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Abstract (optional): As the closest example of a galactic nucleus, the Galactic center (GC)
presents an exquisite laboratory for learning about supermassive black holes (SMBH) and their
environment. We describe several exciting new research directions that, over the next 10 years,
hold the potential to answer some of the biggest scientific questions raised in recent decades: Is
General Relativity (GR) the correct description for supermassive black holes? What is the nature of
star formation in extreme environments? How do stars and compact objects dynamically interact



with the supermassive black hole? What physical processes drive gas accretion in low-luminosity
black holes? We describe how the high sensitivity, angular resolution, and astrometric precision
offered by the next generation of large ground-based telescopes with adaptive optics will help us
answer these questions. First, it will be possible to obtain precision measurements of stellar or-
bits in the Galaxy’s central potential, providing both tests of GR in the unexplored regime near
a SMBH and measurements of the extended dark matter distribution that is predicted to exist at
the GC. The orbits of these stars will also allow us to measure the spin of the SMBH. Second,
we will probe stellar populations at the GC to significantly lower masses than are possible today,
down to the brown dwarf limit. Their structure and dynamics will provide an unprecedented view
of the stellar cusp around the SMBH and will distinguish between models of star formation in
the extreme environment of galactic nuclei. This increase in depth will also allow us to measure
the currently unknown population of compact remnants at the GC by observing their effects on
luminous sources. Third, uncertainties on the mass of and distance to the SMBH can be improved
by a factor of ~10. Finally, we can also study the near-infrared accretion onto the black hole at
unprecedented sensitivity and time resolution, which can reveal the underlying physics of black
hole accretion.




The proximity of the Galactic center (GC) presents a unique opportunity to study a galactic
nucleus at angular resolution orders of magnitude better than for any other galaxy. Over the last
two decades, 10m class telescopes have enabled diffraction-limited imaging and spectroscopic
observations of stars within the Milky Way’s central cluster; our vision and understanding of the
center of the Milky Way have been fundamentally transformed. These include (1) the existence
of a supermassive black hole (SMBH) at the center of our Galaxy (Schodel et al., 2002, 2003;
Ghez et al., 2003, 2005, 2008; Genzel et al., 2010; Boehle et al., 2016; Gillessen et al., 2009,
2017), proving both that such exotic objects exist in the Universe, and that most galaxies harbor
such objects at their centers; (2) the detection of the relativistic redshift of the star SO-2 during
its closest approach to the black hole in 2018, providing the first test of General Relativity (GR)
around a SMBH with stellar orbits (GRAVITY Collaboration et al., 2018, Do et al. submitted), and
(3) stellar populations near the black hole whose nature appears to contradict our expectations for
what is physically possible in such an environment, challenging our notions of how black holes and
galaxies form and grow over time (e.g. Ghez et al., 2003; Paumard et al., 2006; Do et al., 2009a).
Additional progress now appears close to being stalled by the tremendous source confusion present
within the angular resolution of our measurements.

The next generation of extremely large telescopes (ELTs) will carry this progress, with clearer
vision, a factor of three closer to SgrA*. The greater flux sensitivity and spatial resolution of these
facilities will allow for several orders of magnitude more stars to be monitored, including those
located much closer to the SMBH, with greater accuracy in both position and velocity measure-
ments (Fig. 1). This will open new ways to use orbits to study the nature of gravity, as well as the
effects of a SMBH on its environment. In this contribution, we highlight several important science
questions that will help to drive GC research in the coming decade.

Keck Adaptive Optics Today

Figure 1: Simulation of the central 0.5” (0.02 pc radius) around the supermassive black hole, Sgr A* (white circle),
with current adaptive optics with the Keck Telescopes (left) compared to that with the Thirty Meter Telescope (right).
The greater resolving power of ELTs, along with improved adaptive optics correction, will likely allow us to detect a
factor of >10 times more stars in this region. Simulation details can be found in Do et al. (2017).

Is General Relativity the correct description of supermassive black holes? While the theory of
GR is well tested on Earth, in the solar system, and for certain astrophysical settings (e.g. binary
pulsars) there are important regimes where GR has not been challenged at high precision, including
that of supermassive black holes. It is unclear over what scale or regime GR might break down,
so it is important to test it and other theories of gravity in new ways (e.g. Rubilar & Eckart, 2001;
Weinberg et al., 2005; Will, 2008; Hees et al., 2017). For example, two decades of monitoring




the relativistic redshift of the short orbital period stars near the GC shows that the star S0-2/S2 is
just now beginning to deviate from a Keplerian orbit (GRAVITY Collaboration et al., 2018, Do et
al. submitted). In the coming decade, it will be possible to measure higher order changes to the
orbit of S0-2/S2 and other stars. This would constitute one of the most important experiments in
astrophysics, as such measurements will test both the Einstein equivalence principle and the form
of the Kerr metric around a BH, allowing a search for a massive graviton or additional interactions
(like scalar fields).

With improved astrometric and radial velocity precision, it will be possible to detect GR ef-
fects that have no analog in classical dynamics such as the precession of the periapse (e.g. Do
et al., 2017) and the Lense-Thirring or frame dragging effect, which is due to the spin of the black
hole (Grould et al., 2017). The potential to monitor orbits of more stars is also key to identify GR
effects. With precise measurements of multiple stars, it should not only be possible to separate
out relativistic effects from noise, but also from the extended mass distribution (which is highly
correlated if only one star is used).

GR effects (or those of other theories of gravity) are stronger for stars with a short period and
high eccentricity; thus, detecting these sources is crucial to effective tests of gravity. Currently,
the shortest-period star known today among the inner-arcsecond sources surrounding SgrA* has a
period of 11.5 years (S0-102, Meyer et al., 2012). Based on our knowledge of the stellar luminosity
function, we predict that by going 5 magnitudes fainter than our confusion limit today, there will
likely be multiple sources with periods as short as 1-2 years; these stars will be instrumental for
testing GR (Fig. 2).
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Figure 2: The GC is a complex environment, containing the densest star cluster known in the Milky Way with
multiple stellar populations as well as various gas structures. These diagrams show a zoom-in from (left): parsec
scales, which is dominated by old stars (red, 1-10 Gyr old) and gas, to (middle): 0.5-pc scale, which hosts young
stars (blue, 4-6 Myr), to (right): 0.05-pc scale where the stellar orbits can be used to test GR (simulated). Today, only
one star (white, SO-2/S2) has the astrometric and radial velocity precision to constrain GR. ELTs will discover stars
with orbital periods as small as 1-2 years given their increased sensitivity and angular resolution. With ELTs, it should
be possible to use ~ 100 stars jointly for GR tests. This region is also ideal for studying the interaction of stars and
compact objects with the supermassive black hole. G1 and G2 are two sources (orange) known today to show tidal
interactions. Image credit: A. Ciurlo & Do et al. (2017).

What is the distribution of dark mass at the GC? Observations of deviations from Keplerian or-

bits will also allow the detection of the extended mass around the SMBH. The extended dark mass




around the SMBH can consist of both dark matter and compact objects such as neutron stars and
stellar mass black holes. Dynamical friction is thought to concentrate compact objects near the
black hole in a dense dark cusp, where sources may eventually merge with the black hole produc-
ing gravitational waves (Alexander, 2017). It is expected that the dark matter density profile in
galactic nuclei should exhibit a sharp spike near the central SMBH (e.g. Gondolo & Silk, 1999),
though this has never been observationally demonstrated. To date, only upper limits on the ex-
tended mass distribution have been achieved, and only the largest of such possible density spikes
have been ruled out (Lacroix, 2018). ELTs will be able to detect the influence of the extended mass
distribution on stellar orbits as long as the dark mass within 0.01 pc is at least 2500 My, (an order
of magnitude more sensitive than current constraints; Boehle et al., 2016; Gillessen et al., 2017).

In addition to using the stellar orbits to measure extended mass, there are other ways to detect
compact objects. For example: (1) gravitational lensing from stellar mass black holes can be
used to determine their masses and number density; (2) if compact objects are in binary systems
with luminous companions, they will be detectable via astrometric and radial velocity variations;
(3) the binary fraction and period distribution of stars can also be used as an indirect means for
constraining the existence of a dark cusp of compact objects. Over time, these sources should
break up wide-binary systems via two-body interactions, and will have predictable effects on the
number and separation of typical binaries that can survive as long as the age of the cluster (e.g.
Alexander, 2017; Pfuhl et al., 2014). These methods are only beginning to be employed today,
and their effectiveness scales with the number of sources that can be monitored as well as the time
baseline of observations.
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Figure 3: Left: Joint probability distribution function for the GR precession signal (1 for GR, 0 for Newtonian)
and the total extended mass within ~ 100 AU of the black hole (with 1,2,3 o contours) for Keck today (green) and
simulations with TMT (orange). With only one star, these two parameters are highly correlated. The addition of other
stars are required to break this degeneracy and obtain precise measurements of both these parameters. Center &
Right: Joint probability distribution of black hole mass and distance to the GC. In the past 10 years, the uncertainties
in these parameters have improved by a factor of 10 (2008: blue, 2019: green). With three years of observations from
ELTs of ~ 100 stars and legacy data from telescopes today, another factor of > 10 improvement in the uncertainties
is possible (orange). See Do et al. (2017) for details.

Improved Black Hole Mass and Galactic Center Distance Measurements The measurement of
stellar orbits around Sgr A* is the most precise method for measuring the distance to the GC. Cur-
rent uncertainties are below 0.1% using the star SO-2/S2 (GRAVITY Collaboration et al., 2018, Do
et al. submitted). This measurement can be improved by an order of magnitude (or, < 5 pc) by
including more stars and higher precision radial velocity and astrometric measurements (Fig. 3).

These improvements should remove the contribution from the uncertainty of the GC distance from




calculations involving the structure or scale of the Milky Way (e.g., Olling & Merrifield, 2000).
What is the nature of star formation in extreme environments? A long standing mystery at the
GC is the paradox of youth: there is a young star cluster (4-6 Myr) concentrated within just 0.5 pc
of the supermassive black hole (e.g. Stgstad et al., 2015). In fact, some of the closest stars orbiting
the black hole are young B-type stars. Star formation as we know locally should be inhibited at
the GC as the tidal forces from the black hole should prevent molecular clouds from collapsing to
form stars.

Studies of star formation at the GC require measurements of fundamental parameters such as
the initial mass function, binary fraction, spatial distribution, and dynamical properties in order to
provide constraints on star formation models. Today, the estimates of these parameters are driven
by the population of young stars that can be observed, which are the most massive stars (8—10M).
Based on this population of stars, we find some unusual properties such as a top heavy mass
function and about 20% of these stars are orbiting the black hole in a stellar disk (Paumard et al.,
2006; Lu et al., 2009). These observations support the hypothesis that the stars formed in-situ via
fragmentation of a massive accretion disk around the black hole 4-6 Myr ago (e.g. Nayakshin et al.,
2007; Bonnell & Rice, 2008). However, many questions remain: what is the physics that govern
the accretion disk and what are the details of star formation in such an environment? Why are
50-80% of the young stars not members of the stellar disk (Bartko et al., 2009; Yelda et al., 2014)?
Answers to these questions require observations that are out of reach today. Observations such as
the turn-over mass of the mass function or the binary fraction are inaccessible today because of
lack of sensitivity and angular resolution. For example, Keck spectroscopy is currently limited by
the sensitivity, with magnitude limits of Kp < 16 for several hours of integration time (primarily
young OB stars with mass > 10 M, and old Red Clump stars Do et al., 2013). In contrast, ELTs
such as TMT (with the IRIS instrument) are predicted to achieve high SNR spectroscopy for Kp
= 22 - 23 mag stars (Fig. 4), corresponding to masses of 0.5 M, for the old star population and
0.08 M, for the young star population. With imaging we will observe young brown dwarfs at K
= 24-26 mag. Such observations will allow for the deepest measurement of the stellar IMF in the
extreme GC environment. Measuring where the peak in the GC IMF occurs relative to local star
forming regions yields critical insight into the physics driving star formation in the region (e.g.
Offner et al., 2014; Krumholz, 2014).

How do stars and compact objects dynamically interact with the supermassive black hole?
The interaction between supermassive black holes and dense stellar clusters is thought to drive
many important dynamical processes such as the tidal disruption of stars and increasing the merger
rates of compact objects that produce gravitational waves. These phenomena can only be observed
in detail at the GC. Currently, groups are exploring the effects of binaries (both stellar and com-
pact objects) in shaping the physical properties of the stellar distribution and creation of merger
products. For example, binaries are invoked to explain some long-standing observational puzzles
such as hypervelocity stars, the young stars in the S-cluster, the dark cusp, etc., (e.g., Hills, 1988;
Yu & Tremaine, 2003; Naoz et al., 2018; Stephan et al., 2019). Furthermore, it has been suggested
that compact object binaries in the GC are a potential source of gravitational wave emission (e.g.
O’Leary et al., 2009; Antonini & Perets, 2012; Hoang et al., 2019). Observations of tidally inter-
acting objects such as G1 and G2 (e.g. Gillessen et al., 2012; Witzel et al., 2017) show that we can
potentially follow their evolution in detail.

What physical processes drive gas accretion in low-luminosity black holes? The accretion flow
onto Sgr A* is observable at radio to X-ray wavelengths as a very red source that varies continu-
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Figure 4: Left: Luminosity function of the young (blue, 4-6 Myr) and old (red, 1-10 Gyr) stellar population at the
GC. Current spectroscopy from 8-10 m telescopes are limited only to the most massive young stars or red giants. ELTs
will provide many magnitudes of improvement in spectroscopic sensitivity, which will reach down to the hydrogen
burning limit for the young stars (i.e. brown dwarfs). Right: Isochrones of the young and old stars, showing important
regions such as the pre-main sequence turn-on and the main sequence turn-off. It is crucial to measure these stages of
star formation to understand the nature of star formation at the GC.

ously on time scales from minutes to hours (e.g. Do et al., 2009b; Dodds-Eden et al., 2011; Witzel
et al., 2018). 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
power spectrum, the variability has not yet led to a conclusive understanding of the underlying
cause of the variations. Ideas include magnetic reconnection events, inhomogeneous mass accre-
tion, 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 certainly provide interesting constraints on the dynam-
ics of the varying regions as well as on the rise times of the variable “events”. With the greatly
enhanced sensitivity of the ELTs, it will be possible to monitor the near-infrared emission from
Sgr A* with a cadence below 1 second (> 2 orders of magnitude improvement in time resolution),
allowing probing variations on physical scales well below any other experiment. This capability
would open a new window to the underlying physics of the variable accretion flow.
Recommendations - The science cases presented above require high angular resolution to provide
the sensitivity and precision to make accurate measurements of stellar orbits in the most crowded
region of the Milky Way. long term, sustained, astrometric precision of < 30 micro-arcseconds
per epoch of observation will be required to measure the subtle effects of GR on the orbits. Im-
provement in spectroscopic sensitivity to K = 22-23 mag will be necessary to discover stars with
several-year orbital periods around the black hole for GR test and to reveal the nature of star for-
mation in this environment. These requirements can be met by the upcoming ELTs.

- ELTs with adaptive optics on both the northern and southern hemispheres will be ideal for the
robustness and efficiency of the experiments outlined above. Separation in longitude will allow for
long-time baseline observations that will be important for Sgr A* variability studies.

- As science programs become larger (such those proposed here), it becomes important to sustain
large collaborations and datasets. The current NSF funding model has no research centers in the
Astronomy Division. Such centers will become important in the era of ELTs.
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