex, the presence of the Si III 1206 line
is also apparent, at an observed wavelength of ! 2475Å (Fig. 2,
panel A). In the spectral model of the SDSS data we also include
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Fig. 4. Velocity o!sets of the broad emission lines as measured with re-
spect to the systemic redshift zh plotted against the observed wavelength
of each line. The light blue points and the red points are for the spectral
models without and with broad absorption, respectively. Note that there
is only one point representing the C III] line because for semi-forbidden
lines broad absorption is not expected.

perimposed onto the PSF, Galfit is able to correctly fit the image,
with a !2 consistent with that of our best-fit model. Therefore, if
such a galaxy were present in the image, Galfit would have been
able to detect it.

We also simulate a smaller (re!=1!!) spheroid with the same
magnitude as in the previous simulation, and we superimpose
that to the QSO. Galfit is again able to fit such a component,
but with a larger error on both the e!ective radius and the Sér-
sic index. Therefore, even in the case of the lower BH mass
estimate that was derived assuming accretion at the Eddington
limit, the expected host galaxy would still lie within the range
that we could detect with our method, based on the tests per-
formed above.

We conclude that, even if the presence of an under-luminous
object cannot be completely excluded, the best model to fit the
image includes two components only: one PSF and one elliptical
galaxy. Any additional galaxy at the location of the PSF would
be significantly under-luminous (possibly by a factor of more
than 100, according to our first test) with respect to its expected
luminosity, given the BH mass of the QSO. This directly implies
that such a scenario is very unlikely.

3.3. X-ray Chandra-ACIS data

We analyzed archival Chandra X-ray observations to evaluate
the possibility of a second AGN located at the coordinates corre-
sponding to the isophotal center of the host galaxy. We register
the Chandra 0.5-7 keV image to the world coordinate system of
the HST WFC3-IR image, using the peaks of the emission in the
two images (i.e. the position of the unresolved quasar). In regis-
tering the Chandra image to the framework of the HST image,
we assume that the bright point sources in each image are both
associated with the QSO, and that they are co-spatial.

Fig. 5. Chandra X-ray image of 3C 186. The bright point source at the
center of the field of view is the quasar. The region marked with the
circle corresponds to the location of the galaxy nucleus, where the upper
limit for any additional AGN source was estimated. In this figure North
is up and East is left.

We take into account the contributions from the quasar (and
the associated PSF of the ACIS-S instrument), the cluster and
the background.

We estimate a 3" upper limit F2"10keV < 2.2#10"15 erg cm"2

s"1 for a second AGN, in a circular region with one pixel ra-
dius centered at the coordinates corresponding to the host galaxy
center (Fig. 5). This value corresponds to a 2-10 keV luminos-
ity L2"10keV = 1.3 # 1043 erg s"1 at the redshift of the source.
This is $100 times lower than the luminosity measured for 3c186
(L2"10keV = 1.2 # 1045 erg s"1). Assuming that any AGN at the
center of the host is strongly obscured in the X-rays we can cor-
rect its observed X-ray flux for an average factor (Marinucci et
al. 2012) of 70, leading to an upper limit of LC"thick

2"10keV
< 9.1#1044

erg s"1. We also note that the power needed to photo-ionize
the narrow emission lines as estimated from L[OIII] (Hirst et al.
2003) is L2"10keV = 7.3#1045 erg s"1, using the relation between
these two quantities (Heckman et al. 2005). This implies that
if the observed QSO and the galaxy were a chance projection,
the presence at the center of the host of an AGN that is power-
ful enough to photo-ionize the observed narrow lines would be
detected at > 3" level, even if Compton-thick absorption was
present, under reasonable assumptions.

4. Discussion

We presented evidence for both a spatial o!set between the nu-
cleus of 3C 186 and its host galaxy, and a velocity shift be-
tween the broad and narrow emission lines in its spectrum. In
the following we discuss possible interpretations of our results.
We first consider scenarios that assume that the velocity o!sets
are caused by peculiar properties of the central AGN, i.e an ex-
treme disk emitter or a peculiar wind. We then discuss scenarios
that can possibly account for both the velocity and spatial o!sets
displayed by this source. We then outline the reasons why we
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Fig. 6. Projected spatial o!set plotted against broad to narrow emission
line velocity o!sets (absolute value) in recoiling black hole candidates.
The color scale reflects the bolometric power of each object. Blue is
used for Lbol < 1043 erg s!1, yellow for 1043 < Lbol < 1045 erg s!1 and
red for Lbol > 1045 erg s!1. For SDSS1133 the velocity o!set is known
to vary between 40 km/s and 1890 km/s (Koss et al. 2014). In this
figure we use the measurement corresponding to the highest velocity.

GW kick. We note that since the radio source is very young we
do not expect to see any significant bending in the radio jet as
a result of the BH motion. Assuming a projected velocity of the
order of that measured from the spectra (" 2100 km !1), any dis-
placement of the hot-spots with respect to radio core would be
less than 0.1”. This is consistent with the observed radio mor-
phology, in which the jet appears roughly straight (Spencer et al.
1991). However, the hot-spots are slightly displaced with respect
to the jet direction, displaying an S-shaped morphology. This
type of radio morphology is usually interpreted as being due to
a jet emitted by a precessing BH (Ekers et al. 1978), which is to
be expected as a result of a BH merger with misaligned spins
and/or uneven BH masses.

We can also estimate the lifetime of an accretion disk at-
tached to a BH kicked at a velocity " 2100 km s!1. Using the
formula in Loeb (2007), and assuming a radiative e"ciency of
! = 0.1 and the luminosity and BH mass estimated for 3C 186,
we derive tdisk " 108 yr. This is a significantly longer timescale
than the time since the GW kick occurred. This implies that the
accretion disk can survive until the BH reaches very large dis-
tances from the center of the host, thanks to the fact that its life-
time strongly depends on the BH mass.

The host galaxy shows the presence of low surface bright-
ness features in its outer regions, possibly shells or tidal tails that
are typical of major galaxy merger remnants, i.e. those in which
the two merging galaxies have masses that are equal to within a
factor of 3 (Fig. 1, bottom-right panel). From a qualitative com-
parison with simulations (e.g. Springel et al. 2005; Lotz et al.
2008), we estimate that the galaxy merger event happened on
timescales of about 1Gyr or more, since only one distinct galaxy
with a relatively smooth morphology is visible. Furthermore, the

Sérsic index resulting from the fit is consistent with that of re-
laxed elliptical galaxies.

A quantitative comparison is extremely di"cult with the cur-
rent data because of the complexity of the problem, as well as
the low S/N of the image in the outer regions of the host galaxy,
which prevents us from disentangling the faint structures in the
possible tidal tails. Simulations (e.g. Lotz et al. 2008) show that
the expected morphologies at di!erent times since the beginning
of the merger are strongly dependent on the initial parameters
(i.e. mass, gas content, galaxy morphology). However, it is clear
(e.g. Figs. 1 and 2 in Lotz et al. 2008) that for t<1-2Gyr the cen-
tral regions of the merged galaxy are still significantly disturbed.
This is not what we observe in the host of 3C 186, where the
galaxy can be accurately modeled with a smooth Sérsic compo-
nent. Thus, the galaxy merger must have occurred more than 1-2
Gyr ago.

It is possible that when the target is observed with higher
resolution instruments we may be able to see more details in
the innermost kpcs. But since the spatial resolution o!ered by
HST/WFC3 is " 0.8 kpc at the redshift of the source, we believe
that significant disturbances would be visible in our data (see,
for example, the morphologies of some of the merging 3C radio
galaxies presented in Chiaberge et al. 2015).

Finally, we note that in a galaxy merger in which both galax-
ies possess an SMBH, the timescale for two SMBHs to sink into
the center of the merger remnant and form a bound binary is
likely at least one order of magnitude shorter than the timescale
of 1-2 Gyr (or more) that we roughly estimate for the galaxy
merger (e.g. Begelman et al. 1980; Khan et al. 2012). This im-
plies that if we assumed that the two BHs in the 3C 186 merging
system have not merged yet, and that what we are observing is a
SMBH binary system, the observed large velocity o!sets would
be inconsistent with the small velocities expected for a BH bi-
nary (see Sect. 4.3).

5. Conclusions

Irrespective of the specific interpretation of the results, 3C 186 is
an extremely interesting and unique object. We measure a spatial
o!set of 1.3## between the QSO point source and the isophotal
center of the host galaxy. This corresponds to a projected dis-
tance of " 11kpc at the redshift of the source. The broad emis-
sion lines show significant velocity o!sets (v" 2100 km s!1)
with respect to the systemic redshift of the host galaxy as de-
rived from the narrow emission and absorption line system. We
showed that the most plausible explanation for both the nuclear
spatial o!set seen in the HST/WFC3-IR image and in the spectra
is in terms of a gravitational wave recoiling black hole scenario,
although the explanation in terms of a peculiar background QSO
associated with an undermassive host galaxy and/or character-
ized by peculiar winds cannot be completely excluded. Based on
the morphology of the host, we estimate that a major merger be-
tween two galaxies both containing an SMBH occurred roughly
1 ! 2 Gyr ago. When the BH-BH merger occurred, probably
" 5 $ 106 years ago based on both the observed velocity and
spatial o!sets, the anisotropic emission of gravitational waves
generated a kick that ejected the merged SMBH from the cen-
tral region of the merged host galaxy. The AGN accretion disk
remained attached to the BH, thus causing the observed veloc-
ity o!sets of the broad emission lines with respect to the NLR.
Spectral aging arguments show that the radio-loud AGN turned
on more recently, " 105 years ago (Murgia et al. 1999). The-
oretical considerations (Loeb 2007) have been made that indi-
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Figure 2. Relative probabilities for a recoil 2000 km/s or larger for configurations with a given spin magnitude ↵1 and ↵2 or polar
orientation (of the larger BH) µ2 = cos ✓2 and mass ratio, q. The probabilities come from distributions (arranged left to right) due to
cold accretion, hot accretion, uniform volume distributions based in dry merger spins, and a uniform distribution in spin magnitudes and
directions. In each panel, there are contour lines at 0.9, 0.61, 0.14 of the maximum. The boundary of the shaded region is 0.01 of the
maximum.

the cold accretion one. This also suggest, that if one had
an independent way of measuring another parameter of
the system, for instance the final spin of the remnant,
one could choose, based on Table 1or Fig. 2 among the
di↵erent models for the pre-merger stage of the binary
black hole.
If we assume that the 11kpc of o↵set between the AGN

and the host galaxy is due to a transverse component of
the recoil velocity of nearly 1000km/s, the time elapsed
from the merger of the black hole is around 107 years.
This in turn, allows us to claim that our bounds, based
on recoil velocities v > 2000km/s is a conservative one
(since the total recoil velocity, including transversal and
potential of the host galaxy components, would be even
larger), and that the actual parameters of the precursor
binary are even closer to more comparable masses and
higher spins.
In relation to the above time scale another important

factor to consider is the lifetime of accretion disks carried
by recoiling black holes Blecha & Loeb (2008); Blecha
et al. (2011). In Chiaberge et al. (2017), assuming a
radiative e�ciency of ✏ = 0.1 and the luminosity and
BH mass estimated for 3C 186, they derive a lifetime for
the disk of tdisk ⇠ 108yr. This is an order of magnitude

longer than the estimate above and hence the transverse
velocities would not need to be much larger than 100
km/s for the accretion disk to survive until a 11kpc o↵set
is reached.
Finally, large recoil velocities are strongly beamed

along the orbital angular momentum (see Figs. 11-14
of Ref. Lousto et al. (2012) and Fig. 7 in Ref. Zlochower
& Lousto (2015)). This means that we must be seeing
the system in a rather face-on angle with respect to the
late merger orbital plane. It is interesting to correlate
this with the radio, optical and x-ray maps of QSO 3C
186.
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di↵erent models for the pre-merger stage of the binary
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If we assume that the 11kpc of o↵set between the AGN

and the host galaxy is due to a transverse component of
the recoil velocity of nearly 1000km/s, the time elapsed
from the merger of the black hole is around 107 years.
This in turn, allows us to claim that our bounds, based
on recoil velocities v > 2000km/s is a conservative one
(since the total recoil velocity, including transversal and
potential of the host galaxy components, would be even
larger), and that the actual parameters of the precursor
binary are even closer to more comparable masses and
higher spins.
In relation to the above time scale another important
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radiative e�ciency of ✏ = 0.1 and the luminosity and
BH mass estimated for 3C 186, they derive a lifetime for
the disk of tdisk ⇠ 108yr. This is an order of magnitude

longer than the estimate above and hence the transverse
velocities would not need to be much larger than 100
km/s for the accretion disk to survive until a 11kpc o↵set
is reached.
Finally, large recoil velocities are strongly beamed

along the orbital angular momentum (see Figs. 11-14
of Ref. Lousto et al. (2012) and Fig. 7 in Ref. Zlochower
& Lousto (2015)). This means that we must be seeing
the system in a rather face-on angle with respect to the
late merger orbital plane. It is interesting to correlate
this with the radio, optical and x-ray maps of QSO 3C
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• Are ultra-compact white dwarf binaries the progenitors of Type Ia super-
novae?

• How do massive black hole form? Via accretion or/and aggregation of
stellar origin black holes, or via the direct collapse of supermassive stars?

• How do seed black holes grow to become giant through accretion and
mergers, and how fast do they grow over cosmic time?

• How often compact object binaries of the di↵erent flavours coalesce in
galaxies and how does their coalescence rate evolve with redshift?

• When did the first black holes form in pre-galactic halos, and what is their
initial mass and spin distribution?

• How do massive black holes pair in galaxy mergers and how fast to they
coalesce?

• What is the role of black hole mergers in galaxy formation?

• Are massive black holes as light as 103�5M� inhabiting the cores of all
dwarf galaxies?

• What is the mass distribution of stellar remnants at the galactic centres
and what is the role of mass segregation and relaxation in determining
the nature of the stellar populations around the nuclear black holes in
galaxies?

• What is the merger rate of extreme mass ratio inspirals in galactic nuclei?

Cosmography-Cosmology

• What is the architecture of the universe?

• U sing precise gravitationally calibrated distances and redshift measure-
ments of coalescence events to what precision can we measure the Hubble
flow?

• What is the eq uation of state of dark energy, and to what precision can it
be inferred from gravitational wave sources?

• What can gravitational waves tell us about the physics beyond the S tan-
dard M odel?

• C an we measure or set bounds on cosmological gravitational wave back-
grounds from the very early universe?

4

KEY QUESTIONS THAT LISA WILL ANSWER
“astrophysical black holes”



“In my entire scientific life, extending over forty-five years, the most 
shattering experience has been the realization that 
an exact solution of Einstein’s equations provides 

the absolutely exact representation of 
untold numbers of black holes that populate the Universe”

The Nora and Edward Ryerson lecture, Chicago April 22 1975

S. Chandrasekhar 
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FIG. 1. Left: Amplitude spectral density of the total strain noise of the H1 and L1 detectors,
p

S( f ), in units of strain per
p

Hz, and the
recovered signals of GW150914, GW151226 and LVT151012 plotted so that the relative amplitudes can be related to the SNR of the signal
(as described in the text). Right: Time evolution of the waveforms from when they enter the detectors’ sensitive band at 30 Hz. All bands
show the 90% credible regions of the LIGO Hanford signal reconstructions from a coherent Bayesian analysis using a non-precessing spin
waveform model [45].

The gravitational-wave signal from a BBH merger takes the
form of a chirp, increasing in frequency and amplitude as the
black holes spiral inwards. The amplitude of the signal is
maximum at the merger, after which it decays rapidly as the fi-
nal black hole rings down to equilibrium. In the frequency do-
main, the amplitude decreases with frequency during inspiral,
as the signal spends a greater number of cycles at lower fre-
quencies. This is followed by a slower falloff during merger
and then a steep decrease during the ringdown. The amplitude
of GW150914 is significantly larger than the other two events
and at the time of the merger the gravitational-wave signal
lies well above the noise. GW151226 has lower amplitude but
sweeps across the whole detector’s sensitive band up to nearly
800 Hz. The corresponding time series of the three wave-
forms are plotted in the right panel of Figure 1 to better vi-
sualize the difference in duration within the Advanced LIGO
band: GW150914 lasts only a few cycles while LVT151012
and GW151226 have lower amplitude but last longer.

The analysis presented in this paper includes the total set of
O1 data from September 12, 2015 to January 19, 2016, which
contains a total coincident analysis time of 51.5 days accu-
mulated when both detectors were operating in their normal
state. As described in [13] with regard to the first 16 days
of O1 data, the output data of both detectors typically con-
tain non-stationary and non-Gaussian features, in the form of
transient noise artifacts of varying durations. Longer duration
artifacts, such as non-stationary behavior in the interferom-
eter noise, are not very detrimental to CBC searches as they
occur on a time-scale that is much longer than any CBC wave-

form. However, shorter duration artifacts can pollute the noise
background distribution of CBC searches. Many of these arti-
facts have distinct signatures [48] visible in the auxiliary data
channels from the large number of sensors used to monitor in-
strumental or environmental disturbances at each observatory
site [49]. When a significant noise source is identified, con-
taminated data are removed from the analysis data set. After
applying this data quality process, detailed in [50], the remain-
ing coincident analysis time in O1 is 48.6 days. The analyses
search only stretches of data longer than a minimum duration,
to ensure that the detectors are operating stably. The choice is
different in the two analyses and reduces the available data to
46.1 days for the PyCBC analysis and 48.3 days for the Gst-
LAL analysis.

III. SEARCH RESULTS

Two different, largely independent, analyses have been im-
plemented to search for stellar-mass BBH signals in the data
of O1: PyCBC [2–4] and GstLAL [5–7]. Both these analyses
employ matched filtering [51–59] with waveforms given by
models based on general relativity [8, 9] to search for gravi-
tational waves from binary neutron stars, BBHs, and neutron
star–black hole binaries. In this paper, we focus on the results
of the matched filter search for BBHs. Results of the searches
for binary neutron stars and neutron star–black hole binaries
will be reported elsewhere. These matched-filter searches are
complemented by generic transient searches which are sensi-

GW150915
(blue)

GW151226
(red)

LVT151012 
(green)

Figure 20: The figure shows the spectral strain sensitivity of the total noise
p

Snoise of the Hanford and Livingston detectors and the signals of GW150914,
GW151226 and of the trigger event LVT151012 (which has a 87% probability
of hosting a third coalescing black hole binary) plotted as a function of fre-
quency (in Hz). The figure is adapted from.38 Courtesy of the LIGO Scientific
Collaboration and Virgo Collaboration.

waveforms and allow to measure individual black hole (redshifted) masses and
spins.

• Fourier domain
In order to compare theoretical waveforms with experimental sensitivities, and
to compute the signal-to-noise ratio it is necessary to describe the signal in the
frequency domain. The Fourier transform of the two polarisation states of the
wave are given by:
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Figure 3. Left: redshift distribution of events with ⇢ > 8 (top) and ⇢ > ⇢GLRT (bottom) for model M1 and Earth-based
detectors. In the bottom-left panel, the estimated AdLIGO rate (⇡ 2.6⇥ 10�2 events/year) is too low to display. Right: same
for models Q3nod, Q3d and PopIII. Di↵erent eLISA design choices have an almost irrelevant impact on the distributions.

comparable-mass limit q ! 1, where the amplitude of
odd-m modes is suppressed [13, 48]. Extreme mass-ratio
calculations [49] and a preliminary analysis of numerical
waveforms show that the ratio of mode amplitudes is, to
a good accuracy, spin-independent, therefore this SNR
threshold is adequate for our present purpose.

The rates of events with ⇢ > ⇢
GLRT

are shown in
Fig. 2 by curves with hollow symbols. The key obser-
vation here is that, although ringdown detections should
be routine already in AdLIGO, high-SNR events are ex-
ceedingly rare: reaching the threshold of ⇠ 1 event/year
requires Voyager-class detectors, while sensitivities com-
parable to Einstein Telescope are needed to carry out
such tests routinely. This is not the case for space-based
interferometers: typical ringdown detections have such
high SNR that ⇡ 50% or more of them can be used to
do BH spectroscopy. The total number of eLISA detec-
tions and spectroscopic tests depends on the underlying
BH formation model, but it is remarkably independent of
detector design (although the N1A1 design would sens-
ibly reduce rates in the most optimistic models).

Perhaps the most striking di↵erence between Earth-
and space-based detectors is that a very large fraction
of the “spectroscopically significant” events will occur at
cosmological redshift in eLISA, but not in Einstein tele-
scope. This is shown very clearly in Fig. 3, where we
plot redshift histograms of detected events (top panel)
and of events that allow for spectroscopy (bottom panel).
eLISA can do spectroscopy out to z ⇡ 5 (10, or even 20!)
for PopIII (Q3d, Q3nod) models, while even the Einstein
Telescope is limited to z . 3. Only 40-km detectors with
cosmological reach, such as Cosmic Explorer [25, 26],

would be able to do spectroscopy at z ⇡ 10.

Conclusions. Using our best understanding of the
formation of field binaries, we predict that AdLIGO at
design sensitivity should observe several ringdown events
per year. However routine spectroscopical tests of the
dynamics of Kerr BHs will require the construction and
operation of detectors such as the Einstein Telescope [50–
52], and 40-km detectors [25, 26] will be necessary to
reach cosmological distances. Many of the mergers for
which eLISA can do BH spectroscopy will be located at
z � 1. These systems will test GR in qualitatively dif-
ferent regimes than any low-z observation by AdLIGO:
BH spectroscopy with eLISA will test whether gravity
behaves locally like GR even at the very early epochs of
our Universe, possibly placing constraints on proposed
extensions of Einstein’s theory [53–56].

Given the time lines for the construction and operation
of these detectors, it is likely that the first instances of
BH spectroscopy will come from a space-based detector.
This conclusion is based on the simple GLRT criterion
introduced in [47], and it is possible that better data
analysis techniques (such as the Bayesian methods ad-
vocated in [51, 52]) could improve our prospects for grav-
itational spectroscopy with Earth-based interferometers.
We hope that our work will stimulate the development
of these techniques and their use on actual data.

As shown in Fig. 2, di↵erences in rates between models
M1 and M10 become large enough to be detectable in
A+. We estimate 34 (29) ringdown events per year for
M1 (M10) in A+, and 89 (66) events per year in A++.
Rate di↵erences are even larger when we consider the
complete signal. Therefore, while the implementation

critical   SNR (>50)  for the second mode to be resolvable 
either l=m=3 or l=m=4

for non spinning mergers
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Figure 2. Rates of binary BH mergers that yield detectable ringdown signals (filled symbols) and allow for spectroscopical
tests (hollow symbols). Left panel: rates per year for Earth-based detectors of increasing sensitivity. Right panel: rates per
year for 6-link (solid) and 4-link (dashed) eLISA configurations with varying armlength and acceleration noise.

of BH-BH merger rates, and therefore model M3 should
be regarded as pessimistic [9]. In all of these models we
set the BH spins to zero, an assumption consistent with
estimates from GW150914 [4]. Even in the unrealistic
scenario where all BHs in the Universe were maximally
spinning, rates would increase by a factor . 3 (see Table
2 of [6]). Massive binaries with ringdowns detectable by
Earth-based interferometers could also be produced by
other mechanisms (see e.g. [39–42]), and therefore our
rates should be seen as lower bounds.

To estimate ringdown rates from massive BH mergers
detectable by eLISA we consider the same three models
(PopIII, Q3nod and Q3d) used in [20] and produced with
the semi-analytical approach of [43] (with incremental
improvements described in [44–46]). These models were
chosen to span the major sources of uncertainty a↵ect-
ing eLISA rates, namely (i) the nature of primordial BH
seeds (light seeds coming from the collapse of Pop III
stars in model PopIII; heavy seeds originating from pro-
togalactic disks in models Q3d and Q3nod), and (ii) the
delay between galaxy mergers and the merger of the BHs
at galactic centers (model Q3d includes this delay; model
Q3nod does not, and therefore yields higher detection
rates). In all three models the BH spin evolution is fol-
lowed self-consistently [43, 44]. For each event in the
catalog we compute ⇢ from Eq. (1), where ✏

rd

is rescaled
by a spin-dependent factor as necessary.

Detection rates. The ringdown detection rates (events
per year with ⇢ > 8 in a single detector) predicted by
models M1, M3, M10 (for stellar-mass BH binaries) and
PopIII, Q3d, Q3nod (for supermassive BH binaries) are
shown in Fig. 2 with filled symbols. For example, models

M1 (M10, M3) predict 3.0 (2.5, 0.57) events per year
with detectable ringdown in O1; 7.0 (5.8, 1.1) in O2; and
40 (35, 5.2) in AdLIGO. Model Q3d (Q3nod, PopIII)
predicts 38 (533, 13) events for a 6-link N2A5 eLISA
mission lasting 5 years, but in the plot we divided these
numbers by 5 to facilitate a more fair comparison in terms
of events per year.
BH spectroscopy. Suppose that we know that a signal
contains two (or possibly more) ringdown modes. We
expect the weaker mode to be hard to resolve if its amp-
litude is low and/or if the detector’s noise is large. The
critical SNR for the second mode to be resolvable can
be computed using the generalized likelihood ratio test
(GLRT) [47] under the following assumptions: (i) using
other criteria, we have already decided in favor of the
presence of one ringdown signal; (ii) the ringdown fre-
quencies and damping times, as well as the amplitude
of the dominant mode, are known. Then the critical
SNR ⇢

GLRT

to resolve a mode with either ` = m = 3
or ` = m = 4 from the dominant mode with ` = m = 2
is well fitted, for nonspinning binary BH mergers, by

⇢2, 3
GLRT

= 17.687 +
15.4597

q � 1
� 1.65242

q
, (2)

⇢2, 4
GLRT

= 37.9181 +
83.5778

q
+

44.1125

q2
+

50.1316

q3
.(3)

These fits reproduce the numerical results in Fig. 9 of
[47] within 0.3% when q 2 [1.01 � 100]. Spectroscopical
tests of the Kerr metric can be performed whenever either
mode is resolvable, i.e. ⇢ > ⇢

GLRT

⌘ min(⇢2, 3
GLRT

, ⇢2, 4
GLRT

).
The ` = m = 3 mode is usually easier to resolve than the
` = m = 4 mode, but the situation is reversed in the

 

• routine spectroscopic tests requires third generation telescopes to reach 
binaries at  z>1.  LISA is dominated always by a SNR sources
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