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Observations of black holes at high z

Currently, there are hundreds of known quasars at z > 6.

Quasars are extremely bright and energetic objects found at the centers of
distant galaxies.

They are powered by supermassive black holes that consume surrounding gas
and dust, releasing enormous amounts of radiation.

The study of quasar luminosity function and black hole mass function over
cosmic time has enriched our understanding of physical processes related to
the growth history of SMBHs.

This figure shows the bolometric luminosity and BH mass distribution for all
guasars at z > 5.9.

The median BH mass is 1.3 X 1O9M®, while the least and most massive quasars
are J0859+0022 at z=6.39 (~ 4 X 107M®) and JO100+2802 at z = 6.33
(~ 1010M®]), respectively.

Most of them follow the line of the Eddington limit, but some of them are
located both above and below.
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Observations of black holes at high z: JWST recent results

JWST/NIRSPEC FAINT AGNs AT z2=4—-7
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Observations of black holes at high z: JWST recent results

Age of the Universe (Myr)
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* Numerous high-redshift BH candidates identified in JWST data: including
low-mass AGNSs at high redshift.

Simulations
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Accretion Models for BH Growth

Age of the Universe (Myr)
There are two main accretion models: 200 300 400 500 600 700 800 900

| | | |
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The seeds of the earliest SMBHs

Astrophysical BHs formation channels
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The Cosmic Archaeology Tool (CAT) QMQE

“The low-end of the black hole mass function at cosmic dawn” by Trinca et. al 2022 MNRAS
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The Cosmic Archaeology Tool (CAT) QMQE

“The low-end of the black hole mass function at cosmic dawn” by Trinca et. al 2022 MNRAS

1. Evolution of dark matter halos: [10° — 1014M®]
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The Cosmic Archaeology Tool (CAT) QMQE

light seed
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Multiple seed BH formation channels: 6& 9 f ( ?Zggg%;vﬁ”ii’;t
® Light ([40 — 140], [260 — 300]M,,), heavy (10°M,) (Trinca et al. 2022, 2023, 2024) } heavy seed ,}

® Light, medium-weight (1O3M®) and heavy (Davari et al. in prep) 101 Mour

Different BH accretion paradigms: Q ; J

° Eddington-limited Bondi accretion
° Super-Eddington growth via slim disk accretion (Trinca et al. 2022, 2023, 2024)
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CAT: BHBs Dynamics éﬂge

*This study explores how dynamical friction timescales (the time it
takes for a secondary BH to sink into the galaxy center) affect the
overall evolution of BH binaries and their ability to merge.

BH-BH mergers
e (instant mergers) assumes BHs merge immediately during galaxy mergers Tdelay = Atcar

(Trinca et al. 2022, 2023, 2024)
¢ (delayed mergers) accounts for dynamical friction, meaning some BHs take longer to
merge or don’t merge at all Thelay = laf (Trinca et al. in prep; Davari et al. in prep)

e Some BHs remain "wandering" instead of merging, meaning their mass doesn’t
contribute to the central BH’s growth.

‘Being a semi-analytical model, Cat is not able to give information on the physical
distance between BHs at the time of merger of hosted galaxies.

‘/Thus, In order to introduce the timescales in the model, we had to do a first

What’s Happening? calibration, comparing some of the quantities needed to compute the timescales with

_ . . . simulations.
When galaxies merge, their central BHs also interact. The most massive

BH (the primary BH) stays at the center of the newly formed galaxy. The
smaller BH (the secondary BH) takes time to move toward the center due
to dynamical friction—a force that slows it down as it moves through the
surrounding matter.

10



The Cosmic Archaeology Tool (CAT)

(\ﬂ

(&,

The model 1s calibrated to accurately reproduce the evolution of the cosmic star formation history (SFRD) and the properties of luminous quasars observed at z > 6

(Lbol ’ MBH) .

CAT predictions:

SFRD corrected
for the observable
galaxy population
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log10(dn/dlogM) [Mpc 7]

Results: Evolution of the BH Mass Function
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Results: Bolometric Luminosity Function of AGNs ()
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Standard Model | ~ Super-Eddington Model
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Results: GW Detections of BBHs

Mass distribution at different redshifts
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Fraction of Mergers

Results: GW Detections of BBHs
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Mass Ratio:

q < 0.001

0.001 < q < 0.01
0.0l<g<0.1
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GWHFish is a Fisher matrix code and is
able to provide estimates of the signal-to-
noise ratio and of the errors on our
estimates of the parameters, for a signal
as it would be seen by one or more future
detectors, among:

* Kagra;

Einstein Telescope;

L unar Gravitational Wave Antenna;
Cosmic Explorer;

* LISA;

Voyager.

:

9KWaveform model:
IMRPhenomXHM’, a tuned high-
order approximant for black hole
binaries also including higher order
modes (especially important for high-
mass and off-axis events).

LIGO / Virgo in their fifth observing run;

Number of Events

Results: GW Detections of BBHs
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https://ligo.caltech.edu/
https://www.virgo-gw.eu/
https://gwcenter.icrr.u-tokyo.ac.jp/en/
http://www.et-gw.eu/
http://socrate.cs.unicam.it/
https://cosmicexplorer.org/
https://lisamission.org/
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Multi-band GW Observation
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"> The Lunar Gravitational-wave Antenna (LGWA)

" |ts observation band reaches from 1mHz to
several Hz, with peak sensitivity in the decihertz
(0.1 Hz) band.

"™ 1t will therefore provide the “missing link”.



Results: Multi-band GW QObservation
GLFISH Céa‘

4-year observation
Waveform Model: IMRPhenomXHM

ET
LISA

LGWA _Si
LIGO_O5

’:‘A measurement of the binary’s evolution in both the *
ground- and space-based detectors is what we define as ——
a multiband observation. o SUNS

» The multiband detection of BBHs: the measurement of
their inspiral in LISA throughout the 4-year mission
lifetime (0.001 — 0.1 Hz) , and at least the merger or
ringdown 1n the ground-based detectors (ET, CE, VOY: 1 107 —
— 250 Hz).

» For binaries with IMBHs in the lower and medium-range
(10% — 1O4M® ), LISA-like space-based detectors will

measure only their early inspiral, from 1 — 100 milli-Hz.

1072 - ‘ —

Characteristic Strain

» This inspiral could last months to years depending on the
mass of the black holes.

» However, the loudest gravitational wave signature - the 10722 -

merger of IMBHs - would occur in the frequency range
accessible to ET/LIGO-like ground-based detectors, ~ 1 —

250 Hz. My
\ L }" il i

‘ L
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Frequency (Hz)

o IMRPhenomXHM not valid at mass ratios below 0.001 (q <0.001)



Results: Multi-band GW QObservation éﬂge

GWFISH

4-year observation
Waveform Model: IMRPhenomXHM

* === | |SA-range candidate
ET

LISA

LGWA Si

LIGO_0O5

’:‘A measurement of the binary’s evolution in both the
ground- and space-based detectors is what we define as

o . 10—17 _
a multiband observation.

» The multiband detection of BBHs: the measurement of
their inspiral in LISA throughout the 4-year mission
lifetime (0.001 — 0.1 Hz) , and at least the merger or
ringdown 1n the ground-based detectors (ET, CE, VOY: 1
— 250 Hz).

10—19 i

z=.05 =
m1=110.3 Mo
m2=95.9 Mo

» For binaries with IMBHs in the lower and medium-range
(10% — 1O4M® ), LISA-like space-based detectors will

measure only their early inspiral, from 1 — 100 milli-Hz.

10—21 _

Characteristic Strain

» This inspiral could last months to years depending on the
mass of the black holes.

. . . 10—23 i
» However, the loudest gravitational wave signature - the

merger of IMBHs - would occur in the frequency range
accessible to ET/LIGO-like ground-based detectors, ~ 1 —

250 Hz.
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9 IMRPhenomXHM not valid at mass ratios below 0.001 (q <0.001)



Results: Multi-band GW QObservation éﬂge

GWFISH

4-year observation
Waveform Model: IMRPhenomXHM

* === | |SA-range candidate
ET

LISA

LGWA_Si

LIGO 05

’:‘A measurement of the binary’s evolution in both the
ground- and space-based detectors is what we define as

o . 10—17_
a multiband observation.

» The multiband detection of BBHs: the measurement of
their inspiral in LISA throughout the 4-year mission
lifetime (0.001 — 0.1 Hz) , and at least the merger or 3
ringdown 1n the ground-based detectors (ET, CE, VOY: 1 i C——
— 250 Hz). T

» For binaries with IMBHs in the lower and medium-range
(10% — 1O4M® ), LISA-like space-based detectors will

measure only their early inspiral, from 1 — 100 milli-Hz.

10—21 .

Characteristic Strain

» This inspiral could last months to years depending on the
mass of the black holes.

. . . 10—23 ]
» However, the loudest gravitational wave signature - the

merger of IMBHs - would occur in the frequency range
accessible to ET/LIGO-like ground-based detectors, ~ 1 —

250 Hz.
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IMRPhenomXHM not valid at mass ratios below 0.001 (q <0.001)



An illustration of multi-band GW
sources.

we show the LISA, LGWA, ET
and aLIGO sensitivity curves
together with GW candidates
from different classes of
compact objects.

Three different moments,
namely 200

years before the
coalescence, at the
detector’s (typical)
observation time Tobs and
1 year before the
coalescence.

Characteristic Strain

Results: Multi-band GW Observation
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IMBHs >> Their potential is high since they
could accumulate a high enough SNR

in LISA, LGWA and ET during the inspiral,
merger and ringdown.

A combined measurement could then allow a
joint analysis.

A system such as the one in figure emits
at~-0.003 Hz around 1 year before the
merger. This makes imaginable an early
warning by LISA to both LGWA and ET, with
the subsequent detection in all the three
bands.
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