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Is GR the right description of black holes? 

How did supermassive black holes (SMBH) form? 

How did SMBHs evolve through cosmic time?
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US-ELT:  
Transforming Black Hole Science

Figure 3. Simulation of the central 0.5 arcsecond around the supermassive black hole Sgr A* (white cross) with current
adaptive optics with the Keck Telescopes (left) compared to that with TMT (right). The greater resolving power of TMT
along with better AO correction will likely allow us to detect a factor of > 10 times more stars in this region. We simulate
how these orbit can be used simultaneously in a joint analysis to constraint tests of gravity and other science cases.

Figure 4. Overlay of a sample orbits from the simulations described in Section 3. TMT will likely discover stars with
orbital periods below 5 years given its increased sensitivity and angular resolution compared to telescopes today.

The time baseline considered in this work starts in 1995, when high-angular resolution measurements began at
Keck, up to 2047 – after 20 years of TMT operations. We consider observations using a combination of two types
of telescopes: (1) observations made using 8-10 m telescopes today and (2) observations made using TMT–like
telescope that starting in 2027. The steps of our simulations are described with more details below.

4.1 Number of stars simulated, orbital parameters

The sample of stars used in this simulation includes 17 well measured stars whose orbital parameters are reported
by 3, 5, 11 as well as 105 simulated stars that TMT is expected to detect in the central region (Section 3). All
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Proper motions and radial velocities of stars at the Galactic Center

Search for intermediate-mass black holes

Search for SMBHs out to z~2 (won’t cover now)
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Keck	Today

Zooming Into Stellar Nuclei

Both angular resolution 
and depth are key

From 17 to 120 stars to  
be monitored at the GC 

Reach the sphere of  
Influence of 1000 Msun  
BHs in the MW and 10,000 
Msun BHs to >5Mpc 1.1”=0.044pc
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Zooming Into Stellar Nuclei

Both angular resolution 
and depth are key

From 17 to 120 stars to  
be monitored at the GC 

Reach the sphere of  
Influence of 1000 Msun  
BHs in the MW and 10,000 
Msun BHs to >5Mpc 1.1”=0.044pc



Simulations: 
Number of stars: 121 (TMT) vs 17 
(present-day) 
Assumes: 5x better astrometry 
10x better radial velocities 
Cadence: 3 RV and 3 PM 
measurements/yr for three years 
Total time: 360 hrs (IRIS) 
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Instrumentation: 
TMT/IRIS for astrometry+moderate 
resolution spectroscopy 
GMTNIRS for high-resolution 
spectroscopy for shortest-period 
stars 
Two-telescope system: provides 
complementary instrumentation, 
longer baseline modeling, 
insurance against weather

Galactic Center Experiment
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Figure 4: The left panel shows the signal to noise ratio for the GR precession signal and the left
panel displays the uncertainty on the extended mass parameter at the Galactic Center. The red
curve shows the evolution with Keck and TMT data. The blue curve on the other hand is with
only Keck data. The grey dashed horizontal line in the right panel is the extended mass value at
the distance of semi–major axis of S0–2.

Figure 5: The left panel shows the uncertainty on the black hole mass parameter in the unit of
mass of the sun. The left panel displays the uncertainty on the distance of SgrA* in parsec. The
red curve shows the evolution with Keck and TMT data. The blue curve on the other hand is with
only Keck data.

that varies continuously on time scales from minutes to hours. Combining data from the Keck,
VLT and Spitzer Observatories, Witzel et al. (2018) showed that the variability has no periodic
component, and can be characterized as a red-noise process with a power spectral density (PSD)
that has a power-law slope of ⇠2.1 for timescales in the range 8.5 to ⇠240 minutes. The latter
time scale corresponds to the delay above which the variations become uncorrelated. Since many
physical processes having stochastic behavior give rise to a red-noise PSD, the variability has not
yet led to a conclusive understanding of the underlying cause of the variations. Ideas include
magnetic reconnection events, inhomogeneous mass accretion, and disk instabilities, all perhaps
modulated by gravitational lensing. However, the shortest time scales can elucidate and delimit
the physical scales of the key interactions. For example, 8.5 minutes corresponds to the orbital
period of the innermost stable circular orbit around a black hole having the mass of Sgr A*, and
a spin rate of 92% of the maximum possible value, so variability properties at the shortest time
scales can obviously provide interesting constraints on the dynamics of the varying regions as well
as on the rise times of the variable ”events”. With the greatly enhanced sensitivity of the TMT, it
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How do SMBHs Form?
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associated with the modeling of isolated binary stellar
evolution in galactic fields. The dynamical formation channel
is largely independent of the many unconstrained parameters of
binary evolution (e.g., the outcome of common envelope
evolution) that can cause estimates of the BBH merger rate

from the field to vary by several orders of magnitude
(Rodriguez et al. 2016).

4. DETECTION RATE

With this understanding of the dynamical formation scenario, it
is only natural to ask: what masses of dynamically formed BBHs
are most likely to be detected by Advanced LIGO? The answer
depends on two factors: the underlying distribution of BBH
mergers in mass and redshift, and the sensitivity of the LIGO
detector to BBH mergers with specific masses at a given redshift.
In Figure 2, we show the distribution of BBH mergers from all
our models, with the BBHs drawn randomly from specific GC
models proportionally to the observed mass distribution of GCs
(with clusters closer to the peak of the GC mass function
contributing more BBH mergers to our effective sample; see
Harris et al. 2014; Rodriguez et al. 2016; Appendix B). Although
there exist many mergers in the local universe ( �z 0.5) with total
masses from :M20 to :120 , the majority of mergers occurring in
the present day lie in the peak between :M30 and :M40 . This is
consistent with Morscher et al. (2015) and Rodriguez et al. (2016),
which found that GCs process through their most massive BHs
early, leaving behind the less massive systems to form binaries
and merge in the local universe. The peak at :_ M35 is primarily
dominated by contributions from the :�Z Z0.25 models, while
the tail extending to high masses is primarily from low-metallicity
( : :�Z Z Z0.05 , 0.01 ) clusters. As with GW150914, our models
show that mergers more massive that :M40 at low redshifts are
most likely to have been formed in massive, low-metallicity
clusters.
To translate this into a distribution and rate of detectable

sources, we combine the total distribution of BBH mergers
with the publicly available Advanced LIGO sensitivity spectrum

Figure 1. Interaction diagram showing the formation history for two
GW150914 progenitors in a single GC model. From top to bottom, the history
of each individual BH that will eventually comprise a GW150914-like binary is
illustrated, including all binary interactions. The legend shows the various
types of gravitational encounters included in our GC models (with the
exception of two-body relaxation). In each interaction, the black sphere
represents the GW150914 progenitor BH, while the blue and red spheres
represent other BHs (and stars) in the cluster core.

Figure 2. Distribution of BBH total masses from GCs. In gray, we show the
distribution of all mergers that occur at �z 0.5 (for GCs that form at �z 3.5),
while in blue we show the distribution of sources detectable with Advanced
LIGO during its first observing run. The median and 90% credible regions for
the total mass of GW150914 are shown in red (The LIGO Scientific
Collaboration & The Virgo Collaboration 2016b). We also show the
gravitational-wave trigger, LVT151012, in purple (where we have computed
the median and credible regions by adding the component mass median and
90% credible interval boundaries from The LIGO Scientific Collaboration &
The Virgo Collaboration 2016a). Note that while LVT151012 is below the
threshold to be considered a detection, there exists a 284% chance that the
signal was of astrophysical origin (Abbott et al. 2016d).
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[] Rough draft of a cartoon showing the path to supermassive BH for di↵erent
formation mechanisms. The colors are meant to correspond to time, should the
mechanism create a BH in the mass range indicated on the bottom (x-axis) and
then grow by Eddington-limited accretion to MBH= 106 M�. Currently the
numbers are totally fabricated.

So far as we know theoretically, we can populate the full mass spectrum,
and the shape of the PDMF is the final desired deliverable. Then where
these things live is the next question.

1.3 History

Does this need its own section?
what scope should this take? should it be chronological?
Possibilities:

• from the nuclei side, there is NGC4395

• Then star clusters

• an IMBH in the GC, all kinds of indirect and somewhat more direct ar-
guments, no final word.

• ULXs

2 Formation Paths: Where to Find IMBHs

Here I am imagining we have a brief (like one paragraph) summary of the dif-
ferent seed formation mechanisms, with a primary focus on how these di↵erent
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associated with the modeling of isolated binary stellar
evolution in galactic fields. The dynamical formation channel
is largely independent of the many unconstrained parameters of
binary evolution (e.g., the outcome of common envelope
evolution) that can cause estimates of the BBH merger rate

from the field to vary by several orders of magnitude
(Rodriguez et al. 2016).

4. DETECTION RATE

With this understanding of the dynamical formation scenario, it
is only natural to ask: what masses of dynamically formed BBHs
are most likely to be detected by Advanced LIGO? The answer
depends on two factors: the underlying distribution of BBH
mergers in mass and redshift, and the sensitivity of the LIGO
detector to BBH mergers with specific masses at a given redshift.
In Figure 2, we show the distribution of BBH mergers from all
our models, with the BBHs drawn randomly from specific GC
models proportionally to the observed mass distribution of GCs
(with clusters closer to the peak of the GC mass function
contributing more BBH mergers to our effective sample; see
Harris et al. 2014; Rodriguez et al. 2016; Appendix B). Although
there exist many mergers in the local universe ( �z 0.5) with total
masses from :M20 to :120 , the majority of mergers occurring in
the present day lie in the peak between :M30 and :M40 . This is
consistent with Morscher et al. (2015) and Rodriguez et al. (2016),
which found that GCs process through their most massive BHs
early, leaving behind the less massive systems to form binaries
and merge in the local universe. The peak at :_ M35 is primarily
dominated by contributions from the :�Z Z0.25 models, while
the tail extending to high masses is primarily from low-metallicity
( : :�Z Z Z0.05 , 0.01 ) clusters. As with GW150914, our models
show that mergers more massive that :M40 at low redshifts are
most likely to have been formed in massive, low-metallicity
clusters.
To translate this into a distribution and rate of detectable

sources, we combine the total distribution of BBH mergers
with the publicly available Advanced LIGO sensitivity spectrum

Figure 1. Interaction diagram showing the formation history for two
GW150914 progenitors in a single GC model. From top to bottom, the history
of each individual BH that will eventually comprise a GW150914-like binary is
illustrated, including all binary interactions. The legend shows the various
types of gravitational encounters included in our GC models (with the
exception of two-body relaxation). In each interaction, the black sphere
represents the GW150914 progenitor BH, while the blue and red spheres
represent other BHs (and stars) in the cluster core.

Figure 2. Distribution of BBH total masses from GCs. In gray, we show the
distribution of all mergers that occur at �z 0.5 (for GCs that form at �z 3.5),
while in blue we show the distribution of sources detectable with Advanced
LIGO during its first observing run. The median and 90% credible regions for
the total mass of GW150914 are shown in red (The LIGO Scientific
Collaboration & The Virgo Collaboration 2016b). We also show the
gravitational-wave trigger, LVT151012, in purple (where we have computed
the median and credible regions by adding the component mass median and
90% credible interval boundaries from The LIGO Scientific Collaboration &
The Virgo Collaboration 2016a). Note that while LVT151012 is below the
threshold to be considered a detection, there exists a 284% chance that the
signal was of astrophysical origin (Abbott et al. 2016d).
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formation mechanisms. The colors are meant to correspond to time, should the
mechanism create a BH in the mass range indicated on the bottom (x-axis) and
then grow by Eddington-limited accretion to MBH= 106 M�. Currently the
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So far as we know theoretically, we can populate the full mass spectrum,
and the shape of the PDMF is the final desired deliverable. Then where
these things live is the next question.

1.3 History

Does this need its own section?
what scope should this take? should it be chronological?
Possibilities:

• from the nuclei side, there is NGC4395

• Then star clusters

• an IMBH in the GC, all kinds of indirect and somewhat more direct ar-
guments, no final word.

• ULXs

2 Formation Paths: Where to Find IMBHs

Here I am imagining we have a brief (like one paragraph) summary of the dif-
ferent seed formation mechanisms, with a primary focus on how these di↵erent
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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.

dwarf galaxies that were stripped by falling into the Local Group; the BH masses in these systems
range from 104 � 107 (Gebhardt et al. 2005; Seth et al. 2014).

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 (Kaaret et al. 2017). 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 > 1042 erg s�1, which
is found apparently orbiting a nearby S0 galaxy (Farrell et al. 2009). 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 5 Mpc. 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�.

Experiment I: 10
3 � 10

4 M� BHs in Milky Way GCs

This first experiment aims to detect BHs with mass > 2⇥103 M� in 43 Milky Way globular clusters
using proper motion observations over 5 years.

Two Experiments: 
Proper motion measurements of 43 MW GCs  
2e3 Msun limits with 3 epochs 
100 total hrs*  

Integrated-light observations of 25 stellar 
nuclei in galaxies with TMT/IRIS+GMTIFS <5 
Mpc: 1e4 Msun limits, 120 hrs 

*depending on geometric distortion
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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 (34.002). (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 a similar
resolution capabilities, with a pixel scale of 35 mas/pixel.) (Right) Simulation of the same central
1 arcsec2 as seen by TMT/IRIS.

Proper motions as a powerful tool. High-precision proper-motion (PM) measurements with
ELTs will enable groundbreaking improvements in sensitivity to the presence of IMBHs in globular
clusters. Proper motions are small and di�cult to measure, but they provide many advantages over
line-of-sight (LOS) velocity studies: (1) No spectroscopy is required, thus many fainter stars can
be studied, yielding better statistics on the kinematical quantities of interest; (2) Stars are mea-
sured individually, by contrast to integrated-light measurements, so a disproportionate contribution
from bright giants is avoided; (3) Two components of velocity are measured (which are related to
tangential and radial components), instead of just one, providing increased statistical power to
constrain dynamical models. More importantly, PMs can directly constrain the velocity-dispersion
anisotropy of the system, addressing the mass-anisotropy degeneracy (Binney & Mamon 1982).

The biggest step forward provided by the proposed velocity measurements will be the large number
of PMs within the crowded core of each cluster. The central few arcseconds are the crucial region
needed to directly place constraints on the mass of a central BH. A BH causes a central increase
in the velocity dispersion with �v / R

�1/2. However, this provides only a partial answer, since 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 find or limit the mass of any central IMBH (e.g., Lützgendorf
et al. 2013). Additionally, the detection of any unusually fast-moving star (the so-called “smoking
gun”) would provide additional constraints on the presence of an IMBH.

By measuring the PMs for nearly all stars, particularly in the concentrated central regions, the
data will provide exquisite dynamical information on the cluster. This will not only constrain
the presence of an IMBH, but also the structure, dynamics, and evolution of GCs at high central
densities in general (e.g., Libralato et al. 2018). Thus, these observations will also allow us to verify
or reject previous claims of unusual central cluster rotation (from a measure of stellar velocities
as a function of position angle in di↵erent radial bins). For instance, Gebhardt et al. (2000) and
Gerssen et al. (2002) found an increase in the rotation velocity of M15 toward the cluster center.
This is unexpected, since two-body relaxation should quickly transfer angular momentum outward
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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.

dwarf galaxies that were stripped by falling into the Local Group; the BH masses in these systems
range from 104 � 107 (Gebhardt et al. 2005; Seth et al. 2014).

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 (Kaaret et al. 2017). 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 > 1042 erg s�1, which
is found apparently orbiting a nearby S0 galaxy (Farrell et al. 2009). 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 5 Mpc. 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�.

Experiment I: 10
3 � 10

4 M� BHs in Milky Way GCs

This first experiment aims to detect BHs with mass > 2⇥103 M� in 43 Milky Way globular clusters
using proper motion observations over 5 years.

U.S. ELT Program - AAS #233  901/07/2019

Two Experiments: 
Integrated-light observations of 25 
stellar nuclei in galaxies <5 Mpc 
TMT/IRIS+GMTIFS <5 Mpc:  
104 Msun limits, 120 hrs 

Two-telescope system: Access to 
all available targets (and 
detection rate may be low)

Search for  
Intermediate-mass Black Holes
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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.

dwarf galaxies that were stripped by falling into the Local Group; the BH masses in these systems
range from 104 � 107 (Gebhardt et al. 2005; Seth et al. 2014).

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 (Kaaret et al. 2017). 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 > 1042 erg s�1, which
is found apparently orbiting a nearby S0 galaxy (Farrell et al. 2009). 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 5 Mpc. 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�.

Experiment I: 10
3 � 10

4 M� BHs in Milky Way GCs

This first experiment aims to detect BHs with mass > 2⇥103 M� in 43 Milky Way globular clusters
using proper motion observations over 5 years.
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How did supermassive black holes (SMBH) form? 
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Figure 3. Simulation of the central 0.5 arcsecond around the supermassive black hole Sgr A* (white cross) with current
adaptive optics with the Keck Telescopes (left) compared to that with TMT (right). The greater resolving power of TMT
along with better AO correction will likely allow us to detect a factor of > 10 times more stars in this region. We simulate
how these orbit can be used simultaneously in a joint analysis to constraint tests of gravity and other science cases.

Figure 4. Overlay of a sample orbits from the simulations described in Section 3. TMT will likely discover stars with
orbital periods below 5 years given its increased sensitivity and angular resolution compared to telescopes today.

The time baseline considered in this work starts in 1995, when high-angular resolution measurements began at
Keck, up to 2047 – after 20 years of TMT operations. We consider observations using a combination of two types
of telescopes: (1) observations made using 8-10 m telescopes today and (2) observations made using TMT–like
telescope that starting in 2027. The steps of our simulations are described with more details below.

4.1 Number of stars simulated, orbital parameters

The sample of stars used in this simulation includes 17 well measured stars whose orbital parameters are reported
by 3, 5, 11 as well as 105 simulated stars that TMT is expected to detect in the central region (Section 3). All
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Proper motions and radial velocities of stars at the Galactic Center 
Extended mass distributions and GR tests: 360 hrs

Search for intermediate-mass black holes 
Mass function and environments, first-ever detections of IMBHs: 200-300hrs

The combination of angular resolution  
and sensitivity will transform BH science


