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ABSTRACT

Aims. Recent observational studies suggest that feedback from active galactic nuclei (AGNs) may play an important role in the
formation and evolution of dwarf galaxies, an issue that has received little attention from a theoretical perspective.

Methods. We investigated this using two sets of 12 cosmological magnetohydrodynamic simulations of the formation of dwarf
galaxies (1083 My < M, < 10°8M,): one set using a version of the AURIGA galaxy formation physics model including AGN
feedback and a parallel set with AGN feedback turned off.

Results. We show that the full-physics AGN runs satisfactorily reproduce several scaling relations, including the black-hole-to-stellar
mass (Mgu-M.,.), the black-hole-to-sigma (Mpyu-0,), and the baryonic Tully-Fisher relation. We find that the global star formation
(SF) of galaxies run with an AGN is reduced compared to the one in which the AGN has been turned off, suggesting that AGN
feedback is a viable way of suppressing SF in dwarf galaxies, even though none of our galaxies is completely quenched by z = 0.
Furthermore, we find a tight correlation between the median SF rates and the Mgy/M, ratio in our simulated dwarfs. Star formation
is suppressed due to gas heating in the vicinity of the AGN: less HI gas is available in AGN runs, though the total amount of gas
is preserved across the two settings within each galaxy. This indicates that the main effect of AGN feedback in our dwarfs is to
heat up and push the gas away from the galaxy’s centre rather than expelling it completely. Finally, we show that the two galaxies
harbouring the largest supermassive black holes have suffered a considerable (up to ~65%) reduction in their central dark matter
density, pinpointing the role of AGNs in determining the final dark matter mass distribution within dwarf galaxies. This pilot paper
highlights the importance of modelling AGN feedback at the lowest mass scales and the impact this can have on dwarf galaxy
evolution.

Key words. galaxies: active — galaxies: dwarf — galaxies: evolution — galaxies: formation — galaxies: nuclei — galaxies: star formation

1. Introduction

The A cold dark matter (ACDM) model of cosmology is the
prevailing theoretical framework for cosmological structure for-
mation, including the distribution and demographics of galax-
ies (Davis et al. 1985). In this cosmology, dark matter (DM)
haloes collapse from initial primordial density fluctuations.
These haloes then proceed to merge with one another to build
larger haloes with sufficient gravity to provoke the collapse and
cooling of gas, which produces stars, thereby populating DM
haloes with luminous galaxies. This is the intersection of cos-
mology and galaxy formation, where key tests lie in understand-
ing the relation between galaxies and DM haloes.

Abundance matching tells us that galaxy formation is most
efficient for L* galaxies (with halo masses of around ~10'2 M)
and less efficient towards the high-mass and low-mass ends
of the galaxy stellar mass function (e.g. Guoetal. 2010;
Moster et al. 2013). The most widely accepted explanations of
these trends invoke some baryonic process. For massive galax-
ies, energetic feedback from active galactic nuclei (AGNs) is

* Corresponding author; eag@iac. es;
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critical in regulating star formation (SF) (Binney & Tabor 1995;
Ferrarese & Merritt 2000; Di Matteo et al. 2005; Springel et al.
2005, e.g.) by heating the interstellar gas and driving galactic
winds. Indeed, several numerical simulations have shown that
AGN feedback could quench massive galaxies and bring their
properties in agreement with observations (e.g. Springel 2010;
Dubois et al. 2014; Vogelsberger et al. 2014; Schaye et al. 2015;
Weinberger et al. 2017; Henden et al. 2018).

At the low-mass end, re-ionisation (e.g. Somerville 2002;
Okamoto et al. 2008; Pawlik & Schaye 2009) and super-
nova (SN) feedback (e.g. Larson 1974; Dekel & Silk 1986;
White & Frenk 1991) are thought to play a key role in sup-
pressing SF in such small, dwarf galaxies. However, even
considering these feedback processes, observations of dwarf
galaxies, particularly within the Local Group, still challenge
the ACDM paradigm. Recent examples include: the miss-
ing satellite problem, (e.g. Kauffmann et al. 1993; Klypin et al.
1999; Moore et al. 1999; Bullock 2010); the ‘too-big-to-fail’
problem (e.g. Readetal. 2006; Boylan-Kolchin et al. 2012;
Garrison-Kimmel et al. 2014); the ‘cusp-core’ problem (e.g.
Flores & Primack 1994; Moore 1994; de Blok 2010); and the
diversity of rotation curve problems (e.g. Oman et al. 2015;
Santos-Santos et al. 2018, 2020).
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It has been claimed in the literature that some of these prob-
lems can be solved by the inclusion of properly modelled bary-
onic physics in simulations, such as the missing satellites prob-
lem, that can be explained by feedback processes reducing the
efficiency of dwarf galaxy formation (e.g. Sawala et al. 2016)
or resolving the spatial scale corresponding to half-light radii
of the dwarfs (Engler et al. 2021; Wetzel et al. 2016). Another
example is the cusp-core problem, which can likewise be alle-
viated if SN-driven outflows flatten the central DM cusps of
simulated dwarfs (Governato et al. 2010; Pontzen & Governato
2012; Di Cintio et al. 2014; Brook & Di Cintio 2015). Neverthe-
less, a comprehensive, self-consistent solution to all of these
dwarf galaxy problems remains elusive (see Sales et al. 2022,
for a discussion on the historical and new tensions of the ACDM
model). Furthermore, the recent studies of Miiller et al. (2024)
and Homma et al. (2024) have reported larger numbers of satel-
lites around Milky Way-mass galaxies compared to some sim-
ulation predictions — contrary to the aforementioned missing
satellites problem. However, whether these discrepancies are
attributed to deficits in current cosmological models or baryonic
physics models is unclear.

An attractive avenue, suggested by recent theoretical works
(Silk 2017; Dashyan et al. 2018), is to consider the role and
influence of AGN feedback in low-mass galaxies, which might
provide a unifying scheme to explain most of the above-
mentioned problems. In particular, Silk (2017) postulates that
massive black holes (BHs) could be ubiquitously present in
all early-forming dwarfs, having been active in their gas-rich
pasts, but being mostly passive today. One question is whether
AGN feedback could play an important role in the evolution
of dwarf galaxies, as well as massive ones. Over the past few
years, mounting observational evidence pointed to the fact that
the number of dwarf galaxies hosting AGNs could be larger than
previously thought (see Reines (2022) for a recent review on the
topic).

Several observational techniques have been employed
to look for AGN signatures in dwarf galaxies, find-
ing a non-negligible occupation fraction (OF) in most
cases: these studies include detections based on optical H,
emission lines (e.g. Greene & Ho 2004, 2007; Reines et al.
2013; Chilingarian et al. 2018) and X-ray observations (e.g.
Reines et al. 2013; Baldassare et al. 2015, 2017). Furthermore,
observations using integral field unit (IFU) spectroscopic sur-
veys, such as MANGA/SDSS (Bundy et al. 2015), have identi-
fied several ‘hidden’” AGN in dwarfs (e.g. Mezcua et al. 2016;
Penny et al. 2018; Mezcua & Dominguez Sianchez 2020, 2024).
Recently, a systematic study of AGNs at low-masses using
IFU data has been explored by Mezcua & Dominguez Sanchez
(2024).

The discovery of AGNs in dwarf galaxies has motivated,
in recent years, the study of the impact of central supermas-
sive black holes (SMBHs) on the host dwarf galaxies by using
hydrodynamic simulations. Large-scale simulations are useful
to explore the AGNs’ OFs at low-mass scales. However, the
current literature on the subject is characterised by significant
variations in findings: while some simulations such as ROMULUS
and I1lustrisTNG overproduce bright AGNs (Sharma et al.
2020; Haidar et al. 2022), others such as EAGLE, I1lustris,
or FABLE underproduce bright AGNs (e.g. Koudmani et al.
2021; Haidar et al. 2022). Indeed, the use of different feed-
back schemes can produce significant discrepancies between
simulations (Habouzit et al. 2017). Table A.1 provides a com-
parative summary of properties from our simulation suite and
those from other studies in the literature. Several studies have
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shown how strong SN feedback could even hinder BH growth
by preventing the accretion of gas (e.g. Dubois et al. 2015;
Bower et al. 2017; Anglés-Alcazar et al. 2017; Trebitsch et al.
2018; Truong et al. 2021; Koudmani et al. 2022). In those cases
in which BHs are instead able to grow and accrete gas, the
related AGNs can generate outflows that can play a determi-
nant role in regulating SF in dwarf galaxies (e.g. Koudmani et al.
2019; Barai & de Gouveia Dal Pino 2019; Bellovary et al. 2019;
Sharma et al. 2020; Koudmani et al. 2021, 2022). Nevertheless,
the degree to which AGN feedback is able to suppress SF in the
early gas-rich phase of the dwarf galaxy evolution, as has been
suggested by Silk (2017), is still an open question: the field has
now reached a stage at which a comprehensive investigation of
this issue is not only warranted but also needed.

In this paper, we use zoom-in simulations of dwarf galax-
ies to study the impact of AGN feedback on galaxy evolution
at the low-mass end, by running exactly the same cosmologi-
cal initial conditions of dwarfs with and without the inclusion of
AGN:Ss. In Section 2.1, we briefly describe the modified AURIGA
simulations used in this work. The BH seeding and AGN feed-
back modelling are described in Section 2.2. The properties of
the galaxy sample are explained in Section 2.3. In Section 3, we
present scaling relations relative to our sample hosting AGNs
(Section 3.1) as well as the impact of AGNs on global properties
of simulated galaxies, such as the stellar-to-halo mass relation
(Section 3.2), the Baryonic Tully-Fisher relation (Section 3.3),
and the dependence on the SF history (SFH) (Section 3.4). The
DM profiles’ dependence on AGNss is described in Section 3.6.
We touch upon gas properties and how they are affected by
the inclusion of AGNs in Section 3.7, a thorough investigation
of which we defer to a future dedicated study. We discuss our
results in Section 4.

2. Cosmological magnetohydrodynamic dwarf
galaxy simulations

2.1. Simulation code and physics model

The simulations in this study were performed with the mas-
sively parallel N-body, second-order accurate magnetohydrody-
namic (MHD) code AREPO (Springel 2010; Pakmor et al. 2016).
AREPO calculates gravitational forces using a TreePM method,
which incorporates a fast Fourier transform for long-range forces
and a hierarchical oct-tree algorithm for short-range forces. The
code utilises a dynamic, unstructured mesh constructed through
Voronoi tessellation, allowing for the finite-volume discretisa-
tion of the MHD equations.

The simulations include a version of the AURIGA physics
model, which includes: primordial and metal line cooling; a uni-
form UV background that completes re-ionisation at z = 6; the
(Springel & Hernquist 2003) subgrid model for SF; magnetic
fields seeded at initial conditions with a uniform distribution in a
random orientation (Pakmor et al. 2017); and energetic feedback
from AGN and type II SNe (SNe II). Each star particle represents
a single stellar population characterised by mass, metallicity,
and age. Mass loss and chemical enrichment are modelled from
stellar evolutionary processes; specifically, type Ia supernovae
(SNe Ia), asymptotic giant branch (AGB) stars, and SNe II. The
AURIGA physics model is fully described in Grand et al. (2017).
A detailed description of the differences between AURIGA and
I1lustrisTNG can be found in Section 2.3.1 of Grand et al.
(2024).

To model galactic winds driven by SNe II, wind parti-
cles are launched with a velocity that scales with the local,
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one-dimensional DM velocity dispersion, opy. Unlike the
AURIGA model, we set an imposed minimum wind velocity of
Uw.min = 350km 57! following (Pillepich et al. 2018), instead of
the default value of vy min = 0km s~ used in the original AURIGA
physics model. The non-zero minimum wind velocity that we
use in this paper has the effect of reducing the wind mass loading
factor and the total stellar mass for haloes with masses <10'! M,
compared to the original AURIGA physics model. As is discussed
in Section 3.2, this shifts the galaxies onto or just below the
stellar-mass-halo-mass relation, compared to the original case
of no minimum wind velocity in which the galaxies lie slightly
above it.

2.2. Black hole seeding, accretion, and feedback

The BHs were seeded with a mass of 10° Mg A~! in halo friend-
of-friend (FOF) groups of masses greater than Mpop = 5 X
10" My, ="' and were placed at the position of the densest gas
cell. The BH particles act as sinks that draw in mass from
the nearest neighbouring gas cells (Springel 2005). The rate of
accretion follows the Eddington-limited Bondi—-Hoyle—Lyttleton
accretion formula (Bondi & Hoyle 1944; Bondi 1952) in addi-
tion to a term that models the radio mode accretion, given
by

AnG*Mgup  R(T,2)Lx
32 2
(c% + U%H) E&&C

where p and c; are the density and sound speed of the surround-
ing gas, vy is the velocity of the BH relative to the gas, Mgqq
is the Eddington accretion rate, Ly is calculated from the ther-
mal state and cooling time of the non-star-forming gas cells, and
R(T, z) is a scaling factor calculated from relations presented in
Nulsen & Fabian (2000). We defined the BH radiative efficiency
parameter as € = 0.2 and the fraction of released energy that
couples thermally to the gas as & = 0.07.

Energy from AGN quasar mode feedback was injected con-
tinuously, following the same criteria as in Weinberger et al.
(2017). The radio mode term comes from the assumption that
the hot halo gas is in thermodynamic equilibrium so that X-ray
losses are compensated for by thermal energy injection via the
gentle inflation of multiple bubbles within the virial radius of the
halo (see, Grand et al. 2017). However, this mode of AGN feed-
back is important for more massive haloes like Milky Way-mass
spiral galaxies and giant ellipticals; by construction, the AGN
is always in quasar mode for each of our simulations. There-
fore, BH feedback is in practice that of the quasar mode, which
is modelled via isotropic thermal energy injection into neigh-
bouring gas cells, where the total energy to be injected is given
by

MBH = min (1)

> IMEdd | »

2

where c is the speed of light. The thermal energy is injected into
neighbouring gas cells with the amount of energy per cell follow-
ing an inverse square relation. The additional radiative feedback
adds to the UV background locally (see Vogelsberger et al. 2013
for more details).

E = e&Mpuc?,

2.3. Initial conditions

Our simulated haloes were selected from the DM-only counter-
part of the EAGLE simulation, in a co-moving box with a side
length of 67.77 h~! cMpc (L100N1504), as was introduced in
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Schaye et al. (2015). We selected 12 isolated haloes witha z = 0
mass between 5x10'° My and 5x10'! M, using the same isolation
criterion described in Grand et al. (2017)!. We then re-simulated
these haloes using the zoom-in technique, adopting the cosmolog-
ical parameters given in Planck Collaboration XVI (2014): Q,,, =
0.307, Q;, = 0.048, Qp = 0.693, os = 0.8288, and a Hubble con-
stant of Hy = 100 ~kms~! Mpc~!, where i = 0.6777. The typical
mass resolution contained in each Lagrangian volume for gas and
DM particles is mgas = 5% 10* Mg, and mpy = 3x10° Mg, respec-
tively. The co-moving softening length of collisionless particles
was setto 500 4~! cpc; the physical softening length was kept fixed
to 250 4! pc below z = 1.

Haloes and subhalos were identified using the Amiga Halo
Finder, AHF (Knollmann & Knebe 2009), in which halo virial
masses, Mooy, are defined as the masses contained within a
sphere of virial radius Rjyy, enclosing Aypy =~ 200 times the
critical density of the Universe at z = (. Subhalos were con-
sidered resolved if they had at least 200 particles. The central
halo is the one found at the minimum gravitational potential of
the group. All other subhalos in the same group are categorised
as satellites of the central one. In this work, only the central
halo has been considered, in order to focus on the internal pro-
cesses of the galaxy, rather than on environmental ones. The bulk
of the analysis was done using a modified version of PYNBODY
(Pontzen et al. 2013) that is compatible with AURIGA.

We performed two sets of simulations: the first one uses the
physics model described in Section 2.1. We hereafter refer to
this configuration as the ‘fiducial’ or ‘AGN’ run. In the sec-
ond configuration, we ran exactly the same galaxies but with-
out the inclusion of BHs and related AGN feedback. We refer
to this configuration as the ‘non-AGN’ run. Table 1 summarises
the final halo, stellar, and BH masses, as well as the halo virial
radius, for our simulated galaxies run with and without the inclu-
sion of AGNs.

3. Results

Our work aims to understand the impact of AGN feedback on the
properties of intermediate-mass dwarf galaxies by analysing and
comparing our fiducial simulation set with the non-AGN runs.
In this section, we present scaling relations directly connected
to the presence of a central SMBH in the fiducial run, before
studying how AGNs affect various galaxy properties.

3.1. The Mgu-M, and Mgy-o, relations

In Fig. 1, we examine the correlation between the mass of the
central SMBH and the stellar mass of the host galaxy, at z = 0.
We find that our simulations follow the positive trends obtained
in observations reported in Schramm & Silverman (2013) (dark
line) as well as in Greene et al. (2020) for early-type galaxies
(dotted orange line): galaxies with progressively smaller stellar
masses host less and less massive SMBHs at their centre, all the
way down to the smallest scales simulated here. Our simulations
fall nicely within the scatter of the Schramm & Silverman (2013)
relation. We further show the same scaling relations obtained by
Reines & Volonteri (2015), in cyan, who used a sample of broad-
line AGNs in the nearby universe, constructed mainly using
SDSS spectroscopy, looking for Seyfert-like narrow-line ratios
and broad H, emission.

! The ICs were generated using the PANPHASTA code (Jenkins 2013;
Jenkins & Booth 2013). Zoom-in simulations of these objects run with
the original AURIGA physics model are publicly available as massive
dwarf galaxies described in Grand et al. (2024).
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Table 1. z = 0 properties of simulated dwarf galaxies run with and without the inclusion of AGNs.

AGN no AGN
D R gl W8 avim oodo mo%im  Gee i
Au5 HO 2744 13697 5.70 13.34 28.99 13951 6.58
Au3 H1 21.50 12627 421 9.37 22,53 128.25 5.89
Aul H2 20.31 123.91 2.74 4.18 21.08 12545 3.70
Au4 H3 28.62 13890  2.89 2.76 2930  140.00  3.65
Au2 H4 12.41 105.13 0.96 1.97 12.94  106.60 1.88
Au0 H5 9.37 95.73 0.69 1.80 9.63 96.61 1.05
Au7 H6 13.84  109.03 1.13 1.67 1477  111.41 1.82
Aull H7 7.52 88.96 0.64 1.14 7.90 90.43 0.90
Aub H8 7.78 90.00 0.78 0.88 7.93 90.56 0.86
Aul0 H9 6.54 84.93 0.41 0.41 6.71 85.66 0.50
Au8 HI10 9.67 96.74 0.36 0.41 9.84 97.31 0.41
Au9 HI11 8.85 93.92 0.24 0.29 8.92 94.19 0.25

Notes. The columns represent: (1) AURIGA ID, (2) run name; and for the sample with AGN, (3) halo virial mass, (4) halo virial radius, (5) stellar
mass, and (6) BH mass; and for the sample without AGN, (7) halo virial mass, (8) halo virial radius, and (9) stellar mass.

HO
7.0
6.5
©6.0
=
&
<551 mn
5.01 ’,,/ —— Schramm&Silverman+13
-7 ——- Reiner&Volonteri+15
,,/’ ET Greene+20
4.5 Sharma+20 ROMULUS
—e— Koudmani+21 FABLE
84 86 88 90 92 94 96 0938
M« [Mo ]

Fig. 1. BH mass-stellar mass relation for the 12 AURIGA dwarf galax-
ies run with the fiducial configuration. Each galaxy is shown in a dif-
ferent colour to facilitate comparisons with the figures in the follow-
ing sections. The solid black line shows the median relation given
by Schramm & Silverman (2013), with the dashed line indicating the
range below which such a relation is extrapolated and the shaded area
showing a 0.2 dex scatter. The dashed cyan line shows the relation of
Reines & Volonteri (2015), while the dotted orange line indicates the
same relation for Greene et al. (2020) early-type galaxies. For a com-
parison with ongoing simulation results, we show in green the mean
Mpgy-M, relation from the FABLE simulations suite (Koudmani et al.
2021) and in purple that from the ROMULUS simulation (Sharma et al.
2020).

To compare with recent theoretical works, we additionally
show the mean Mpgy-M, relation from the FABLE simulations
(Koudmani et al. 2021, green line), which also use the AREPO
code but with a different galaxy formation model from AURIGA,
and from the ROMULUS25 simulations (Sharma et al. 2020, pur-
ple line) which employ the code ChaNGa (Menon et al. 2015)
with baryonic prescriptions from Gasoline2 (Stinson et al. 2006;
Shen et al. 2010; Wadsley et al. 2017). Interestingly, across the
galaxy stellar mass range explored, the FABLE simulations pro-
duce a population of BHs that are under-massive compared to
both our simulation results and to currently observed relations.
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Fig. 2. BH mass versus stellar velocity dispersion (o) relation for our
simulated dwarfs, which are indicated as coloured squares. The velocity
dispersion of the stellar component has been measured inside 0.5 Reg
for each galaxy. Observations from Xiao et al. (2011) are marked by
grey points with error bars, with a 0.2 dex scatter as a grey-shaded area.
Observations from Baldassare et al. (2020) are marked by black crosses.
The green line shows the Martin-Navarro & Mezcua (2018) observa-
tional relation obtained for low-mass Seyfert 1 galaxies. All of our sim-
ulated galaxies follow fairly well current existing observational rela-
tions between the mass of the central SMBH and the velocity dispersion
of the galaxy’s stellar component.

In contrast, the ROMULUS25 suite produces over-massive BHs
that deviate from the Mpy-M, relation at small scales. This high-
lights the strong dependence of the final BH mass-stellar mass
relation on the BH seeding mass and accretion model employed
in each case, the former being 10° M, and 10° M, for the FABLE
and ROMULUS25 simulations, respectively.

In Fig. 2, we show the relation between SMBH mass and
the central velocity dispersion of the host galaxy’s stellar com-
ponent, and compare our simulation results with observational
works that explored the low-mass end of such an Mpy-o rela-
tion. While this relation has been studied in detail in the high-
mass regime, only in recent years has this been extended to the
low-mass range. To measure the velocity dispersion quantity,
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log Mgy [Mo]
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Fig. 3. Stellar-to-halo mass relation of simulated dwarf galaxies: black
points represent galaxies run without BHs and AGN feedback, while
coloured squares represent those galaxies run in the fiducial model, i.e.,
including a central SMBH. In this case, each galaxy is shown with a
different colour reflecting the mass of its central SMBH. Each fiducial
or non-AGN pair (i.e., a simulation with the exact same initial condi-
tions) is connected with a line. In solid blue, the abundance matching
relations from Moster et al. (2013) are shown with a scatter of 0.2 dex
as a shaded blue region. Estimates of Guo et al. (2010) and Girelli et al.
(2020) are shown with dashed dark and dash-dotted purple lines, respec-
tively. Galaxies harbouring SMBHs more massive than ~10° M, have a
strongly reduced M, compared to their non-AGN counterparts.

we defined o, as the median SPH-smoothed local velocity
dispersion of each stellar particle enclosed within half of the
effective radius, R.g. Our sample follows reasonably well the
trend derived in Xiao et al. (2011) (grey points) and later on in
Baldassare et al. (2020) (black crosses) within the observed scat-
ter (grey-shaded area). Furthermore, we have compared it with
the relation obtained in Martin-Navarro & Mezcua (2018) for
low-mass Seyfert 1 galaxies, in which they computed the Mgy
following the same assumption of Baldassare et al. (2020) and
Xiao et al. (2011) that the gas is virialised, using the luminosity
and the full width at half maximum of the broad H, component
(see Eq. (1) from Martin-Navarro & Mezcua 2018 and Eq. (6)
from Xiao et al. 2011). The agreement between our samples and
the observed Mpyp-M, and Mpy-0, scaling relations make our
simulation suite the ideal starting point from which to explore
the impact of AGN feedback on dwarf galaxies. In the next sec-
tions, we study the stellar-to-halo mass relation, the baryonic
Tully-Fisher relation (BTFR), and the star formation histories
(SFHs) of our simulated dwarfs with and without the inclusion
of AGN feedback, and compare these two settings with observa-
tional data.

3.2. The stellar-to-halo mass relation

The relation between the stellar and virial mass of simulated
dwarfs in the fiducial and non-AGN configurations can be seen
in Fig. 3. Squares represent individual galaxies in the fiducial
run, colour-coded according to their central SMBH mass. Fidu-
cial simulations are linked to their non-AGN galaxy counter-

parts, denoted by black dots. This image shows that galaxies
in both configurations agree fairly well with M,-Mjy mea-
surements given from the abundance matching relation (AM)
(Guo et al. 2010; Moster et al. 2013; Girelli et al. 2020) within
the allowed scatter. However, it can be noticed that those galaxies
harbouring a central SMBH of a mass larger than ~10° My, have
a strongly reduced total stellar mass compared to their non-AGN
counterpart. This suggests that AGNs have a non-negligible
impact on the global SFH of dwarf galaxies, being able to reduce
the stellar mass of our simulated galaxies by as much as a fac-
tor of two (see for example galaxy H4 in Table 1). On the con-
trary, the impact of AGN feedback is negligible (though still
present) for those galaxies hosting an SMBH less massive than
~10° M, which is typically found in galaxies with stellar masses
M, < 1083 M.

3.3. The Baryonic Tully-Fisher relation

To infer whether our simulated galaxies represent a trustworthy
sample, we studied in detail their BTFR; in other words, the rela-
tionship between the rotation velocity of galaxies, as measured
by their HI line, and their baryonic mass content (McGaugh
2012). As neutral atomic gas dominates the gas component in
disk galaxies, in this analysis we defined the baryonic mass of a
galaxy as the sum of the neutral hydrogen plus the stellar mass
— that is, My, = M,+ My — in line with observations. While
the slope of the BTFR is well constrained at high masses, it
suffers from several observational uncertainties at lower, dwarf-
mass scales. Historically, the velocity of the galaxies was mea-
sured at the radius at which the rotation curve reaches its flat
part, Vaa (Stark et al. 2009). However, for dwarf galaxies espe-
cially, this point is often not reached at the outermost measured
radius. Brook et al. (2016), using simulations, highlight how the
slope of the BTFR changes at low masses when measuring the
rotation velocity of the galaxy at different positions, such as at
Viat, or at the extent of the HI gas disk, Viag, or using the width
of the HI line profiles.

Keeping this in mind, here we have used three different defi-
nitions to measure the rotation velocity of our simulated dwarfs,
and compared them with BTFRs presented in the literature:

— VbMmax: the maximum circular velocity of the DM halo of
each galaxy;

— Vha: the circular velocity at the flat part of the rotation
curve, as was done in McGaugh (2012) for observed late-
type galaxies;

— Vgn: the rotation velocity at eight times the disk radii, Rgisc,
such that R.g = 1.678 X Ry, the radius at which most of
the baryonic mass is found, as was done in Di Cintio & Lelli
(2016) using semi-analytic models.

We measured the amount of neutral atomic hydrogen in the sim-
ulations, following the phenomenological method described in
Marinacci et al. (2017) and based on Leroy et al. (2008). This
method consists of fitting the ratio between the column den-
sity of molecular over atomic hydrogen with a functional form
depending on the gas mid-plane pressure, in order to then
compute the atomic HI fraction. We followed such an empir-
ical approach since the galaxy formation modules currently
employed in AURIGA do not account for the mechanisms respon-
sible for the creation and destruction of molecular hydrogen.

In Fig. 4, we show the BTFR derived for our set of simulated
galaxies using the three definitions of velocity as above: each
symbol indicates a particular way of measuring V;., while each
colour represents a specific galaxy, following the same colour
scheme as in Fig. 3, based on the mass of the central SMBH.
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Fig. 4. Baryonic Tully-Fisher relation of simulated dwarf galaxies, run
with (left panel) and without (right panel) the inclusion of BH and AGN
feedback. Each galaxy’s baryonic mass is measured within the virial
radius and shown in a different colour according to its z = 0 BH mass,
as in Fig. 3. Different symbols indicate different ways of measuring the
rotational velocity, Vio: Vbmmax, Via, and Vg, are shown as squares,
triangles, and diamonds, respectively. The observational relations given
by McGaugh (2012), are depicted with the solid line, and the relation
obtained in Di Cintio & Lelli (2016) using semi-analytic models with
the dotted line. Simulated galaxies that include AGN feedback are in
better agreement with the observed BTFR.

The left panel refers to the fiducial, AGN model, while the right
panel refers to the same simulations run without the inclusion
of BHs and AGN feedback. Comparing both configurations with
observed (McGaugh 2012) and semi-analytic (Di Cintio & Lelli
2016) BTFRs, we note that the inclusion of AGN feedback
brings most of the galaxies in line with expectations, especially
the most massive ones in our sample. This is because the total
HI gas + stellar mass decreases in the AGN configuration. This
suggests that, although the presence of a central SMBH does
not seem to be essential to reproduce the M,-Myyo relation, it
is important in order to correctly match the total baryonic mass
of galaxies versus their rotational velocity. Dwarf galaxies run
without the inclusion of AGN feedback are consistently above
such a relation, indicating that they retain too much baryonic
material compared to observational data.

3.4. Star formation histories

We now proceed to examine how AGN feedback affects the SFH
of our set of 12 simulated dwarf galaxies. Fig. 5 shows the SF
as a function of time, taking into account all the star particles
within the virial radius of each halo (shaded histograms) or by
including only those stars within 5 kpc of the galaxy centre (solid
line histograms). In both cases, the stars were identified at z = 0
and the corresponding ages were used to derive a SFH. Galaxies
are ordered by the mass of their central SMBH: the top left panel
shows the SFH of the dwarfs that host the most massive SMBH,
whereas the bottom right panel shows the smallest one. In each
panel, the logarithm of the SMBH accretion rate through time
is plotted as a solid black line (with rates given on the right-
hand axis) as a direct indication of the AGN feedback at different
epochs. The SFHs of galaxies run with AGNs are shown in blue,
while those without AGNs are in green.

Fig. 5 shows a consistent trend in which the SF of the dwarfs
including AGNs decreases relative to their non-AGN counter-
part, once the central SMBH is seeded and starts accreting mass.
The total amount of suppression in SF appears to scale with the
SMBH accretion rate and with the duration of the epoch in which
significant accretion occurs. Thus, the suppression is more evi-
dent for the most massive galaxies (at z = 0) that seed their

A286, page 6 of 14

SMBHs relatively early, such as HO (top-left panel of Fig. 5).
In contrast, the SFH of the simulated dwarf with the smallest
SMBH (lower-right panel of Fig. 5) is almost the same in each
configuration until the last ~1 Gyr of evolution, when the SMBH
is finally seeded. We note that in each halo the SFHs are almost
identical until the first appearance of the SMBH, clearly indicat-
ing that AGN feedback is the effect responsible for the differ-
ences found between the two configurations.

For most of the simulated dwarfs, a reduction in the global
SF (the SF within the virial radius of the halo) in the AGN
runs, compared to non-AGN runs, is accompanied by a reduc-
tion in central SF (within a spherical radius of 5kpc). How-
ever, in some cases, the suppression of SF is only clear when
looking beyond the central 5kpc: this is the case for the four
most massive dwarfs, whose central SF is almost unaltered in
the AGN versus non-AGN runs. An extreme case is the SFH of
dwarf HO: within 5 kpc of the centre and in the last ~3 Gyr of its
evolution, the SFH is higher in the AGN simulation than in its
non-AGN companion simulation, which indicates a sort of pos-
itive feedback. We understand this to be driven by an excess of
cold gas available at late times, which was prevented from being
transformed into stars because early (¢ < 7 Gyr) AGN feedback
heated it up above the SF temperature threshold (see Section 3.7
for the relative discussion). Owing to high-density conditions in
such massive dwarf galaxies, cooling times are short enough that
such gas can cool back and contribute to late SF in the inner parts
of the galaxy. Or, in other words, AGN feedback is not sufficient
to suppress the very central SF of massive dwarf galaxies, with
masses Mg > 2 X 10" Mo, all the way to z = 0 (even though
some early suppression in the inner regions of such galaxies at
earlier times is found), while it is enough to globally suppress
their SF. This issue will be explored in a companion paper on HI
gas properties in dwarfs harbouring AGNs (see also discussion
in Sect. 3.7).

In order to quantify the dependence of SF on AGN feed-
back, we next took the ratio of the median SF rate (SFR) in
the fiducial configuration, (SFR)agN, and the median SFR in the
non-AGN simulations, {(SFR),o,_aGn, both across cosmic times.
Galaxies for which this ratio is close to one are not significantly
affected by the presence of a central SMBH, while those with
a ratio less than one have experienced AGN-induced SF sup-
pression. The left panel of Fig. 6 shows the relation between
this (SFR) ratio and the z = 0 SMBH mass of the fiducial sam-
ple, for each dwarf. One might expect the reduction in SF due
to AGN feedback to directly relate to the mass of the central
SMBH. While this is the case, we note that this trend presents
a notable scatter. In the right-hand panel of Fig. 6, we there-
fore plot the (SFR)AgN/{SFR)pon-acN ratio, versus the BH-stellar
mass ratio, Mgy/M, for the fiducial sample. This relation shows
less scatter compared to the one in which only the SMBH mass
is considered, reflecting the importance of taking into account
not only the BH mass and related AGN feedback, but also the
mass of the galaxy that hosts the SMBH: dwarf galaxies with a
more pronounced suppression in SF are not necessarily the ones
with the largest SMBH (see for example the similar amount of
SF reduction in dwarfs HO and HS). In other words, larger val-
ues of Mpy/M, are coincident with a stronger suppression of SF
than those galaxies in which the Mgy/M, value is low.

Our results are in broad agreement with the work of
Pacucci & Loeb (2024), who derived a tight relation between SF
suppression and the ratio Mgy/M, for high-z galaxies, finding
that, at fixed Mgy, the heating effect of AGN is efficient in sup-
pressing SF when the galaxy has less stellar mass. Furthermore,
simulations from Barai & de Gouveia Dal Pino (2019) find that
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Fig. 5. SFHs of simulated dwarf galaxies, within the virial radius (shaded histograms) and within 5 kpc of the centre (open histograms). Galaxies
that evolved with AGN feedback are represented in blue, while those without AGNs are shown in green, and they are ordered according to their
z = 0 BH mass (the most massive SMBH hosted in Halo 0, top left, the least massive one in Halo 11, bottom right). The logarithm of the SMBH
accretion rate through time is indicated on the right-hand Y axis in each panel and is shown as a black line.
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Fig. 6. Ratio between the median SFR in the fiducial and non-AGN runs, across cosmic time, for our set of simulated dwarf galaxies, colour-coded
by BH mass. In the left-hand panel, the (SFR)gn/{(SFR)on-acn ratio is shown against the z = 0 BH mass of each galaxy in the fiducial run, as a
proxy for the total amount of energy available as AGN feedback. In the right-hand panel, this ratio is instead plotted against the BH mass over the
stellar mass of the simulated galaxies: this relation shows much less scatter and a stronger correlation. The solid line and grey-shaded region show
the best linear fit and the 1o error of the sample, respectively.
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Fig. 7. Face-on (30 x 30 kpc) and edge-on (30 X 15 kpc) projected stellar light images of galaxies at z = 0. Each galaxy run with the fiducial model
is shown next to its non-AGN counterpart. The colours are based on the i-, g-, and u-band luminosity of stars; old stars are shown in red, and young
ones in blue, respectively. From top left to bottom right, galaxies are ordered in decreasing BH mass, as in Fig. 5.

BHs need to be at least 10° M, in order to suppress SF in dwarf
galaxies. Subsequent work from Sharma et al. (2020) shows that,
in the ROMULUS25 simulations, the galaxies whose SF is most
strongly suppressed are those that host over-massive BHs, while
trends for the specific SFR dependence on BH mass are washed
out or inverted for galaxies with M, < 6 X 10° M, in the FABLE
simulations (Koudmani et al. 2021). Both studies refer to cos-
mological simulations. Furthermore, a previous idealised simu-
lation work (Koudmani et al. 2019) found that AGN activity in
dwarfs is unlikely to regulate the global SFR of the galaxy even
with an AGN shining near the Eddington luminosity. All in all,
there is no current consensus on the effect of AGN feedback in
reducing SF in simulated dwarf galaxies: the reasons for such
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discrepancies can be multiple, such as differences in resolution,
BH seeding, and accretion schemes, as well as details and imple-
mentations of AGN feedback models.

3.5. Morphologies

Given the findings highlighted in previous sections, we might
expect to see morphological differences in dwarf galaxies run
with and without AGN. Fig. 7 shows the face-on and edge-on
stellar light projections of our 12 simulated dwarf galaxies for
both configurations at z = 0. Each colour represents the i-, g-,
and u-band luminosity of the stars enclosed in a box of 30kpc
in radius. Redder and bluer colours indicate older and younger
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Table 2. Effective radius at z = O for each simulated dwarf galaxy.

AGN no AGN
Run (f% (f% A%
HO 2.83 3.86 -26
H1 1.90 1.13 67
H2 1.34 2.17 -38
H3 3.18 3.55 —-11
H4 1.36 1.36 0
H5 0.76 0.61 25
H6 2.89 3.22 -10
H7 1.42 1.26 13
HS 1.06 1.03 2
HO9 1.20 1.08 11
HI10 2.02 2.29 -11
Hi1 1098 1.91 3

Notes. We show the percentage of change in R.g across the AGN vs
non-AGN configuration in the last column.

stars, respectively. In general, it can be seen that the morphology
of those galaxies hosting a larger SMBH (top row, Halos 0-3)
differ more from their counterpart than those hosting a smaller
SMBH (bottom row, Halos 9-11). However, a clear correlation
between SMBH mass and morphological type is not immedi-
ately derivable: some galaxies appear to be more compact once
AGNs are included, whilst others are more extended. To better
quantify the change in galaxy size due to AGNs, the percentage
change in the effective radius between the AGN and non-AGN
runs is reported in Table 2. As was anticipated, there is no evident
pattern of a systematic change in dwarf galaxies’ morphologies
due to the presence of a centrally accreting SMBH.

Some previous work, based on idealised simulations of
slightly larger galaxies (Choi et al. 2014), suggested that the
inclusion of AGNs increases the effective radius of the simu-
lated galaxy only when the associated feedback is mechanical.
We recall that our AGN feedback model is purely thermal, which
may explain the lack of a clear pattern in augmenting the R.g of
the AGN runs. Furthermore, we note that Irodotou et al. (2022)
found that MW-mass AURIGA galaxies, in which AGN feed-
back was included, tend to have systematically higher effective
radii than their non-AGN companions: this might indicate that
thermal AGNs could be acting differently in the dwarf galaxy
regime. We conclude that the lack of a clear, systematic AGN-
driven variation in morphology makes it hard to use such an
observable to determine the presence or impact of AGN activ-
ity in dwarfs.

3.6. Dark matter density profiles

Theoretical studies found that AGNs may affect the DM mass
distribution in galaxies, by flattening its inner density profile and
creating DM cores (Martizzi et al. 2012; Waterval et al. 2022).
To determine whether a similar effect occurs for our dwarf galax-
ies, we studied the DM profiles of our simulated sample. We
plot in the left panel of Fig. 8 the DM profile of two extreme
cases: the galaxy that hosts the most massive SMBH, HO, and the
one that contains the smallest SMBH, H11. The AGN runs are
indicated in blue, and the non-AGN runs in green. The fiducial
halo hosting the most massive SMBH shows a non-negligible
decrease in its inner DM density relative to its non-AGN coun-
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Fig. 8. DM profiles and inner slope of the sample. Left-hand panel:
DM profiles for the galaxies containing the most massive (HO, solid
lines) and least massive (H11, dotted lines) SMBHs. The configura-
tion without an AGN is shown in green, and the AGN run in blue. The
grey area shows radii below the simulations’ physical softening length.
Right-hand panel: Ratio between the mean DM density profile in the
inner region of each galaxy (within the softening length and 1 kpc) in
the AGN vs non-AGN configuration, plotted against the z = 0 SMBH
mass.

terpart: the former has a core of about 2 kpc in size, well beyond
the physical softening length of the simulation. A similar effect
is found for the galaxy hosting the second-most massive SMBH
(though not shown in this plot for clarity). Overall, these galax-
ies show a reduction of up to ~65% in their central DM density,
as opposed to the case of the least massive SMBH, found in H11,
which essentially does not lead to any significant change in the
central DM density.

We note that the galaxy harbouring the most massive SMBH
exhibits a non-cuspy distribution irrespective of whether or not
AGN feedback is included; that is, its DM density inner slope is
already flatter than —1 in the simulations without AGNs (solid
green line in Fig. 8, left panel). Consequently, the presence of a
massive SMBH does not inherently imply the creation of a DM
core from a cuspy profile: instead, it results in a reduction in
the density of whatever initial DM distribution was already in
place. In our simulations, all but the most massive galaxy (HO)
are cuspy in the non-AGN run, and remain cuspy after the inclu-
sion of the central SMBH. They suffer, however, a reduction in
their central DM density proportional to the mass of the SMBH.
In the right panel of Fig. 8, we show the ratio between the mean
of the DM density profile in the inner region of each galaxy (i.e.
within radii from the softening length to 1kpc) for the AGN
and non-AGN configuration, as a function of the SMBH mass
at z = 0. We see minimal to no change in density for the haloes
harbouring SMBHs less massive than 10° My, while more mas-
sive haloes produce a reduction in central DM density that is
stronger and stronger as we approach the most massive SMBHs
of our simulated dwarfs, with Mgy = 107 Mg. This effect is
due to AGN-driven gas outflows that, similarly to what happens
in the case of SN-generated outflows, reduce the total gravita-
tional force towards the centre of galaxies, allowing DM to move
to their outskirts (Pontzen & Governato 2012; Di Cintio et al.
2014, and references therein).

Previous work based on cosmological simulations of massive
galaxies including BHs has studied the role of AGN in deter-
mining the final DM mass distribution in galaxies. Maccio et al.
(2020) show that the AGN generates outflows that can partially
counteract the DM baryonic contraction due to the large central
stellar component in massive galaxies, effectively relaxing the
central DM distribution in their simulated haloes, with masses
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Fig. 9. Neutral hydrogen and gas mass vs stellar mass. Left-hand panel: Neutral hydrogen mass vs stellar mass, both quantities measured
within the virial radius, for simulated dwarfs with (coloured squares) and without (black points) AGNs. Observational data of isolated dwarfs
by Bradford et al. (2015) are shown as green crosses, while AGN candidates are indicated as red crosses, from Bradford et al. (2018). The solid
green line represents the best fit of the Bradford et al. (2015) data, while the dotted green line is the threshold below which they define galaxies as
being quenched. Right-hand panel: Total gas mass vs stellar mass for our set of simulated dwarf galaxies.
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Fig. 10. Cumulative gas mass vs galactic radius, for the non-AGN configuration, in green, and the AGN one, in blue. Galaxies are ordered by
increasing BH mass, from top left to bottom right. The total gas mass is shown as a solid line, and HI gas as a dotted line. The grey area indicates
radii below the simulations’ physical softening length, while the vertical line highlights a radius of 5 kpc, to facilitate a comparison with the SFHs
in the inner galaxy region shown in Fig. 5.
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larger than My, = 3 x 10'> M. Other simulations, including
several different implementations of AGN feedback in dwarf
galaxies, consistently produced cuspy DM profiles, even when
the AGN worked at maximum efficiency (Koudmani et al. 2022).
In such configurations, dynamic heating of DM by AGN feed-
back, which would lead to the transformation of the galaxy’s
central region into a core, was not found. Nevertheless, a subtle
yet systematic outcome is predicted towards lower central densi-
ties for lower stellar-to-virial mass ratios for the AGN feedback-
dominated set-ups (see Fig. 9 of Koudmani et al. 2022).

3.7. Neutral hydrogen properties

A reduced SF in those simulated dwarfs harbouring AGNs
implies that such feedback affects the cold, star-forming gas
in these galaxies, either by expelling it, or by heating it, or
both. In the left panel of Fig. 9, we show the total amount of
neutral hydrogen, HI, versus the stellar mass of each galaxy
inside the virial radius. As in previous figures, the fiducial,
AGN runs are shown as squares, colour-coded by the z = 0
SMBH mass, and the non-AGN ones as black points. Each
AGN-non-AGN galaxy pair is connected with a line, to guide
the eyes. Here, HI gas was computed following the Leroy et al.
(2008) method described in Marinacci et al. (2017). We show
observations of isolated dwarfs from Bradford et al. (2015) as
green crosses, and their mean My-M, relations as green solid
lines, while we show the observational threshold below which
galaxies are defined as quenched with a dotted-green line. We fur-
ther show isolated AGN candidates from Bradford et al. (2018) as
red crosses.

Fig. 9 clearly shows how the introduction of AGN feed-
back notably reduces the neutral hydrogen content of our sim-
ulated dwarf galaxies, by almost an order of magnitude in some
extreme cases (halo HO, H1, and HS), approaching the quenched
threshold given in Bradford et al. (2015). Our results match the
observational trends reported in Bradford et al. (2018), in which
candidate dwarfs hosting AGNs have, on average, less HI gas
mass than the isolated non-AGN sample. A similar behaviour is
also found in simulations by Sharma et al. (2020) (their Fig. 12),
in which galaxies hosting over-massive BHs tend to contain less
neutral hydrogen, at a fixed stellar mass, than galaxies host-
ing less massive BHs. Furthermore, Guo et al. (2022) found
that AGN feedback is very efficient in reducing the HI gas for
observed low-mass and star-forming galaxies (their Fig. 2), lead-
ing to a reduction in HI mass of 1dex in the low-mass range
(10°-10°3 My). In the right panel of Fig. 9, we show the total
amount of gas versus the M, of each galaxy. It can be appre-
ciated that the reduction in HI gas between the AGN and non-
AGN configuration (left-hand panel) is notably larger than the
corresponding reduction in total (hot and cold) gas, which is,
in most cases, negligible. This supports the notion that AGN
feedback predominantly heats the gas rather than expels it com-
pletely from the host galaxy.

Fig. 10 further shows the radial profiles of the cumulative
mass of all gas (solid line) and neutral hydrogen (dotted lines) in
both configurations (AGN in blue, non-AGN in green) at z = 0.
In general, galaxies converge to a similar total gas amount at the
scale of the virial radius, although this is not the case for neu-
tral hydrogen, for which the fractional difference cumulatively
builds up with radius, in some cases showing an order of magni-
tude more neutral hydrogen in the circumgalactic medium of the
non-AGN runs compared to the AGN runs (reflecting the global
decrease in SF in such a case).

While for the least massive galaxies (H4—H11) there is less
HI mass at 5kpc in AGN compared to the non-AGN configura-
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Fig. 11. Cumulative HI mass vs galactic radius for the galaxy harbour-
ing the largest BH at three different redshifts, HO. The non-AGN con-
figuration is represented in green, and the AGN one in blue. The grey
area indicates radii below the simulations’ physical softening length at
the corresponding redshift, while the vertical line highlights a radius of
5 kpc, shown in Fig 10, to facilitate a comparison with the SFHs in the
inner galaxy region (Fig. 5).

tion, leading to a central SF suppression within this radius (vis-
ible in Fig. 5), the four most massive haloes (HO—H3) contain a
similar amount of HI gas in AGN versus non-AGN runs in their
inner regions: the HI reduction happens mostly in the outskirts of
the galaxies, rather than in the very central kiloparsecs. In these
massive haloes (corresponding to M, > 2 X 10° M), AGNs are
able to warm up the very central regions of galaxies at high-z,
during what is typically the maximum SMBH accretion phase,
but such gas is then able to cool back down by z = 0, and indeed
even form stars (see SFH of HO-H3 within 5 kpc, Fig. 5). We
verified this claim by studying the HI mass profile versus time
in the most massive galaxy, HO, shown in Fig. 11. At high-z,
as was expected, less HI was present in the AGN configuration
in the inner region, compared to the non-AGN one, leading to a
high-z suppression of central SF in the AGN case. Over time, the
HI amount in the inner 5 kpc became more similar in the AGN
versus non-AGN case, showing an effective cooling back of such
gas that leads to new episodes of SF in the centre at later times. In
other words, in our simulations, AGNs do not seem able to keep
the gas warm in the central regions of massive dwarfs all the way
to z = 0, while they are able to globally reduce the HI fraction
compared to galaxies run without a BH. This is also clearly seen
in the SFHs of Fig. 5: galaxies run with AGNs are not quenched
in their inner few kiloparsecs at z = 0.

Existing literature shows results in partial agreement with
ours. In the idealised set-up of Koudmani et al. (2019), who run
a galaxy with M, = 2 x 10° M, (therefore matching the stellar
mass of our most massive haloes, H0O-H3), the authors found
that in runs with AGN feedback, central SFRs are systematically
suppressed, in particular at high instantaneous SF efficiencies,
sk, while at lower egp, central suppression in SF is not found by
the end of their simulation (see their Fig. 6, top panels, and note
the larger amount of total gas in the inner region of their galaxy
in the AGN run).

Studying in detail the complex interplay between AGN feed-
back, outflow properties, and gas angular momentum, as a func-
tion of BH and galaxy mass, is a not trivial matter and requires
a dedicated analysis, tracing the history of feedback-driven out-
flows, inflows, and gas recycling. This is beyond the scope of this
paper, and we defer such an analysis to a future work (Arjona-
Galvez et al., in prep.).

4. Conclusions

In recent years, a wealth of observations have revealed actively
accreting central black holes (AGNs) within dwarf galaxies. This
discovery suggests a previously unexplored avenue, raising the
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possibility that AGNs may play a fundamental role not only in
the evolution of massive galaxies but also in that of low-mass
ones. In this study, we have used zoom-in cosmological simula-
tions of 12 dwarf galaxy haloes, with 1083 My < M, < 10°3 M,
and a physical softening length of 250 47! pc at z = 0, to inves-
tigate the impact of AGN feedback on the evolution of such
low-mass galaxies. We ran two simulations for each set of ini-
tial conditions: one with the full physics model including AGN
feedback, and one without AGN feedback. The key findings of
our work are summarised as follows:

— The BH seeding and accretion model used generates galaxies
with central SMBHs that reproduce the trends of well-known
observational relations, such as the Mgy-M, and Mgy-0%
relation (Figs. 1 and 2), as well as galaxies that lie within a 1
sigma scatter of the expected M, -M> relation (Fig. 3), and
thus represents the ideal starting point for our research;

— The AGN feedback reduces the global SF of dwarf galaxies
by as much as a factor of two for galaxies hosting SMBHs
with masses 210° My, (Fig. 5). Most of this reduction occurs
during the maximum SMBH accretion phase, suggesting that
this type of feedback is a viable way of suppressing SF in
low-mass dwarfs, even though none of our galaxies is com-
pletely quenched by z = 0. The amount of SF suppression
strongly correlates with the ratio between the SMBH and
the galaxy stellar mass (Fig. 6), indicating that the impact
of AGNs depends not only on the final SMBH mass but also
on the global properties of the galaxy it lives in;

— No evident pattern of a systematic change in dwarf galax-
ies morphologies due to the presence of a centrally accret-
ing SMBH is predicted (Table 2 and Fig. 7): some galaxies
are more compact once AGNs are included, while others are
more extended. The dominant AGN thermal feedback used
in AURIGA could explain the lack of a systematic change in
the size (effective radius) of the galaxies;

— A systematic reduction of the inner DM density in dwarfs
run with AGNs is found, proportional to the z = 0 SMBH
mass (Fig. 8): galaxies hosting SMBHs with Mgy 2 10° Mg
experience a significant decrease in their central DM, of up
to ~65%, compared to their non-AGN counterparts, while
less massive SMBHs lead to a negligible reduction;

— The AGN feedback is able to push gas away from the galac-
tic centre, but it is not able to expel it completely from the
galaxy virial radius: galaxies run with AGNs have a similar
amount of total gas compared to galaxies run without AGNs.
However, less HI is found in the AGN configuration (Fig. 9)
by almost an order of magnitude in the galaxies harbouring
the most massive SMBHs, compatible with the suppression
of SF found therein. This in turn leads to a better match to
the BTFR, compared to the non-AGN runs (Fig. 4);

— Studying in detail the radial profile of neutral hydrogen
(Fig. 10), we typically found a reduction of HI at all radii,
including within the innermost kiloparsecs of the AGN
dwarfs, compared to their non-AGN companions. However,
in the four most massive galaxies (M, > 2 x 10° M), HI
profiles are similar in the two configurations within the cen-
tral 5 kpc: such massive dwarfs have a non-negligible resid-
ual SF within their inner regions at z = 0. We verified that
AGNSs are able to warm up the gas and suppress SF in the
very central regions of galaxies with M, > 10° M, at high-
z (Fig. 11), during what is typically the maximum SMBH
accretion phase, but such gas is then able to cool back down
by z = 0, and indeed even form stars (see SFH of HO-H3
within 5 kpc, Fig. 5). A dedicated analysis of the gas angu-
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lar momentum distribution and outflow properties of dwarfs

hosting AGNSs is deferred to a future paper.

Cosmological simulations serve as a valuable tool with which
to investigate the significance of AGN feedback in the realm of
low-mass galaxies. Previous observational and theoretical stud-
ies have pinpointed the potential influence that an accreting
SMBH can have on dwarf galaxies’ evolution. Our pilot work, in
which dwarf galaxies are simulated with and without the inclu-
sion of AGNss, at high resolution and within a fully cosmological
context, highlights the importance of properly modelling AGN
feedback, shedding light on the impact of this scarcely studied
source of feedback at the lowest mass scales.

We caution the reader that the stellar and halo mass ranges
explored in this work cover the most massive dwarf galaxy
regime only, and that the obtained results are dependent on the
particular AGN feedback scheme implemented in the code. In
the future, extending the sample to less massive dwarf galaxies
will provide valuable insights into identifying the minimum BH
and galaxy mass, if any, above which AGN feedback starts being
important. Additionally, a comprehensive exploration employing
various state-of-the-art AGN feedback schemes will be pivotal to
testing this hypothesis.
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Appendix A: Additional information

Table A.1. Comparative between later theoretical studies of AGN in dwarf galaxies using hydrodynamic simulations and this work.

Code Lowest BH seeding Accretion s
Reference (Suite) Liox M, [Mo] redshift Mgy [Mo]T Ms] Mode Positioning
Volume-limited simulations
I RAMSES 10cMpe 105102 2 10%-10'°5 024xM,  Bondi  Dynamical
(SuperChunk) Friction
I GADGET-3 2 h~1eMpe 103-108 4 1021083 102-10* Bondi  Re-positioned
m CHANGA 25 Mpc 105100 0.05  106-107% 106 Bondi ~ DYnamical
(ROMULUS25) Friction
v AREPO 407 'eMpe  10°-1005 0 105-108 10° Bondi  Re-positioned
(FABLE)
GIZMO
(SIMBA)
RAMSES
(Horizon-AGN)
GADGET-3 9_1010.5 4108 4106 - "
\Y (EAGLE) >100cMpc  10°-10 0 10%-10 10%-10 Bondi  Re-positioned
AREPO
(I1lustris)
TNG100,
TNG300
Non-cosmological ICs
AREPO 302kpe  2.0x10° 0 1037 10° Bondi, g e-positioned
VI (FABLE) Supply
Zoom-in simulations
VI RAMNSES 50 - 'Mpe  10°6-1010% 2 105107 103,105  Bondi ~ DYnamical
(SETH) Friction
-1 55 108.5 4 1055 4 Bondi, Dynamical
VI RAMSES-RT 10 A~ cMpc  10°°-10 5.7 10%-10 10
Forced Friction
CHANGA Dynamical
IX (MARVEL-ous Dwarfs, 25 Mpc 10+3-10%3 0 - 10*-107 Bondi Friction
DC Justice League) 50 Mpc
X AREPO 10 'cMpe 105-108 0 103-105 1010 Bondh e positioned
(FABLE) Supply
; AREPO -1 84_1(08 5.5 1071 5 - .
This work 67.77 h~'cMpc  10°%-10 0 10°~-10 10 Bondi  Re-positioned
(AURIGA)

Notes. Each column represents (1) Work reference; (2) hydrodynamic code (& suite) used in the analysis; (3) box size of the suite; (4) stellar mass
range at the lowest redshift; (5) the lowest redshift studied; (6) BH mass range covered at the lowest redshift; (7) BH mass seeding; (8) accretion

mode used in the code; (9) method used for BH positioning.

References. (I) Habouzit et al. (2017), (II) Barai & de Gouveia Dal Pino (2019), (III) Sharma et al. (2020), (IV) Koudmani et al. (2021), (V)
Haidar et al. (2022), (VI) Koudmani et al. (2019), (VII) Dubois et al. (2015), (VIII) Trebitsch et al. (2018), (IX) Bellovary et al. (2019), (X)

Koudmani et al. (2022)
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