DID BLACK HOLES IN THE VERY EARLY UNIVERSE
INDUCED THE FORMATION OF FIRST POP-lll STARS?

Félix Mirabel (IAFE-Argentina & CEA-France)

| will present the astrophysical observations and cosmological models that motive this question
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Galaxies up to z=13 (200 Myr) QSOs up to z=7,6 (670 Myr)

» ~400 SMBHs of 1051 M4 in QSOs at 5 <z < 8 have been detected

Ultra compact galaxies of <10°Mg at z = 10-13 with Hubble & JWST

Puzzle: How BHs were formed & grown so fast to become so massive?
Inayoshi+ ARAA 58, 27 (2020) & Mirabel & Rodriguez New Astron Reviews 92, 101642 (2022)



HOW COULD SMBHs GROW UP TO ~10° M, WHEN
THE UNIVERSE WAS LESS THAN 700 Myr OLD?

ASSUMING SMBHs ARE OF ASTROPHYSICAL
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Remnant of Pop III star

From BH seeds of ~10* M, at z=30 that grow at Eddington limit with radiative efficiency of 10%

SUCH RAPID BH GROWTH FROM SEEDS OF ~10*Mg UP TO 10° Mg IS POSSIBLE
BECAUSE THE GLOBAL GAS DENSITY EVOLVES WITH REDSHIFT z o« (1 + 2)3

At z = 30 the global gas density would be 5 = 30 x 10° times the local gas density



COULD THE BH SEEDS OF THOSE SMBHs BE FORMED
BY DIRECT COLLAPSE OF DARK MATTER HALOS?
COSMOLOGICAL MODELS:

In the context of CDM Cosmologies (Latif+ Nature 2022), turbulent cold
flows may give birth to SMBH seeds. Halos of 4 x 10°M at z = 35 in the
rare convergence of strong, cold accretion flows, create by direct collapse at z = 25

massive BH seeds of few times10* M. Star formation is prevented by the high
turbulence of the cold flows, and BH seeds are formed before Pop-Ill stars

In the context of WDM Cosmologies (Arguelles+ 2023), SMBH seeds
are formed by gravitational collapse of fermionic dark matter cores

Fermions are particles with half-odd-integer spins 1/2, 3/2.. that follow the Fermi—Dirac statistics and comply with
the Pauli exclusion principle, contrary to bosons that carry energy and forces, such as photons, gluons, etc.

From the maximum entropy principle of halo formation, result dense core-diluted
halo DM density distributions. Subsequently, SMBH seeds grow by gas accretion.

These new channels for the formation of SMBH seeds in the high redshift
Universe are not associated with & precede baryonic matter (Pop-Ill stars).

THESE MODELS WOULD CHANGE THE PARADIGM OF POP-IlIl STAR & SMBH FORMATION !

Are there astrophysical indications that BHs may have come before stellar bulges?



BH-STELLAR BULGE MASS RELATION IN THE LOCAL & EARLY UNIVERSE

In the Local Universe In z > 6 QSOs (Neeleman+ 2021)
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SMBH/BULGE MASS RATIOS AT z > 6 SEEM TO BE LARGER THAN LOCALLY

At high z BHs seem to be more massive respect to their halo hosts (Kormendi & Ho, ARAA 2013).

SMBH/Bulge mass ratio evolution at z < 2 may be explained by dry mergers + BH deactivation

DID BH FORMATION & GROWTH PRECEDED THOSE OF STELLAR BULGES?

This question lead to conflicting answers, but at least some SMBHs have formed & grown before bulges



AN EXAMPLE OF SMBHs FORMED BEFORE THEIR HOST STELLAR BULGES

A close double quasar in merger galaxies with massive disks but no bulges at
z =2.17 (-3 Gyr old), near the cosmic peak of star formation and QSO activity

Chen+ (Nature, April 2023, figure from journal News & Views)

Accretion
disk

©eonature



A local analogue of BH growth in the early universe

Amy Reines+ (Nature 2011) Schutte & Reines (Nature 2022)
a Henize 2-10 at ~9Mpc

Distancs |

Ha+continuum with HST & VLBA
radio emission from BH compact jet

Paa recombination line of hydrogen
at 1.87 ym & VLA 8.5 GHz.

 The absence of a stellar spheroid suggests that the
massive BH of ~10° M, is formed before the bulge.

 BH jets inject mechanical energy in the high density
gas triggering star formation at distances of ~70pc.

Are there astrophysical evidences of BHs triggering star formation at higher redshifts?
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ACCRETING BHs PRODUCE RELATIVISTIC JETS &
MASSIVE OUTFLOWS THAT IN HIGH DENSITY GAS
TRIGGER STAR FORMATION WITH TOP-HEAVY IMF

IN GENERAL IT IS OBSERVED

« A decreasein the length of BH-jets with increasing redshift z
due to 8 « (1 + z)3

&

* In radio galaxies the Ha & La emission is align with the BH-jets
due to star formation

BH-jets and massive outflows inject mechanical energy & turbulence in the gas.
At high column gas densities the gas is compacted by the BH-jets leading to a
top heavy IMF. This is observed in the local and distant universe.



CONCLUSION

IF BHs COME FIRST, AS SUGGESTED BY ASTROPHYSICAL
OBSERVATIONS & RECENT COSMOLOGICAL MODELS, THE
JETS FROM RAPIDLY GROWING DARK-MATTER-BH SEEDS
MAY HAVE INDUCED IN THE VERY EARLY UNIVERSE THE
FORMATION OF THE FIRST MASSIVE POP-IlIl STARS



STAR FORMATION IS BIMODAL

« At relative low star formation rates in galactic disks
and

« At high star formation rates with top heavy IMF
In gas-rich galaxy merger hosts of SMBH-jets
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STAR FORMATION IN THE MILKY
WAY INDUCED BY nQSO JETS

# (Mirabel & Rodriguez 1994)
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nQSoO jets trigger star formation at distances of 40 pc
Chaty+ 2001: ISO 7um

Kaiser+ 52004)

on-thermal emission region:
Hot spot with jet ending in
strong shock
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Consistent with models for the radio lobes in radio galaxy jets (Kaiser+ 2004)

Recurrent AGN- jets accelerate hypervelocity clouds & stars (Silk,2012)



SMBH-JETS INDUCE THE FORMATION OF
MOLECULAR GAS & STARS ALONG THE JETS

Molecular gas: Charmandaris+ 2000 Blanco+1975; Oosterloo & Morganti, 2005
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Molecular gas (CO) in shells aligned with jets at 15 kpc from SMBH



Jet-induced star formation
in Minkowski’s Object

Salomé, Salomé, and Combes (2015)
HST - F555W
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21 cm from the VLA overlaid on a stellar continuum image. Details of Minkowski's Object are on the left.

Formed as a result of jet-induced star formation in pre-
existing gas clumps, or is it a gas-rich dwarf galaxy with
an elevation in star formation rate due to jet interaction?



4C 41.17 atz=3.8

One of the best-studied radio galaxies in this epoch and arguably the best
candidate of jet-triggered star formation at high redshift currently known

Nesvadba+ 2020
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Dust (left) and neutral carbon hyperfine transition [CI]1-0 morphology (right) of
4C41.17. Contours show the 1.4 GHz radio morphology. The radio core is
between the two central components.



Minkowski's Object in NGC 541 4C41.17 @ z=3.8
Bicknell + 2000

van Breugel + 1985-2004

STATISTICAL STUDIES HAVE SHOWN

Alignment of Ha with radio galaxy jets due to induced star formation
Size of jets decrease with redshift z due to increase of gas density



MORPHOLOGIES IN BOW SHOCKS OF nQSOs & AGN JETS

IRAS 19132+1035 (Mirabel+ 2014) Minkowski object (van Breugel+ 1985)

optical HST with F555W -

160 microns with 1ISO

QUASAR MICROQUASAR

Analogy of pQSOs with QSOs?
Mirabel & Rodriguez (Nature 1998)




New Astronomy Reviews 94 (2022) 101642

Contents lists available at ScienceDirect

astronomy

New Astronomy Reviews

journal homepage: www.elsevier.com/locate/newastrev

Black holes at cosmic dawn in the redshifted 21cm signal of HI

L.F. Mirabel **, L.F. Rodriguez ““

® Instiruro de Arronomia ¥ Fisica del Ezpacio (IAFE), Universidad de Buenos Aires, CC 67—Sue. 28 (C1423ZAA) CABA, Argenting

® Lab AIM, CEA/GNRS/ Université Paris-Saclay, Univerzité de Paris, F-91191 Gif-sur-Fvette, France

© Instituro de Radioastronomia ¥ Astrofisica, Univerzidad Nacional Autonoma de México, P.0. Box 2-72, 538090, Moreliz, Michoacan, México
& Mesoamerizan Center for Theoretical Physics, Universidad Autonoma de Chiapas, 29050 Tuwxtla Gutierres, Chiapas, México

ABSTRACT

The first stars (Pop III stars) and Black Holes (BHs) formed in galaxies at Cosmic Dawn (CD) have not been observed and remain poorly constrained. Theoretical
models predict that indirect insights of those Pop III stars and BHs could be imprinted as an absorption signal in the 21cm line of the atomic hydrogen (HI) in the cold
Intergalactic Medium (IGM), against the Cosmic Microwave Background (CMB), when the Universe was less than 200 million years old. The first tentative obser-
vation of an HI absorption in the 21cm line at redshifts z = 15 by the Experiment to Detect the Global Epoch of Reionization Signature (EDGES) has stimulated a great
deal of research. To explain the additional large amplitude of that absorption signal a plethora of models based on exotic physics and on astrophysical sources have
been proposed. Among the latter are models that propose the existence of an additional symchrotron Cosmic Radio Background (CRB) from BH-jet sources of
comparable intensity to that of the CMB that boosts the HI absorption signal at CD. The discovery of radio loud supermassive black holes (SMBHs) of ~10° M,, in
high-z quasars of up to z ~7.5 suggests the existence of a CRB component from growing BHs at z > 15, of unknown intensity.

To match the onset of the EDGES signal a CRB of comparable intensity to that of the CMB would be required. With no judgment on whether the EDGES signal is of
cosmic origin or not, here we provide approximate calculations to analyze highly redshifted HI absorption signals taking that of EDGES as an example to explore what
could be learned on BHs at CD. Assuming a BH mass to radio luminosity ratio as observed in radio-loud Supermassive BHs (SMBHs) of ~10° M, in quasars at redshifts
z — 6 -7, by simple calculations we find that rapidly growing radio luminous BHs of Intermediate Mass (IMBHs) , in their way to become SMBHs, are the only type of
astrophysical radio sources of a CRB that can explain the onset of the EDGES absorption at z = 18 — 20. At those redshifits the EDGES signal would imply that the
global mass density of IMBHs must be dominant over that of stars, more than 70% of the maximum of Stellar Mass Density (SMD) expected at those high redshifts.
This suggests that those IMBHs are formed before, and growing faster than the bulk of stars, with no need of a large mass contribution from stellar-mass BH remnants
of typical Pop III stars. The highly redshifted signals from these IMBHs at cosmic dawn may be detected at long radio wavelengths with the next generation of
ultrasensitive interferometers such as the Square Kilometer Array (SEA), in the infrared with the James Webb Space Telescope (JWST), and in the X-rays with future
space missions.




