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Black Holes Are Everywhere!
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✦ Supermassive black holes (BHs) reside in essentially 
every massive galaxy.

✦ The strongest evidence we have for a BH comes from 
the Milky Way (e.g., Genzel et al. 2010, Boehle et al. 2016). 

✦ Beyond the Milky Way, BHs have been dynamically 
detected in ~100 galaxies (e.g., Saglia et al. 2016).

(This image was 
created by Prof. 

Andrea Ghez and 
her research 

team at UCLA 
and are from data 

sets obtained 
with the W. M. 

Keck Telescopes.)



Dynamically Detecting Black Holes

✦ The most widely used method for detecting a 
BH and measuring its mass (MBH) is to fit 
dynamical models to the observed stellar 
kinematics.

✦ Observations need to probe the region over 
which the BH potential dominates — the BH 
sphere of influence (rsphere).

✦ Typical values for rsphere are small, so we are limited to studying 
nearby (~100 Mpc) objects.

✦ The Hubble Space Telescope (HST) has played a fundamental role in 
detecting BHs over the past two decades. More recently, 
significant progress has been made using large ground-based 
telescopes + adaptive optics (AO) (e.g., Mazzalay et al. 2016, Erwin et al. 
2018, Krajnović et al. 2018).

(credit: Laurie Hatch Photography
http://www.lauriehatch.com/)

(Keck)

(HST) (credit: ESA/Hubble)



The Black Hole - Host Galaxy Relations
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Figure 16
Correlation of dynamically measured BH massM• with (left) K-band absolute magnitudeMK,bulge

and luminosity LK,bulge and (right) velocity dispersion σe for (red) classical bulges and (black)
elliptical galaxies. The lines are symmetric least-squares fits to all the points except the monsters
(points in light colors), NGC 3842, and NGC 4889. Figure 17 shows this fit with 1-σ error bars.

6.6 The M• – Lbulge, M• –Mbulge, and M• – σe correlations for
classical bulges and elliptical galaxies

Figure 16 shows the updated correlations of M• with bulge luminosity and velocity dispersion.
Recent advances allow us to derive more robust correlations and to better understand the
systematic effects in their scatter. First, we distinguish classical bulges that are structurally
like ellipticals from pseudobulges that are structurally more disk-like than classical bulges. There
is now a strong case that classical bulges are made in major mergers, like ellipticals, whereas
pseudobulges are grown secularly by the internal evolution of galaxy disks. We show in Section 6.8
that pseudobulges do not satisfy the same tight M•–host-galaxy correlations as classical bulges and
ellipticals. Therefore we omit them here. Second, we now have bulge and pseudobulge data for all
BH galaxies (Kormendy & Bender 2013b). Third (Section 3), we have more accurate BH masses,
partly because of improvements in data (ground-based AO and integral-field spectroscopy), partly
because of improvements in modeling (e. g., three-integral models that include dark matter), and
partly because we are now confident that emission-line rotation curves underestimate M• unless
broad line widths are taken into account (Section 6.3). We omit these masses. Fourth, we have
reasons to omit BH monsters, mergers in progress, and (Section 6.7) the two largest BHs known
in ellipticals. Finally, the sample of galaxies with dynamical BH detections is larger and broader
in Hubble types. These developments lead to a significant recalibration of the ratio of BH mass to
the mass of the host bulge and, as we have already begun to see, to qualitatively new conclusions.
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✦ The relations indicate that BHs, which occupy scales of ≲ 10−4 pc in galaxy nuclei, 
correlate by the large-scale (∼1 kpc) bulge properties of their host galaxy, implying that 
BHs and galaxies somehow grow and evolve together.



The Black Hole - Host Galaxy Relations

✦ The local BH mass census is highly incomplete, particularly for low- and high-mass BHs.

✦ Recent work detecting high-mass BHs in BCGs suggest that these objects lie above MBH-σ (e.g., 
McConnell et al. 2011, 2012, Mehrgan et al. 2019). There are hints that spiral galaxies with low-mass BHs 
exhibit large scatter below the MBH-σ and MBH-Lbul relations (e.g., Greene et al. 2010, Läsker et al. 2014, 2016).The Astrophysical Journal, 764:184 (14pp), 2013 February 20 McConnell & Ma

Figure 1. M•– σ relation for our full sample of 72 galaxies listed in Table 3 and at http://blackhole.berkeley.edu. Brightest cluster galaxies (BCGs) that are also the
central galaxies of their clusters are plotted in green, other elliptical and S0 galaxies are plotted in red, and late-type spiral galaxies are plotted in blue. NGC 1316 is
the most luminous galaxy in the Fornax cluster, but it lies at the cluster outskirts; the green symbol here labels the central galaxy NGC 1399. M87 lies near the center
of the Virgo cluster, whereas NGC 4472 (M49) lies ∼1 Mpc to the south. The black hole masses are measured using the dynamics of masers (triangles), stars (stars), or
gas (circles). Error bars indicate 68% confidence intervals. For most of the maser galaxies, the error bars in M• are smaller than the plotted symbol. The black dotted line
shows the best-fitting power law for the entire sample: log10(M•/M⊙) = 8.32+5.64 log10(σ/200 km s−1). When early-type and late-type galaxies are fit separately, the
resulting power laws are log10(M•/M⊙) = 8.39+5.20 log10(σ/200 km s−1) for the early type (red dashed line), and log10(M•/ M⊙) = 8.07+5.06 log10(σ/200 km s−1)
for the late type (blue dot-dashed line). The plotted values of σ are derived using kinematic data over the radii rinf < r < reff .
(A color version of this figure is available in the online journal.)

(L), and stellar bulge mass (Mbulge). As reported below, our new
compilation results in a significantly steeper power law for the
M•– σ relation than in G09 and the recent investigation by B12,
who combined the previous sample of 49 black holes from G09
with a larger sample of upper limits on M• from Beifiori et al.
(2009). We still find a steeper power law than G09 or B12 when
we include these upper limits in our fit to the M•– σ relation.
We have performed a quadratic fit to M•(σ ) and find a marginal
amount of upward curvature, similar to previous investigations
(Wyithe 2006a, 2006b; G09).

Another important measurable quantity is the intrinsic or
cosmic scatter in M• for fixed galaxy properties. Quantifying the
scatter in M• is useful for identifying the tightest correlations
from which to predict M• and for testing different scenarios of
galaxy and black hole growth. In particular, models of stochastic
black hole and galaxy growth via hierarchical merging predict
decreasing scatter in M• as galaxy mass increases (e.g., Peng
2007; Jahnke & Macciò 2011). Previous empirical studies of
the black hole scaling relations have estimated the intrinsic
scatter in M• as a single value for the entire sample. Herein,
we take advantage of our larger sample to estimate the scatter
as a function of σ , L, and Mbulge.

In Section 2 we summarize our updated compilation of 72
black hole mass measurements and 35 bulge masses from dy-
namical studies. In Section 3 we present fits to the M•– σ , M•– L,
and M•– Mbulge relations and highlight subsamples that yield in-
teresting variations in the best-fit power laws. In particular, we
examine different cuts in σ , L, and Mbulge, as well as cuts based
on galaxies’ morphologies and surface brightness profiles. In
Section 4 we discuss the scatter in M• and its dependence on
σ , L, and Mbulge. In Section 5 we discuss how our analysis of
galaxy subsamples may be beneficial for various applications of
the black hole scaling relations.

Our full sample of black hole masses and galaxy properties is
available online at http://blackhole.berkeley.edu. This database
will be updated as new results are published. Investigators are
encouraged to use this online database and inform us of updates.

2. AN UPDATED BLACK HOLE AND GALAXY SAMPLE

Our full sample of 72 black hole masses and their host
galaxy properties are listed in Table 3, which appears at the
end of this paper. The corresponding M• versus σ , L, and Mbulge
are plotted in Figures 1– 3. This sample is an update of our
previous compilation of 67 dynamical black hole measurements,
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Table 1 has been fixed to reflect correct “method” flags for all galaxies. The number of maser galaxies drops from 21 to 20 (note
that NGC 4945 is not included in the Saglia et al. compilation) and the number of non-maser, non-S0 spiral galaxies is 17. Figures 3
and 4 from the published article were also marginally impacted and are reproduced here.

Figure 3. Relationship between σ* and MBH. We fit the entire sample (gray dashed line) and the early-type galaxies alone (red solid). Note the systematic offset to
lower MBH at a fixed σ* for the megamaser disk galaxies. We show elliptical (red circles), S0 (green triangles), spiral (blue squares), and megamaser disk (blue
circles); double circles indicate our new measurements.

Figure 4. Distribution of MBH at fixed σ*. Megamaser galaxies (open) are offset to lower MBH than the full spiral sample (blue filled) or the early-type galaxies (red
filled).
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(McConnell & Ma 2013) (Greene et al. 2016)



Current Limitations
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observations13, and a lower central surface brightness than any other 
galaxy within 100 Mpc of Earth in this sample (3,100L( pc−2; Fig. 2). 
Such a diffuse light distribution indicates a substantial deficit of stars in 
the central region of NGC 1600 in comparison with lower-luminosity 
elliptical galaxies, which typically show rising light profiles towards the 
galactic centres down to the smallest observable radius. Like NGC 1600, 
other very massive elliptical galaxies often exhibit a cored light profile, 
where the steep light distribution characteristic of the outer part of the 
galaxy flattens to a nearly constant surface brightness at small radius 
(Fig. 2). A plausible mechanism for creating depleted stellar cores is via 
three-body gravitational slingshots that scatter stars passing close to a 
supermassive black-hole binary to larger radii. While the stars are being 
scattered, the orbit of the black-hole binary shrinks and the binary will 
emit gravitational waves if it coalesces14.

In Fig. 3 we present a new correlation between the radius, rb, of the 
galaxy core in the observed light profile and the radius of the black 
hole’s sphere of influence, for NGC 1600 and for a sample of 20 other 
core galaxies with reliable MBH measurements15. We find a tight con-
nection between the two radii, and the best-fit relation is consistent 
with rb =   rSOI. The intrinsic scatter of 0.17 dex in the rb–rSOI relation is 
a factor of two smaller than that in the known scaling relations between 
black-hole mass and galaxy properties. This small scatter holds over a 
wide range of galaxy environments sampled in the 21 core galaxies. Our 
finding that the two radii, rb and rSOI, are statistically indistinguishable 
with a small scatter strongly indicates that the core-formation mech-
anism is homogeneous and is closely connected to the central black 

hole. Gravitational core scouring by black-hole binaries can consistently 
produce the observed homology in the light profiles of galaxy cores16,17 
and the velocity anisotropy in stellar orbits18 (see Methods).

Figure 4 shows the correlation between the core radius, rb, and the 
measured MBH for NGC 1600 and the same sample of galaxies as is 
shown in Fig. 3. We find an intrinsic scatter of 0.3 dex in the MBH–rb 
relation for these 21 core galaxies, in comparison to a root-mean-
squared scatter of 0.41–0.44 dex in the MBH–σ relation (where σ is the 
stellar velocity dispersion) for the same sample (Extended Data Fig. 1). 
The MBH values in core galaxies generally do not correlate well with the 
stellar velocity dispersion10,11,19. Simulated mergers of elliptical galaxies  
also suggest that the MBH–σ correlation may steepen or disappear  
altogether at the high-mass end20. The most massive black holes discovered  
thus far predominantly reside at the centres of massive galaxies con-
taining stellar cores. For this high-mass regime, our findings indicate 
that the core radius of the host galaxy is more robust than its velocity 
dispersion as a proxy for MBH.

The Schwarzschild radius (or ‘event horizon’) of the black hole in 
NGC 1600 is 5 ×  1010 km, or 335 au, subtending an angle of 5.3 µas on 
the sky (at a distance of 64 Mpc). Recent mass measurements21,22 of the 
black hole in the galaxy M87 range from 3.3 × 109M( to 6.2 × 109M(, 
corresponding to a Schwarzschild radius of 3.8–7.3 µas (at 16.7 Mpc). 
For comparison, the Schwarzschild radius of Sagittarius A*  is 10 µas. 
Thus, after the Milky Way and possibly M87, NGC 1600 contains the 
next most easily resolvable black hole, and is a candidate for observations  
with the Event Horizon Telescope23.

Black holes with masses of about 1010M( are observed as quasars 
in the young Universe1. Finding the dormant-black-hole descendants 
of these luminous quasars and understanding their ancestral lineages 
have been strong motivations for the search for very massive black 
holes nearby. At redshifts of 2 to 3 (about 10 billion years ago), when the 
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Figure 2 | Central stellar light profiles for NGC 1600 and for a sample 
of other core and coreless elliptical galaxies. Surface brightness profiles 
(in the V-band) are shown for a sample of galaxies, on the basis of HST 
observations13 up to a distance of 100 Mpc from Earth. NGC 4889,  
at 102 Mpc, is included because its black-hole mass has been measured2.  
µ is the surface brightness and r is the galactic radius at which the 
brightness was measured. Lower-luminosity elliptical galaxies typically 
have rising light profiles towards the galactic centres (steep grey curves), 
whereas NGC 1600 and other very massive elliptical galaxies often exhibit 
a marked deficit of stars in the central region (red curves). Highlighted are 
the brightest galaxies in the Leo Cluster (NGC 3842) and the Coma Cluster 
(NGC 4889), and the brightest (NGC 4472) and central (NGC 4486 or 
M87) galaxies of the Virgo Cluster. The stellar core in NGC 1600 (dark red 
curve) is the faintest known among all galaxies for which dynamical MBH 
measurements are available.
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Figure 3 | Black-hole sphere-of-influence radii and galaxy core radii. 
The radius of the black-hole sphere-of-influence, rSOI, of NGC 1600 and 
20 core galaxies with dynamical MBH measurements15 is plotted against 
the core radius, rb, of each host galaxy. We calculate rSOI directly from the 
measured MBH and the de-projected stellar density profile of each galaxy. 
We calculate the core radius from fits to a core-Sérsic function30.  
Our best-fit linear correlation is log10(rSOI/kpc) =   (− 0.01 ±   0.29) +    
(0.95 ±   0.08)log10(rb/kpc) (straight red line), which is statistically 
consistent with rb =   rSOI (dotted black line). The intrinsic scatter of this 
relation is ε =   0.17 ±   0.04.
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✦ Detecting high-mass BHs is challenging because:

✦ They are rare, and require searches over large 
distances.

✦ The physical extent of rsphere is large, but the angular 
size is small for distant objects.

✦ They tend to be found in galaxies with central surface 
brightness cores.

✦ Detecting low-mass BHs is challenging because:

✦ The physical extent of rsphere is small. We are limited to 
studying only the closest objects.

✦ High S/N and moderately high spectral resolution is 
needed to measure the line-of-sight velocity 
distribution (LOSVD).



Fundamental Questions

✦ Do BHs and galaxies grow in lockstep with one another over time, or 
do the growth of BHs precede that of host galaxies, or vice-versa?

✦ Are there BHs in low-mass galaxies and in globular clusters?

✦ How do supermassive BHs form, what are the initial seed masses, and 
how can they acquire enough mass so quickly after the Big Bang?

✦ Given the uncertainties in the scaling relations, the exact role BHs play in galaxy evolution and 
the primary physical mechanisms that drive the empirical correlations are far from 
understood. 

✦ Other fundamental questions remain unanswered:



Redshift Evolution of the Black Hole Scaling Relations

The Astrophysical Journal, 742:107 (6pp), 2011 December 1 Bennert et al.

Figure 2. Left panel: MBH–Msph,⋆ relation for our sample (red pentagons; green circles if fitted by spheroid plus disk), local BLAGNs (black circles; Bennert et al.
2011), and local inactive galaxies (black triangles; Bennert et al. 2011), with the z = 0 relation (see Section 2.5). The errors for the local samples are omitted for
clarity (0.4 dex in MBH and 0.25 dex in Msph,⋆). Right panel: the same as in the left panel for total host-galaxy stellar mass. Here, we overplot the 89 BLAGNs from
Merloni et al. (2010) (blue filled squares; 10 with upper limits indicated by arrows).
(A color version of this figure is available in the online journal.)

where α is the slope of the relations at z = 0 and is assumed not
to evolve, γ is the intercept of the relations at z = 0, and σ is
the intrinsic scatter which is also assumed to be non-evolving.
Here β describes the evolution of the scaling relation (with
β = 0 implying no evolution). We impose δ-function priors of
α = 1.09 (Bennert et al. 2011) and γ = −0.48 for the Msph,∗
relation and α = 1.12 (Häring & Rix 2004) and γ = −0.68 for
the MHost,∗ relation; the priors on γ were determined by fitting
to the local AGNs from Bennert et al. (2011) while keeping the
slope fixed to the noted values. A normal distribution prior is
used for the intrinsic scatter with mean 0.4 and variance 0.01
and we employ a broad uniform prior for β. (Note that, strictly
speaking, the variable σ accounts for both the intrinsic scatter in
the relationship and the (much smaller) uncertainty on γ .) We
use the z = 1.0–1.2 “elliptical” stellar mass function from Ilbert
et al. (2010) to place priors on the stellar masses. Furthermore,
we include a prior on the black hole masses that models our
selection effects by using a hard cutoff at the low-mass end. This
cutoff is determined from the data and models the lower limit
of black hole masses observable in each set of data considered.

The relation above is first fitted using the 11 galaxies in this
sample. The lower limit for the black hole masses assumed for
the high-redshift objects is 107.4M⊙. Merloni et al. (2010) have
independently tried to infer the evolution of the MBH–Mhost,⋆
relation, but their analysis is somewhat different than ours (e.g.,
IMFs, local comparison samples, definition of offset, treatment
of upper limits, and selection effects). We therefore also fit
the relation using the Merloni et al. (2010) data (adjusted to a
Chabrier IMF), and we impose a limiting black hole mass of
107.3 for these data. The results of our inference are shown in
Table 3. Given that the different fits to the MBH–Mhost,⋆ relation
(Merloni et al. data only, our data only, both combined) result
in the same β within the uncertainties, we adopt the one for the
combined sample in the following.

3. RESULTS AND DISCUSSION

Out of 11, four AGNs are clearly hosted by late-type spi-
ral galaxies, while the rest seem to be spheroid dominated.

Table 3
Evolving MBH–M∗ Scaling Relations

Model α β γ σ

Msph,∗a 1.09 1.96 ± 0.55 −0.48 0.36 ± 0.1
Mhost,∗a 1.12 1.68 ± 0.53 −0.68 0.35 ± 0.1
Mhost,∗b 1.12 1.15 ± 0.15 −0.68 0.16 ± 0.06
Mhost,∗c 1.12 1.11 ± 0.16 −0.68 0.17 ± 0.07

Notes.
a Fitted only using the 11 objects presented here.
b Fitted using the objects presented here and the objects from Merloni et al.
(2010).
c Fitted only using data from Merloni et al. (2010).

Keeping in mind the small number statistics, the fraction of
disk-dominated host galaxies (36% ± 17%) is lower than what
has been found by Schawinski et al. (2011) (80%±10%) for 20
X-ray-selected AGNs at a comparable redshift (1.5 < z < 3)
imaged by HST/Wide Field Camera 3 (F160W) with 1–2 orbits
integration time. One difference is that our objects have higher
X-ray luminosities (0.5–8 keV; 43.5 < log LX < 44.5, mean
= 44.2, compared to 42 < log LX < 44, mean = 43.1) which
might explain why we find a larger fraction of elliptical host
galaxies.

Interestingly, none of the objects shows clear signs of inter-
actions or merger activity, while at redshifts of z = 0.4–0.6,
32% ± 9% of Seyfert-1s are hosted by interacting/merging
galaxies (Bennert et al. 2010). However, we cannot exclude
that some of these low surface brightness features might have
been missed (see, e.g., Bennert et al. 2008). Schawinski et al.
(2011) also do not report interactions/mergers but their images
are significantly shallower than ours. Star-forming galaxies at
a redshift of z ∼ 2, on the other hand, show a 33% ± 6%
fraction of interacting or merging systems (Förster-Schreiber
et al. 2009). Schawinski et al. (2011) interpret their high frac-
tion of spiral galaxies as a sign that secular evolution may play
a non-negligible role in growing spheroids and black holes. Our

4

✦ Some studies report a positive evolution, such that 
BH growth precedes bulge growth (e.g., Woo et al. 2006, 
2008, Merloni et al. 2010, Matuoka et al. 2014), but others find 
no change in the relations (e.g., Salviander & Shields 2013, 
Shen et al. 2015).

✦ Currently, we cannot search for redshift evolution 
in the BH relations using dynamical mass 
measurements. We need to estimate MBH using 
properties of broad emission lines in active 
galaxies.

✦ Selection biases can lead to false identification of 
evolution in the relations (e.g., Later 2007, Shen & Kelly 
2010, Schulze & Wisotzki 2014).

(Bennert et al. 2011)



Direct Searches for Redshift Evolution with ELTs

✦ The U.S. ELTs with AO will facilitate the first direct search for evolution in the BH 
relations. We can dynamically measure MBH in various redshift bins and compare to the 
local relations. 

✦ This is best accomplished with high-mass BHs because angular resolution is no longer a 
concern.
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occurs later in a merger relative to peak star formation
(Hopkins 2012). This scenario would predict that gas-rich
mergers would fall below black hole scaling relations.

Merger-driven galaxy evolution is not a complete explana-
tion for all black hole growth, however. Though some AGN
studies find a correlation with major mergers (Koss et al. 2010;
Ellison et al. 2011), AGNs found with other selection
techniques and at different redshift ranges do not show a
higher rate of merging than field galaxies (Cisternas
et al. 2011b; Kocevski et al. 2012). Instead of mergers
bringing in gas, some systems probably are undergoing secular
evolution, accreting their gas directly from the cold inter-
galactic medium. Bar and spiral disk instabilities are capable of
dissipating sufficient angular momentum from this gas to fuel
black hole growth (Hopkins & Quataert 2010a, 2011). The
dividing line between these two processes is not yet well
understood; here we focus on understanding the black hole
growth due to major mergers.

Nearby (Ultra-)Luminous InfraRed Galaxies ((U)LIRGs;
Sanders & Mirabel 1996) are an excellent sample with which
to study such gas-rich mergers. These galaxies have infrared
luminosities upwards of ☉L1011 ( ☉L1012 for ULIRGs),
generally caused by a starburst and/or an AGN heating up
dust. Their infrared luminosities correlate with merger rate, star
formation rate, and AGN fraction (Ellison et al. 2013). In fact,
in the local universe, such strong infrared activity is almost
exclusively triggered by major mergers: Veilleux et al. (2002)
showed that in a complete sample of IRAS ULIRGs, 117 out of
118 galaxies are in the midst of strong tidal interactions.

In a companion paper (Medling et al. 2014), we have studied
the kinematics of both gas and stars in the inner kiloparsecs of a
sample of (U)LIRGs, finding that nuclear disks on scales of a
few tens to hundreds of parsecs are common. In two other
papers (Medling et al. 2011; U et al. 2013), we demonstrated a
technique that uses high spatial resolution integral field

spectroscopy to measure black hole masses. With kinematic
maps that resolve inside the sphere of influence of a black hole,
the complex and unrelaxed large-scale dynamics are less
important, and black hole masses can be measured to within a
factor of a few. We note that this technique measures the
unresolved central mass, which includes both the black hole
and its accretion disk, and in some cases may also include a
reservoir of gas feeding the accretion disk. In U et al. (2013),
the black hole mass in Mrk 273N measured with this technique
was consistent with the measurement made by OH maser
kinematics (Klöckner and Baan 2004).
Using a robust technique such as this to measure black hole

masses in these gas-rich mergers is important because more
traditional methods of black hole mass measurements rely on
assumptions that are not valid in the case of galaxy mergers.
Three-integral orbital superposition models (as in Gültekin
et al. 2009; Siopis et al. 2009) are able to use large-field
kinematics to separate different components to the mass profile
of the galaxy; however, this approach requires a dynamically
relaxed system and is used therefore in isolated galaxies.
Another successful black hole mass measurement technique is
reverberation mapping (e.g., Denney et al. 2009, and references
therein), which measures the time lag between flux variations
of the continuum and the lines in the broad line region. Since
the cores of (U)LIRGs are so dusty, the broad line regions are
too obscured to view.
Obtaining data at spatial resolutions sufficiently high to

resolve inside the sphere of influence of a supermassive black
hole at the typical redshifts of local (U)LIRGs ( 1z 0.1)
requires adaptive optics systems, which are becoming available
at an increasing number of ground-based observatories.
Though the Hubble Space Telescope (HST) has excellent
resolution in the visible bands, its relatively small mirror size
limits the resolution at the longer wavelengths (> μ2 m)
necessary to look through the dust in these galactic nuclei;
even at the longest wavelength available to the Wide Field
Camera 3 (H-band), these nuclei are still sometimes obscured.
In order to achieve high spatial resolution in K-band, large
ground-based telescopes have employed adaptive optics
systems which measure turbulence in the Earth’s atmosphere
and use a deformable mirror to correct for the resulting
distortions. These distortion measurements require references,
either a natural guide star (NGS AO) or a laser guide star plus a
fainter natural “tip-tilt” star (LGS AO). The addition of laser
guide star adaptive optics has increased the area of the sky
observable with this technique.
Throughout this paper we have adopted a cosmology of

H0 = 70 km s−1 Mpc−1, Ωm = 0.28, and LΩ = 0.72 (Hinshaw
et al. 2009). In Section 2 we present our data and reduction
techniques. In Section 3 we briefly describe the kinematic fitting
techniques demonstrated in Medling et al. (2011) and U et al.
(2013). In Section 4 we present the black hole masses measured
from several tracers and in Section 5 compare them to black
hole scaling relations. Section 6 contains our conclusions.

2. OBSERVATIONS

2.1. The Sample

We have selected nine gas-rich merging galaxies in which to
measure the black hole masses using gas and stellar kinematics.
These galaxies represent the subset of merging galaxies
presented in Medling et al. (2014) for which high quality

Figure 1. s-M *BH relation for isolated galaxies from McConnell & Ma
(2013) (black) with three possible evolutionary tracks for merging galaxies
overlaid. If the black hole grows first or more quickly than the galaxy bulge,
mergers would lie above the relation (as shown by the gold arrows). If the
black hole growth lags the bulge growth and is responsible for curtailing
evolution (e.g., quenching through AGN feedback), mergers would lie below
the relation (as shown by the purple arrows). If instead the black hole and the
bulge grow in lockstep, the mergers would remain on the relation (as shown by
the blue arrow).
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✦ We will GMTIFS and IRIS with AO. We will 
determine the luminous mass distribution with 
the imager and map the stellar kinematics in the 
central regions of galaxies with the integral-field 
spectrograph.

✦ R~4000-5000 is sufficient spectral resolution for 
the high-mass BHs. We will make use of the 9 
mas (IRIS) and 12 mas (GMTIFS) pixel scale.

✦ For z ≲ 1.5, we will measure kinematics from the 
2.22 μm CO bandheads, 1.6 μm CO bandheads, 
and 0.85 μm Ca II triplet. Beyond z > 1.5, we will 
use emission lines (H𝝰), provided that the gas is 
in regular rotation.

Credit: TMT International Observatory

(IRIS)

(GMTIFS)

Credit: GMTO Corporation

(Gültekin, Barth, Gebhardt, Greene, Ho, Juneau, Ma, Seth, U, Valluri, Walsh, 
2019 BAAS, 51, 287)



Direct Searches for Redshift Evolution with ELTs

(Gültekin, Barth, Gebhardt, Greene, Ho, Juneau, Ma, Seth, U, Valluri, Walsh, 
2019 BAAS, 51, 287)

✦ 10 BHs with MBH > 1010 M☉ locally 
(40 hours)

✦ 10 BHs in each of four redshift bins 
(z~0.1, 0.5, 1.0, 1.5); 40 BHs total (510 
hours)

✦ We estimated exposure times using the 
central surface brightness of M87 [V=16.2 
mag/arcsec2 (Kormendy et al. 2009); assumed 
K=13.2 mag/arcsec2], accounting for surface 
brightness dimming and luminosity evolution 
(Gebhardt et al. 2003). 

✦ We aimed for S/N~40 in an unbinned lenslet 
and included time for offset sky exposures (1 
sky for every 1.5 hours on-source).

The Astronomical Journal, 147:93 (17pp), 2014 April Do et al.
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Figure 3. Top: synthetic spectrum of a Teff = 4500 K (∼K3III) giant used for
the simulations. The fluxes are given for observations of a location with surface
brightness with K = 13 mag arcsec−2, at a spectral resolution R = 8000. Middle:
the spectrum of the background and noise sources (see Section 3.2) simulated
for an observation with a plate scale of 9 mas with an integration time of 900 s.
Bottom: the resulting S/N at each spectral channel in a single spaxel. The sharp
dips in the S/N are due to the higher sky background at the wavelengths of the
OH lines.
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Figure 4. Minimum integration time, tint, necessary to be background limited,
with background signal greater than the combination of dark current and the
read noise (B > D + R2/tint) for the 4 mas (dashed) and 9 mas (solid) plate
scale at R = 8000 in the K band. The sharp dips are from the OH sky lines,
which increases the amount of sky background at those wavelengths.
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Figure 5. Average S/N per spaxel per average spectral channel for extended
sources with uniform surface brightness with 5 hr of total integration time (20
observations of 900 s) for an M0III stellar template source for different IRIS
spaxel scales and spectral resolutions: 9 mas, R = 4000 (solid); 9 mas, R =
8000 (dotted); 50 mas, R = 4000 (dot-dashed). For comparison, we also plot
the extended source sensitivity of the OSIRIS IFS on Keck (dashed).
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Figure 6. Average S/N per spaxel per average spectral channel for extended
sources with uniform surface brightness using the Z (solid), Y (dotted),
J (dashed), H (dot-dashed), and K (dot-dot-dot-dashed) filters. These curves
are calculated for the 4 mas plate-scale at a spectral resolution of 4000 and
20 × 900 s integrations (5 hr).

the gravitational influence of the central black hole the extended
mass distribution of stars, gas, and dark matter. The LOSVD
also holds information about the velocity anisotropy of the
system, which can be degenerate with the black hole mass
when using velocity dispersions alone to constrain the potential.
Typically, the LOSVD at each spatial location is either derived
non-parametrically by fitting to orbit libraries (Gebhardt et al.
2000b) or it is measured from the spectra by describing the
LOSVD as Gauss–Hermite moments (van der Marel & Franx
1993). Both methods lead to comparable precision in the
measurements of the black hole mass (e.g., Rusli et al. 2011;
McConnell et al. 2011a). In order to investigate how the S/N and
spectral resolution of IRIS affect the determination of LOSVD,
we use the latter method to simulate different LOSVD with the
first four Gauss–Hermite polynomials: the mean velocity v, the
velocity dispersion σ , h3, and h4. The LOSVD is defined as

6

(Do et al. 2014)

(5 hours on-source)
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Figure 1: Left: The landscape of dynamical IMBH detections within 5 Mpc of the sun. We
schematically show the regions where existing limits are found. ELTs may provide detections nearly
an order of magnitude better, depending on the unknown relationship between galaxy structure
and MBH. Right: The cumulative distribution of MBH from our experiments under two example
seeding scenarios. In the “heavy” seeding case, all the black holes are have MBH= 104 � 105 M�,
the occupation fraction is only 50%, and very few clusters harbor seed BHs. In contrast, if runaway
processes in clusters make 103 M� seeds, then we expect a much larger number of detections in
clusters, and a larger fraction of detections overall.

a very small fraction of dwarf nuclei (Reines, etc). There are a class of dynamical detections in
low-mass stellar systems that we believe started out more massive and then were stripped; the BH
masses in these systems range from 104 � 107 (G1, UCD, etc).

Finally, there is an additional class of accretion-powered Ultra-Luminous X-ray sources (ULXs)
that have luminosities above the Eddington limit for stellar-mass BHs (Soria). Many of these show
pulsations and thus have been shown to be neutron stars accreting at super-Eddington rates. The
best candidate for an IMBH is HLX1, with an X-ray luminosity of XXX, which is found XX kpc
from a nearby S0 galaxy. There is a tentative detection of a stellar component to this object,
so HLX1 is likely to be a BH in the nucleus of a stripped galaxy. Thus, we have no evidence
(dynamical or accretion) for 103 � 104 M� BHs, and a handful of dynamical and accretion-based
detections of 104�105 M� BHs. The ELTs will enable the first robust dynamical detection
of 103 � 105 M� BHs should they exist.

This KSP: We aim to definitely determine the dominant seeding mechanisms that form super-
massive BHs with two complementary experiments. First, we will use proper motions to determine
the mass distribution of BHs in galactic globular clusters. Second, we will use integrated light
observations to determine the mass distribution of BHs in dwarf galaxy nuclei out to 5Mpc. To-
gether, these two components will determine, for the first time, the distribution of BH mass in the
“intermediate-mass” range from 103 � 105 M�.

(Gebhardt et al. 2005)
(G1)

(credit: NASA/Hubble)

(NGC 4395)

(credit: Galex/NASA)

(den Brok et al. 2015)

(Greene, Barth, Bellini, Bellovary, Holley-Bockelmann, Do, Gallo, 
Gebhardt, Gültekin, Haiman, Hosek, Kim, Libralato, Lu, Nyland, 

Malkan, Reines, Seth Treu, Walsh, Wrobel, 2019 BAAS, 51, 83)

(credit: Carnegie-
Irvine Galaxy Survey)

(Nguyen et al. 2018)
(NGC 5206)

(credit: NASA/Hubble)

(Seth et al. 2010)
(NGC 404)

✦ There are some dynamical hints for intermediate-
mass BHs (IMBHs) in low-mass galaxies and globular 
clusters, but the results are controversial due to 
limitations in spatial resolution and sensitivity.
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(Greene 2012)
(Greene, Barth, Bellini, Bellovary, Holley-Bockelmann, Do, Gallo, 
Gebhardt, Gültekin, Haiman, Hosek, Kim, Libralato, Lu, Nyland, 

Malkan, Reines, Seth Treu, Walsh, Wrobel, 2019 BAAS, 51, 83)



Intermediate-mass Black Holes and Black Hole Seeds

✦ GMTIFS and IRIS will be sensitive to 103 M☉ BHs at 
the distance of Andromeda, and 104-105 M☉ BHs at 
distances of 3-5 Mpc.

✦ The systems that might host IMBHs have dispersions 
~15-30 km/s. We need R~8000,  but R~10,000 is 
preferred.

✦ Using the GMTIFS exposure time calculator with the 
6 mas pixel scale and R=10,000, we estimated that 
we can reach S/N~30-50 in 3-7 hours per source.

✦ Including sky exposures and overheads, we need 
~200 hours to observe 5 of the most luminous 
globular clusters in Andromeda and the nuclei of 25 
late-type spirals within 5 Mpc.

(Greene 2012)
(Greene, Barth, Bellini, Bellovary, Holley-Bockelmann, Do, Gallo, 
Gebhardt, Gültekin, Haiman, Hosek, Kim, Libralato, Lu, Nyland, 

Malkan, Reines, Seth Treu, Walsh, Wrobel, 2019 BAAS, 51, 83)



Summary

✦ GMT and TMT’s angular resolution and sensitivity will open up new regimes:

✦ We can directly trace redshift evolution in the BH scaling relations 
using the highest mass BHs.

✦ We can dynamically search for nearby IMBHs and explore the mass 
function of BH seeds.

✦ The local BH mass function is incomplete, and we do not know exactly what roles 
BHs play in galaxy evolution.

✦ We need more MBH measurements at the ends of the BH mass scale and in a wider 
variety of galaxies.


