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UHZ1: Bodgan+ 2023
z ~ 10

GNz11: Maiolino+ 2024
JADES Collaboration

z ~ 10.6



Event Horizon Telescope Collaboration, 2019
Distance: 16 Mpc
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M31 (Credit: NASA)
Distance: 0.9 Mpc
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Black Hole Seeds

#1: The Cosmic Dark Ages



HEAVY SEED

LIGHT SEED

The Black Hole Origins Problem

z > 7



Lynx Concept Study



Pacucci+ 2015;
Pacucci+ 2016;
Natarajan, 
Pacucci+ 2017;
Pacucci+ 2018

Direct Detection of Heavy Seeds



DCBH Candidates from JWST

Nabizadeh, Zackrisson, Pacucci+ 2023 Natarajan, Pacucci+ 2023



Synergies with JWST

Lynx Concept Study



The Search in the Next Decades

Astro2020 white paper, Pacucci+ 2019



(ADES)

(AWES)

Illustration: CfA/Melissa Weiss

Lynx is needed 
to directly

detect the seeds!



The Black Hole Luminarium

Illustration by CfA/Melissa Weiss



The Black Hole Luminarium

Illustration by CfA/Melissa Weiss



The Black Hole Luminarium

Illustration by CfA/Melissa Weiss



Discriminating Between Seed Models

AXIS Proposal; See also Ricarte+ 2018; Cappelluti+ (incl. Pacucci) 2024; Pacucci+ 2024 

z = 8 z = 9 z = 10

X-ray Fluxes (0.5 – 2.0 keV)

X-ray Luminosity (2 – 10 keV)



JWST’s Little Red Dots

#2: The Epoch of Reionization



NASA press release, January 2025, Kocevski+ (incl. Pacucci)



Kocevski+ (incl. Pacucci) 2024; Taylor+ (incl. Pacucci) 2024

The “Little Red Dots” Are Common

UV Luminosity
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What Are They?

see, e.g., Greene+ 23,
Akins+ 24,  Casey+ 24, 

Baggen+ 24, Taylor+ 24,
Leung+24, Pacucci+ 24

AGN DOMINATED STAR FORMATION DOMINATED

COMPACT (Reff~100 pc)

Caveats:
1) Black holes seem overmassive
2) Black holes are undetected in X-rays

Caveats:
3) Implied stellar densities are extreme



Problem #1: Overmassive Black Holes

Maiolino+ 2023b (JADES Collaboration)
See also Pacucci+ 2023



Illustration by CfA/Melissa Weiss



Magorrian+ 1998; Gebhardt+ 2000; Ferrarese & Merritt, 2000

Galaxies and Black Holes Co-Evolve

Stellar Mass of the Host Galaxy
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MBH ~ 0.1% M*



Pacucci & Narayan, 2024
Codes by Sadowski; Narayan

See also:
Lambrides+ (incl. Pacucci) 2024;

King 2024; Lupi+ 2024; 
Madau & Haardt, 2024

Maiolino+ 2024
Yue+ 2024

Ananna+ 2024

Problem #2: X-ray Weakness



X-ray Weak and X-ray Strong SEDs

z = 6

Pacucci & Narayan, 2024

a = 0
fEdd = 2.4

a = 0.9
fEdd = 2.8

(edge-on)

(face-on)



X-ray Weak and X-ray Strong SEDs

z = 6

Pacucci & Narayan, 2024



Wandering Massive Black Holes

#3: The Local Universe



Local Wandering Massive Black Holes

Astrid Simulation; Ni+ 2022; Bird+ 2022; Di Matteo+ (incl. Pacucci) 2023 



Local Wandering Massive Black Holes

Mezcua+ 2019; Reines+ 2020 



Dynamical and Radiative Properties

Weller, Pacucci, Hernquist 2022
Weller, Pacucci+ 2023a
Weller, Pacucci+ 2023b
Weller, Pacucci+, 2024

Several collaborations with the whole 
IllustrisTNG and Astrid Teams

Seepaul, Pacucci, Narayan 2022
Pacucci+ 2023

Credit: ESA



(Quasi) Dormant Stellar Mass Black Holes

#3: The Local Universe



Detecting (Quasi) Dormant Black Holes

Credit: International Gemini Observatory/NOIRLab/NSF/AURA/J. da Silva/Spaceengine/M. Zamani 



Detecting (Quasi) Dormant Black Holes

Artist’s impression of Gaia BH3 
Credit: ESO/L. Calçada



Detecting (Quasi) Dormant Black Holes

Cappelluti, Pacucci & Hasinger, 2024

Chandra, 10 ks, PI: Pacucci



Detecting (Quasi) Dormant Black Holes

Cappelluti, Pacucci & Hasinger, 2024
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