Metal-rich Fuel for Supermassive Black Holes:
Tracing the Origin and Properties of Accreted
Gas in Cosmological Simulations.
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Abstract

ssive black holes (BHs) have been found in 87 galaxies by dynamical modeling of
solved kinematics. The Hubble Space Telescope revolutionized BH research by advancing
the subject from its proof-of-concept phase into quantitative studies of BH demographics. Most
influential was the discovery of a tight correlation between BH mass M, and the velocity dispersion o
of the bulge component of the host galaxy. Together with similar correlations with bulge luminosity
and mass, this led to the widespread belief that BHs and bulges coevolve by regulating each other’s
growth. Conclusions based on one set of correlations from M, ~ 10%% Mg in brightest cluster
ellipticals to M, ~ 10° n the smallest galaxies dominated BH work for more than a decade.
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New results are now replacing this simple story with a richer and more plausible picture in which
BHs correlate differently with different gala.
to refine our understanding of BH - galaxy coevolution. BHs with masses of 10> - 10° M, are found
in many bulgeless galaxies. Therefore, classical (elliptical-galaxy-like) bulges are not necessary for
BH formation. On the other hand, while they live in galaxy disks, BHs do not correlate with
and dark
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omponents. A reasonable aim is to use this progress
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matter halos

Also, any M, correlations with the properties of disk-grown pseudobulges
e weak enough to imply no close coevolution.

other and with M, sug;
astic feeding

The above and other correlations of host galaxy parameters with e
that there are four regimes of BH feedback. (1) Loc:
of small BHs in lar sult in coevolution. (2)
Global feeding in maj 3 rapidly grows giant BHs in short-duration, quasas
s feedback does affect galaxy evolution. The resulting hosts are classi
rotating-disky ellipticals. (3) After these AGN phases and at the highest
y masses, maintenance-mode BH feedback into X-ray-emitting gas has the primarily negative
effect of helping to keep baryons locked up in hot gas and thereby keeping galaxy formation from
W Paper | SDSS quasars going to completion. This happens in giant, core-nonrotating-boxy ellipticals. Their properties,
. NTT quasars (This work) including their tight correlations between M, and core parameters, support the conclusion that

core ellipticals form by dissipationless major mergers. They inherit coevolution effects from smaller

dic, and stoc

events whose e
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T R S T | L M M M M PR S R | progenitor galaxies. Also, (4) independent of any feedback phy in BH growth modes (2) and (3),
the averaging that results from successive mergers plays a major role in decreasing the scatter in
1 1 0 M, correlations from the large values observed in bulgeless and pseudobulge galaxies to the small

values observed in giant elliptical galaxies.
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Abstract

We investigate the fueling mechanisms of supermassive black holes (SMBHs) by analyzing 10 zoom-in
cosmnloglca.l simulations Df massive galaxies, with stellar masses 10'"'?M, and SMBH masses 10%°°7 M, at
=0, featuring various major and minor merger events. By tracing the gas history in these simulations, we
categorize the gas accreted by the central SMBHs based on its origin. Gas that belonged 1o a different galaxy
before accretion onto the BH is labeled as (i) “external,” while smoothly accreted cosmic gas is classified as (ii)
“smooth.” duced within the primary halo through stellar evolution and subsequently accreted by the SMBH
is classified as (iii) “recycled.” Our analysis, which includes stellar feedback, reveals that the primary fuel source
for SMBH s the recycled gas from dying stars. This recycled gas from stars in the inner region of the galaxy
readily collapses toward the center, triggering starbursts and simultancously fucling the SMBH. Galaxy mergers
also play a crucial role in fueling SMBHs in massive galaxies, as SMBHs in m
fraction of extemal gas from mergers compared to smoothly accreted gas. However, on average,
approximately 1.85 Gyr for extemal gas to enter the main galaxy and accrete onto the SMBH. Considering the
presence of various other gas triggers for active galactic nucleus (AGN) activity alongside this time delay, the
association between AGNs and mergers may not always be obvious.
Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Hydrodynamical simulations (767);
Supermassive black holes (1663); AGN host galaxies (2017)
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Abstract

We present i ic simulations of a halo (Myo ~ 10" M, at 2 = 2) that for the
first time resolve gas transport down to the inner 0.1 pe surrounding the central massive black hole. We model a
multiphase interstellar medium including stellar feedback by supemovae, stellar winds, and radiation, and a hyper-
Lagrangian refinement technique increasing the resolution dynamically approaching the black hole. We do not
include black hole feedback. We show that the subpc inflow rate (1) can reach ~6 Mo, yr" roughly in steady state
during the epoch of peak nuclear gas density (z~2), sufficient (o power a luminous quasar, (2) is highly time
variable in the pre-quasar phase, spanning 0.001-10Mc,yr ' on Myr timescales, and (3) is limited to short
(~2Myr) active phases (0.01-0.1 Mg yr ") followed by longer periods of inactivity at lower nuclear gas density
and late times (z ~ 1), owing to the formation of a hot central cavity. Inflowing gas is primarily cool, rotational
support dominates over turbulence and thermal pressure, and star formation can consume as much gas as provided
by inflows across 1 pe-10 kpe. Gravitational torques from multiscale stellar non-axisymmetries dominate angular
momentum transport over gas self-torquing and pressure gradients, with accretion weakly dependent on black hole
mass. Subpe inflow rates correlate with nuclear (but decouple from global) star formation and can exceed the
Eddington rate by x 10. The black hole can move ~10 pe from the galaxy center on ~0.1 Myr. Accreting gas forms
pe-scale, rotationally supported, obscuring structures often misaligned with the galaxy-scale disk. These

CrossMark

Daniel Anglés-Alcdzar'®, Eliot Quumen’-‘ . Philip . Hopkins®©, Rachel S. Sumcrvlllc , Christopher C. }-la\ywam2 ;
Claude-André Faucher Gigudre

1. Introduction et al. 2012; Appleby et al. 2020). Many contemporary large-

The strong connections between the cosmic evolution of
supermassive black holes (SMBHs) and their host galaxies
have been investigated for more than two decades. First of all,
observational evidence has shown that almost every large
galaxy has an SMBH at its center (c.g.. Kormendy &
Richstone 1995; Magorrian et al. 1998). The SMBH mass is
strongly correlated with the spheroidal mass, velocity disper-
sion g, and other properties of the galaxy (e.g., Gebhardt et al.
2000; Hiring & Rix 2004; Kormendy & Ho 2013; Woo et al.
2013). Furthermore, the global cosmic star formation history
and cosmic black hole (BH) accretion history follow each other
remarkably closely, rising from the epoch of reionization to
2~2-3, then steeply declining to the current epoch, suggesting
that SMBHs and galaxies may have co-evolved.

Energetic feedback from accreting BHs, commonly called
active galactic nucleus (AGN) feedback, has become a key
ingredient in galaxy evolution simulations (Springel et al.
2005a; Sijacki et al. 2007; Somerville et al. 2008). AGN
feedback prevents overcooling and excessive star formation in
galaxies and also self-regulates the BH growth (e.g., Booth &
Schaye 2009; Gaspari et al. 2011; Choi et al. 2012; Dubois

iginal content from this work may be used under the terms
of the Creative Commons Atiribution 4.0 licence. Any further
distribution of this work must maintain attribution to the suthor(s) and the title
of the work, journal citation and DOL

volume simulations such as EAGLE, TNG, SIMBA, Horizon-
AGN, and Magneticum all include the growth of BHs and
feedback from them, and have been able to reproduce these
gigantic 10%° M_, SMBHs at z=0 (Hirschmann et al. 2014;
Schaye et al. 2015; Dubois et al. 2016; Weinberger et al. 2018;
Davé et al. 2019). For a more detailed review of BH growth in
cosmological simulations, see Somerville & Davé (2015) and
Naab & Ostriker (2017).

How do SMBHs grow? The origin of SMBHs remains
uncertain, but they are thought to grow primarily through two
mechanisms: accretion and mergers. BHs grow by accreting
matter from the surrounding gas, which spirals toward the BH
and converts gravitational potential energy into heat, providing
the principal source of radiation for AGNs. They also grow by
merging with other BHs when two galaxies merge, bringing
their respective BHs together. AGN pairs have been observed
in X-ray, radio, and optical imaging and spectroscopy (e.g..
Komossa et al. 2003), and more than 100 stellar-mass BH
mergers have been discovered since the advent of the Laser
Interferometer Gravitational-Wave Observatory. Based on the
Soltan argument (Soltan 1982), it is expected that mass
accretion plays a substantial role in BH growth. Moreover, the
dominance of mass accretion as the primary source of BH mass
is necessary to explain the evolution of the X-ray luminosity
function of AGNs (e.g., Hirschmann et al. 2014). However,
alterative studies suggest that the correlations between SMBH

Choi et al. (2024)

simulations open a new avenue to investigate black holegalaxy coevolution.
Unified Astronomy Thesaurus concepts: AGN host galaxies (2017); Quasars (1319); Galaxy nuclei (609); Galaxy
formation (595); Galaxy evolution (594); Cosmological evolution (336); Black hole physics (159); Supermassive

black holes (1663)

1. Introduction

The inflow of gas from large scales down to galactic nuclei
plays a key role in galaxy formation, driving the growth of central
massive black holes and a variety of related phenomena: from
bright quasars (QSOs) that ousshine their host glaxies (with
bolometric_luminosities reaching Lo~ 10°-10% ergs™", eg.,
Fan et al. 2001; Mortlock et al. 2011; Trakhtenbrot et al. 2011;
Bafiados et al. 2018; Zakamska et al. 2019) to active galactic
nuclei (AGNs) “feedback” in the form of fast nuclear outflows
(e.&. Tombesi etal. 2013; Nardini et al. 2015), galaxy-scale winds
(e.g., Rupke & Veilleux 2011; Greene et al. 2012; Liu et al. 2013;
Cicone et al. 2014; Harrison et al. 2014; Zakamska & Greene
2014; Ramos Almeida et al. 2017; Wylezalek et al. 2020), and
radio-emitting jets (Fabian 2012; Hlavacek-Larrondo et al. 2012)
that may have a significant impact on galaxy evolution (c.g., Silk
& Rees 1998; Di Matteo et al. 2005; Murray et al. 2005 Faucher-
Gigudre & Quataert 2012; Richings & Faucher-Gigudre 2018)
The scaling relations between the masses of central black
holes and the properties of their host galaxies (e.¢.
2004; Hopkins et al. 2007; Bentz et al. 2009; Benn .
2011; Kormendy & Ho 2013; McConnell & Ma 2013;

Reines & Volonteri 2015; Graham 2016), as well as the similarity
between the global cosmic histories of star formation and black
hole accretion (Silverman et al. 2008; Aird et al. 2010; Rodighiero
et al. 2010; Heckman & Best 2014; Madau & Dickinson 2014),
further suggest some form of black holegalaxy coevolution over
cosmological timescales. It is thus crucial to understand the
mechanisms driving gas inflows from galactic scales down to the
black hole accretion disk in a full cosmological context, which
remains a major challenge.

Modem large-volume cosmological hydrodynamic simulations
such as Magneticum (Hirschmann et al. 2014), Horizon-AGN
(Dubois et al. 2014b; Volonteri et al. 2016), Eagle (Schaye e al.
2015; Rosas-Guevara et al. 2016), Hlustris (Genel et al. 2014;
Vogelsberger et al. 2014a, 2014b; Sijacki et al. 2015), BlueTides
(Feng et al. 2016), Romulus (Tremmel et al. 2017; Sharma et al.
2020), MlustrisTNG (Weinberger et al. 2017; Pillepich et al. 2018;
Habouzit et al. 2019), and SIMBA (Davé et al. 2019; Thomas
et al. 2019; Borrow et al. 2020) have implemented subgrid models
of black hole growth and feedback with increasing success at
reproducing global galaxy properties and black hole observables
(see Habouzit et al. 2021, for a recent comparison). However,

Alcazar et al. (2021)
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In particular, we aim to compare the metallicity of black hole-swallowed
gas with observational data, and to trace the origin of this gas—whether it
IS pristine, externally acquired, or recycled through internal stellar evolution
processes.

By using gtrace, a zoom-in simulation center-finder tool, we find the R200
and central position.

In addition, we employ the Rockstar Halo Finder to obtain the properties
of halos.
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Result

Table 1. Spearman rank-order correlation between swallow
redshift and abundance ratios of swallowed gas particles. rs
is the Spearman correlation coefficient and p is the two-sided
p-value for the null hypothesis of no correlation. Ns denotes
the number of swallowed particles in each category.

[Fe/H] [Mg/Fe]
Category Py D I s P I N
Early —0.10 1072 | 045 107%3| 630
Recycled  0.09 1072 0.26 1077 4340
External 0.04 5x107' 0.13 1077 1269
Smooth  —0.04 5x107% 0.13 107® 1826
Total —0.11  107* 024 107'%® 8065




Result

1.0

0.5

[Fe/H]

0.0

-0.5

-1.0

0.2

-0.6

-0.8

=1.0

/\‘
— Gas
——— Star
——— BH swallowed gas
— Gas
—— Star

—— BH swallowed gas

2.5 2.0

1.5
Redshift (z)

1.0 0.5 0.0




Take home message

High-z Metal-rich AGNs
Even at high redshift, gas
swallowed by central black
holes is already metal-rich,
indicating early chemical

enrichment consistent with
Yoshii et al (2022).

Recycled Gas Enrichment
Recycled gas from old stellar
populations is a major source of
BLR metal enrichment.

Comparison with
Observations

Simulation [Mg/Fe] values
are comparable in order of
magnitude to the observed
[Mg/Fe] ratios, showing
guantitative consistency.
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