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Abstract

We make an in-depth analysis of different active galactic nuclei (AGN) jet models’ signatures, inducing quiescence
in galaxies with a halo mass of 10'2M.. Three jet models, including cosmic-ray-dominant, hot thermal, and
precessing kinetic jets, are studied at two energy flux levels each, compared to a jet-free, stellar feedback-only
simulation. Each of our simulations is idealized isolated galaxy simulations with AGN jet powers that are constant
in time and generated using GIZMO and with FIRE stellar feedback. We examine the distribution of Mg 11, O VI,
and O VIII ions, alongside gas temperature and density profiles. Low-energy ions, like Mg II, concentrate in the
interstellar medium (ISM), while higher energy ions, e.g., O VIII, prevail at the AGN jet cocoon’s edge. High-
energy flux jets display an isotropic ion distribution with lower overall density. High-energy thermal or cosmic-ray
jets pressurize at smaller radii, significantly suppressing core density. The cosmic-ray jet provides extra pressure
support, extending cool and warm gas distribution. A break in the ion-to-mass ratio slope in O VI and O VIII is
demonstrated in the ISM-to-circumgalactic medium (CGM) transition (between 10 and 30 kpc), growing smoothly
toward the CGM at greater distances.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Galaxy quenching (2040); the Milky Way
(1054); Ionization (2068)

1. Introduction One potential avenue to unraveling this conundrum involves
the strategic infusion of substantial energies from the inner
reaches of the galaxy via active galactic nuclei (AGN)
feedback. This deliberate energy injection into both the ISM
and CGM is envisioned as a means to forestall gas cooling
processes. Recent works have elucidated scenarios wherein the
injected energy, particularly through AGN feedback in the form
of jets (K.-Y. Su et al. 2018, 2019, 2021), can induce a
cessation of star formation, inducing a state of quiescence
within the system. Specifically, the influence of AGN feedback,
notably in the manifestation of jets (see also M. Gaspari et al.

Massive elliptical galaxies and galaxy clusters are distinctly
characterized by their red and dormant state, indicative of an
overarching deficiency in star formation. Recent X-ray
observations (A. C. Fabian et al. 1994; J. Stern et al. 2019)
affirm that the radiative cooling of hot gas within galaxy
clusters should in principle induce the cooling and condensa-
tion of circumgalactic medium (CGM) gas into the interstellar
medium (ISM), fostering star formation at a significantly
elevated rate compared to current observations. The persistent
incongruity between the expected dynamics of gas cooling and

the observed scarcity of star formation in massive %alames
particularly those with halo masses exceeding 10 1s
formally identified as the “cooling flow problem.”
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Figure 1. A cartoon picture of the criteria for successful jet models.

R. K. Cochrane et al. 2023) have emerged as a focal point in
these inquiries.

Earlier studies proposed specific properties for AGN jets to
effectively quench star formation. K.-Y. Su et al. (2021, 2024)
systematically examined various jet models, adjusting para-
meters such as mass, energy flux, energy composition, and jet
precession. The investigation yielded three key criteria for a
successful jet model as depicted in Figure 1. First, the jet
should exhibit an energy flux comparable to the freefall energy
flux at the cooling radius of the halo, hindering the cooling and
inflow of gas toward the halo center. Insufficient energy flux
renders the jet insufficiently powerful for quenching. Second,
the jet must generate a sufficiently broad cocoon. An overly
narrow cocoon results in uneven energy distribution, limiting
its efficacy in quenching star formation. Third, effective
quenching necessitates a sufficiently extended cooling time
for the jet. A brief cooling period prevents the jet from
depositing ample energy before dissipating through radiation.
The cooling time (f.oo) ~ kT /fAA(T)) should notably surpass
the cocoon expansion time (fexp ~ Reool/Vexp) (K.-Y. Su 2024),
emphasizing the intricate balance of parameters crucial for
AGN jets to quell star formation in galactic environments.

Figure 1 depicts a visualization of these findings. R, refers
to the cooling radius equal to ~30-50 kpc, which we define as
the radius within which the cooling time is less than our
simulation time (~1.5Gyr) (K.-Y. Su et al. 2021).
Moo1Vir [Reool 2 represents the freefall energy flux at the cooling
radius with M., representing the estimation of the mass flux
from cooling flows and v as the freefall velocity. Elot, J is the
total jet energy flux, which must be greater than the freefall flux
at the cooling radius in order for quenching to be achieved. 7.,
is the cooling time and fexpansion 1S the expansion time for the jet
cocoon. The cooling time must be greater than the expansion
time for quenching to occur. R ocoon 18 the jet cocoon width and
Zeocoon 18 the height of the jet cocoon. The jet cocoon radius
must be at least as large as the height of the jet cocoon at the
cooling radius in order for the jet to have a wide enough radius
to induce quenching.

K.-Y. Su (2024) demonstrated that cosmic-ray jets, preces-
sing kinetic energy jets, and hot thermal jets, when endowed
with sufficient energy fluxes, consistently meet the criteria for
quenching star formation. Importantly, these models do not
blatantly violate X-ray observations. The extended cooling time
in these models, attributed to cosmic-ray energy or high
specific heat, surpasses the cocoon expansion duration.
Pressure generated by thermal or cosmic-ray energy, coupled
with jet precession, effectively widens the jet cocoon at cooling
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radii, strategically impeding cooling flows across a broad solid
angle. Despite recent advancements in identifying jet categories
that fulfill the criteria for successful galaxy quenching,
achieving a comprehensive understanding of their specific
impacts on various galactic properties remains elusive. This
knowledge gap hampers our capacity to effectively leverage
observations of multiphase gas.

This paper extends upon the advancements achieved in the
AGN feedback models presented in K.-Y. Su et al. (2021) by
establishing connections between AGN jet models and CGM
properties, including gas density, temperature, and ionization
state. Three distinct jet models—cosmic-ray jets, precessing
kinetic energy jets, and hot thermal jets—will be employed in a
subset of isolated Milky Way-like galaxies, characterized by a
halo mass of 10'?M.... Our focus in this study will center on the
morphologies of three distinct ions, including Mg 11, O VI, and
O v11, each characterized by significantly different ionization
energies. This choice ensures effective sampling of the gas
within each distinct ionization state. The overarching objective
is to investigate the broader impact of AGN jets on the
distribution of gas temperature and metallicity. These factors
collectively contribute to modifying the ion distributions within
both the CGM and the ISM.

The paper is structured as follows. In Section 2, we explain
the method used to make the synthetic observations. Section 3
details the findings for each type of simulation and parameter
setting. In Section 4, we summarize the results and describe
future directions. Section 5 presents the conclusion of this
manuscript.

2. Methodology

Our investigation delves into the observational manifesta-
tions of diverse AGN jet models by discerning the ion
distribution in a subset of Milky Way-like isolated galaxy
simulations. These simulations incorporate AGN jet models,
first introduced in K.-Y. Su et al. (2021, 2024). Post-processing
of the simulations is conducted using the synthetic absorption
toolkit TRIDENT (C. B. Hummels et al. 2017). Subsequently,
we explore the morphologies of various ions spanning low-to-
high ionization states. The synthesis of simulations and post-
processing procedures is summarized as follows.

2.1. Simulations

The isolated simulation library forming the foundation of our
analysis employs GIZMO (P. F. Hopkins 2015) in its meshless
finite mass mode. This Lagrangian mesh-free Godunov method
seamlessly integrates the benefits of both grid-based and
smoothed-particle hydrodynamics methods. A thorough series
of methodological papers, including those on hydrodynamics
and self-gravity (P. F. Hopkins 2015), magnetohydrodynamics
(MHD; P. F. Hopkins & M. J. Raives 2016; P. F. Hopkins
2016), anisotropic conduction and viscosity (P. F. Hopkins
2017; K.-Y. Su et al. 2017), and cosmic rays (T. K. Chan et al.
2019), provide exhaustive details on extensive tests and
numerical implementations. All simulations incorporate the
FIRE-2 implementation, featuring comprehensive treatments of
the ISM, star formation, and stellar feedback as outlined in
P. F. Hopkins et al. (2018a, 2018b). The cooling mechanism
spans a temperature range of 10'=10'"K, encompassing the
effects of photoelectric and photoionization heating, fine
structure, collisional, Compton, recombination, atomic, and
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Table 1
ICs of the Isolated Galaxy Simulations

Galaxy Resolution DM Halo Baryon Stellar Bulge Stellar Disk Gas Disk Gas Halo
Model  Rano f?in mg Mpm Tdh Po Mbaryon M, a My T4 Myq Tad My T'gh B

(kpo) (o)  (M.) (M) (kpo) (gem ) (M) M) (kpo)y (M) (kpe)  (Mg)  (kpe)  (Mo)  (kpo)
(e)) (@) 3 “ (&) ©) O] ®) © (10) an 12) 13) 14) 1s) ae @
ml2 248 1 8e3 1.5e12 20 5.8e-25 2.2ell 1.5e10 1.0 5.0e10 3.0 5.0e9 6.0 1.5el1 20 0.5

7t}

Note. The parameters of the galaxy/halo model under investigation in this paper are as follows: Column (1) model name. The numerical suffix following “m

designates the approximate logarithmic halo mass. Column (2) R,o: the radius encompassing an average density of 200 times the critical density. The total masses in
this study are measured within R,qo. Column (3) egi“ : minimum gravitational force softening for gas. The adaptive softening for gas in all simulations is matched to
the hydrodynamic resolution; presented here is the minimum Plummer equivalent softening. Column (4) m,: gas mass (resolution element). Column (5) Mpy: dark
matter mass. Column (6) rq,: NFW halo scale radius (the corresponding concentration of m14 is ¢ =5.5). Column (7) po: dark matter halo density. Column (8)
Mparyon: total baryonic mass. Column (9) My,: bulge mass. Column (10) a: bulge Hernquist profile scale length. Column (11) My: stellar disk mass. Column (12) r4:
stellar disk exponential scale length. Column (13) M,q: gas disk mass. Column (14) ryq: gas disk exponential scale length. Column (15) M,y: hydrostatic gas halo
mass. Column (16) r,,: hydrostatic gas halo. Column (17) 3= 1/2 profile scale length.

Table 2
Summary of the ICs Scrutinized in This Study

Results Input Jet Fluxes Other Jet Parameters
Model Scaling AT SFR Summary Eiin Etn Ecr M v P T B 0, T,
- _ M,
1 1 ®©
Gy Moyr ) eres ) ) GmsT) ) K G ey My
1) () 3 ) ®) (6) )] ®) ©) (10 1D 1z a3 a4 (15)
m12-NoJet 1.5 4.8 Strong CF
m12-Th5e42 ff 1.5 0.031 Quenched  4.9e41  4.9e42 0 0.17 3e3 33e33  3e9 le-4
m12-Th5e41 0.1ff 1.5 0.67 Quenched  4.9¢e40  4.9e41 0 0.017 3e3 33e32 3¢9 le4
m12-CR5e42 ff 1.5 0.016 Quenched  4.9e41  1.6e40  4.9¢42 0.17 3e3 3.3e33 1le7 le4
m12-CR5e41 0.1ff 1.5 0.29 Quenched  4.9¢40  1.6e39  4.9¢41 0.017 3e3 33e32  le7 le4 .
ml2- ff 1.5 0.11 Quenched  4.9e42  1.6e40 0 0.17 9.5¢3 1.e34 le7 le4 45 100
Kin5e42-pr
ml2- 0.1ff 1.5 1.38 Strong CF 4.9e41  1.6e39 0 0.017 9.5¢3 1.e33 le7 le4 45 100
KinS5e41-pr

Note. The description of each jet model and the corresponding defining parameters are as follows: Column (1) model name: the nomenclature for each model begins
with the primary form of energy flux followed by the specific value in erg per second utilized. Additionally, the label “pr” denotes the inclusion of jet precession in the
model designation. Column (2) scaling: the scaling of the energy flux was achieved by adjusting the mass flux while maintaining the specific energy in accordance
with the freefall energy within R, (“ff”). Another iteration was conducted with 0.1 times that energy flux (“0.1ff”). Column (3) AT: the duration of the simulations
extends to 1.5 Gyr, unless either when the halo is entirely “blown out” or when it remains entirely unaffected. Column (4) The SFR averaged over the last 250 Myr.
Column (5) Summary of the results: “strong CF” and “quenched” correspond respectively to a specific SFR of 210’11 and 510’11 yr’l. Columns (6)—~(8) Eiin, Etp,
and Ecg tabulate the total energy input of the corresponding form. Columns (9)—(11) M, v, and P tabulate the mass flux, jet velocity, and momentum flux. Column
(12) T refers to the initial temperature of the jet. Column (13) B is the maximum initial magnetic field strength of the jet. Column (14) 6,,: the precession angle of the
jet. Column (15) T, precession period.

molecular cooling. The initial conditions (ICs) of the isolated
galaxy simulations are provided in detail in Table 1 and are
further elucidated upon in Section 2.2.

The treatment of star formation in these simulations employs
a sink particle method, restricted to molecular, self-shielding,
and locally self-gravitating gas with a density of n > 100 cm >
(P. F. Hopkins et al. 2013). Once formed, star particles in the
simulation represent a single stellar population, inheriting their
metallicity from the parent gas particle at the formation stage.
Feedback rates, including supernovae (SNe) and mass-loss
rates, are averaged over the initial mass function (IMF) values
calculated from STARBURST99 (C. Leitherer et al. 1999)
using a P. Kroupa (2002) IMF.

The stellar feedback model encompasses three key compo-
nents: (1) the Radiative feedback, incorporating photoioniza-
tion and photoelectric heating, along with radiation pressure
tracked in five bands (ionizing, far-UV, near-UV, optical-NIR,
IR), (2) continuous stellar mass loss and injection of mass,

metals, energy, and momentum from O star, B star, and
asymptotic giant branch winds, and (3) Type II and Ia SNe,
occurring based on tabulated rates and injecting the appropriate
mass, metals, momentum, and energy into the surrounding gas.
Our simulations additionally incorporate MHD, fully aniso-
tropic conduction, and viscosity with Spitzer—Braginski
coefficients. Specific details on the simulation library are
further described in K.-Y. Su et al. (2024). All simulations are
from the aforementioned paper.

2.2. ICs

The ICs scrutinized in this study are extensively presented
and elucidated in K.-Y. Su et al. (2019, 2021, 2024) and are
summarized in Tables 1 and 2. These ICs are tailored to
resemble a Milky Way-like galaxy, assuming the presence of
no missing baryons within approximately 1 r,. The initializa-
tion of the dark matter (DM) halo, bulge, black hole, and gas
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Figure 2. The thermal jet propagation at several distinct snapshots. Each panel displays the mass-weighted temperature map in the y—z projection. The ¢ value

corresponds to the time in the simulation of each snapshot.

+stellar disk adheres to the prescriptions of V. Springel &
S. D. M. White (1999) and V. Springel (2000).

We adopt the following components for the ICs: a spherical,
isotropic, Navarro-Frenk—White (NFW; J. F. Navarro et al.
1996) profile DM halo; an L. Hernquist (1990) profile stellar
bulge; an exponential, rotation-supported disk of gas and stars
initialized with Toomre Q =~ 1;a black hole with a mass of
approximately ~1/300 of the bulge mass (e.g., N. Hiring &
H.-W. Rix 2004); and an extended spherical, hydrostatic gas
halo with a B-profile and rotation at twice the net DM spin (i.e.,
~10%—-15% of the support against gravity arises from rotation,
with the majority of support from thermal pressure as
anticipated in a massive halo). Table 1 summarizes the key
properties of the initial DM halo, stellar bulge, stellar disk, ISM
gas disk, and gaseous CGM halo.

The initial metallicity of the CGM/ICM drops from solar
(Z=0.02) to Z=0.001 obeying the functional form:
Z(r) = 0.02(0.05 + 0.95/(1 + (r/rz )')), where r,=20kpc.
The boundary between the ISM and CGM is defined at
rz=20kpc. Initial magnetic fields are azimuthal with a seed value
of |B| = By/(1 + (r/rg)*)”% extending throughout the CGM,
where By=0.03 uG, rg=20kpc, and (Og=0.375. The initial
cosmic-ray energy density is in equipartition with the local initial
magnetic energy density.

The density profile of the gas halo follows a beta profile
(n ~ no(1 + (r/r)*)3%/2) based upon the Milky Way
(M. J. Miller & J. N. Bregman 2013, 2015) but assumes no
missing baryons. In this context, r. represents the galactic core
radius. The initial temperature profile of the gas halo was
chosen to ensure hydrostatic equilibrium (K.-Y. Su et al. 2019).
The profile gradually evolves toward a rotating cooling flow
solution after the start of the run (J. Stern et al. 2024). The
density profiles for both the DM and gas halos are extended to
at least 3 r,.

2.3. Types of AGN Jets

In each simulation, the initiation of the jet involves a particle
spawning method, generating new gas cells (resolution
elements) originating from the central black hole. These
spawned gas particles exhibit a mass resolution of 5000 M,

and are explicitly restricted from de-refining (merging into a
regular gas element) until their deceleration reaches 10% of the
launch velocity. Once a sufficient level of deceleration is
attained, de-refinement becomes permissible. To ensure exact
linear momentum conservation, two particles are simulta-
neously spawned in opposite z-directions when the cumulative
jet mass flux reaches twice the targeted spawned particle mass.

All of the total mass values depicted in Table 2 are within the
R radius encompassing an average density of 200 times the
critical density as seen in Table 1. The total baryon to DM ratio
within ~2R,( corresponds to the cosmic mean value.

The jet features a 1° opening angle around the jet axis,
aligned along the z-axis, with the exception of the precessing
kinetic jet. In the latter, the jet axis undergoes precession
around the z-axis at a 45° angle with a periodicity of 100 Myr.
Jet particles are generated with a fixed mass flux, and specific
values for temperature, velocity, magnetic fields, and cosmic-
ray energy are assigned based on the chosen jet model. These
parameters, in turn, determine the kinetic, thermal, and cosmic
energy fluxes, as outlined in Table 2.

K.-Y. Su et al. (2021, 2024) concluded that, within the halo
mass range of 10'°~10"°M..,, successful jet models must exhibit
specific characteristics. As depicted in Figure 1, the criteria that
must be met for a jet to cause quenching is that the jet must
have (1) an energy flux greater than the freefall flux at the
cooling radius, (2) a sufficiently extended cooling time, and (3)
a wide enough jet cocoon. They identified preferred models
among these criteria, favoring either a high-temperature
thermal jet, a cosmic-ray-dominant jet, or a widely precessing
kinetic jet. Consequently, our focus narrows to these three jet
models. Each model is assessed under two distinct energy
fluxes: one with high and the other with low energy flux.
Simulation runs featuring higher jet energy fluxes
(~5 x 10" ergs ') are scaled from the energy flux necessary
to quench a 10'*M_, halo based on the freefall energy flux at
the cooling radius.

As a reference, for the ml12 (Milky Way-like) setup,
Reoor ~39kpe assuming a cooling time less than 1.5 Gyr,
Meoor ~ 10M, yr=1, vg~227 km s !, and the freefall energy
flux Eg ~ 2 x 10* erg s~!. Based on K.-Y. Su et al. (2021),
the required energy flux to quench in each halo mass is roughly
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10 times the freefall energy flux at the cooling radius, assuming
the cooling time of 1.5 Gyr

Conversely, runs with lower fluxes (~5 x 10*' ergs™")
exhibit only 10% of the energy flux found in their high-flux
counterparts. Table 2 provides a comprehensive summary of
the fluxes in all simulation runs in various forms.

Each model was simulated and analyzed for a duration of
1.5Gyr. The time duration of 1.5Gyr (1.5 x 10°yr) was
chosen because the average AGN lifetime is between
1 x 107 yr and 1 x 10° yr (K. Schawinski et al. 2015). Given
that we are modeling a jet with constant flux, the 1.5 Gyr time
frame is sufficient to encapsulate all significant features
surrounding the AGN. Test simulations run for longer than
1.5 Gyr showed no significant change after the point of 1.5 Gyr.

We conduct a crucial comparison between each of the three
identified jets and a no-jet simulation exclusively incorporating
stellar feedback, serving as a control. This comparative analysis
enables a comprehensive examination of AGN jet behavior and
its influence on the surrounding ISM CGM for quenching
effects. In the absence of an AGN jet, the stellar feedback alone
is insufficient to suppress star formation, as the energy flow
does not counterbalance the cooling from the adjacent CGM.
Given the central objective of this project to scrutinize the
impact of AGN jets on galactic quenching, the juxtaposition of
each of our three selected jets, under both high- and low-energy
flux conditions, against an unquenched galaxy with no jet is
indispensable. This comparative approach is essential for
discerning significant trends in energy and mass distribution,
providing insights that can be translated to observables. The
outcome comprises a total of seven simulations post-processed
for each of the ions under investigation. Further details
regarding this comparative analysis are presented in
Section 3.

2.4. Post-processing Calculation of Ion Distributions

We employ TRIDENT (C. B. Hummels et al. 2017) to
compute the spatial distribution of three distinct ions: Mg II,
OVI, and Ovil. TRIDENT facilitates the generation of
simulated observations within astronomical hydrodynamic
simulations, allowing the creation of absorption line spectra
and column density maps for ion species not initially present in
the simulation outputs. The process involves TRIDENT
initially computing the density of a specific ion within the
simulated data set. This computation uses its ion balance
module, which assumes an ionizing source, as described in
F. Haardt & P. Madau (2012). This module assesses if the data
set contains the particular metal element for each cell within the
considered domain. If the simulation includes the ion density
via the chemistry solver, that data is utilized. Alternatively,
TRIDENT estimates the density of these ions by assuming
chemical equilibrium when the specific ion density is not
tracked in the simulation.

We undertake a comparative analysis involving a baseline
simulation devoid of AGN jet feedback and six distinct AGN
jet feedback models, as detailed in Section 2.3. Figure 2
illustrates the progression of the jet at various snapshots. Each
panel depicts the mass-weighted temperature in the y-z
projection. Our investigation delves into the distinctive
signatures exhibited by various AGN feedback models across
a selection of ions at varying ionization states, specifically
Mg 11, O VI, and O VIII, associated with low, intermediate, and
high ionized states, respectively. The strategic selection of ions
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with significantly divergent ionization energies allows for a
comprehensive sampling of each phase of gas present in the
ISM and the CGM.

3. Results

In this section, we undertake a comprehensive examination
of the CGM properties associated with each of the aforemen-
tioned jet models. Our numerical approach is divided into two
distinct segments. In the initial segment, our attention is
directed toward a singular snapshot, offering a detailed insight
into the specific characteristics observed. Subsequently, in the
second segment, we delve into a thorough investigation of the
CGM ionization distribution, conducted at a time median level,
providing a nuanced understanding of the temporal dynamics
of the jet.

Single Snapshot Analysis. We initiate our exploration
through the adoption of a single snapshot analysis (SSA)
methodology, specifically selecting snapshot N = 100, corresp-
onding to At =1 Gyr from the starting point of the simulation.
As depicted in the right panel of Figure 2, this particular
snapshot captures a discernible jet expansion, extending
approximately ~300 kpc along the z-direction. This configura-
tion enhances the feasibility of scrutinizing and discerning
intricate details pertaining to the jet’s inherent properties.
Movies of individual simulations, including all of the different
snapshots, are posted on YouTube.!” Below, we utilize the
SSA method to generate Figures 3 through 6.

Multiple Snapshot Analysis. Building upon the SSA method,
we broaden our investigation to encompass the dynamical
evolution of jet properties using a time median approach,
referred to as the multiple snapshot analysis (MSA) method.
This involves calculating the median values of gas density,
mass-weighted temperature, and the mass ratios and densities
of our targeted three ions: MgIll, O VI, and O VIIL When
calculating the median, we used all snapshots from 15 to 150 in
every simulation, and computed the median of the desired
quantities. We began with snapshot 15 simply because
snapshots 1-14 represent the very earliest stages of an AGN
jet’s formation. Therefore, we observed minimal activity during
those snapshots and negated them as outliers when calculating
our medians. When calculating the time cadence, we used all
150 snapshots in each simulation and solved as At = 1.5 Gyr/
150 = 10 Myr. Below, we utilize the MSA method to generate
Figures 7 through 10.

3.1. Jet Cocoon Morphology

Figures 3 and 4 delineate a face-on view (i.e., x—y projection)
of simulations corresponding to high- and low-energy flux,
respectively. In making this figure, we used the SSA method.
From top to bottom, the rows represent simulations involving a
precessing kinetic jet, hot thermal jet, cosmic-ray jet, and a
simulation with no jet. In each row, from left to right, we
present the projected density of gas, MgII, O VI, and O VIIL, as
well as the mass-weighted temperature profiles. Notably,
Figure 3 illustrates that the introduction of high-energy flux
results in a low-density heated region in the ISM surrounding
the central AGN. This, in turn, leads to a suppression of the
cooling flow, significantly reducing the late-stage gas supply
from the ISM. Consequently, an overall decrease in the mass of

17 https: //www.youtube.com/ @nadiaqutob/videos
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Figure 3. The face-on (xy-projected) view of different AGN jet simulations with high-energy flux. Each row represents a different AGN jet simulation. From top to
bottom, rows present the precessing kinetic jet, thermal jet, cosmic-ray jet, and the fiducial simulation with no jet for comparison purposes. Each column represents a
different parameter constraint applied during the post-processing. In each column, from left to right, we present the logarithm of the overall gas mass density, the
O vII surface mass density, the O VI surface mass density, the Mg II surface mass density, and gas temperature, respectively. The color bars depicted at the bottom of
the figure show the intensity of each projection map. All snapshots shown occur at the t = 1 Gyr point in the simulations.

the ISM is observed, visually manifested as a void in the x—y
projection, attributed to the presence of the jet. It is noteworthy
that this central underdense region is less pronounced in
simulations with lower-energy flux jets, as depicted in Figure 4.

Figures 5 and 6 present an edge-on perspective (corresp-
onding to a y—z projection) of simulations related to high and
low-energy flux, respectively, mirroring the structure of
Figures 3 and 4, utilizing the SSA method. The edge-on view
is instrumental in observing the propagation of the jet,
confirming the presence of a pressurized cocoon surrounding
it. AGN jet cocoons are characterized by lower density and
higher temperature compared to their surroundings. As these jet
cocoons propagate and expand laterally, they impart heat to the

surrounding CGM and expel gas as an outflow. Consequently,
this outflow has a suppressive impact on star formation.

3.2. Density and Temperature

The first columns in Figures 3—6 display the column density
distribution of gas within each analyzed galaxy. Mass is
concentrated toward the AGN center in the ISM for all
simulations, with higher jet fluxes correlating to lower gas
densities. A noticeable void appears in the ISM with
sufficiently high energy flux, corresponding to the region
where the AGN jet expels energy into the CGM. This effect is
due to the AGN jet depositing energy onto the surrounding gas,
causing dispersion and the formation of a high-temperature,
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Low Energy Flux: XY-Projection
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Figure 4. The face-on (xy-projected) view of different AGN jet simulations with low-energy flux. Each row represents a different AGN jet simulation. From top to
bottom, the rows present the precessing kinetic jet, thermal jet, cosmic-ray jet, and the fiducial simulation with no jet for comparison purposes. Each column represents
a different parameter constraint applied during the post-processing. In each column, from left to right, we present the logarithm of the overall gas mass density, the
O vII surface mass density, the O VI surface mass density, the Mg II surface mass density, and gas temperature, respectively. The color bars depicted at the bottom of
the figure show the intensity of each projection map. All snapshots shown occur at the = 1 Gyr point in the simulations.

low-density gas region within and around the jet cocoon, as
shown in the fifth columns of Figures 3-6. This universal
suppressive trend in both ISM and CGM aligns with
expectations based on rough pressure equilibrium, where
heated regions exhibit lower density and vice versa.

The jet cocoon primarily consists of high-temperature gas,
while the disk remains relatively cool, exhibiting the develop-
ment of a cold gas phase. Notably, at radii of approximately
12 kpc, there is an observable ring of cold gas in the equatorial
plane, where residual star formation, although significantly
suppressed by the jet, continues to take place. Despite this, the
sparse nature of the star formation results in the galaxy being
considered quenched. Moreover, at farther radii, around
200 kpc, the CGM exhibits a lower mass density compared

to the inner disk. These discernible patterns remain consistent
across all analyzed simulations.

Figure 7 employs the MSA method to calculate the radial
profile of the median gas density (left panel) and the median
mass-weighted gas temperature (middle panel), along with the
Z-dependence of the median mass-weighted gas temperature
(right panel). The plot is generated using 60 linear shells
covering radii from 1 to 200 kpc. As a reference, we have also
included the profile of our IC (labeled as # = 0). The IC was run
adiabatically, without cooling, for 50 Myr before being used,
resulting in slightly lower density, higher temperature, and
smoother profiles compared to the other lines. These
differences are also evident in the subsequent plot, Figure 8.
After the start of the run, gas in the ISM quickly cools down
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Figure S. The edge-on (yz-projected) view of different AGN jet simulations with high-energy flux. Each row represents a different AGN jet simulation. From top to
bottom, the rows present the precessing kinetic jet, thermal jet, cosmic-ray jet, and the fiducial simulation with no jet for comparison purposes. Each column represents
a different parameter constraint applied during the post-processing. In each column, from left to right, we present the logarithm of the overall gas mass density, the
O vII surface mass density, the O VI surface mass density, the Mg I surface mass density, and gas temperature, respectively. The color bars depicted at the bottom of
the figure show the intensity of each projection map. All snapshots shown occur at the t = 1 Gyr point in the simulations.

and becomes denser. The subsequent AGN jet may further alter
the gas’s thermal properties.

In the first two columns, it is evident that cool gas exhibits
higher density in the ISM. Furthermore, simulations with AGN
jets, whether low-energy flux or no jet, maintain a cool ISM,
while those with higher-energy flux induce heating in the inner
few kiloparsecs, resulting in a decreasing temperature profile
toward the ISM edge. Consequently, a direct measurement of
the gas temperature profile in the simulation could provide
insights into the AGN jet’s energy flux. Notably, there is a
break in the slope around 10kpc in both density and
temperature, corresponding to the ISM-to-CGM transition,
where density drops substantially while temperature increases.
Another break occurs at roughly 30 kpc, marking the cooling

radius, within which gas is cooled into multiple phases over a
billion years. It is evident that with the same energy flux,
thermal and cosmic-ray jets are notably more effective in
suppressing ISM density. This efficiency could stem from the
pressure exerted by cosmic-ray and thermal jets, especially
when directed near the black hole, proving highly effective in
suppressing core density. Interestingly, both cosmic-ray and
thermal jets demonstrate a more efficient capability in heating
the ISM compared to precessing kinetic jets with equivalent
energy fluxes. However, as the jet propagates, the kinetic
energy within the precessing kinetic jet undergoes eventual
shock and thermalization. Consequently, different jet models
exhibiting the same energy flux tend to suppress CGM density
to a similar extent at larger radii.
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Figure 6. The edge-on (yz-projected) view of different AGN jet simulations with low-energy flux. Each row represents a different AGN jet simulation. From top to
bottom, the rows present the precessing kinetic jet, thermal jet, cosmic-ray jet, and the fiducial simulation with no jet for comparison purposes. Each column represents
a different parameter constraint applied during the post-processing. In each column, from left to right, we present the logarithm of the overall gas mass density, the
O vII surface mass density, the O VI surface mass density, the Mg II surface mass density, and gas temperature, respectively. The color bars depicted at the bottom of
the figure show the intensity of each projection map. All snapshots shown occur at the t = 1 Gyr point in the simulations.

In the third column of Figure 7, it is clear that the jets fall
into two distinct categories with high-energy flux jets
exhibiting similar temperature profiles in the inner ISM.
Low-flux jets also all appear to exhibit similar temperature
profiles while in the inner ISM, but at an order of magnitude
lower than the high-flux counterparts. At the edge of the ISM,
these two clusters diverge in behavior with high-energy jet
models showing a steep growth and low-energy flux AGN
models exhibiting a relatively flat profile.

3.3. General Ion Distributions

In Milky Way-like galaxies, the ISM and CGM typically
exhibit temperatures of 7> 10* K and 7 > 10° K, respectively. To
investigate the morphological distribution of ions across the

galaxy, we focus on analyzing Mg I, O VI, and O VIII, representing
low-, intermediate-, and high-energy ionization states, respectively.
These ions cover a wide range of ionization energies, spanning
from 10° to 10’ K, and thus sample various gas phases at different
radii. For instance, it is expected that relatively cooler ions like
MgII are more prevalent in the galactic disk, while hotter ions
such as O VI and O VIII are more dominant in the CGM. For a
more in-depth explanation of the galaxy parameters utilized for this
analysis, see K.-Y. Su et al. (2024), where Figure 3 depicts the star
formation rate and Figure 4 gives a rough estimate of the total
baryonic mass within the cooling radius.

Below, we provide a detailed description of the trends in ion
mass density and ion-to-element mass ratio distributions for
these three different ions (Mg 11, O VI, and O VIII).
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Figure 7. Left panel: median gas mass density in the galaxy to distance from the center of the galaxy along the x-axis. Middle panel: the median temperature vs. the
radial profile. Right panel: the median temperature vs. the distance from the z-axis. Overlaid in each panel, we present different simulations using different colored
lines. The panels show a grouping of behavioral patterns between jets of similar energy fluxes, where low-energy jets display lower overall temperatures but higher
median gas mass density across all runs, while high-energy jets have a higher overall temperature but a lower median mass density. These plots are indicative of the
MSA method, where we pick the time median of the profile obtained from each snapshot. The radius of 10" kpc indicates the approximate edge of the galactic disk in

each simulation.
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Figure 8. The radial distribution of the median of the mass density (top row) and the ion-to-element mass ratio (bottom row) from all snapshots for Mg 1I (left panel),
O VI (middle panel), and O VIII (right panel), respectively. These plots are indicative of the MSA method, where we pick the time median of the profile obtained from
each snapshot. The radius of 10' kpc indicates the approximate edge of the galactic disk in each simulation.

3.4. Mgl

As previously highlighted, Mg II exhibits a low ionization
temperature, suggesting its prevalence in the cool, dense phase
of the ISM within the galaxy. It is revealed from the fourth
columns in Figures 3—6 that the majority of the projected
surface density for MgIll in our simulated AGN jets is
concentrated within a radius of 15kpc. This finding aligns
with the observations from the first column in Figure 8, where a
pronounced decline in Mgl ion-to-element mass ratio (first
row) and mass density (second row) is observed near the ISM-
to-CGM transition point.

10

A comparative analysis of the size of the low-density region,
denoted as the hole at the center of the ISM, indicates that
higher-energy flux jets (Figure 3) generate larger holes in the
ISM with lower Mg I density compared to lower-energy flux
jets (Figure 4). In simulations featuring lower-energy flux jets,
uniformly higher Mg Il masses within the ISM are observed, as
depicted in Figures 4 and 6. When the jet possesses a
sufficiently high-energy flux, it not only reduces the overall
density at the center but also elevates the gas temperature,
leading to further ionization of Mg into higher ions. The
dominant role of the first effect is underscored by the similarity
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Figure 9. The depiction of the mass ratio for the disk (top panel) and the jet (bottom panel). From the left to right, we present Mg II, O VI, and O VIII, respectively.
Plots are indicative of the MSA method, where we pick the time median of the profile obtained from each snapshot.

in ion-to-element mass ratios for MgII in the ISM across extended to over 100 kpc. MgII provides a clear depiction of

different simulations. the jet’s influence on the cold gas within the ISM, as it exhibits
Lower-energy flux cosmic-ray jets exhibit a slightly greater significant suppression within the jet cavity and the hot region

amount of cold gas at larger radii compared to other runs, surrounding the galactic disk.

including the no-jet case. This observation is quantified in

Figure 8 at radii around 50-100kpc, and it is consistently 35 0vI

illustrated by the presence of sparse clumps with MgII at
similar radii in Figure 6. This phenomenon becomes more
pronounced for MgIl due to its lower temperature. The
observed behavior aligns with the concept that additional
pressure support from cosmic rays can sustain more cold gas at
larger radii (e.g., I. S. Butsky et al. 2020; P. F. Hopkins et al.
20205 S. Ji et al. 2020; I. S. Butsky et al. 2023, 2022).

In Figures 9 and 10, we present the ion-to-element mass ratio
and mass density for MgII in the disk (top panel) and jet
cocoon (bottom panel) regions, respectively. We define “disk”
and “jet cocoon” as the areas located within 45° of the

O VI is indicative of a medium-temperature state, making its
presence likely in both the ISM and the CGM. This renders
O VI a valuable comparative tool for assessing the impact of
various types of jets on multiple galactic regions simulta-
neously. In line with our observations in mass density and
temperature projections, the discernible differences between
different AGN jets in the ISM are also reflected in the behavior
of O VI, as depicted in the third columns of Figures 3—6. This
distinction is further evident when comparing high-energy flux
scenarios represented in Figures 3 and 5 with low-energy flux
scenarios illustrated in Figures 4 and 6. Across all jet types, the

equ.atorial plane as wel'l as the z-axis, respectiv'e ly. The plots O VI mass density is more pronounced and extended in the low-
distinctly reveal that within the ISM, both the ion-to-element energy flux simulations.

mass rat.io (Fig.ure 9) and mass densi.ty (Figure 10) experien.ce a The analysis of the second column in Figure 8 reveals that
decline in the jet compared to the disk. As expected, the high- the ion-to-element mass ratio, depicted in the top panel,
energy flux jets exhibit a more pronounced decline in these experiences an increase from the ISM to the CGM, eventually
quantities than the lower flux jets. However, the trend diverges reaching saturation at radii exceeding 50 kpc. This observed
in the CGM, where, with the exception of the cosmic-ray jet, trend contrasts with the behavior of Mg II. The second row in
high-energy flux jets experience some level of decline of Mg II Figure 8 illustrates a decline in the mass density of O VI, albeit
in the jet cocoon region, while the low-energy jet models have with a smoother profile compared to the behavior observed
more sustained Mg 1I in the jet cocoon than in the disk. This is for Mg II.

most likely because low-energy jets expel some cooler gas to The second columns in Figures 9 and 10 present the ion-to-
large radii without significantly heating it up, and the expelled element mass ratio and mass density for O VI in the midplane
gas can also further induce cooling. Cosmic-ray jets can do so (top panel) and jet cocoon (bottom panel) regions, respectively.
even with high-energy flux, as we see non-negligible Mg Il It is observed that trends in the midplane closely resemble those

11
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Figure 10. The depiction of the mass density for the disk (top panel) and the jet (bottom panel). From the left to right, we present Mg 11, O VI, and O VIII, respectively.
These plots are indicative of the MSA method, where we pick the time median of the profile obtained from each snapshot.

depicted in Figure 8. In contrast, the jet cocoon region exhibits
a distinct behavior, demonstrating a more pronounced decline
in both the ion-to-element mass ratio and mass density for high-
energy flux jet models compared to low-energy flux models.
Notably, this decline is predominantly observed for radii in the
range between 6 and 20 kpc. Across all cases, the low-flux jet
models exhibit behavior similar to the fiducial model. With an
ionizing temperature positioned between the virial temperature
and the ISM, OVI clearly manifests distinctions among
identical jets with varying energy fluxes.

3.6. OvIl

O VIII possesses the highest ionization energy in comparison
to MgIl and O VL Its density distribution, observed in the
fourth columns of Figures 3-6, is voluminous due to its
elevated ionization energy. Remarkably, O VIII persists even in
some of the hottest regions within the analyzed AGN jet
cocoons. This characteristic positions O VI as a valuable
indicator, providing a map of the distribution of hot gas within
and around an AGN jet cocoon.

The examination of the third column in Figure 8 indicates
that the ion-to-element mass ratio, illustrated in the top panel,
undergoes an increase from the ISM to the CGM, mirroring the
behavior observed for O VI. The second row in Figure 8 further
reveals that the range within which O VIII can sustain itself
extends to the virial radius of the galaxy, exhibiting less
suppression in the mass density profile compared to Mg Il and
OVI. Notably, different AGN jet models exhibit more
pronounced distinctions from one another for O VIII than for
the other ions considered. In simulations with high-energy flux,
the kinetic jet, within 30kpc, demonstrates higher density
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compared to other cases with the same energy flux, attributed to
the pressurization of non-kinetic energy at smaller radii,
proving more effective in density suppression.

The third columns in Figures 9 and 10 present the ion-to-
element mass ratio and mass density for O VIII in the disk (top
panel) and jet cocoon (bottom panel) regions, respectively. It is
evident from the third column in Figure 9 that the ion-to-
element mass ratio exhibits an increasing profile for both the
disk and jet cocoon, contrasting with the behavior observed for
O V1. However, an analysis of the third column in Figure 10
indicates that the density profile for OVI and O VII is
consistent in both the disk and jet cocoon.

4. Discussion
4.1. Time Evolution

Figure 11 presents the evolution of the ion-to-element mass
ratio for a cosmic-ray jet with high (top panel) and low (bottom
panel) energy flux at a few different snapshots as an example of
the range of value through the simulation time.

A few trends could be observed. Initially, Mg1I is present
only in the galactic center, where the cold ISM is located. The
jet mixes part of the ISM into larger radii, hence increasing
Mgl at larger radii over the first 500 Myr. Meanwhile, the
high-energy flux cosmic-ray jet also heats up the gas, resulting
in a later drop of MgII at large radii. On the other hand, a
lower-energy flux cosmic-ray jet can sustain a higher overall
Mg I at large radii over an extended period of time.

The O VI and O VIII evolve differently over time compared to
Mg 11. As the ISM gets heated up by the high-energy flux jet, the
O VI and O VIII become more prominent at small radii. A lower-
energy flux cosmic-ray jet does not heat up the ISM as much.
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Figure 11. The depiction of the mass ratio for the cosmic-ray jet with high (top panel), low (intermediate panel) energy flux, and the default no-jet case (bottom panel)
for a few different times, including ¢ = (200, 550, 1000, 1350) Myr. From left to right, we present Mg 11, O VI, and O VIII, respectively. All of these plots depict the

median values calculated by taking the weighted mass.

4.2. Jet versus No Jet Comparison

The no-jet simulation served as the fiducial reference model
for our AGN jet simulations. In comparison to each of the other
six types of jet simulations, the no-jet simulation exhibited
significantly less structure at large radii. Additionally, the no-jet
runs displayed a higher concentration of mass density toward
the center of the galaxy, attributed to the absence of a jet
pushing gas outward.

4.3. High-energy versus Low-energy Jet Comparison

Low-energy jets exhibit lower efficiency in launching
extended cocoons compared to their high-energy counterparts.

13

Consequently, there is a significantly higher O VI and O VIII
column density in the jet direction. Jets with higher fluxes
demonstrate a notable ability to suppress gas density, heat the
gas, and reduce the density of all considered ions.

4.4. Different Jets with a Similar Energy Flux

In comparisons among jets with the same energy flux, non-
kinetic energy jets demonstrate pressurization at smaller radii,
resulting in a slightly more effective suppression of core
densities, as depicted in Figure 7, across all considered ions.
However, as we extend our analysis to larger radii, these
differences diminish, as most of the energy is pressurized,
irrespective of its form.
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Cosmic-ray jets play a pivotal role in providing additional
pressure support in the CGM, allowing for the maintenance of
more extended regions of cool and warm gas, notably observed
in Mg I and O VI as depicted in Figures 8—10. This significance
is particularly pronounced in lower-energy flux cases. Never-
theless, as the energy flux increases, the impact of strong gas
expulsion diminishes the prominence of this cosmic-ray
pressure support.

4.5. Limitation of the Model

We conducted a study utilizing isolated galaxy simulations
within the Milky Way mass range, incorporating various types
of constant flux jets. The simulations excluded black hole
accretion to simulate passive AGN feedback. Therefore, our
findings should be interpreted as an average over a limited
duration of 1.5 Gyr, without accounting for episodic duty
cycles. Throughout the simulation period, all runs consistently
maintained CGM density levels, ranging from the assumption
of no missing baryons to the actual observed Milky Way CGM
density (K. Y. Su et al. 2025, in preparation).

The fixed flux AGN jets were intentionally tailored to
suppress star formation in Milky Way mass galaxies within our
simulations, leading to minimal star formation in the majority
of the runs. Consequently, comparisons with actively star-
forming galaxies within the same halo mass range may not
yield equivalent results, as the design of the fixed flux AGN
jets prioritized the quenching of star formation.

Our isolated galaxy simulations deliberately excluded any
cosmological context, such as satellite interactions or mergers,
which could serve as significant sources of cool gas in the
CGM and interact nonlinearly with AGN jets. The exploration
of these complexities has been reserved for future studies.

The influence of cosmic-ray pressure support becomes
apparent in the augmented presence of warm and cold gas at
larger radii. Nevertheless, it is important to note that the cold
clumps observed in the morphological plots for Mg II and O VI
lack sufficient resolution, resulting in several pointlike
structures. The resolution of these cold structures within heated
regions has been a persistent challenge in simulations,
potentially necessitating the incorporation of multiphase
subgrid feedback models (M. C. Smith et al. 2024) and refined
ISM models (R. Weinberger & L. Hernquist 2023) to
effectively address this issue.

We wish to highlight that our use of TRIDENT for
calculating various ion column densities did not include local
ionizing sources such as stars or AGN. Our analysis was solely
based on the ionizing influence of the z=0 ultraviolet
background, as detailed in F. Haardt & P. Madau (2012). This
limitation is particularly relevant for the ionization state of
lower ions like Mg 1l and O VI within the ISM at distances less
than 15kpc (S. Shen et al. 2013), where ionization is more
likely to be dominated by stellar sources. In the context of
AGN, our focus was on the radio mode of feedback rather than
the quasar mode, which suggests a low ionization contribution
from AGN. Nonetheless, it is crucial to acknowledge that our
approach does encompass the variations in the ionization state
resulting from changes in the gas’s thermal dynamical proper-
ties. We left the inclusion of the local ionizing source for future
study.

14

Qutob et al.

4.6. Future Work

While the primary focus of this initial study centered on
three prominent ions covering a range from low to high
ionization states, our forthcoming work (R. Emami et al. 2025,
in preparation) will extend this analysis to encompass other
ions, including the behavior of all ions for each element. This
expanded scope will enable a clearer understanding of the
conversion from one ionic state to another. Our goal is to
compile a list of ions exhibiting more promising observational
signatures in terms of their radial distribution, equivalent width,
and spectra. These results can then be directly compared to
current and future observations spanning wavelengths from the
UV to the X-ray. Notably, a comparison of resonant absorption
lines due to Call and Nal will be particularly crucial, as these
lines probe the neutral phase of the outflow and can be
scrutinized in detail, even at high redshift, with instruments like
JWST (S. Belli et al. 2024; F. D’Eugenio et al. 2024).

5. Conclusion

In this manuscript, we conducted a comprehensive study on
the distinctive characteristics of various AGN jet models
designed to quench Milky Way-like halos in isolated galaxy
simulations, as previously detailed in works by K.-Y. Su et al.
(2018, 2019, 2021). The investigation focused on the
morphology of key ions—Mg1I, O VI, and O VIII—represent-
ing low, intermediate, and high ionization states, respectively.
This selection facilitated a comparative analysis of these ions
across different jet models to elucidate the energy distribution
within AGN jets. The considered jet models encompassed a
precessing kinetic jet, a hot thermal jet, and a cosmic-ray jet,
each featuring two energy fluxes within the range of
5% 10*'-5 x 10" ergs~'. While all three jet models effec-
tively suppressed star formation and halted the cooling flow at
sufficiently high-energy fluxes, they displayed noteworthy
differences in ion distributions. The key findings are summar-
ized as follows:

A critical aspect of our analysis involves comparing different
jet models to a no-jet simulation, allowing for the identification
of discernible trends. The radial profile of mass density and the
distribution of all ions exhibit more pronounced suppression in
high-energy flux jets, particularly in cases involving thermal
and cosmic-ray jets. This suppression materializes as a hole,
indicative of a low-density region within the ISM. Notably, the
appearance of this hole is delayed in models featuring a
precessing kinetic jet.

Mg 11 predominantly confines itself to the galactic disk and is
rarely observed in the vicinity of AGN jet cocoons, except in
instances of lower-energy-flux cosmic-ray jets. In this scenario,
cosmic-ray pressure support results in the formation of cool
clumps containing Mg II and O VI, extending up to a radius of
100 kpe. O VI is more conspicuous in low-energy flux jets,
particularly in the case of cosmic-ray jets, where cosmic-ray
pressure support leads to an extended distribution of O VI in the
inner CGM. O VIII emerges prominently in all tested jet cocoon
types when compared to other tested ions, particularly in high-
energy flux jets, which do not show much activity from other
tested ions. The primary convergence point among jets for
O VI occurs at very large radii, approximately 100 kpc.
Notably, breaks in the profiles of ion-to-element mass fractions
for O VI and O VIII are observed at the transition point from the
ISM to the CGM at a radius of 10 kpc.
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All three ions appeared most prevalent in the no-jet control
simulations since the lack of an AGN jet prevented sufficient
energy from being deposited on the ions to cause them to
break down.
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