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ABSTRACT

In the absence of supplementary heat, the radiative cooling of halo gas around massive galaxies (Milky Way mass and above)
leads to an excess of cold gas or stars beyond observed levels. Active galactic nucleus jet-induced heating is likely essential, but
the specific properties of the jets remain unclear. Our previous work concludes from simulations of a halo with 10'* Mg, that a
successful jet model should have an energy flux comparable to the free-fall energy flux at the cooling radius and should inflate
a sufficiently wide cocoon with a long enough cooling time. In this paper, we investigate three jet modes with constant fluxes
satisfying the criteria, including high-temperature thermal jets, cosmic ray (CR)-dominant jets, and widely precessing kinetic
jets in 10'> — 10> M, haloes using high-resolution, non-cosmological magnetohydrodynamic simulations with the FIRE-2
(Feedback In Realistic Environments) stellar feedback model, conduction, and viscosity. We find that scaling the jet energy
according to the free-fall energy at the cooling radius can successfully suppress the cooling flows and quench galaxies without
violating observational constraints. On the contrary, if we scale the energy flux based on the total cooling rate within the cooling
radius, strong interstellar medium cooling dominates this scaling, resulting in a jet flux exceeding what is needed. Among
the three jet types, the CR-dominant jet is most effective in suppressing cooling flows across all surveyed halo masses due to
enhanced CR pressure support. We confirm that the criteria for a successful jet model work across a wider range, encompassing
halo masses of 10'> — 10" M.

Key words: turbulence —methods: numerical — cosmic rays — galaxies: clusters: intracluster medium — galaxies: jets — galaxies:
magnetic fields.

radiative cooling in the hot circumgalactic medium (CGM) or

1 INTRODUCTION intracluster medium (ICM) gas of elliptical galaxies and clusters,

For years, the perplexing issue in galaxy formation has revolved
around effectively ‘quenching’ massive galaxies (with stellar masses
> 10'"' MO or exceeding ~ L in the galaxy luminosity function)
and maintaining them in a ‘red and dead’ state across a large fraction
of cosmic time (see e.g. Bell et al. 2003; Kauffmann et al. 2003;
Madgwick et al. 2003; Baldry et al. 2004; Blanton et al. 2005; Kere§
et al. 2005, 2009; Dekel & Birnboim 2006; Pozzetti et al. 2010;
Wetzel, Tinker & Conroy 2012; Feldmann & Mayer 2015; Voit
et al. 2015). This challenge stems from the persistent ‘cooling flow’
problem, as evidenced by X-ray observations revealing substantial
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indicating cooling times shorter than a Hubble time (Fabian et al.
1994; Peterson & Fabian 2006; Stern et al. 2019). Despite the
inferred cooling flow, with rates reaching up to ~ 1000 Mgyr~!
in clusters, observations of galaxies show a shortage of both cold
gas from HI and CO (McDonald, Veilleux & Mushotzky 2011;
Werner et al. 2013), and a lack of significant star formation (Tamura
et al. 2001; O’Dea et al. 2008; Rafferty, McNamara & Nulsen
2008). Notably, simulations and semi-analytical models that neglect
to suppress cooling flows and permit gas to freely cool into the
galactic core consistently predict star formation rates (SFRs) over
an order of magnitude higher than observed (see recent exam-
ples, such as the weak/no feedback runs in Sijacki et al. 2007;
Somerville et al. 2008; Booth & Schaye 2009; Choi et al. 2015;
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Li et al. 2015; Anglés-Alcazar et al. 2017; Mercedes-Feliz et al.
2023).

To counteract the observed cooling, it is imperative to have a heat
source or pressure support. Additionally, the heating process must
maintain the inherent structure of a cool core, such as density and
entropy profiles, as observed in the majority of galaxies (e.g. Peres
et al. 1998; Mittal et al. 2009). Various non-active galactic nucleus
(AGN) feedback mechanisms proposed in existing literature, such as
stellar feedback from shock-heated asymptotic giant branch (AGB)
winds, Type Ia supernovae (SNe), SNe-injected cosmic rays (CRs),
magnetic fields, and thermal conduction in the CGM or ICM, or
the concept of ‘morphological quenching’, have proven ineffective
in addressing the cooling flow problem (Su et al. 2019, hereafter
referred to as Paper I). Consequently, AGN feedback emerges as
the most promising solution, supported by an extensive body of
theoretical work (for recent studies, refer to subsequent paragraphs
on AGN jet and, e.g. Eisenreich et al. 2017; Gaspari & Sadowski
2017; Li et al. 2018; Pellegrini et al. 2018; Weinberger et al. 2018;
Yoon et al. 2018 for other forms of AGN feedback; also see e.g.
Silk & Rees 1998; Fabian 1999; Ciotti & Ostriker 2001; Hopkins
et al. 2005, 2006; Croton et al. 2006; Ciotti, Ostriker & Proga 2009;
Choi et al. 2012 for earlier works).

Observational studies further indicate that the energy budget from
AGN aligns with the cooling rate (Birzan et al. 2004). Additionally,
there are documented instances of AGN expelling gas from galax-
ies, introducing thermal energy through shocks or sound waves,
employing photoionization and Compton heating, or influencing
the CGM and ICM through stirring, creating hot plasma ‘bubbles’
with substantial relativistic components — phenomena consistently
observed around massive galaxies (see e.g. Fabian 2012; Hickox &
Alexander 2018, for a comprehensive review).

However, despite its plausibility and the extensive work conducted
previously, the detailed physics of AGN feedback remains uncertain,
as do the relevant ‘input parameters’. In our subsequent works, Paper
II (Su et al. 2020) and Paper III (Su et al. 2021), we tested a wide
variety of AGN feedback models. In particular, in Paper III, we
focused our study on testing a wide variety of jet models with a set of
isolated galaxy simulations of massive cluster ellipticals with a halo
mass of 10'*M,. We conducted tests on various constant-energy-
flux jet models, systematically altering factors such as the jet energy
form (kinetic, thermal, CR), energy, momentum, and mass fluxes,
magnetic field strength and geometry, opening angle, precession,
and duty cycle. While certain aspects of jets have been previously
investigated independently (e.g. Gaspari, Ruszkowski & Sharma
2012; Li & Bryan 2014; Yang & Reynolds 2016; Bourne & Sijacki
2017; Ruszkowski, Yang & Reynolds 2017; Martizzi et al. 2019), our
set of simulations stands out as the first to explore all variations of
jet models while concurrently incorporating explicit stellar feedback
(FIRE; Hopkins et al. 2018b) and fluid microphysics. In that work, we
found that the criteria for a successful jet model are: (i) an optimal
energy flux comparable to the free-fall energy flux at the cooling
radius and (ii) a sufficiently wide jet cocoon with a long enough
cooling time at the cooling radius (summarized in Section 4.1). To
fulfill these criteria, we found that we needed either a CR-dominant
jet, a very hot thermal energy-dominant jet, or a widely precessing
jet (Paper III). Among these possibilities, CR dominant jets can
most easily fulfill the above criteria allowing a wider parameter
space because of the extra pressure and the suppression of thermal
instability.

A major missing piece of Paper III is the relatively narrow halo
mass range explored (10'* M), which limited the applicability of
our conclusion in not only galaxy type, but also evolutionary stage
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of the galaxy. The halo mass could affect the cooling flow properties
in several aspects. At a halo mass of ~ 10'> M, where the cooling
flow problem begins, although the net CGM mass is not as high
as the more massive systems, the virial temperature sits near the
peak of the cooling curve, resulting in a shorter cooling time. As the
halo mass increases, the gas available in the CGM increases, but the
cooling curve drops until the halo mass is around 10" — 10'* M,
beyond which the cooling rate increases again. As aresult, the cooling
flow properties of the gas haloes with ~ 10'> — 10'> Mg, can differ
significantly in their cooling flow properties, and a systematic study
would be useful. Moreover, there are more constraints from X-ray
observations for rich clusters of mass ~ 10> Mg. We therefore study
our various ‘more successful’ jet models with a broad range of halo
masses (10'> — 10'> M) and test how they should be scaled to stably
suppress the cooling flow and maintain the galaxy as quenched in
this study.

In Section 2, we summarize our initial conditions (ICs) and
the AGN jet parameters we survey and describe our numerical
simulations. We present our results and describe the observational
properties of the runs in Section 3. We discuss the quenching criteria
in Section 4. We explore the limitations of this work and potential
future research in Section 5. Finally, we conclude in Section 6.

2 METHODOLOGY

We perform simulations on isolated galaxies, each possessing a
halo mass ranging from approximately 10'?> to 10"°Mg. The ICs
are configured based on the observed profiles of cool-core clusters
at low redshift, as outlined in Section 2.1. In the absence of AGN
feedback, despite the galaxies exhibiting initial properties consistent
with observations, their cooling flow rates and SFRs rapidly escalate,
surpassing the observational values of quenched populations by
orders of magnitude (Paper I and Paper II). We progress the
simulations using various AGN jet models, aiming to assess the
extent to which they inhibit the cooling flow and whether they can
sustain stably quenched galaxies.

Our simulations utilize GizMo'! (Hopkins 2015) in its meshless
finite mass (MFM) mode. This mode employs a Lagrangian mesh-
free Godunov method, capturing the benefits of both grid-based and
smoothed-particle hydrodynamics (SPH) methods. Details regarding
numerical implementation and thorough testing are presented in a se-
ries of method papers covering various aspects such as hydrodynam-
ics and self-gravity (Hopkins 2015), magnetohydrodynamics (MHD;
Hopkins 2016; Hopkins & Raives 2016), anisotropic conduction and
viscosity (Hopkins 2017; Su et al. 2017), and CRs (Chan et al. 2019).

In summary, for CRs, we track a single energy bin of GeV CR
protons, which exert dominant pressure, and treat them within the
ultrarelativistic limit. The CR transport involves streaming at the
local Alfv’en speed, incorporating the appropriate streaming loss
term, thermalizing according to Uhlig et al. (2012), but with vy, = v4.
Additionally, the model accounts for diffusion with a fixed diffusivity
denoted as xcgr, adiabatic energy exchange with both gas and CR
pressure, and hadronic and Coulomb losses following Guo & Oh
(2008). Both streaming and diffusion occur fully anisotropically
along magnetic field lines. In previous works such as Chan et al.
(2019) and Hopkins et al. (2019, 2021), we demonstrated that
achieving observed gamma-ray luminosities in simulations with
the outlined physics necessitates kcg ~ 10?° cm?s~!. This value

!'A publicly accessible version of this code can be found at http://www.tapir.
caltech.edu/~phopkins/Site/GIZMO.html.
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Table 1. Properties of ICs for the simulations/haloes studied in this paper.

Resolution DM halo
Model Rooo e;"‘" mg Mpm rdh £0

Mbaryon
(kpe) () Mo) (Mg) (kpe) (glem’) (Mo)

Stellar bulge Stellar disc Gas disc Gas halo
My, a My T4 Mgq Ted Mg T'gh B
Mp) (kpe) Mg) (kpe) Mp) (kpe) (Mp)  (kpe)

ml2 248 1 8e3 1.5el2 20 5.8e-25 2.2ell
ml3l] 444 3 Se4 93el2 93 6.7e-26 6.3ell
ml3/m13-mBH 443 3 Se4 1.0el3 87 6.2e-26 l.lel2
ml4 880 1 3e4 6.7¢13 220 4.3e-26 9.6el2
ml5 1955 1 3e4 7.3el4 358 B.4e-26 l.leld

1.5e10 1.0 5.0el10 3.0 5.0¢9 6.0 1.5ell 20 0.5
1.0ell 2.8 14el0 2.8 5.0¢9 2.8 5.lell 93 043
1.0ell 2.8 1.4el0 2.8 5.0e9 28 1.0el2 93 043
2.0e1l 39 2.0e10 39 1.0el0 39 94el2 22 0.5
24ell 3.14 3.2el0 49 1.6el0 49 l.lel4 29 0.56

Note. Parameters of the galaxy/halo model studied in this paper (Section 2.1): (1) Model name. The number following ‘m’ labels the approximate
logarithmic halo mass. (2) Rpoo. The radius that encloses an average density of 200 times the critical density. (3) e;m“: Minimum gravitational force
softening for gas (the softening for gas in all simulations is adaptive, and matched to the hydrodynamic resolution; here, we quote the minimum Plummer
equivalent softening). (4) mg: Gas mass (resolution element). There is a resolution gradient for m14, so its m is the mass of the highest resolution elements.
(5) Mhaio: Halo mass. (6) ran: NFW halo scale radius. (7) Vinax: Halo maximum circular velocity. (8) Mparyon: Total baryonic mass. (9) Mj: Bulge mass.
(10) a: Bulge Hernquist-profile scale length. (11) My : Stellar disc mass. (12) r4 : Stellar disc exponential scale length. (13) Mgq: Gas disc mass. (14) rgq:
Gas disc exponential scale length. (15) Mgp: Hydrostatic gas halo mass. (16) rgn: Hydrostatic gas halo 8 = 1/2 profile scale length.

aligns well with detailed CR transport models that encompass an
extended gaseous halo around the Galaxy, as evidenced in (see
e.g. Strong & Moskalenko 1998; Strong et al. 2010; Trotta et al.
2011). Consequently, we adopt this as our fiducial value and discuss
uncertainties in Section 5.1.

All our simulations incorporate the FIRE-2 implementation of the
Feedback In Realistic Environments (FIRE) physical treatments for
the interstellar medium (ISM), star formation, and stellar feedback.
The comprehensive details of these treatments can be found in
Hopkins et al. (2018a, b), accompanied by extensive numerical tests.
Cooling is tracked across the temperature range of 10 — 10'° K,
accounting for various processes such as photoelectric and photoion-
ization heating, collisional, Compton, fine structure, recombination,
atomic, and molecular cooling. Star formation is implemented
through a sink particle method, allowed only in molecular, self-
shielding, locally self-gravitating gas with a density greater than
100 cm™? (Hopkins, Narayanan & Murray 2013). Once formed, star
particles are treated as a single stellar population with metallicity
inherited from their parent gas particle at formation. All feedback
rates, including SNe and mass-loss rates, as well as spectra, are initial
mass function (IMF)-averaged values calculated from STARBURST99
(Leitherer et al. 1999) with a Kroupa (2002) IMF. The stellar
feedback model encompasses (1) radiative feedback, encompassing
photoionization and photoelectric heating, along with tracking single
and multiple-scattering radiation pressure in five bands (ionizing,
far-ultraviolet, near-ultraviolet, optical-near-infrared, infrared), (2)
OB and AGB winds, leading to continuous stellar mass-loss and
injection of mass, metals, energy, and momentum, and (3) Type II
and Type Ia SNe (including both prompt and delayed populations)
occurring based on tabulated rates, injecting the appropriate mass,
metals, momentum, and energy into the surrounding gas.

2.1 Initial conditions

The ICs we explore are thoroughly detailed in Paper I and Paper
II. We made slight adjustments to the ICs employed in the previous
two papers by extending the galaxy model to a larger radius and
increasing the box size, following the approach used for the ‘m14’
run in Paper III. These ICs aim to closely resemble observed cool-
core systems of comparable mass whenever possible at z ~ 0 (see
e.g. Humphrey et al. 2012; Humphrey & Buote 2013; Su, White &
Miller 2013; Su et al. 2015; Mernier et al. 2017). A summary of their
properties is provided in Table 1. The initialization of the dark matter
(DM) halo, bulge, black hole (BH), and gas + stellar disc follows the

MNRAS 532, 2724-2740 (2024)

method outlined by Springel & White (1999) and Springel (2000)
with live particles.

We assume a spherical NFW (Navarro, Frenk & White 1996) pro-
file for the DM halo, a Hernquist (1990) profile for the stellar bulge,
and an exponential, rotation-supported disc of gas and stars initialized
with Toomre Q & 1. The BH is assigned a mass approximately 1/300
of the stellar mass (e.g. Hiring & Rix 2004). The extended spherical,
hydrostatic gas halo is modelled with a S-profile and rotation at twice
the net DM spin, ensuring that below 10-15 per cent of the support
against gravity comes from rotation, with the majority of support
originating from thermal pressure, as expected in a massive halo.?
Additionally, we introduce a ‘m13-mBH’ (m13 massive BH) model,
artificially increasing the BH mass to 5 x 10° M, to investigate the
impact of BH mass (while maintaining a fixed jet mass flux for ease
of comparison). The parameters mentioned above are summarized
in Table 1.

The initial metallicity of the CGM/ICM decreases from solar (Z =
0.02) to Z = 0.001 with radius, following the expression Z(r) =
0.02(0.05 + 0.95/(1 + (r/rz)')), where r, = (20, 10, 10, 20) kpc
for (m12, m131, m13, m14). For m15, the initial metallicity profile
is defined as Z(r) = 0.02 (0.05 + 0.5/(1 + (r/rz0)">) + 0.45/(1 +
(r/rz1 )13Y), with 79 = 10 kpc and rz; = 750 kpc.

The initial magnetic fields are azimuthal with a seed value of |B| =
Bo/(1 + (r/rp)*)P® (to be later amplified) extending throughout the
ICM, where By = (0.03,0.1, 0.1, 0.3)uG, rg = 20kpc, and fg =
(0.375, 1, 1, 0.375) for (m12, m131, m13, m14). The field strength
roughly scales as By o« M3 . For ml15, the initial magnetic field
strength is set to achieve a plasma 8 = 1000.

The initial CR energy density is in equipartition with the local
initial magnetic energy density. Both the seed magnetic energy and
CR energy are weak compared to the thermal energy. The ICs are
evolved adiabatically (no cooling or star formation) for 50 Myr to
allow for the relaxation of any initial transients.

As shown in Fig. 1, our ICs all have an initial X-ray luminosity in
0.5-7 keV band consistent with the observations.

For m12, m131, and m13, a fixed mass resolution of (8 x 10°,
5 x 10*, and 5 x 10Y)M,, is employed. In the case of m14 and
m1l5, a hierarchical super-Lagrangian refinement scheme (Paper I
and Paper II) is utilized to attain a mass resolution of approximately
3 x 10* MO in the core region and around the z-axis, where the

2The hydrostatic halo gradually evolves into a rotating cooling flow solution
after the start of the run (Stern et al. 2024).
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Figure 1. The X-ray luminosity in the 0.5-7 keV band at the end of all
the non-overheated quiescent runs. We use M as the halo mass for our
simulations. The lighter markers and the error bars denote the observed
values from Reiprich & Bohringer (2002) and Stanek et al. (2006). m131
run is coloured with light colour than m13. The X-ray luminosities of the ICs
are within the observational range. We observe very little evolution of the total
X-ray luminosity for most runs except for m131 and m12 runs with higher jet
energy fluxes (compared to the values for the ICs), where the resulting X-ray
luminosities are slightly lower than the observational range.

jet is launched. This resolution is significantly higher than that
of many prior global studies. The mass resolution decreases as a
function of both the radius (r34) and the distance from the z-axis (rpq),
roughly scaling with r34 and 272¢/1%¢_whichever is smaller, reaching
a minimum of 2 x 10°Mg,. The region with the highest resolution
corresponds to cases where either 734 or ryq is less than 10 kpc. The
resolution of m15-NoJet is set at a lower level (> 5 x 10° M) due
to the computational cost associated with dense core gas resulting
from strong cooling flows. A resolution analysis is appended in Paper
I. Variation in resolution around our current resolution has a minor
impact on the cooling flow properties. A set of resolution studies
of the ‘jet resolution’ and gas resolution is also provided in Su
et al. (2023) and Weinberger et al. (2023), showing that the current
resolution provides reasonable results for jet propagation.

2.2 Implementation of AGN jet

In this study, our emphasis is on examining the impact of a specific
AGN jet across a broad range of halo masses. All the jet models
are run with a predetermined mass, energy, and momentum flux.
We do not aim to concurrently model BH accretion from scales of
~ 10 — 100 pc up to the event horizon.

2.2.1 Numerical implementation

The jet is launched using a particle spawning approach, generating
new gas cells (resolution elements) from the central BH. This
technique provides enhanced control over jet properties, reducing
reliance on neighbour-finding outcomes. Additionally, it allows for
the imposition of a higher resolution for the jet elements. The
numerical methodology employed in this study bears similarity to
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that of Torrey et al. (2020), who investigated the impact of broad
absorption line (BAL) wind feedback on disc galaxies.

The spawned gas particles exhibit a mass resolution of 5000 M,
(15000 Mg for m15) and are precluded from de-refinement (merging
into a regular gas element) until decelerating to 10 per cent of the
launch velocity. Two particles are simultaneously spawned in oppo-
site z-directions when the accumulated jet mass flux reaches twice the
targeted spawned particle mass, ensuring exact conservation of linear
momentum. Initially, the spawned particle is randomly positioned on
a sphere with a radius of ry, where ry is either 10 pc or half the distance
between the BH and the nearest gas particle, whichever is smaller. If
the particle is initialized at coordinates (rg, 6y, ¢o) and the jet opening
angle for a specific model is fop, the initial velocity direction of the
jet is set at 260,60/ for 6y < 7/2 and at w — 26,,(r — 6y)/7 for
6y > /2. This ensures that the projected paths of any two particles
do not intersect. A uniform value of 6, = 1? is used for all simulations
in this study.

The naming of each model starts from the halo model with different
mass, the primary form of energy at our injection scale (‘Kin’, ‘Th’,
and ‘CR’ for kinetic, thermal, and CR energy, respectively), and the
corresponding energy flux in erg s~!.pr’ at the end labels the model
that is precessing. With initialized the jet magnetic fields in a toroidal
form with a maximum field strength of 10~* or 10~ G, which all
results in a sub-dominant magnetic energy flux.

2.2.2 Selection of the jet models

In galaxy simulations, AGN jets are modelled phenomenologically as
collimated non-relativistic winds to capture the jet cocoon properties
at a resolvable scale. Due to the uncertainties in the gas properties
surrounding the BH and its interaction with the jet, from the event
horizon to the jet launching scale, we conducted a broad parameter
study encompassing the plausible parameter space.’

We concluded in Paper III that for a halo mass of 10'* Mg, the
criteria for a successful jet model would generate a wide jet cocoon
with a sufficiently long cooling time. To fulfill these criteria, we found
that the more favourable models invoke either a high-temperature
thermal jet, a CR-dominant jet, or a widely precessing kinetic jet. We
therefore focus on these three models and explore them in different
halo masses. We describe each of the models and how we scale the
energy input according to the halo mass below.

2.2.3 The jet model details

A full list of simulations can be found in Table 2. We emphasize
that the parameters in the table reflect the jet parameters at our
launch scale. The jet cocoon properties will continuously evolve as
it interacts with the surrounding gas.

(i) No jet: These simulations are conducted without any jets but
solely using the standard FIRE-2 stellar feedback, star formation,
and cooling physics. They serve as a baseline testing the effect of
any AGN jet.

(i) High-temperature thermal jet: One method to have a jet
cocoon with a sufficiently long cooling time is launching the jet at
a high enough temperature so that the cooling time will be longer

3Recently, various studies have tried to bridge scales from the event horizon
to the galaxy (e.g. Cho et al. 2023, 2024; Cochrane et al. 2023; Guo et al.
2023, 2024; Hopkins et al. 2024), but uncertainties in AGN feedback models
at the galaxy scale remain.
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Table 2. Physics variations (run at highest resolution) in our halo—m14 survey.

Results Input jet fluxes Other jet parameters

Model Scaling At SFR Summary Exin Eth, Ecr M v P T B O T,

Gyr Mg yr~! ergs™! Mg yr~! km s~! cgs K G deg Myr
ml2
ml2-NoJet N/A 1.5 4.8 strong CF N/A N/A N/A N/A
m12-Th5e42 FF 1.5 0.031 quenched 4.9¢41 4.9e42 0 0.17 3e3 3.3e33 3e9 le-4 N/A
m12-Th5e41 0.1FF 1.5 0.67 quenched 4.9e40 4.9e41 0 0.017 3e3 3.3e32 3e9 le-4 N/A
m12-CR5e42 FF 1.5 0.016 quenched 4.9¢41 1.6e40 4.9¢42 0.17 3e3 3.3e33 1e7 le-4 N/A
m12-CR5e41 0.1FF 1.5 0.29 quenched 4.9e40 1.6e39 4.9e41 0.017 3e3 3.3e32 1e7 le-4 N/A
m12-Kin5e42-pr FF 1.5 0.11 quenched 4.9¢42 1.6e40 0 0.17 9.5¢3 1.e34 1e7 le-4 45 100
m12-Kin5e41-pr 0.1FF 1.5 1.38 strong CF 4.9e41 1.6e39 0 0.017 9.5e3 1.e33 le7 le-4 45 100
m13 light
m13I1-NoJet N/A 1.5 3.0 strong CF N/A N/A N/A N/A
m131-Th8e42 Cooling 1.5 0.032 quenched 7.7e41 7.7e42 0 0.27 3e3 5.2e33 3e9 le-4 (t) N/A
m13l-Thle42 FF 1.5 0.26 quenched 1.3e41 1.3e42 0 0.044 3e3 8.5e32 3e9 le-4 (t) N/A
m131-CR8e42 Cooling 1.5 0 overheated 7.7e41 2.5e40 7.7¢42 0.27 3e3 5.2e33 le7 le-4 (1) N/A
m13l-CR1e42 FF 1.5 0 quenched 1.3e41 4.1e39 1.3e42 0.044 3e3 8.5e32 le7 le-4 (t) N/A
m131-Kin8e42-pr Cooling 1.5 0 overheated 7.7e42 2.5e40 0 0.27 9.5e3 1.6e34 le7 le-4 () 45 100
m131-Kinle42-pr FF 1.5 0.12 quenched 1.3e42 4.1e39 0 0.044 9.5¢3 2.6e33 le7 le-4 (t) 45 100
ml3
m13-NoJet N/A 1.5 7.0 strong CF N/A N/A N/A N/A
m13-Th7e42 Cooling 1.5 0.060 quenched 7.4e41 7.4e42 0 0.26 3e3 5.0e33 3e9 le-4 (t) N/A
m13-Th3e42 FF 1.5 0.10 quenched 3.3e41 3.3e42 0 0.12 3e3 2.2¢33 3e9 le-4 (t) N/A
m13-CR7e42 Cooling 1.5 0 overheated 7.4e41 2.4e40 7.4e42 0.26 3e3 5.0e33 le7 le-4 () N/A
m13-CR3e42 FF 1.5 0 quenched 3.3e41 1.1e40 3.3e42 0.12 3e3 2.2¢33 le7 le-4 (t) N/A
m13-Kin7e42-pr Cooling 1.5 0 overheated 7.4e42 2.4e40 0 0.26 9.5e3 1.5e34 le7 le-4 (t) 45 100
m13-Kin3e42-pr FF 1.5 0.24 quenched 3.3e42 1.1e40 0 0.12 9.5e3 6.8e33 le7 le-4 (t) 45 100
m13 massive BH
m13-mBH-NoJet N/A 1.5 29 strong CF N/A N/A N/A N/A
ml13-mBH-Thle43 Cooling 1.5 0.067 quenched 1.1e42 1.1e43 0 0.38 3e3 7.3e33 3e9 le-4 (t) N/A
m13-mBH-Th1e42 FF 1.5 0.2 quenched 1.3e41 1.3e42 0 0.047 3e3 9.0e32 3e9 le-4 (t) N/A
ml13-mBH-CR1e43 Cooling 1.5 0. quenched 1.1e42 3.5¢40 1.1e43 0.38 3e3 7.3e33 1e7 le-4 (t) N/A
m13-mBH-CR1e42 FF 1.5 2.5 strong CF 1.3e41 4.4e39 1.3e42 0.047 3e3 9.0e32 le7 le-4 (1) N/A
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Table 2 — continued

Results Input jet fluxes Other jet parameters

Model Scaling At SFR Summary Exin Etp, Ecr M v P T B O T,

Gyr Mg yr! ergs™! Mg yr~! km s~! cgs K G deg Myr
m13-mBH-Kinle43-pr Cooling 1.5 0.007 quenched 1.1e43 3.5¢40 0 0.38 9.5¢3 2.2e34 1e7 le-4 (t) 45 100
m13-mBH-Kinle42-pr FF 1.5 1.1 strong CF 1.3e42 4.4e39 0 0.047 9.5e3 2.8e33 1e7 le-4 (t) 45 100
ml4
m14-NoJet N/A 1.5 51 strong CF N/A N/A N/A N/A
m14-Thé6e43 reference 1.5 0.88 quenched 5.8ed42 5.8e43 0 2.0 3e3 3.9¢34 3e9 le-3 (t) N/A
m14-CR6e43 reference 1.5 0.16 quenched 5.8e42 1.9¢41 5.8e43 2.0 3e3 3.9¢34 1e7 le-3 (t) N/A
m14-Kin6e43-pr reference 1.5 1.1 quenched 5.8e43 1.9¢41 0 2.0 9.5e3 1.2e35 1e7 1e-3 (t) 45 100
ml5
ml5-NoJet N/A 1.5 770 strong CF N/A N/A N/A N/A
m15-Th7e44 FF 1. 85 strong | 7.2¢43 7.2¢44 0 26 3e3 4.9e35 3e9 le-4 (t) N/A
m15-CR7e44 FF 1. 59 strong | 7.2e43 2.4e42 7.2e44 26 3e3 4.9e35 1e7 le-4 (t) N/A

Note. This is a partial list of simulations studied here: each halo was run with jet models and fluxes scaled from the more successful m14 run we concluded in Paper III. Columns list: (1) Model name: The naming of each model starts with the
IC. The number following ‘m’ represents the logarithmic halo mass. Subsequently, it indicates the primary energy form, followed by the energy flux. ‘pr’ labels precession. (2) Scaling: We scaled the energy flux by changing the mass flux while
keeping the specific energy. The m14 runs are the reference point, so they are labelled as ‘reference’. We scale either according to the free-fall energy within Reoo1 (‘FF’) or the total cooling rate within Roo1 (‘Cooling’). For m12, the two models
yield similar energy fluxes so we did another with 0.1 that energy flux. (3) Az: Simulation duration. All simulations are run to 1.5 Gyr, unless either the halo is completely ‘blown out’ or completely unaffected. (4) The SFR averaged over the last
250 Myr. (5) Summary of the results. ‘strong CF’, and ‘quenched’ correspond respectively to an sSFR of 2> 10~ and < 10~""yr=!. ‘Strong |’ means at least one-dex suppression of SFR compared to the ‘NoJet’ run. ‘Overheated’ means the
jet explosively destroys the cooling flow in < 500 Myr, leaving a core with much lower density and high entropy and temperature (e.g. 3> 10° K), in tension with observational constraints (detailed in Section 3.5). (6) Exin, Eth, Enmag, and Ecr
tabulate the total energy input of the corresponding form. The dominant energy form is highlighted in blue. (7) M, v, and P tabulate the mass flux, jet velocity, and momentum flux. (8) T: The initial temperature of the jet. (9) B: The maximum
initial magnetic field strength of the jet; (t) and (p) means toroidal and poloidal respectively. (10) 6,,: The precession angle of the jet. (11) T,: Precession period.

20z 49qwa0aQ €7 U0 1s9n6 Aq 2GS0/ 2/¥Z.2/2/ZS/910IMe/Seuw/woo"dno-ojwapeoe/:sdny wolj papeojumod

JYyouanb jal Jo sadKy jpym

6CLT



2730 K.-Y. Su et al.

than the cocoon expansion time to the cooling radius. Given that
the specific thermal energy (or temperature) is key for the cooling
time, we keep a constant initial jet temperature of 7 = 3 x 10°K
across the halo mass. The jet velocity Vj is set to be 3000 km s~',
so the kinetic energy flux is subdominant. The dominant thermal
component can also result in a faster lateral cocoon expansion that
keeps the jet cocoon wide enough at the cooling radius to suppress a
wide solid angle of cooling flows (Paper III). To a certain extent, this
bears resemblance to the EAGLE AGN model (Schaye et al. 2015),
particularly in terms of specific heat, albeit we have more collimated
injection.

(iii) CR dominant jet: Another possibility to have a wide cocoon
at the cooling radius with a sufficiently long cooling time is launching
a CR-dominant jet. We keep the specific CR energy the same as the
high-temperature thermal jet model, negligible thermal energy, and
a subdominant jet velocity at 3000 km s~!.

(iv) Widely precessing kinetic jet: Yet another way to have a
sufficiently wide jet cocoon at the cooling radius is initially having
a wide open angle or have jet precessing with a wide angle. In Paper
III, we showed that a jet with ~ 100 Myr precessing period and a
45° angle can most efficiently and stably quench. We inherit that and
have a jet velocity of 10000 km s~!, the same specific energy as the
other two models.

2.2.4 Scaling of AGN jet as a function of halo mass

In Paper 111, we found the above jet models with an energy flux of
10% erg s~! can quench m14 systems. We therefore use that as a
reference point to anchor the jet energy fluxes for other halo masses.
We test the following methods to scale the energy fluxes. Note that
we use a constant flux over time.

(1) Free-fall energy at R (Sc-FF): Given that the specific
energy was concluded to be more relevant to the quenching criteria,
we scale the energy flux with halo models by changing the mass fluxes
preserving the specific energy of the jet. In Paper III, we concluded
the required jet energy flux is roughly comparable to the free-fall
energy flux of gas at the cooling radius. We therefore use the jet
energy flux of m14 as a reference point and scale it with the free-fall
energy flux of each system (Ejet X McoolingV1r.,,)- Here, we define
the cooling radius as the radius beyond which the cooling time is
longer than 1.5 Gyr. Although the cooling radius was calculated from
the NoJet run, it is determined at a snapshot after running for 10 Myr.
As a result, it still roughly characterizes the cooling radius for the
IC, which we start with typical observed profiles. The Mcooling was
assessed based on the gas inflow of the no-jet run at aforementioned
radius over a period of approximately 1-2 Gyr (0.2 Gyr for m15
due to its relatively long run time). Here, vff represents the free-fall
velocity at the cooling radii. This, to the zeroeth order, captures the
total amount of inflows absent AGN feedback that our jet model
needs to compensate for throughout the simulation time.

(ii) Total cooling rate within R, (Sc-Cooling): We also tried
another way of scaling the jet energy flux (from the m14 runs), this
time varying it in proportion to the total cooling rate within the cool-
ing radius. The cooling rate is estimated by summing the radiative
losses after running the no-jet run for 10 Myr. (Ejec ¢ Ecoollr<repy)

For m13] and m13, the second method results in a higher energy
flux than the first. For m12, the above two methods result in very
similar fluxes, so we included another set of runs with 10 per cent of
the calculated m12 energy flux (Sc-0.1FF). We will further discuss
the physical difference between the two scaling methods in later
sections.

MNRAS 532, 2724-2740 (2024)

We note that for the run with suppressed cooling flow, and
especially for the m12 runs where the gas density profiles change,
the cooling radius varies as a function of time, and so does the
cooling flow. As we are employing a constant-flux jet, we are more
or less only capturing the steady-state average behaviour. We leave
the study of self-regulation, accounting for the real-time cooling flow
properties, for our future work.

3 RESULTS

3.1 Jet cocoon morphology

In Fig. 2, the upper panel illustrates entropy, while the lower panel
depicts radial velocity for a central slice of the CR jet run across
various halo masses with an energy flux scaled relative to the free-fall
energy fluxes at the cooling radii. Overlaid on the plot are magnetic
field lines.

Notably, in the radial velocity panel, the jet cocoons display quasi-
isotropic characteristics at the cooling radii, marked by green circles,
within each halo. The m15 runs exhibit a comparably weaker bubble,
aligning with the subsequent growth of cooling flows, which will be
discussed later. The morphology shows a wider outflowing region
than the high-entropy region in most cases, as the CR is more
extended than the thermal energy. Remarkably, the magnetic fields
are intricately entangled.

3.2 Star formation rate

Fig. 3 shows the SFR of all the simulations we ran. The runs with
jet energy flux scaled with the free-fall energy at the cooling radius
(Reoo1) (method 1 above) or the total cooling rate within R, (method
2 above) are shown with solid and dashed lines, respectively. The
dotted line for m12 is the run with just 10 percent of the energy
flux as computed by scaling with the free-fall energy at R.,o. The
shaded region for m12, m131, m13, and m14 cover the region with
a specific SFR (sSFR) of 107!, which we defined as quenched.
For m15, the grey line indicates an SFR of 30Mgyr~!, which is the
upper bound for NGC 1275 (e.g. Dixon, Davidsen & Ferguson 1996;
Canning et al. 2010), the BCG of the Perseus Cluster. The energy
required to quench a halo roughly scales with the free-fall energy at
the cooling radius. However, the resulting SFR in m15 is still a factor
of 2-3 higher than the brightest central galaxy seen in Perseus. This
discrepancy largely stems from the estimation of the mass cooling
flow (Mcm]) for m15, which was derived from the initial 200 Myr
of the m15 no-jet run due to its long runtime. Upon extending the
m15 no-jet run to 1 Gyr, the average cooling flow is observed to be
three times higher than during the initial 200 Myr. If this value were
adopted for scaling purposes and the jet energy fluxes were increased
by a factor of 3, the SFR of m15 runs with jet would likely align with
the observed upper bounds.

In all cases, with the same energy fluxes, CR jets quench more
efficiently than the corresponding runs with thermal or kinetic jets.
CR jets can quench the m12 halo, even with an energy flux a factor of
10 lower than obtained by scaling from m14 (according to the free-
fall energy at the cooling radius, method 1 above). This is roughly
consistent with what we saw in Paper III for the m14 cases where
CR jets can quench with ~ 10*? ergs™!, a factor of 10 lower than
the values we use here. The reason for the more efficient quenching
is mostly the extra CR pressure support and the change in thermal
instability. We discuss those further and possible uncertainties from
CR transport modelling in Sections 4.3 and 5.1.
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Figure 2. The entropy (upper) and radial velocity (lower) for a central slice of the CR jet run are displayed for all halo masses, with energy fluxes scaled to the
free-fall energy fluxes at the cooling radii (‘FF’). The magnetic field lines are overlaid on top. The plot represents the state at 500 Myr after the start of the run.
As observed in the radial velocity panel, the jet cocoons exhibit quasi-isotropic behaviour at the cooling radii (green circle) for each halo. The m15 runs depict
a weaker bubble, consistent with the later growth of cooling flows. Magnetic fields are highly entangled.

3.3 Cooling flow properties

Fig. 4 shows the baryonic mass within the cooling radius of each run.
Runs with jet energy flux scaled according to the free-fall energy
within the cooling radius (scaling method 1) have a roughly constant
core baryonic mass throughout the simulation time, indicating
roughly balanced cooling flows. This includes the higher energy
flux runs for m12, the lower energy flux runs for m131 and m13, as
well as m15. In m15, the core baryonic mass starts to rise after 0.7
Gyr, consistent with the later rise of stellar mass.

Run with energy fluxes higher (lower) than the scaled value results
in a decreasing (increasing) core baryonic mass. Overall, with a
similar energy flux, CR jet runs again suppress the cooling flow most
efficiently.

3.4 X-ray luminosity

Fig. 1 also shows the X-ray luminosity of each run over the last
100 Myr at the 0.5-7 keV band. We see little evolution of the X-ray
luminosity for most of the runs except for the m131 and m12 runs
with higher jet energy fluxes. All of the other runs have luminosities
that differ from the IC by at most a factor of 2 and are within the
observational range. This is true even without an AGN jet.

The m12 and m131 runs with higher jet energy fluxes have slightly
lower X-ray luminosities than the observed range. The stronger jet
heats the gas, decreasing the gas density, which in turm lowers the X-
ray luminosities. In particular, CR and thermal jets are more efficient
in suppressing the X-ray fluxes.

3.5 Gas profiles

Figs 5 and 6 show the density, temperature, and entropy profiles
of all the runs. Given the m12 viral temperature is an order of

magnitude lower than the X-ray band, we use a mass-weighted,
rather than X-ray-luminosity-weighted, profiles for gas hotter than
10° K. For the halo mass > 10'3Mg, we use an X-ray luminosity
weighted value in the 0.5-7 keV band. The shaded regions in Fig. 5
indicate observational density profiles for the Milky Way as outlined
in Miller & Bregman (2015) (blue), accompanied by the same line
scaled under the assumption of no missing baryons (red), constituting
our IC. The shaded regions in Fig. 6 in the density and the entropy
panels indicate the observational profiles (scaled) for cool-core (blue)
and non-cool-core (red) clusters (McDonald et al. 2013) (scaled to
account for the halo mass differences). Note that the shaded region is
scaled from a halo mass of ~ 10'*M, so it will be most reasonably
compared with m14 and m15.

In the m12 cases, when scaling the energy flux according to the
free-fall energy at the cooling radius (the higher fluxes run), the
resulting jet suppresses the gas density and heats the gas at all radii,
resulting in a density profile progressing towards alignment with
the observed outcomes for the Milky Way. The overall slope of the
profiles remains similar within 100 kpc. With one dex lower fluxes,
the resulting profiles roughly follow those of the ‘NoJet’ runs with
only a slightly raised entropy within 10 kpc. Different jet models
with the same energy fluxes also result in very similar gas properties
in m12, as the effective jet cocoon width and temperature are similar.

For the heavier haloes, jets with energy fluxes scaled with the free-
fall energy at the cooling radius (the lower fluxes runs) have much
smaller impacts on the gas properties. The heated core region stays
within 10 kpc in all cases. The more massive the halo, the more the
resulting profiles resemble the cool-core clusters. The less massive
the halo, the flatter the entropy profiles get.

For the m13 and m13l cases, if the energy fluxes are scaled
according to the total cooling rate within the cooling radius (the
2-6 times higher fluxes runs), the resulting jets can much more

MNRAS 532, 2724-2740 (2024)
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Figure 3. The SFR as a function of time. ‘Higher’ and ‘Lower’ label the
models with higher and lower fluxes. The runs with jet energy flux scaled
with the free-fall energy at the cooling radius (Rceo1) Or total cooling rate
within R¢oo) are the solid and dashed lines, respectively. The dotted line for
m12 is the run with 0.1 the energy flux yielded from scaling with the free-fall
energy at Reool. The shaded region for m12, m131, m13, and m14 cover the
region with a specific SFR (sSFR) of 10~!!, which we defined as quenched.
For m15, the grey line indicates an SFR of 30M, which is the upper bound
NGC 1275, the BCG of the Perseus Cluster. The energy required to quench
a halo roughly scales with the free-fall energy at the cooling radius. In all
cases, with the same energy fluxes, CR jet quenches more efficiently.

significantly suppress the core density and heat up the gas. Among
the three different models, the thermal jet is the only one that
will result in more reasonable gas profiles. Both the CR and
kinetic jets with higher energy fluxes result in very explosive
feedback with heated cores and negative temperature gradients
extending to 100 kpc, resulting in a larger tension with the
observations.

3.6 Turbulence induced by precessing jet

All jet models increase the Mach number and turbulent velocity of
the hot phase. In Fig. 7, we plot the turbulent velocity as a function
of the radius of each run. For m12, m13l, and m13 runs, we define
the hot gas to be 7 > 10° K, while for more massive haloes, we
use a higher minimum temperature for the hot gas, T > 107 K. The
plotted turbulent velocity should be regarded as an upper bound, as
we have only subtracted the velocity contributions of shell-averaged
radial inflows and annuli-averaged rotations from the calculations.
Scaling the energy flux according to the free-fall energy at the
cooling radius results in the highest turbulent velocity for the m12

MNRAS 532, 2724-2740 (2024)
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Figure 4. The change in baryonic mass within the cooling radius of each
run. Runs with jet energy flux scaled according to the free-fall energy within
the cooling radius have a roughly constant core baryonic mass throughout
the simulation time, indicating roughly balanced cooling flows. However, the
core baryonic mass in the m15 run increases after 0.7 Gyr, consistent with
the later rise of stellar mass. Runs with fluxes higher/lower than that result in
a dropping/growing core baryonic mass.

case, reaching 400-800 km s~'. The maximum velocity reaches
~400-500 km s~! for all of the other more massive cases. Of the
haloes we surveyed, the best observational constraint would be the
m1l5 case, in which we obtain a maximum 1D Mach number of
approximately 0.3, slightly higher than the observed upper bound
of the Perseus cluster by a factor of 1.5-2 (Hitomi Collaboration
2016, 2018). However, all of the highest velocities happen within
10 kpe.

The higher energy flux runs in m131 and m13 (Sc-Cooling) result
in an even higher turbulent velocity at a large radius, reaching
~400-500 km s~!' at 20-30 kpc. The lowest energy flux runs in
the m12 case (Sc-0.1FF) result in a lower turbulent velocity within
100 kpc, beyond which the velocity becomes similar to the other
runs with higher flux jets. With a similar energy flux, the different jet
models do not result in velocities significantly different from each
other.

Fig. 8 shows the changes in metallicity profiles due to different jet
models. All jet models distribute high-metallicity gas to larger radii,
resulting in flatter metallicity profiles. The stronger the jet, the more
pronounced the effect. The most significant impact is observed in the
m12 cases, where the change in density profiles is the most dramatic.
The observational implications are further discussed in Qutob et al.
(2023).
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Figure 5. The average gas density (top row), temperature (second row), and
entropy profiles (bottom row) of the m12 runs are plotted against radius,
representing an averaging over the most recent ~ 100 Myr for the high-
temperature gas (> 10° K). We keep a separate plot for m12 as X-ray-
luminosity-weighted profiles make less sense when the viral temperature is
much less than the X-ray band. The shaded regions in the first row indicate
observational density profiles for the Milky Way as outlined in Miller &
Bregman (2015) (lower blue shade), accompanied by the same line scaled
under the assumption of no missing baryons (upper red shade), constituting
our IC. The higher flux jets result in an overall lower density, higher
temperature, and higher entropy, thereby progressing towards alignment with
the observed outcomes for the Milky Way. However, they do not significantly
alter the slops of the profiles. Different jet models with the same fluxes result
in very similar gas profiles. The heated cores are all within 10 kpc.

4 THE QUENCHING CRITERIA AS A
FUNCTION OF HALO MASS
4.1 Revisiting the quenching criteria for a jet model

In Paper 111, we concluded that there were three major criteria that
had to be met for a jet model to quench a 10'*Mg, halo. We review
these criteria here for different halo masses.

4.1.1 Sufficient energy flux

We concluded that the jet energy flux should roughly scale with the
free-fall energy at the cooling radius, consistent with what we stated
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in Paper II1.

” y 2
Emin ~ Mcoolvff[Rcool]
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100 Mg yr 300kms
We discuss the difference between scaling methods (Sc-FF and Sc-
Cooling) in Section 4.2.

4.1.2 Long cooling time in jet cocoon

The second criterion is that the jet cocoon should have a long enough
cooling time so that most of the energy does not radiate away before
reaching the cooling radius. If the majority of the energy is in the
form of CRs, the energy does not radiate very efficiently. If the
majority of the energy is in thermal form, the temperature has to
be high enough to ensure a long enough cooling time to prevent
rapid radiative losses. Quantitatively, this means t.,o; ~ kT /7 A(T)
is much larger than fexp ~ Reool /Vexp X p}e/ 3E;l{/J3Rf£1, where A is
the cooling function.
Therefore, we have

ﬁA(T)p2/3R5/3 E-13
>

cool “tot, J
k

_ - ~1/3
~ 108K n 7 Reool o Eio,3 Y @)
0.01cm™3 50kpc 104erg s—! '

The cooling radii for m12, m131, m13, m14, and m15 are roughly
40, 14, 21, 35, and 51 kpc. We defined the cooling radius as
the point where half of the gas has a cooling time longer than
1.5 Gyr, the maximum run time. We note that with a halo mass
above 103 My, the cooling radius is a monotonically increasing
function of halo mass. For m12, the cooling radius is larger due
to the lower viral temperature, which results in a shorter cooling
time.

The density at the cooling radius of each case would roughly
be 10~>cm™3 for m12, m13l, and m13 cases (Figs 5 and 6). The
density at the cooling radius is roughly 1072 and 4 x 10~2cm™3
for m14 and ml15 cases. Putting in the densities into the right
hand side of equation (2), the specific energy of our jet models
corresponds to a temperature larger than that is described in
equation (2).

4.1.3 Quasi-isotropic jet cocoon at Reool

The jet cocoon also needs to be wide enough at the cooling radius,
reaching semi-isotropic, so an order of unity of the solid angle can
be covered. With a precessing jet, such criteria are automatically
fulfilled, as we started with a wide 45° precession. For thermal or
CR jets, the fraction of kinetic energy in the jet should follow Paper
III as

172 p —-1/2
fin 5 0.2 ( u ) ( M )
T 3000kms™! 2Mgyr~!

Vst 172 Mcool 2
x - . 3)
300kms 100 Mgyr—!

When we scale the energy flux by changing the mass flux according
to the free-fall energy for different halo masses, we get

v 1/2 - -3/2
i <02 . 4
fiin S (3000kms’1> (300kms’1) @
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Figure 6. Mean gas density (top row), X-ray cooling luminosity-weighted density (second row), luminosity-weighted temperature (third row), and luminosity-
weighted entropy (bottom row) versus radius averaged over the last ~ 50 Myr in all the m131, m13, m14, and m15 runs. The shaded regions in the first and
second row and the light curves in the bottom row indicate the observational density and entropy profiles (scaled) for cool-core (blue, higher in density and lower
in entropy) and non-cool-core (red, lower in density and higher in entropy) clusters (McDonald et al. 2013) (scaled to account for the halo mass differences).
Thermal and kinetic jet with higher energy fluxes results in a very large overheated core in m131 and m13 runs, extending to 100 kpc scales. All the rest of the
runs have gas profiles broadly consistent with the observational range and has heated core only limited within 10 kpc.

Both the thermal and CR jets have a kinetic fraction lower than that.*

4The estimated energy multiplying factor for lateral expansion, y, in Paper
III, assuming a strong shock, should more accurately be 1/16. Therefore,
the estimated numbers in equations (2), (3), and (4) are slightly modified
accordingly. The conclusions are not affected.
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4.2 Scaling for the jet energy flux

In this work, we tried two different scaling methods of jet energy in
different halo masses. We scaled the energy flux of the successful
jet model in m14 to other halo masses either according to the free-
fall energy flux at R, or total cooling rate within R.0. These two
quantities are physically distinct as the following discussion makes
clear.
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Figure 8. All jet models distribute high-metallicity gas to larger radii, result-
ing in flatter metallicity profiles. The stronger the jet, the more pronounced
the effect. The most significant impact is observed in the m12 cases.

The Mach number of the cooling flow scales with the free-fall time
(ts) and the cooling time (#.,01) as (see e.g. Stern et al. 2019)

v trr
M= S I )
Usound Lcool

We also know that the cooling time, free-fall time, sound speed, and
circular velocity roughly scale as

; NkT T ; r
cool An2 v An B ff Uff
VUsound ™~ Vff ™ Veir ™ ﬁ (6)

So the cooling flow velocity roughly follows

rAn

W ’\’rAnT_l. (7)

Vflow ™
The total mass and energy fluxes are therefore

Mflow ~ 47Tr2nvfluw ~ rSAnzTil
Eflow ~ Mfll)ll)v?f ~ rsAn2 ~ VAnzy (8)

where V is the volume within r.,,;, and all the quantities above are
evaluated at the R.y).
Whereas,

Eroot ~ / dV An?. )

I'<I'cool

The net difference between the two will depend on how the cooling
rate within the cooling radius scales differently from the cooling rate
at the cooling radius. In the m12 case, the two scaling relations from
ml4 give similar results. For m13 and especially in m13l, the two
scalings can yield a factor of 2—6 difference. The reason is that m13
(and especially m131) has a comparatively weaker cooling flow than
the other halo masses. Its viral temperature is at the minimum of the
cooling curve, and the density is not as high as the more massive
haloes. Despite the lower cooling rate at the cooling radius, at the
very core region of the galaxy (< 5 kpc), the cooling from the ISM
is dominant. Given that one of the scalings is dominated by ISM

MNRAS 532, 2724-2740 (2024)
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cooling while the other scaling is not, the above two expressions
give very different results.

Summarizing from the differences among m13, m13l and, m13-
mBH, there are at least two things that will add to the difference
between the two scalings. The first factor is the CGM mass. A lighter
CGM will cool even less efficiently than the ISM gas. Since the core
cooling is always dominated by the ISM, including ISM cooling or
not in the expression makes a larger difference in the lighter CGM
case.

The difference can be even larger if we also increase the BH mass
at the galaxy centre. The more massive BH makes the ISM gas even
denser at small radii and its cooling rate even higher. However, this
has no impact on the cooling rate at the cooling radius. We will
discuss this further in Section 4.4 for the m131-mBH runs, where
the two different scalings give more than a dex difference in the
estimated jet energy fluxes.

We note that scaling the energy flux according to the free-fall
energy at the cooling radius, which does not account for the ISM
cooling, gives a better result for stably suppressing the cooling flow.
The reason is that the AGN jet is working against the bulk cooling
flow, which is from the hot halo and has a longer term variability. The
ISM, on the other hand, has larger short-term variability, especially
when part of the gas is heated up by the AGN. Once the AGN jet
attains an energy flux sufficient to suppress the cooling flows, the
supply of ISM is curtailed, causing ISM coolings to decline as the
ISM is gradually consumed. The instantaneous strong ISM cooling
is thus not something that the AGN jet needs to counterbalance
over an extended time-scale. Additionally, ISM cooling is partly
compensated for by SNe operating on a shorter time-scale. Having a
jet flux anchoring to the CGM cooling on a long time-scale therefore
yields a more stable result.

4.3 Thermal versus CR jet

In all the surveyed cases with the same energy flux, CR jets always
suppress the star formation more efficiently. The major reason is
again the extra CR pressure gradient, as we first described in Paper
III. This is also consistent with what we observed in Wellons et al.
(2023).

Fig. 9 shows the centrifugal acceleration due to gravity and rotation
and the acceleration due to the pressure gradient. Again at a few
10 kpc scales, the thermal radiative cooling is efficient, and the
thermal pressure gradient is not always pointing outward. The CR
pressure gradient, on the other hand, can reach a comparable value
to the centrifugal acceleration at the same radius.

4.4 Kinematic effect of BH mass

In all the runs studied here, we explored jet models with fixed fluxes,
which are not tied to BH accretion or the exact BH mass. However,
the BH mass still affects the surrounding gas, the star formation, and
the propagation of the jet. To explore this effect, here we run a set of
m13-mBH runs with a halo mass the same as m13 but a BH mass of
5 x 10°Mg, comparable to the BH mass in the M87 halo.

The resulting SFR is shown in Fig. 10. The lower flux precessing
kinetic jet and the CR jet runs which have energy fluxes scaled from
m14 according to the free-fall energy at the cooling radius, both fail
to quench. Initially, we see a similar suppression of the SFR, but later
the SFR goes up again to several M per year. A thermal jet with
lower energy flux, on the other hand, can still effectively quench the
galaxy. The primary reason is the kinematic effect of the BH mass.

MNRAS 532, 2724-2740 (2024)

The more massive BH in the centre has at least three kinematic
effects. First of all, it results in much denser gas in the BH vicinity,
which can more efficiently form stars. As we see in Fig. 11, where
the stellar age is plotted with respect to the radial position, the run
with the more massive BH and CR jet has most of the stars formed
on < 100 pc scales, especially at late times. Thermal jets can more
effectively repel the gas at within 1 kpc, while CR jets cannot. As
shown in Fig. 9, the extra CR pressure gradient mostly exists on
the ~ 10 kpc scale. At the sub-parsec scale, where the gas density
is high, CRs also dissipate energy efficiently through hadronic and
Coulomb losses. Due to the relatively high magnetic field strength in
dense gas, the streaming of CRs is also more efficient.

Another effect is the enhanced clustered star formation in the
massive BH run, which also results in a more episodic star formation
due to the stellar cluster feedback. This can be very clearly seen in
the SFR of the ‘NoJet’ run in the massive BH case.

Finally, the denser gas around the more massive BH also alters the
cooling rate in the ISM, enhancing it compared to the cooling rate at
the cooling radius. This further enlarges the difference between the
energy fluxes obtained from the two different scalings described in
Section 4.2.

5 DISCUSSION

5.1 Limitation of our models

It is essential to underscore that our study deliberately examines
jet models featuring a constant flux within a specific initial cluster
configuration. Our model lacks dynamically variable BH accretion,
making it non- ‘self-regulating’. In scaling the energy flux based on
the halo mass, we considered either the free-fall energy at the cooling
radius or the total cooling rate within the cooling radius, as computed
from the ‘NoJet’ run. We did not incorporate the evolution of these
quantities after activating the jets.

The primary objective of this research is to identify the criteria
(such as fluxes, energy forms, etc.) for a jet to induce quenching
in various halo masses without overtly violating observational
constraints. Observationally, in the m12 case, resembling an Lx
galaxy, there is active star-forming populations. However, our focus
in this paper is specifically on the quenching of star formation.

Another constraint of this study is the absence of a cosmo-
logical context in our simulations. Specifically, our halo lacks
satellites/substructures, which could influence large-scale turbulence
and other properties of the CGM/ICM gas. Additionally, the observed
limited variation in X-ray luminosity across our runs results from
initiating our isolated galaxy simulation with conditions resembling
a cool-core cluster and running it for a duration of less than
1.5 Gyr. In cosmological simulations, X-ray luminosity and other
thermodynamic properties can be even more sensitive to the models
of AGN feedback (e.g. McCarthy et al. 2010; Le Brun et al. 2014;
Planelles et al. 2014; Choi et al. 2015; Liang et al. 2016; Henden
et al. 2018; Davé et al. 2019).

We assume a constant diffusivity for CR transport. The models
for CR transport can introduce uncertainties in the resulting CR
pressure profile. Simulations with variable diffusion, following self-
confinement or extrinsic turbulence (Hopkins et al. 2022), can result
in a less prominent CR pressure. We will explore these aspects in
future studies.

Finally, we are only using the observations of the hot phase of the
galaxy. To further break the degeneracy, we would need observations
from other phases of the gas, which will be left for future work.
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Figure 10. The SFR as a function of time for the m13 and m13-mBH runs.
The more massive BH in the m13-mBH run results in a more episodic SFR
(in the run without jets) due to the concentrated star formation around the
BH. The more concentrated gas around the massive BH also makes low-flux
CR jets less efficient in quenching than the low-flux thermal jet.

/r. In the core region, where cooling is rapid, the thermal pressure gradient is not outward, and support is lost. In our CR jet runs, the CR pressure gradient

5.2 Possible further observational probes and model
explorations

To refine the models presented in this study, a more compre-
hensive examination of X-ray properties and thorough compar-
isons with multiphase observations will be necessary. We defer
this aspect to future investigations but briefly touch upon poten-
tial fruitful directions. While the various models in this study
generally align with the X-ray-inferred radially averaged density,
temperature, and entropy profiles, the spatial distribution of these
properties may exhibit variations, particularly between regions
closer to and farther from the jet axis. These differences could
be further elucidated through extensive comparisons of X-ray
maps.

Mapping the kinetic properties (inflow/outflow and turbulent ve-
locities as a function of polar angle) near the jet can provide additional
constraints on the models. Moreover, the thermal properties of lower
temperature gas also vary between runs with CR and thermal jets.
These differences will lead to varying predictions for various ion

MNRAS 532, 2724-2740 (2024)
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Figure 11. The age versus radius of all the stars formed in the simulations
for the low-flux thermal and CR jets in the m13 and m13-mBH cases. The
inclusion of a massive BH results in more dense gas and more concentrated
star formation around the BH vicinity. CR dominated jets are less efficient in
repelling the gas and regulating the star formation at the <100 pc scale.

column densities and emission or absorption at different wavelengths
(Cochrane et al. 2023; Qutob et al. 2023).

We have verified that, in our CR jets running with a halo mass
below 10'* Mg, the predicted ~GeV gamma-ray luminosity from
hadronic interactions is below the current observational upper limits
(Ackermann et al. 2016; Wiener & Zweibel 2019).

In contrast, the ‘m15-CR7e44’ case experiences an increase in
gamma-ray luminosity due to hadronic loss, ranging from 10* to
10 erg s~! as cooling flows resume. Notably, this range exceeds the
observational constraints. Over 90 per cent of the gamma-ray flux
emanates from the inner 20 kpc, serving as motivation for models
proposing the injection of CRs at the jet cocoon shock rather than
at the point of jet initiation. This adjustment would lead to a more
extensive distribution of CRs, moving away from their concentration
at the galactic core (Su et al., in preparation).

6 CONCLUSIONS

In this paper, we have performed a systematic exploration of
different AGN jet models that inject energy into massive haloes
from 102 to 10"°M,, quenching galaxies and suppressing cooling
flows. We considered models with a wide range of jet properties,
including precessing kinetic jets, thermal energy-dominated jets, and
CR jets with fixed energy fluxes. These models were investigated
through simulations at a full-halo scale, although they were non-
cosmological. The simulations incorporated various physical pro-
cesses, such as radiative heating and cooling, self-gravity, star forma-
tion, stellar feedback from SNe, stellar mass-loss, and radiation. This
comprehensive approach allowed for a dynamic and ‘live’ response
of star formation and the multiphase ISM to cooling flows, despite
the continuous flux of AGN jets. For more massive haloes (m14
and m15), we employed a hierarchical super-Lagrangian refinement
scheme, achieving a mass resolution of approximately ~ 3 x 10* Mg
— significantly higher than many preceding global studies.
We summarize our key results in the following point:

MNRAS 532, 2724-2740 (2024)

(1) The jet energy required to quench a halo roughly scales with
the free-fall energy at the cooling radius, consistent with what we
hypothesized from simulations of a single halo mass in Paper IIIL
With the above scaling, all three jet models (precessing kinetic jets,
hot thermal jets, and CR jets) can quench or significantly suppress
the star formation over the surveyed halo mass range from 102 to
10M,, without obviously violating our observational constraints.

(i1) With a similar energy flux, CR dominant jet always quenches
more efficiently than the two other variations due to the extra CR
pressure support, which does not radiate away as fast at the cooling
radius. When limited to just 10 percent of the energy flux scaled
following Sc-FF, only the CR dominant jet can quench a 10"*Mg
halo, consistent with what we see in Paper III for the 10'*Mg halo
case.

(iii) Scaling the jet energy flux according to the total cooling rate
within the cooling radius may not as accurately yield the correct flux
required to suppress the cooling flows. The reason is the total central
cooling can be dominated by the ISM gas, which is less relevant to
the bulk cooling flows.

(iv) Lowering the CGM mass or increasing the BH mass will
make ISM cooling even more dominant within the cooling radius.
As a result, the two scaling methods (free-fall energy flux at the
cooling radius and cooling rate within the cooling radius) may yield
even more discrepant results.

(v) Thermal jets can more effectively regulate the gas on sub-
100 pc scale, while the CR jets can more efficiently build up the
pressure support around the cooling radius.

To summarize, our work lends support to the notion that quench-
ing, particularly in observed galaxies at z ~ O that are brighter than
L« in the galaxy luminosity function, can be achieved within the
feasible parameter range of AGN jets. Through this investigation
and in conjunction with Paper III, we demonstrate that the effective
parameter space, ensuring successful quenching without violating
observational constraints, highlights specific jet/cocoon processes
and potentially implicates a role for CRs. However, it is essential to
acknowledge various caveats (Section 5.1) that require exploration
in future studies, along with more in-depth comparisons with obser-
vations (Section 5.2).
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