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Abstract (optional):

Supermassive black holes are located at the center of most, if not all, massive galaxies. They
follow close correlations with global properties of their host galaxies (scaling relations), and are
thought to play a crucial role in galaxy evolution. Yet, we lack a complete understanding of
fundamental aspects of their growth across cosmic time. In particular, we still do not understand:
(1) whether black holes or their host galaxies grow faster and (2) what is the maximum mass that
black holes can reach. The high angular resolution capability and sensitivity of 30-m class
telescopes will revolutionize our understanding of the extreme end of the black hole and galaxy
mass scale. With such facilities, we will be able to dynamically measure masses of the largest
black holes and characterize galaxy properties out to redshift z ∼ 1.5. Together with the evolution
of black hole-galaxy scaling relations since z ∼ 1.5, the maximum mass black hole will shed light
on the main channels of black hole growth.
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1 The Largest Black Holes

Almost all ellipticals and large galaxy bulges contain supermassive black holes. It is well known
that in the local universe the mass of black holes is tightly correlated to the large-scale properties
of the stellar spheroid of the host galaxy (e.g., mass, luminosity, and stellar velocity dispersion).
These “scaling relations” strongly suggest a fundamental link between the evolution of a galaxy
and its central black hole, tying together quantities of very different length- and mass-scales. The
discovery of the scaling relations in the local universe has profoundly affected our understanding
of galaxy evolution in general and affected the study of the evolution and luminosity function of
massive ellipticals in particular. Theoretical ideas for the underlying causes of the scaling
relations include self-regulated feedback originating from galaxy-merger-triggered active galactic
nuclei (AGN) or star formation.

It was high-spatial resolution spectroscopy — starting in earnest with Hubble Space Telescope and
then progressing to adaptive optics (AO) on 10-m class telescopes — that enabled the
measurement of black hole masses, the discovery of the empirical scaling relations, and thus this
advance in understanding. Despite this advance, there is still no definitive answer as to what has
led to the tight scaling relations in the local universe, and recent measurements show evidence of
large scatter in the highest and lowest mass regimes. Two key observational ingredients are
missing: demographics of the largest black holes and black hole–galaxy scaling relations as a
function of redshift. With 10 mas angular resolution spectroscopy enabled by 30-m class
extremely large telescopes (ELTs), it will be possible to do both.

1.1 What is the maximum black hole mass?

Demography of the largest black holes in particular has been relatively poorly explored to this
point despite the importance of the role that these black holes are thought to play. In the local
universe, the two largest black holes from direct dynamical measurements have
M = 1.5–2×1010 M� (McConnell et al. 2011; Thomas et al. 2016). Indirect evidence points to
the existence of black holes perhaps more massive than these, though this is based on AGN
emission properties, which are less reliable than dynamical mass estimates. For example, the
most luminous quasars reach R-band luminosities of 4×1048 ergs−1 (1015 L�) and therefore an
Eddington-limit-based mass of 3×1010 M�. Natarajan & Treister (2009) found that
Eddington-limited growth implies an upper limit to black hole masses at every redshift and
corresponds to M ∼ 1010 M� at z = 0. Ghisellini et al. (2009) found a M = 4×1010 M� black hole
based on SED models including hard X-ray observations with Swift in a z = 3.37 blazar, and in a
similar study, Ghisellini et al. (2010) found 7 AGNs with M > 3×109 at z > 2. With ELTs, it
will be possible to dramatically expand the population of the largest black holes with
dynamical measurements in the local universe (McConnell & Ma 2013; Kormendy & Ho
2013; Saglia et al. 2016) and up to z = 1.5.
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1.2 The importance of finding the most massive black holes

The largest black holes play an important role in a number of areas of astrophysics. Although the
largest black holes are rare, they still play a critical role in black hole demographics. The upper
end of the black hole mass function has a strong influence on the integrated black hole mass
density. Additionally, the most massive black holes shape the upper end of the galaxy mass
function.

Another area of importance of large black holes is the major role they are thought to play in
regulating the gaseous ecosystem of galaxy clusters. It is hypothesized that cluster cooling flows
are inhibited by AGN heating from central galaxy. Chandra observations support a picture in
which episodic AGN outbursts in brightest cluster galaxies may heat the intracluster medium
(Voit & Donahue 2005); the energetics required to terminate cooling flows implies M > 1010 M�

for many clusters (Fabian et al. 2002). Even after taking into account other sources of heating
such as thermal conduction, dynamical friction, and supernovae, the most massive clusters still
require the largest black holes to quench cooling. A related issue is that in order to produce the
sharp cutoff in quenching at halo masses M ∼ 1012 M�, non-linear black hole growth is required
(Bower et al. 2017). Thus getting precise black hole masses is important in understanding AGN
feedback at the largest scales.

The largest black holes in the largest galaxies can also provide insight into the connection
between galaxy mergers and black hole mergers. The flat luminosity cores in massive ellipticals
are one of their most distinctive features. It has been argued that the cores are scoured out by the
inspiral of black holes during galaxy mergers (Begelman et al. 1980; Faber et al. 1997;
Milosavljević & Merritt 2003; Lauer et al. 2007). The inspiral of black holes will lead to binary
black holes, which can eventually emit gravitational waves observable by pulsar timing arrays.
While these processes can happen in many galaxies, it is most prominent in the largest galaxies,
the most likely merger remnant candidates.

2 Black Hole Growth over Cosmic Time

How black hole scaling relations evolve with redshift is unknown at this time, even though
significant effort has been put into this question (e.g., Yang et al. 2019). The existence of the
black hole scaling relations may be a natural consequence of black hole growth and feeding
processes as galaxies evolve, but this relationship may not hold in a younger universe when
galaxy properties and their environmental conditions were different. Figure 1 shows models of
the mean logarithmic mass of a black hole in a host galaxy with stellar velocity dispersion
σ = 325 km s−1 as a function of redshift. Models with a positive slope show that the black hole
lags behind the galaxy in terms of mass evolution, whereas models with negative slopes show that
black holes grow close to their full mass at early times and thus look “overmassive” for their host
galaxy at high redshift. Finally, models with flat slopes indicate that black holes and their host
galaxies evolve in lockstep with neither deviating from the z = 0 relation at any redshift. It is clear
that with the angular resolution of current 10-m class telescopes, dynamical black hole mass
measurement outside of the local universe is impossible.
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Analytical arguments, semi-analytical models, and simulations disagree on the fundamental
question of whether black holes grow to their z = 0 masses before, after, or along with their host
galaxy. For example, based on a simple analytic model where the black hole mass is governed by
the gravitational binding energy of its host halo, Booth & Schaye (2011) predicted galaxy growth
to precede black hole growth. Johansson et al. (2009) come to similar conclusions based on
simulations of mergers and the inconsistency of overmassive black holes with current scaling
relations. On the other hand, some theoretical work predicts black holes to grow first at high
redshift based on consideration of galaxy mergers (Croton 2006) or cosmological simulations
(Bower et al. 2006). Finally, Granato et al. (2004) find theoretical support for lockstep evolution
based on supernova and AGN feedback modeling.

There is a clear need for an observational breakthrough to inform theory as the current
observational constraints of black hole scaling evolution are similarly inconsistent. Based on
AGN scaling relations, various groups have argued for dramatic evolution, with black holes’
being overly massive relative to present day relations at moderate redshift (z ∼ 0.3–0.5; Woo et al.
2006, 2008; Treu et al. 2007; Bennert et al. 2010; Park et al. 2015), intermediate (z ∼ 2; McLure
et al. 2006), and high redshift (z ∼ 6; Venemans et al. 2016), while other groups have argued that
these offsets can be completely ascribed to various observational biases (Merloni et al. 2010;
Salviander & Shields 2012, 2013; Salviander et al. 2015; Shen et al. 2015) These observational
constraints are all estimated from AGN emission properties, which are fundamentally less secure
than direct dynamical measurements. Only direct dynamical constraints can resolve this debate
and chart the coevolution (or not) of black holes and galaxies.

ELTs will be able to measure the masses of black holes up to z = 1.5 using stellar dynamical
techniques (and up to z = 2.0 with gas dynamical techniques) that are largely immune to the
biases above and will let us distinguish among the different coevolution models, yielding
physical insights into the details of black hole growth and the relative influence of black
holes and galaxies on each other.

3 Observing Large Black Holes with ELTs in the 2020’s

Whether in the local universe or at high redshift, the ability to measure black hole mass with
stellar dynamical models requires angular resolution sufficient to resolve the black hole’s sphere
of influence, which has radius rinfl = GMσ−2, where σ is the host galaxy stellar velocity
dispersion. Because black hole masses are highly correlated with σ , for a given angular resolution
(θres), the minimum black hole mass that can be realistically detected depends only on the angular
diameter distance, DA. For an M–σ relation of the form M = M0(σ/σ0)

β , the minimum
detectable mass is

Mmin =

[
θres

GM2/β

0

σ
2
0 DA

]β/(β−2)

. (1)

Using the M–σ relation from, e.g., Kormendy & Ho (2013), M0 = 3.09×109 M�,
σ0 = 200 km s−1, and β = 4.28. Thus Mmin = 8.6×106 M�(θresDA)

1.88 for θres in arcsec and DA
in Mpc. Fig. 1 shows Mmin(z) for 10-m telescopes and ELTs. Thus the improvement in angular
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Figure 1: Plot of mean logarithmic black hole mass as a function of redshift for galaxies with
velocity dispersion σ = 325kms−1. The solid lines show several phenomenological models and
predictions from simulations for the evolution of black hole mass scaling relations in large galax-
ies. Models with positive slope indicate that black hole growth precedes galaxy growth; those with
negative slope indicate that galaxy grows first; and those with zero or near zero slope come from
near equilibrium co-evolution for z < 2. Red triangles show data from lower-mass AGN extrapo-
lated to large black holes under the assumption that the ratio of black hole to galaxy mass is the
same at a given redshift. The black circles show the uncertainties with which we can test these
models with 40 sources at z = 0 and 10 sources in each redshift bin z > 0, which is achievable
with an ELT large program. The data points are arbitrarily put on the (1+ z)1 growth curve to
demonstrate the ability to test models. The dotted and dashed lines show the minimum detectable
mass based only on angular resolution for a 10-m class telescope and ELT, respectively. In addition
the angular resolution limit, the surface brightness dimming of sources makes them prohibitively
expensive for 10-m class telescopes but achievable for ELTs. Measuring black hole masses at
cosmological distances is only possible with diffraction-limited ELTs and opens up new discovery
space.

resolution afforded by ELTs opens up a large discovery space and allows us to measure black hole
masses at cosmological distances.
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In addition to angular resolution, a large collecting area is necessary to make spectroscopic
observations of high-z galaxies at high enough signal to noise to be useful. The largest black
holes are found in the largest galaxies, which typically have low surface brightness (at z = 0). As
surface brightness dims as (1+ z)4, integration times for a fixed surface-brightness become
expensive. This is mitigated by the fact that central surface brightness of galaxies at fixed velocity
dispersion brightens with redshift as (1+ z)1.5 (Gebhardt et al. 2003) so that it is achievable with
ELTs out to z = 1.5. At higher redshifts (z = 2), it will be possible to measure black hole masses
with ionized gas-dynamical mass measurements once suitable targets with regularly rotating
ionized gas disks can be identified.

To make use of the angular resolution for stellar dynamical measurements of black hole masses,
sufficiently good integral field spectroscopy (IFS) is also needed. Spectral resolution of
R = 4000–6000 with a 10 mas (or better) pixel scale with a field of view of 0.2–0.6 arcsec2 will
do the job. Though R ∼ 5000 is more than what is required for the largest black holes, such
spectral resolution will be needed for complementary studies of smaller black holes in the local
universe, which can be efficiently observed. For larger black holes, binning in spectral resolution
can be done to increase signal to noise. An ELT with this kind of instrumentation can be used to
map out the stellar kinematics using the 2.3 µm and the 1.6 µm CO bandheads for z < 0.5 and the
0.85 µm Ca II triplet lines at higher redshifts.

The final component of measuring a black hole mass is detailed modeling of the surface
brightness and kinematics. This is a non-trivial analysis that takes significant computational
resources for each galaxy modeled. To make the most of the data from ELTs, we will need the
best modeling codes. There is an argument to be made in favor of a shared, open modeling code
that is available to the community. Having a shared infrastructure would make the science more
accessible to a wider group of scientists, enhance the long-term value of archival ELT data, and
improve robustness and reproducibility of results.

4 Recommendations

Understanding the evolution of the largest black holes across cosmic time requires investment in
and exploitation of high-angular resolution integral field spectroscopy on a 30-m class telescope
behind adaptive optics. In order to measure the largest black holes in the nearby universe as well
as to measure the evolution of black-hole–galaxy scaling relations over cosmic time, angular
resolution of 10 mas or better is needed with IFS. In addition to the instrumentation needed,
robust modeling codes are needed to make the most of the data. As has been learned over the past
several decades, evolution of black holes and galaxies can no longer be studied in isolation. Key
observational advances to advance the state of these fields will become accessible in the 2020s
from direct measurement of the largest black holes across cosmic time.
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