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the earliest supermassive black holes

HYPerluminous quasars at the Epoch of ReionizatiON (HYPERION)

the emission from Quasars (AGN in general)
is powerd by accretion onto

Supermassive Black Holes (SMBHs) 1048
up to 10° - 1010 My,
"0
i
Ql
Hyperluminous ones (Lyo>10%7 erg/s) T
shine close or above the Eddington ' ¢
luminosity limit (Legq) .__13
1046

> 200 quasars observed within the first Gyr of the Universe (z26)

Fan et al. (1999, 2001, 2006); Mortlock et al. (2011); Bafados et al. (2016);
Wu et al. (2015); Yang et al. (2020, 2021); Mazzucchelli et al.(2017);
Matsuoka et al. (2019a,b); Reed et al. (2019); Wang et al. (2019)...
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the new SMBH discovery space opened by JWST
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when do the first BHs form in the Universe?
what is the mass of the first BHs?

are the BHs detected at high-z the “seeds” upon which super
massive BHs form?

do the first BHs pair and merge on timescales shorter than the
Hubble time?



The seeds of the earliest SMBHs

Astrophysical BHs formation channels

Pop Ill BHs GW recoils - °
s Mil\zllgg |1,‘|1 g Radiation feedback 1012
®
e.g. Madau & Rees 2001
Minihalo Heger et.al. 2003;
Tir< 10K Volonteri 2003

Collapsing
protogalaxy

from Inayoshi et al. 2020



The seeds of the earliest SMBHs

Astrophysical BHs formation channels
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The seeds of the earliest SMBHs

Astrophysical BHs formation channels

Pop Ill BHs GW recoils _ o
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e.g. Devecchi & Volonteri 2009;
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from Inayoshi et al. 2020



multiple «BH seeds» forming in a single halo

1 mass distribution of BH seeds at formation
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in situ dynamical interactions among BH seeds may be expected

(see also Mestichelli+24 for Pop Il — BHs clusters)



growing the first black hole seeds: Eddington limit

the outward radiation pressure force on the infalling gas, through electron scattering, matches the inward
gravitational force at the critical accretion rate of:
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breaking the limit: super-Eddington growth

if photon diffusion timescale is longer than the advection timescales: R, > Rq.,

M. = 57“}’1,Rsch, m = M./MEdd MEdd = 10 LEdd/C2 LEdd = 47TCGM./KDes

edge-on view" ’ face-on view Ina YOS hi+2020

Begelman 1979, Abramowicz et al. 1988; Ohsuga+2005; Sadowski 2011; Sadowski+2013;
Sadowski and Narayan 2016; Jiang+2017; Inayoshi & Haiman 2016; Jiilang+2014, 2017; Takeo+2018; Madau+2014



Populations studies (T)
The Cosmic Archaeology Tool - CAT Céa»

Z=24 | - 0-- Q-0 -

statistical sample of halos in a wide mass range [10%-10'41M,,,

light (40-140 M, >260M,,,) and heavy (10> M,,,,) seed formation
channels

Different accretion paradigms:
* Eddington-limited Bondi accretion (ref. model) z=4 |
* merger-driven super-Edd. via slim disc accretion

Model calibration 5715
reproduce the cosmic star formation history (SFRD) g
reproduce obs. properties of high-z QSOs (L., Mgy) g0

-25.0

110 Merger Trees

-27.5

8 9 10 11 12 13 14 15
10g10(M/Msyn)

Trinca, Schneider, RV, Graziani, Zappacosta, Shankar, MNRAS 2022



the observability of high-z AGN with JWST

m

log10( Nobj( < M200w) / FOVNIRCam )

AGN/galaxies properties predicted with CAT

number of observable BHs per NIRCam FoV
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the observability of high-z AGN with JWST

AGN/galaxies properties predicted with CAT
number of observable BHs per NIRCam FoV
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JWST-detected BHs atz =~ 9 - 11

Redshift
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JWST-detected BHs at z

Cosmic Archaeology Tool
Trinca+2022
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O -11:
BH seeding and growth
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JWST-detected BHs at z

Cosmic Archaeology Tool

Trinca+2022

9 - 11: implications for
BH seeding and growth
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JWST-detected BHs at z = 9 - 11: implications for

BH seeding and growth
-
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if BHs growth is Eddington-limited:
- GNz11 and CEERS1019 MUST come from heavy BH seeds forming at z= 15
- estimated masses of UHZ1, GHZ9, and UNCOVER ID 20466 exceed the maximum BH massatz =8 - 10
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JWST-detected BHs at z = 9 - 11: implications for
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JWST-detected BHs at z = 9 - 11: implications for
BH seeding and growth

(1) Cosmic Archaeology Tool Age of the Universe [Gyr] 72>6
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- estimated masses of UHZ1, GHZ9, and UNCOVER ID 20466 are below the maximum BH massatz=8-10
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JWST-detected BHs at z = 9 - 11: implications for
BH seeding and growth
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BH dynamics: timescale matters
especially at high redshift

Dynamical friction (against dark matter, gas, stars)

Clump scattering

Effect of bars/spirals

Stellar-driven hardening

3rd incoming MBH Valiante et al. 2021

Disk-driven migration torques

Circumbinary disk
& minidisk torques

Gravitational
waves
: LisA @2,
_Galaxy merger 4 y ¥, MBHs
+— ' ‘ ’ ’ 7 " coalescence
100 kpc 1 kpc 100 pc 1 pc 10 pé 106 pc: 107 pe
image credit: E. Bortolas l
kick/recoil

Pezzulli et al. 2016; 2017
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the earliest BH binaries: population studies (/L
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merging BHs across cosmic epochs

¥ Mergers
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Redshift
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a population of GW sources

Testing prescriptions for BH dynamics: pairing+hardening phase

Eddington-limited model
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the two BH accretion regimes are expected to leave specific imprints in the properties of
GW sources that would be detectable with ET and LISA
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a population of GW sources

Testing prescriptions for BH dynamics: pairing+hardening phase

Eddington-limited model
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Summary

Origin and growth of SMBHs at z > 6 is a major theoretical challenge!
JWST is revolutionising the field with detections and fainter and more distant AGNs

Current observations/models point to a mix of BH seed populations, whose growth can be super-
Eddington

Incredible synergy with future GW telescopes!



