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Demographics of central mass
concentrations in wxternal

galaxies/AGIN
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What if not a Black Hole?
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spherical: Schwarzschild 1916, spin: Kerr 1963, critical curvature: Penrose 1965, charge: Newman 1965, no hair: Israel, Carter, Robinson,
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Interferometry & Adaptive Optics
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Young 1804, Michelson & Morley 1887,
Michelson & Pease 1922, Thompson et

al. 1980 —

The Event Horizon VLBI
Telescope
(Imm, L=10,000 km/s
resolution 25uarcsec)

GRAVITY @ ESO VLT-Interferometer (2um)
(L=130 m, astrometric precision 10garcsec)

The LIGO-VIRGO-KARGA
Gravitational Observatories



The Galactic Center Laboratory
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Schoedel et al. 2003, Ghez et al. 2003, 2008, Gillessen et al. 2009, 2017, Boehle et al. 2616, (
GRAVITY collaboration 2019a, 2020, 2022b, 2023b, 2024, Do et al. 2019, UCLA 2024 in prep.




Derived Mass Distribution: BH or DM-Ball?

MPE- (SHARP@NTT (1992-2002),
NACO&GRAVITY@VLT) (2001-2023)
NIRC&OSIRIS @ Keck

M,=4.299 (+0.012, +0.020)x106 M .
R,=8275 (8, +15) pc

all stars
=1.6

i : : _ stellar
radius radius 50 keV fermion ball ~ Bis modsis

boson extended mass
star within S2-orbit

R,=8.278 kpc
M =4.3x10°M
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Genzel et al. 2010, Gillessen et al. 2019, Do et al. 2019, GRAVITY Collaboration
2022, 2023, 2024a.,b , EHT Collaboration 2022, Sadun Bordoni et al. 2025



Resolved MBH Studies of AGN

3C 273 z=0.16

Spatially resolved Spectoscopy
with Interferometry

Narrow Line Region (NLR) radial velocity (km/s)
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Blandford & McKee 1982, Kaspi et al. 2000, Vestergaard 2004,
2008, Bentz et al. 2099, 2011, 2013, Gebhardt et al. 2001, Ferrarese
& Merritt 2001, Alexander & Hickox 2012, Kormendy & Ho 2013,
McConnell & Ma 2013, Peterson et al. 2014, Saglia et al.
2016,GRAVITY Collaboration 2018c, 2024
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Dynamical SMBH masses at high z with JWST & GRAVITY+
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5 deep observations of z ~ 2 quasars
with GRAVITY+ with 3 significant
detections

Single Epoch SMBH Mass
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Abuter et al. (2024), GRAVITY+ Collaboration et al. (in prep,
Shimizu, Shanguang)




Intermediate & Stellar BHs: LIGO-VIRGO-GWTC-3-

Is 2021
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Abbott et al. 2020, 2021, Woosley 2017, Woosley & Heger 2021, Carr et al. 2024



The Riddle of Early Growth

t/t (Edd)

Eddington limited, radiatively efficient
accretion:

M;=10°Mg, M=10°Mg,n=0.2, L=L .44
— t,,=1.8x10°yr, z < 3-4 |
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>10% Mg MBHs at z>4.....12

— heavy seeds (quasi-stars), very low
metallicity Pop lll stars

— super-Eddington accretion

— low radiation efficiency

— enhanced tidal stellar disruption

Maiolino et al. 2023, 2024
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