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Abstract: We have compelling evidence for stellar-mass black holes (BHs) of ∼ 5 − 80 M� that
form through the death of massive stars. We also have compelling evidence for so-called super-
massive BHs (105 −1010 M�) that are predominantly found in the centers of galaxies. We have very
good reason to believe there must be BHs with masses in the gap between these ranges: the first
∼ 109 M� BHs are observed only hundreds of millions of years after the Big Bang, and all theo-
retically viable paths to making supermassive BHs require a stage of “intermediate” mass. How-
ever, no BHs have yet been reliably detected in the 100 − 105 M� mass range. Uncovering these
intermediate-mass BHs is within reach in the coming decade. In this white paper we highlight the
crucial role that 30-m class telescopes will play in dynamically detecting intermediate-mass black
holes, should they exist.
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1 A Full Census of Black Holes in the Coming Decade
The past ten years has transformed our understanding of black hole (BH) populations. The spec-
tacular and surprising detection of gravitational waves from the merging of ∼ 30 M� black holes
(Abbott et al., 2017) proved that we do not yet understand the full mass BH spectrum. At the same
time, our quest to discover the first supermassive BHs has uncovered targets with MBH> 109 M�

at z > 7 (e.g., Bañados et al., 2018), underlining that the early history of these supermassive BHs
is yet unknown. Meanwhile, time-domain surveys are uncovering diverse explosive events, which
may be powered from stellar disruption by a heretofore unobserved class of 103 − 105 M� BHs
(e.g., Lin et al., 2018; Perley et al., 2019). These developments set the stage to answer fundamen-
tal questions about the origin, growth, and demographics of the BH population:

• How did supermassive BHs form?

• What and where are the seed BHs that are left over from this process?

• What is the full mass spectrum of BHs, particularly in the uncharted region between 100 and
105 M�?

In the coming decade, the advent of 30 meter-class, extremely large telescopes (ELTs) will enable
direct dynamical searches for 103 − 105 M� BHs in our Local Volume. The mass distribution
of such BHs will distinguish different seeding mechanisms (e.g., Ricarte & Natarajan, 2018), is
required to interpret detections of tidal disruption events with surveys like the Large Synoptic
Survey Telescope (LSST; e.g., Stone & Metzger, 2016), and will inform searches for gravitational
wave events (e.g., Fragione et al., 2018). Only ELTs will be able to dynamically measure BH
masses in this unexplored intermediate-mass regime.

2 Open Questions

2.1 Formation of the first massive black holes
It remains a serious theoretical challenge to grow the first 109 M� BHs only hundreds of millions
of years after the Big Bang. If the seeds of these BHs were formed from stellar processes, then
even the death of the first stars likely cannot make a BH more massive than∼ 100 M� (e.g., Madau
& Rees, 2001). Seeds formed as stellar remnants would be common. However, to reach 109 M�

in such a short time, such a seed BH would have to grow at or above the Eddington limit contin-
uously (e.g., Haiman & Loeb, 2001). The timing challenge is significantly alleviated if the seeds
are made heavy (103 − 105 M�) through direct collapse of gas clouds, a very massive star phase,
or dynamical runaway in a dense cluster (see Volonteri, 2010, for a review). The consensus is that
heavy seeds require special conditions and are expected to be rare (but see Dunn et al., 2018).
In contrast to massive, bulge-dominated galaxies containing high-mass BHs, low-mass galaxies
provide a relatively pristine dynamical environment that preserves some memory of the seeding
process (Bellovary et al., 2019). The overall occupation fraction of BHs in low-mass galaxies
should be sensitive to different seeding mechanisms (Ricarte & Natarajan, 2018; Sesana et al.,
2011; Haiman et al., 2019). Nascent cosmological simulations have yet to implement a fully self-
consistent non-equilibrium chemical network that includes dust formation and radiative transfer
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Figure 1: Left: The landscape of dynamical IMBH detections within 5 Mpc. We show the limiting
BH mass with an ELT (blue solid line) assuming a σ∗ = 20 km s−1 and a resolution limit of 0.01 arcsec
as compared with current limits to 0.07 arcsec (black dashed). 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 assuming a fiducial sample of 43 globular clusters and 25 galaxy nuclei, under two seeding scenarios
(contribution from just the globulars shown in dashed). In the “heavy” seeding case, all the black holes have
MBH= 104 − 105 M�, the occupation fraction is 50%, and very few clusters harbor seed BHs. In contrast, in
light-seeding scenarios, most clusters harbor detectable BHs. If recoils remove BHs from globular clusters,
then these numbers are too optimistic (e.g., Holley-Bockelmann et al., 2008).

over a wide energy range, let alone magnetohydrodynamics or the dynamical effects of gravita-
tional wave recoil that may remove most BHs from globular clusters (e.g., Holley-Bockelmann et
al., 2008; Fragione et al., 2018), so we still rely on these next-generation observations to constrain
BH seed formation.

2.2 The search for < 105 M� BHs
Quite a lot of progress has been made over the past decade to characterize the population of
∼105 M� BHs in nearby galaxy nuclei. Thanks to heroic efforts with integral-field units (IFUs) be-
hind adaptive optics, there are now a handful of dynamical detections (Seth et al., 2010; den Brok
et al., 2015; Nguyen et al., 2018) and limits (Gebhardt et al., 2001; Valluri et al., 2004; Barth et al.,
2009; Nguyen et al., 2018). In addition, we see accretion signatures from a very small fraction of
dwarf nuclei (e.g., Greene & Ho, 2004; Miller et al., 2012; Reines et al., 2013; Moran et al., 2014;
Pardo et al., 2016) and BH masses inferred for these using the dynamics of the broad-line region
suggest systems < 105 M� in a few cases (Baldassare et al., 2015). There are also dynamical de-
tections of BHs in massive stellar clusters that likely started out as the nuclei of dwarf galaxies,
but then were stripped by falling into the Local Group. The BH masses in these systems range
from 104 − 107 M� (Gebhardt et al., 2005; Seth et al., 2014); at the low mass end these detections
remain very controversial (van der Marel & Anderson, 2010). In Galactic globular clusters, we see
little evidence for massive BHs, with limits from accretion suggesting that there are few massive
BHs & 1000 M� (Tremou et al., 2018) and dynamical observations mainly yielding upper lim-
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HST ACS/WFC 202x202 arcsec2 HST WFC3/UVIS 40 mas/pixel TMT/IRIS 4 mas/pixel

Figure 2: Left: The GC NGC 6441 as seen by the HST’s ACS/WFC. The total FoV is 202×202 arcsec2,
50 mas/pixel. The blue circle marks the cluster’s half-light radius (34.′′2). Middle: The central 1 arcsec2 as
seen by the HST’s WFC3/UVIS, the highest-resolution detector currently available on-board the HST (40
mas/pixel; Note that JWST’s NIRCAM will have similar resolution capabilities, with a pixel scale of 35
mas/pixel.) Right: Simulation of the same central 1 arcsec2 as seen by TMT/IRIS.

its. Ultra-Luminous X-ray sources also in principle may be powered by intermediate-mass BHs
(Kaaret et al., 2017). The most promising candidate to date is HLX-1 in the galaxy ESO243-49
(e.g., Farrell et al., 2009), with an LX = 1042 erg s−1 X-ray source showing variability and an X-ray
spectrum suggestive of a BH (e.g., Soria et al., 2017).

ELTs will provide order-of-magnitude improvements in the angular resolution that can be achieved
for dynamical measurements. The ELTs will discover IMBHs with 103 − 105 M� should they exist.

3 Intermediate-mass Black Holes in the 2020’s
We anticipate a large range of breakthroughs in the 2020’s in the realm of IMBH searches. In
this white paper, we focus on the dramatic gains that can be made with volume-limited dynamical
studies by exploiting the factor of ∼ 5 improvement in angular resolution brought by the ELTs to
resolve the gravitational sphere of influence of putative IMBHs (∼ 0.01 arcsec for a ∼ 104 M� BH
at 5 Mpc; Fig. 1).

3.1 Using proper motions to find 103 − 104 M� BHs
High-precision proper-motion (PM) measurements with ELTs will enable groundbreaking im-
provements in sensitivity to infer the possible presence of IMBHs in globular clusters. Proper
motions require 3 micro-arcsec per year precision (§4), but : (1) They can probe to fainter stars than
spectroscopic studies, yielding better statistics on the kinematic quantities of interest; (2) Stars are
measured individually, by contrast to integrated-light measurements, so a disproportionate contri-
bution from bright giants is avoided; (3) Two components of velocity are measured, breaking the
well-known degeneracy between increased mass and orbital anisotropy (Binney & Mamon, 1982).

The crucial region needed to directly place constraints on the mass of a central BH corresponds to
just the innermost few arcseconds of a cluster core. A BH causes a central increase in the velocity
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dispersion with σv ∝ R−1/2. Of course, a central (dark) mass concentration could be either a BH or
the natural result of mass segregation. By comparing the measured stellar motions with the most
detailed available Fokker-Planck and N-body models it will be possible to measure (or provide
upper limits for) the mass of any central IMBH (e.g., Lützgendorf et al., 2013). The detection of
any unusually fast-moving star (the so-called “smoking gun”) would provide additional constraints
on the presence of an IMBH. There are ∼ 40 GCs more massive than ∼ 2×105 M� in the Milky
Way. With just about 100 hours of ELT observations taken over four years, it would be possible
to obtain 3 epochs of PM data for these clusters (about 2.5 hours each), and constrain a possible
central BH to < 2×103 M�. Such data would constrain not only the presence of an IMBH (even
wandering within the cluster core), but also the structure, dynamics, and evolution of GCs at high
central densities in general (e.g., Libralato et al., 2018).

3.2 Integrated-light observations of 104 − 105 M� BHs in galaxy nuclei
ELTs equipped with adaptive optics and IFU spectrographs will dramatically improve the spatial
resolution available to resolve the gravitational sphere of influence of BHs in the centers of galax-
ies, and the sensitivity gains will be transformative for detection of low-mass BHs (Do et al., 2014).
JWST will not have the spectral nor spatial resolution needed to work on this problem. As shown
in Figure 1, these measurements will be sensitive to the dynamical signatures of ∼ 103 M� BHs at
the distance of Andromeda, and 104 M� BHs out to 5 Mpc, although the exact limits are uncertain
because they depend on how MBH scales with σ∗ (Lützgendorf et al., 2013; Greene et al., 2016).

We envision a number of high-priority samples for IMBH searches. Within a volume of 5 Mpc,
where a mass limit of 104 M� is possible for a wide range of σ∗, it will be possible to target all low-
mass galaxies with 109 < M∗/M� < 3×109. It will also be fruitful to target all massive globular
clusters in Andromeda (like G1; e.g., Gebhardt et al., 2005). While some upper limits would ensue,
we would also advocate targeting all galaxies down to a similar mass limit in Virgo (e.g., Côté et
al., 2006) and/or Fornax (e.g., Ordenes-Briceño et al., 2018). As a proof of concept, we consider
the ∼ 25 nucleated spiral galaxies within 5 Mpc, which would make an excellent first sample. In
∼ 200 hours, it would be possible to obtain BH detections down to ∼ 104 M� for this full sample.
When combined with the globular cluster study outlined above, we anticipate gaining significant
new insights into whether seed BHs formed ‘heavy’ or ‘light’ (see Figure 1, right). Non-nucleated
and lower-mass dwarf galaxies in the Local Group may be feasible targets for proper motion studies
as described above, but will require better determinations of their dynamical centers before they
can be the target of IFU observations.

3.3 Synergies with other next-generation surveys
There are many exciting prospects in the next decade that will complement (and provide targets
for) ELT efforts. Gravitational wave searches with Advanced LIGO may constrain the early phases
of dynamical run-away in clusters (Kovetz et al., 2018), while satellites like LISA should detect
the mergers of IMBHs should they occur (e.g., Sesana et al., 2007; Natarajan et al., 2019), even at
high redshift. LISA would also detect high mass ratio inspirals of IMBHs and stellar mass black
holes (Amaro-Seoane et al., 2017). Predictions for LISA hinge on a better understanding of the
IMBH mass function and their occupation fraction in dwarfs (e.g., Micic et al., 2011; Bellovary
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et al., 2019). Multi-wavelength searches for accretion (including tidal disruption events) in low-
mass galaxies with next-generation X-ray and radio telescopes (Gallo et al., 2019; Wrobel et al.,
2019) will provide complementary constraints on occupation fractions (e.g., Miller et al., 2015),
as well as potentially promising targets for follow-up dynamical measurements. However, only
the dynamical approaches considered here can measure the mass function of IMBHs in a volume-
limited sample to compare with seeding models (e.g., Volonteri, 2010).

4 Recommendations
While the current generation of 8-10m class telescopes equipped with adaptive optics has enabled
great progress in exploring the demographics of supermassive BHs, a major leap in observational
capabilities is required in order to push dynamical BH searches into the IMBH regime. The planned
next generation of ELTs will have the revolutionary capability to determine whether there are BHs
in the mass range 103 − 105 M�, and to determine their occupation fraction and mass distribution
in nearby star clusters and galactic nuclei. The key requirements are adaptive optics imaging
with high astrometric precision, and diffraction-limited integral-field spectroscopy with sufficient
spectral resolution to map the internal kinematics of low-mass galactic nuclei and extragalactic star
clusters. The critical new capabilities are summarized below.
• For astrometric IMBH searches based on proper motions, we require an angular resolution of
better than 10 mas (or about ∼ 4 mas/pixel with Nyquist sampling) to resolve stars all the way to
the center of massive globular clusters (see, e.g., Fig. 2). Such angular resolution will be easily
achievable by adaptive-optics imagers on 30m-class telescopes. In terms of astrometric precision,
a 103 M� IMBH in a globular cluster produces a 1 km s−1 increase in the central velocity dispersion.
PM errors should not be larger than half the intrinsic velocity dispersion. A 3σ detection implies
PMs with errors. 150 m s−1. For a typical globular cluster distance of 10 kpc, this can be achieved
with 3 epochs taken every two years (for a 4 year baseline) and 12 exposures per epoch (assuming a
conservative single-exposure positional precision of 0.02 pixel). The gravitational influence radius
of IMBHs in globular clusters is just a few arcsec, well within the typical FoV of AO imagers of
about 0.5–1 arcmin.
• For integral-field spectroscopic observations of the 2.29 µm CO bandhead and the Ca II near-IR
triplet (8500 Å), the optimal pixel scale would correspond to Nyquist sampling of the diffraction
limit on an ELT over a field of view of ∼ 0.5 arcsecond or greater. Spectral resolving power
should be at least R = 8000 to measure kinematics in nuclear star clusters with velocity dispersions
down to 15 − 20 km s−1, and R = 10,000 will be required for the lowest-mass targets. An adaptive
optics capability operating at the Ca II triplet would enable resolution of the dynamical sphere of
influence for MBH as low as ∼ 104 M� in galaxies out to 5 Mpc.
• To access the full sample of Milky Way and M31 globular clusters, Local Group dwarfs (such as
the M31 satellites NGC 205 and NGC 185), and spiral galaxies within 5 Mpc, telescopes located
in both the Northern and Southern hemispheres will be required.
• Finally, we recommend project-level support for development of open, shared-use software for
the dynamical modeling of the data proposed here. Just as data-reduction software is critical to
science efficiency, so too is publicly available analysis code.
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