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ABSTRACT

The early growth of black holes (BHs) in high-redshift galaxies is likely feedback regulated. While radiative feedback has been
extensively studied, the role of mechanical feedback has received less scrutiny to date. Here, we use high-resolution parsec-scale
hydrodynamical simulations to study jet propagation and its effect on 100 My BH accretion in the dense, low-metallicity
gas expected in early protogalaxies. As the jet propagates, it shocks the surrounding gas forming a jet cocoon. The cocoon
consists of a rapidly cooling cold phase at the interface with the background gas and an overpressured subsonic phase of reverse
shock-heated gas filling the interior. We vary the background gas density and temperature, BH feedback efficiency, and the jet
model. We found that the width of the jet cocoon roughly follows a scaling derived by assuming momentum conservation in the
jet-propagation direction and energy conservation in the lateral directions. Depending on the assumed gas and jet properties, the
cocoon either stays elongated to large radii or isotropizes before reaching the Bondi radius, forming a nearly spherical bubble.
Lower jet velocities and higher background gas densities result in self-regulation to higher momentum fluxes and elongated
cocoons. In all cases, the outward cocoon momentum flux balances the inward inflowing gas momentum flux near the Bondi
radius, which ultimately regulates BH accretion. The time-averaged accretion rate always remains below the Bondi rate, and
exceeds the Eddington rate only if the ambient medium is dense and cold, and/or the jet is weak (low velocity and mass loading).
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1 INTRODUCTION

The origin of supermassive black holes (SMBHs) with masses of
>10° Mg, powering bright quasars observed in the first billion
years after the big bang (redshifts z = 6; see e.g. Bosman 2022 for
an up-to-date compilation) remains an unsolved puzzle. Proposed
explanations range from rapid, super-Eddington growth of stellar-
mass seed black holes (BHs), the ‘direct collapse’ of a supermassive
star, to runaway mergers between stellar-mass objects, as well
as more exotic phenomena (see e.g. Inayoshi, Visbal & Haiman
2020; Volonteri, Habouzit & Colpi 2021, for recent comprehensive
reviews).

One promising scenario is for a low-mass seed BH to grow at
rates well above the fiducial Eddington rate Mgqg = Lgaq/€c? (where
Lgqq is the Eddington luminosity, c is the speed of light, and € is a
radiative efficiency). Indeed, small-scale simulations of BH accretion
show that BHs surrounded by dense gas can accrete at rates up to at
least ~ 100 Mgaq (e.g. Jiang, Stone & Davis 2014; Sadowski et al.
2014). However, feedback from the BH accretion itself poses possible
obstacles to sustaining such rapid growth. Even in the presence of
dense ambient gas, allowing rapid fuelling, radiative feedback on
large scales tends to make the accretion episodic, with a strongly
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suppressed time-averaged accretion rate (e.g. Milosavljevi¢ et al.
2009; Park & Ricotti 2011). BH radiation may also outright eject gas
from the shallow gravitational potential of its low-mass parent halo,
preventing rapid accretion (Alvarez, Wise & Abel 2009). On the other
hand, these deleterious radiative effects may be avoided in the hyper-
Eddington regime, in which radiation is trapped and cannot exert
large-scale feedback (Inayoshi, Haiman & Ostriker 2016; Takeo,
Inayoshi & Mineshige 2020).

In addition to radiative feedback, mechanical feedback presents
another potential obstacle to rapid and sustained BH growth. While
such mechanical feedback has been less explored in the high-redshift
context, itis well established to play a crucial role in galaxy formation
and evolution at lower redshifts. Active galactic nucleus (AGN)
feedback is known to quench star formation in massive galaxies and
clusters, keeping them ‘red and dead’ over a significant fraction of
cosmic time. Among the different forms of AGN feedback, extensive
galaxy-scale simulations have shown that AGN jet models are, in
principle, capable of quenching a galaxy and stopping the cooling
flows (e.g. Dubois et al. 2010; Gaspari, Brighenti & Temi 2012;
Yang, Sutter & Ricker 2012; Li & Bryan 2014; Li et al. 2015; Prasad,
Sharma & Babul 2015; Yang & Reynolds 2016; Bourne & Sijacki
2017; Ruszkowski, Yang & Zweibel 2017; Martizzi et al. 2019; Su
et al. 2020). Observational studies also infer that AGNs can provide
an energy budget comparable to the cooling rate (Birzan et al. 2004).
There are also observations of unambiguous cases of AGNs expelling
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gas from galaxies, injecting thermal energy via shocks or sound
waves, via photoionization and Compton heating, or via ‘stirring’ the
circumgalactic medium (CGM) and intracluster medium (ICM). This
can create ‘bubbles’ of hot plasma with non-negligible relativistic
components, which are ubiquitous around massive galaxies (see e.g.
Fabian 2012; Hickox & Alexander 2018, for a detailed review). In
Su et al. (2021) and Su et al. (in preparation), we carried out a broad
parameter study of AGN jets in 102 — 10'> M, clusters and found a
subset of models which inflate a sufficiently large cocoon with a long
enough cooling time that these jets can quench the central galaxy.

In addition to the thoroughly studied cases of SMBHs in massive
galaxies, various studies also suggested AGN feedback in much
smaller dwarf galaxies and from intermediate-mass BHs (M, ~
10? — 10° Mg; Nyland et al. 2017; Bradford et al. 2018; Penny
et al. 2018; Dickey et al. 2019; Manzano-King, Canalizo & Sales
2019), some of which are observed in the form of AGN jets (e.g.
Greene, Ho & Ulvestad 2006; Wrobel & Ho 2006; Wrobel et al. 2008;
Mezcua & Lobanov 2011; Nyland et al. 2012; Reines & Deller 2012;
Webb et al. 2012; Mezcuaet al. 2013a, b, 2015, 2018a, b; Reines et al.
2014;Mezcua, Suh & Civano 2019). Unsurprisingly, AGN feedback
can also affect the growth of these smaller BHs, alter the surrounding
gas properties, and play a significant role in sculpting the galaxy
they live in, especially in dwarfs and high-redshift galaxies (Wellons
etal. 2022). Eventually, a self-regulating scenario of accretion and jet
propagation might occur (e.g. Lopez-Camara, De Colle & Moreno
Méndez 2019).

Observations also find SMBHs (M, > 10° M) at high-redshift
(z 2 4) with jetted AGN quasars (e.g. Sbarrato et al. 2021, 2022).
It is unclear whether a ~100 My BH, which can be presumed to
produce jets, as well, if it is fed at super-Eddington rates, could
sustain rapid growth on to an SMBH. Recent work has addressed this
problem in slightly different contexts, either investigating the impact
of wider-angle outflows produced at larger radii in the accretion flow
(e.g. Takeo et al. 2020), or by utilizing galaxy-scale simulations
to assess the growth of larger BHs (> 10* M) with a jet (e.g.
Regan et al. 2019; Massonneau et al. 2022). This work aims to study
how AGN jets affect accretion on to 100 Mg ‘seed’ BHs in dense,
low-metallicity gas, mimicking conditions expected in high-redshift
protogalaxies. Additionally, we study in detail the physics of how
jet-inflated cocoons propagate to large radii and self-regulate BH
accretion, using analytic models to interpret our simulation results.

In galaxy-scale simulations, including in our own previous work
(e.g.Suetal. 2020,2021; Torrey etal. 2020; Wellons et al. 2022), both
AGN feedback and BH accretion have been implemented with sub-
grid prescriptions. Models based on Bondi—Hoyle accretion (Bondi
1952; Springel, Di Matteo & Hernquist 2005) and accretion via
gravitational torques (Hopkins & Quataert 2011; Anglés-Alcdzar
et al. 2017) involve assumptions about gas properties, which might
not always be valid, especially in the presence of an unresolved jet. To
better address this question, in this work, we model a cloud of gas with
systematically varied properties around the BH at sufficiently high
resolution (with the minimum gravitational force softening at least
1000 times less than the Bondi radius), to resolve the gravitational
capture of individual gas particles (Hopkins et al. 2016; Anglés-
Alcdzar et al. 2021).! We also implement various jet models to study
how they affect BH accretion and how the jet propagates to a larger
radius. Although the jets in this study are launched at a much smaller
scale, the initial jet itself remains sub-grid relative to the scales we can

I The exact fueling in the accretion disc depends on unresolved plasma physics
(e.g. Cho & Narayan 2022) and remains sub-grid.
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resolve. This work also addresses how sub-grid jet models launched
on different scales connect to each other. We also parametrize the
results of our simulations in order to provide the effective long-term
time-averaged accretion rate, given different gas properties beyond
the Bondi radius and with different jet models. We delineate the
parameter space of gas and jet properties over which super-Eddington
growth may occur.

The rest of this paper is organized as follows. In Section 2, we
summarize our initial conditions (ICs), BH accretion model, and
the AGN jet parameters we survey, and we describe our numerical
simulations. We present the results with different jet velocities,
which show the most dramatic differences, in Section 3. We develop
a toy model describing the regulation of different jet models in
different environments in Section 4. We present a suite of additional
simulations with varying model parameters and compare the results
with the toy model in Section 5. We compare our study to several
other recent works, and summarize the implications of our findings
in Section 6. We enumerate our main conclusions in Section 7. We
include a set of simulations exploring numerical choices, as well as
resolution studies, in Appendix A.

2 METHODOLOGY

We perform simulations of a box of gas under the effect of
jet feedback from a 100 My BH. Our simulations use GIZMO?
(Hopkins 2015), in its meshless finite mass (MFM) mode, which
is a Lagrangian mesh-free Godunov method, capturing advantages
of both grid-based and smoothed-particle hydrodynamics (SPH)
methods. Numerical implementation details and extensive tests are
presented in a series of methods papers for, e.g. hydrodynamics
and self-gravity (Hopkins 2015). All of our simulations employ the
FIRE-2 implementation of cooling (followed from 10 to 10'°K),
including the effects of photoelectric and photoionization heating,
collisional, Compton, fine-structure, recombination, atomic, and
molecular cooling (following Hopkins et al. 2018). Note that we
impose a temperature floor at 7, which will be specified in the
ICs (and systematically varied), assuming other feedback processes
not included in these simulations keep the gas from cooling further.
We assume a metallicity of 10™* Zg, which may be expected in the
protogalaxies hosting the first stellar-mass BH seeds, and which is
sufficiently low that metal cooling above 10° K (the lowest value of
T+ that we adopt) is negligible.

2.1 Initial conditions

Ideally, we would evolve the BH accretion within the context of
a cosmological simulation that resolves the gas dynamics at high
redshift (e.g. as done for minihaloes by Alvarez et al. 2009). However,
given the very large uncertainties in high-redshift conditions, we
instead approximate the physical conditions near the BH as a uniform
patch of gas, in order to model the centre of an atomic cooling halo.
This allows us to systematically vary the gas properties in order to
understand how these impact the BH regulation. In particular, the IC
we adopt is a uniform 3D-box of uniformly distributed gas particles
with constant density and temperature, which we denote n., and 7.
A 100 Mg BH is placed at the centre of the box. As mentioned above,
the initial metallicity of the gas is set to a very low value (10~* Z).

2A public version of this code is available at http://www.tapir.caltech.ed
u/~phopkins/Site/GIZMO.html.
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To achieve a higher resolution in the vicinity of the BH,
where the accretion occurs and the overall regulation is deter-
mined, and in the vicinity of the jet, we use a hierarchical super-
Lagrangian refinement scheme (Su et al. 2020, 2021) to reach
~ 1.4 x 107 M@ (n/10* cm™) mass resolution around the z-axis
where the jet is launched, much higher than many previous global
studies (e.g. Weinberger et al. 2017; Su et al. 2021). The mass
resolution decreases as a function of distance from the z-axis (ryq),
roughly proportional to r4 for g > 2.5 x 1072 pc. The numerical
details are summarized in Table 1. The highest resolution region is
where rq is smaller than r,q = 2.5 x 1073 pc unless otherwise stated.
A resolution study is presented in Appendix A.

2.2 BH accretion

As discussed in the introduction, BH accretion is not modelled with
the Bondi assumption, but instead is determined by following the
gravitational capture of gas (Hopkins et al. 2016; Anglés-Alcdzar
et al. 2021) directly, and implementing its subsequent accretion on
to the BH via an «-disc prescription (see below). A gas particle is
accreted if it is gravitationally bound to the BH and the estimated
apocentric radius is smaller than Face-> This sink radius r. is set
to 3 x 107> to 1.5 x 10~ pc according to the BH neighbourhood
gas density. In more detail, the sink radius r, is set to be a radius
from the BH enclosing 96 ‘weighted’ neighborhood gas particles but
capped to be within (3 x 107> to 1.5 x 10~* pc).

Although we follow the gas down to distances very close to the
BH, we do not model the accretion disc itself, but instead adopt a
simple a-disc model. The accreted gas adds to the a-disc mass (M,,,
which is initially set to zero). The mass in the a-disc is then supplied
to the BH at the rate

Macc = Ma/tdisc~ (])
We assume a constant fg, = 1000 yr from an estimated
viscous time-scale of a Shakura & Sunyaev (1973) disc, as-
suming the accretion disc is at 10" K, as fgee ~ tgM?* /o ~
1000 yr (Myee/ 100 M)/ (@/0.1)™" (raee/10~*pc) "%, where fr is
the free-fall time at r,.. and M is the Mach number of gas in the
a-disc. In Appendix A, we explore the impact of varying #4sc-

2.3 Jet models

We adopt a jet model following Su et al. (2021). In brief, a jet
is launched with a particle-spawning method, which creates new
gas cells (‘resolution elements’) to represent the jet material. The
spawned particles have a fixed initial mass, temperature, and velocity,
which sets the specific energy of the jet. With this method we
have better control of the jet properties, as launching using particle
spawning depends less on local gas properties than when depositing
energy/momentum based on the distribution of neighboring gas
elements.* We can also enforce a higher resolution for the jet
elements, allowing light jets to be accurately modelled. The spawned
gas particles have a mass resolution as indicated in Table 1 and are

3This provides a scale for the sub-grid accretion model and for the a-disc
model.

4The traditional method usually does a particle neighbour search from the
BH and dumps the designated energy and momentum into these gas particles.
Therefore, the effect will depend on the local gas properties and the exact
geometric distribution. See Wellons et al. (2022) for a comparison of different
methods.
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forbidden to de-refine (merge into a common gas element) before
they decelerate to 10 percent of the launch velocity. Two particles
are spawned in opposite z-directions at the same time when the
accumulated jet mass flux reaches twice the target spawned particle
mass, so linear momentum is always exactly conserved. Initially, the
spawned particle is randomly placed on a sphere with a radius of ry,
which is either 107> pc or half the distance between the BH and the
closest gas particle, whichever is smaller. If the particle is initialized
at a position (ry, 6, ¢o) in spherical polar coordinates, and the jet
opening-angle of a specific model is 6, (say = 1°, which is the case
for our jet model), the polar angle of the initial velocity direction of
the jet will be set at 6, = 20,,00/7. With this, the projected paths of
any two particles will not intersect.

We parametrize the jet mass flux with a constant feedback mass
fraction

Mjet = nm.fbMacu (2)
so the feedback energy and momentum fluxes are

. . 1 3kT;

Ejet = nm.fbMacc (5 ij[ + leet> s

Pjet = rlm.fbMacc Vjet» 3)

where Vi, is the adopted jet velocity and p is the mean particle
mass. Initially, the jet has a negligible thermal component (Tj; =
10* K). We emphasize that this is the velocity and mass loading at
our jet-launching scale in the simulation, which is several orders of
magnitude larger than the gravitational radius. The adopted velocity
and 7y, 1, depends on details which we do not resolve, such as plasma
physics processes involving the interaction of jet and gas, so we leave
them as free parameters. As we will show later, the formation of the
pressurized cocoon is a result of shock heating of the jet with the
surrounding gas. We tested 7y, s from 0.005 to 100. Most of the
runs adopt nm i = 0.05, but as we will show in our result later, the
jet fluxes are what actually get regulated and 1y, g just decides how
much the BH should accrete to achieve such a flux. Our ignorance
of the true value of this parameter means that the actual growth rate
of the BH is not well constrained by our results (although the jet
properties are).

3 TWO MODES OF JET PROPAGATION

Before exploring all of the simulations that we have run, we first
focus on a set of three simulations all with the same fiducial
background gas properties (no, = 10*cm™ and T, = 10* K) and
feedback mass fraction (7, n = 0.05), but varying the jet velocity,
ranging from 3000 to 30 000 km s~!. These models are denoted as
‘nSe-2—vj3e3—nle5-Tled’, ‘nSe-2—vjle4—nle5-Tle4’ (LILIII), and
‘nSe-2-vj3ed4-nle5-Tled’. These velocity variations result in very
different jet cocoons and, as we will see, guide our development of
a simple model which will explain how the jet evolves when we
modify other parameters (such as the background gas properties).

3.1 Cocoon morphology

Fig. 1 shows the morphology of the cocoon for the three different jet
velocities, depicting the resulting density and temperature distribu-
tions. In this work, we refer to the cocoon as the whole pressurized
region shock-heated by the jet. Note that, in these figures, the hot
jet gas is most clearly visible, but this is surrounded by a region of
shocked ambient material. We use the term ‘cocoon’ to refer to the
combination of both regions. The BH accretion and resulting jet are
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Table 1. Physics variations of all simulations.

Numerical details Feedback parameters Efficiency Background gas Resulting averaged accretion rate and fluxes
. . ; p Eie
Model AT Box size m;;nax Miet m, fb Viet Tjer np NE Noo Too (Mace) % % %
(km
(kyr) (pc) Mo) Mo) s X) (em™)  (K) Mo yr™)
Fiducial
nSe-2—vjled-nle5-Tled (LILII)* 100 0.4 1.4e-6 le-7 0.05 le4 le4  1.6e-3 2.7e-5 le5 6e3 0.7-1.5e-7 2.1-4.6e-3  0.031-0.067  0.87-1.9e-5
Feedback mass fraction

nSe-3—vjled-nle5-Tled 100 0.4 1.4e-6 le-7 0.005 le4 led 1.6e-4 2.7e-6 le5 6e3 9.4e-7 2.9e-2 0.42 1.2e-5
nSe-1-vjled—nle5-Tled 100 0.4 1.4e-6 le-7 0.5 led led  1.6e-2 2.7e-4 le5 6e3 1.3e-8 4e-4 5.8e-3 1.6e-5
nle2—vjle4-nle5-Tled 100 0.4 1.4e-6 le-7 99 le4 le4 33 5.5e-2 le5 6e3 7.1e-11 2,2e-6 3.2e-5 8.9e-8

Jet velocity
nSe-2—vj3e3-nle5-Tled 90 0.8 1.4e-6 le-7 0.05 3e3 led4 Se-4  2.5e-6 le5 6e3 le-5 0.31 4.5 1.1e-4
nSe-2-vj3ed-nle5-Tled 100 0.4 1.4e-6 le-7 0.05 3e4 led Se-3  2.5e-4 le5 6e3 8.9e-9 2.7e-4 4.0e-3 le-5

Thermal jet
n5e-2-Tj3e9-nle5-Tled 100 0.4 1.4e-6 le-7 0.05 3e3 3e9 Se-4  2.7e-5 le5 6e3 2.4e-8 7.4e-4 0.011 3.0e-6

Gas density
nSe-2—vj3e3-nle2-Tle4 100 0.4 1.4e-9 le-10 0.05 led led  1.6e-3 2.7e-5 le2 6e3 1.6e-11 4.9e-4 7.2e-6 2e-9
nSe-2-vj3e3-nle3-Tled 100 0.4 1.4e-8 le-9 0.05 led le4  1.6e-3 2.7e-5 le3 6e3 2.3e-10 7.0e-4 1.0e-4 2.9e-8
nSe-2—vj3e3—-nle4d-Tled 100 0.4 1.4e-7 le-8 0.05 led le4 1.6e-3  2.7e-5 led 6e3 3.5¢-9 1.1e-3 1.6e-3 4.4e-7
nSe-2-vj3e3-nle6-Tled 40 0.8 1.4e-5 le-6 0.05 led led  1.6e-3 2.7e-5 le6 6e3 1.3e-5 4e-2 5.8 1.6e-3

Gas temperature

n5e-2—vj3e3-nle5-Tle3 50 3.2 1.4e-6 le-7 0.05 led led 1.6e-3 2.7e-5 led 6e3 1.9¢e-6 4.2e-3 0.85 2.4e-4
nSe-2—vj3e3-nle5-TleS 12 0.08 le-8 8e-10 0.05 led led  1.6e-3 2.7e-5 led le5 4.4e-9 3.0e-2 2.0e-3 5.5e-7

Notes. This is a partial list of simulations studied here with different jet and background gas parameters. The columns list: (1) Model name: The naming of each model starts with the feedback mass fraction,
followed by the jet velocity in km s~! for kinetic jet or jet temperature in K for thermal dominant jet. The final two numbers labels the background gas density in cm™> and background gas temperature in K. (2)
AT: Simulation duration (all shorter than the free-fall time for constant no gas without a BH). (3) Box size of the simulation. (4) mg"*: The highest mass resolution. (5) mj™: The mass resolution of the spawned
jet particles. (6) nm, i: The feedback mass fraction. (7) Vie: The initial jet velocity at spawn. (8) Tjer: The initial jet temperature at spawn. (9) n;,: The feedback momentum efficiency (Pjet / Mjetc). (10) np: The
feedback energy efficiency (E et/ Mjetcz). (11) neo: The background gas density. (12) Too: The background gas temperature. (13) (Mycc): The resulting time-averaged accretion rate (at the endpoint in Fig. 2). (14)
{Mace)/ MBondi: The same value over Bondi accretion rate. (15) (Mace)/Meaa: The same value over the Eddington accretion rate (Mgaq = Lgaa/0.1¢%). (16) (Eje)/ Egaa: Jet energy flux over Eddington luminosity.
“We run three variations of the same run with different random seeds for the stochastic injection of jet particles (labelled as I, II, III) to characterize the impact of this stochasticity. Unless specified otherwise, in the

rest of this paper we refer to run I.
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Figure 1. The number density (lower half of each panel) and temperature (upper half of each panel) morphology of the runs varying the jet velocity from 3000
to 30000 km s~! (n5e-2—vj3e3-nle5-Tled, nSe-2-vjled—nle5-Tled, and nSe-2-vj3e3-nle5-Tled) and keeping everything else constant. We show 2D slices
from 3D snapshots, selected at the time when the cocoon has reached its maximum height. The red dotted circle indicates the Bondi radius in each panel. We see
that low jet velocities result in elongated cocoons, while high velocities produce a more spherical bubble-like morphology, and propagate to a shorter distance.

highly episodic (see Fig. 2), and as a result, the length and the width
of the jet cocoon are also time-dependent. We choose a snapshot
where each cocoon reaches its maximum height in order to show
the differences most clearly. This figure shows that the propagation
of the jet cocoon varies primarily in length. The run with a lower
jet velocity has a much more elongated jet cocoon, reaching a much
larger distance. On the other hand, the higher velocity runs result in
a roughly isotropic bubble-shaped cocoon. The higher the velocity,
the shorter the distance the jet cocoon reaches.

Qualitatively, this is primarily because a lower velocity jet with
lower specific energy regulates itself to a higher mass and momentum
flux (for reasons we will discuss below). The higher mass and
momentum flux jet can punch through to a much larger radius,
consistent with what we see in galaxy scale jet simulations (e.g.
Krause 2003; Guo 2015; Su et al. 2021; Weinberger et al. 2022). We
will provide a more quantitative scaling for the propagation of the
jet cocoon with jet models and the initial external gas density and
temperature in Section 4.

These jet cocoons reach only ~ 0.1 pc scales. We emphasize that
these are generated by a 100 My BH and should not be directly
compared with the jet cocoon or bubble from an SMBH, which can
reach several tens of kpc. As we will discuss later (Section 5.5) in
the derived scaling from a simple model we develop, an SMBH will
imply much higher jet fluxes and will reach much further in a similar
environment.

3.2 Black hole accretion rate and jet energy flux

Fig. 2 shows the resulting BH accretion rate, jet mass flux, momentum
flux, and energy flux as a function of time for the same set of runs.
The latter quantity is the cumulative-average from the beginning of
the run # = O to the given time to reduce the noise. With a feedback
mass fraction of n, s = 0.05, the BH accretion rate roughly regulates
t0 2Mpond, ~ 0.02 — 0.03 Mpgna, and ~ 0.002 Mg for jet velocities
of 3000, 10000, and 30000 kms~!, respectively. We also see that
the higher the jet velocity, the more short-term variability there is
throughout the simulations (a period of ~3, 10, 50 kyr, respectively),
a topic we will return to in Section 5.6.

Consistent with what we saw in Section 3.1, a low-velocity
jet regulates to a much higher mass and momentum flux, which
is responsible for the more elongated cocoon. The 10000 and
30000 km s~! runs, both of which have cocoons that isotropize
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at small radius, roughly regulate to a similar jet energy flux, meaning
that MjeI x Vj;“‘ with k., ~2-2.5. The lowest velocity run (3000 km
s7!), on the other hand, results in an even higher energy flux,
qualitatively consistent with the much larger volume of the cocoon
we see in Fig. 1. The lower velocity runs (Vi < 10000 km sh
roughly have Mjel [ Vj;'(”, with k, ~ 3.5-4. We will explore the
reason behind the different behaviour and scalings of the high and
low velocity jets in the next section.

4 A SIMPLE MODEL FOR JET PROPAGATION
AND COCOON FORMATION

In the previous section, we found that when we varied the jet velocity,
the jets all self-regulated, but this could result either in a nearly
spherical, or in a highly elongated cocoon. Here, we develop a simple
analytic model based on this dichotomy and then, in the next section,
we will use it to understand self-regulation when other parameters,
such as the background gas properties, are changed.

4.1 Jet propagation

We begin by reviewing the scaling which controls the cocoon shape
before, in the next section, connecting this back to the accretion and
hence overall self-regulation.

4.1.1 Elongated jet cocoon — before the cocoon isotropizes

We start by assuming the jet cocoon roughly follows a cylindrical
geometry. As shown in Fig. 3, closer to where jets are launched,
the propagation of the jet qualitatively follows from momentum
conservation in the z-direction (e.g. Begelman & Cioffi 1989; Su
et al. 2021),

1.
ACVZIOOOVZ = EMjeleeta (4)

where A, = w R% ., is the cross-section of the pressurized cylinder
(cocoon), V, = dzeocoon/dt is the expansion velocity of the cocoon in
the polar directions, Mjel is the jet’s initial mass flux, and Vi is the
initial jet velocity.

The evolution in the perpendicular direction is, instead, dictated
by energy conservation, as the build-up of an overpressured cocoon

drives lateral expansion. The resulting expansion then pushes the
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Figure 2. From top to bottom, the panels show (i, ii) the BH accretion rate,
(iii) jet mass flux, (iv) momentum flux, and (v) energy flux in runs varying
the jet velocity from 3000 to 30000 km s~! (labelled as ‘nSe-2—vj3e3—
nle5-Tle4’, ‘nSe-2—vjled-nle5-Tled’, and ‘nSe-2—vj3e3-nle5-Tled’ in
Table 1). Note that I, IT, and IIT in the name label the same runs with different
random seeds to show the range of stochastic variations. The second, third,
and fourth panels show cumulative averages from the beginning of the run
up to the specific time of the run. The lower velocity jet model results in a
much higher BH accretion rate and jet mass, momentum, and energy fluxes.
The higher velocity jets (10 000 and 30 000 km s~ ') regulate themselves to a
similar jet energy flux values.
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surrounding gas. The equations describing the conservation of energy
and momentum flux can be written as

1 y o .
Aot VR Hot (Ept’vlg,ﬂot> = E(Miet ngt),
V;%,Hmpc = ngpoo (5)

where Aw; = 477 BReocoonZeocoon 18 the lateral surface area of the
same region, Zeocoon 1 the height to which the jet reaches, Vi pot
is the immediate post-shock velocity of the hot cocoon gas, Vi =
dR.ocoon/d? is the expansion velocity of the cocoon in the mid-plane
direction, B is an order-of-unity geometric factor for the surface
area of the cocoon with respect to an ideal cylindrical geometry,
and y = Eexpansion / Ejin Ejel / Ein = fk;nl is the ratio of the energy
flux in the perpendicular direction (proportional to the total injected
energy Ejel) to the injected kinetic energy flux. Energy conservation
is appropriate for the (initial) lateral expansion despite the strong
cooling that can occur at the interface between the hot and cold gas
within the cocoon. The total amount of cooling at this interface is
proportional to its area (i.e. A.) and so is negligible compared with
the jet energy flux at early times.

In this expression, p. is the cocoon gas density, which we will
assume depends on the jet velocity and the background gas properties
as
pe % ST Viee: ©)
where ¢, &, and § are exponents that we will determine later.
Assuming the cocoon is pressurized by strong shocks (where ppos ~
20pre and Vpose ~ 0.5vpr), ¥ is Toughly

v o Eposl—shock Epre—shock Ejet
super—sonic D - D
Eprefshock Ejet Ekin

3
Ppost Vpost 1
~ Dot o

PpreVpre

1 oo 1.
~ E X (1= flos) fiin S Efkin' (@)
Therefore, we assume y is a constant for the remainder of the paper.

From the equations above, we can solve for the time dependence
of Vi and Riocoon aS

) N 1/6
_ 14 1/6 16 —1/37,1/2,-1/3
Vi = (7271,32) ]wjel P’ Peo Vjel 4

Reocoon =

8ly? Ve 11/6 176 —1/3v,1/2,2/3
(W) M pl 3 P Vel 17 (3)

and the time dependence of V, and zcocoon @S

1/3
v, = ( 88 > M1/3p—1/6po—ol/6t—2/3

97-”/ jet Me
24BN\ s e L
Zcocoon = (;) %L{3pc 1/610001/61‘1/3‘ ©)

In particular, the opening angle of the resulting cocoon scales as

RCOCOOH _ chocoon ( znp(,‘ Viet ) 1/2 (10)

Zcocoon 16,3 Mjet

We have assumed that the jet starts such that Reocoon < Zcocoons DUL
as the cocoon propagates, for a fixed M, eventually, it becomes
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Pz ~ Piso ~ Pbondi
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&
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P2 >> Piso~ Poondi

Momentum-driven
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Figure 3. A cartoon picture of the jet cocoon propagation and the two possible cocoon morphologies as a result of different jet parameters, background gas
density, and temperature. The left-hand panel shows the isotropic ‘bubble’ case where riso < rBondi- The right-hand panel shows the elongated ‘cocoon’ case
where rigo > rpondi- The blue arrow represents the jet. Each half oval indicates the jet cocoon at a given time. The grey dashed line indicates the resulting overall
effective cocoon shape of a continuous jet injection by ‘linking’ the cocoon shock-front at each time.

(quasi-)isotropic (Reocoon ™ Zeocoon); this occurs at a time given by

. 172
po = 2 Mo i
iso 7TVJ'2[,OCZ 3]/2
— —-1/2
n
~ 660 1 — fios) 2 f2 | ———
yr X ( fl ) fkm (105 Cm_3)

M 2 vi
ol U y— TO4 o o—1 ’ an
5x 107 Mg yr! 10*km s

and at a cocoon height of (see Fig. 3)

I (M)/ (@)
180 1S0 27'[pCVjet )/

_ —1/2
n
1.3 1073 I — fioss ! in 105 3
x 107 pe (1= fio) ™ fi x(lOSCm,3>

o Mie, 1 |4 -2 (12)
5% 10~ Mg yr~! 10*kms™! ’

4.1.2 Isotropic bubble — after the cocoon isotropizes

%

After the cocoon isotropizes, the momentum no longer dominates
the jet propagation as Vi grows larger than V.. The whole cocoon
becomes an energy-driven expanding bubble as shown in the outer
part of Fig. 3. In this case,

’
2 3 |48y 2
AT R P Vi ot = ?A/Ijﬂvjel
V[%J-[mpc = 1%,000’ (13)
where ¥’ = Eexpansion/ Exin. Note that this matches equation (5)
assuming R ocoon = Zeocoon UP tO an order-of-unity geometry factor,

which we treat in a very approximate manner. Again assuming
supersonic shocks, then ¥’ ~ ¥ gpersonic- Equation (13) has the
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solution:
L 1/5
9y My V20! s
Ve= [ 200 ) (- )
2007 p35
125y’ Mie V2. p /2 3
Vi
R = J—;/; (1t — i)™, (14)
2167 p3

4.2 Feedback self-regulation

Turning to the physics of self-regulation, we note that, at the Bondi
radius Rpongi = G M e /csz, the inflowing mass flux goes as

3/2 2172
. e TP G M
MBondi = + (15)
CS
and the inflowing momentum flux goes as
3/2 2172
. . e’ TP GM
Pgondi = Mpondi Vit| Ryonss = % (16)
s

Regulation will occur when the jet cocoon produces a momentum
flux which matches this. However, if the momentum flux is very
anisotropic such that the z component of momentum flux Pz’cocoon
is much larger than the momentum flux perpendicular to the jet
PR,COCOOH, the extra momentum in the z-direction is insufficient, by
itself, to stop the accretion. Therefore, we argue that regulation
happens when the isotropic component of the jet cocoon or bubble
momentum flux matches the inflowing momentum flux at the Bondi
radius.

32 G2 M?
2 2 e ace
47rp°° RBondi Viso,Bondi = C2 = ’ (17)

s
where Vigo Bondi 1S the isotropic component of the cocoon velocity at
the Bondi radius. We estimate the isotropic component of the cocoon
velocity as Vis, = V2 min(Vg, V7). We explain how we estimate its

value under different conditions as follows.
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4.2.1 Ziso > RBondi

As shown in the right-hand part of Fig. 3, if the jet cocoon isotropizes
at a radius larger than the Bondi radius (zijso > Rpondi), V> > Vg when
R reaches Rpongi, We estimate the isotropic component of velocity at
the Bondi radius to be

Viso,Bondi = ﬁvRIM&cndi

14304 o—1/2 _
o My Vi RBor{di P o, (18)

jet  Ujet

From equations (17) and (18), we find that the jet mass flux regulates
to
Mje[ & Mfccpgopgl VJe_tg

o M2 p2 ¢ TF V370 (19)

a jet

4.2.2 Ziso < Rponai

On the other hand, as shown in the left-hand part of Fig. 3, if zjs
< Rpongi> the cocoon can also become an isotropic bubble before
reaching the Bondi radius. Therefore, equation (13) in this case gives

y M Viel?\
Viso‘Bondi = T]P . (20)

87{,000 Bondi
From equations (17) and (20), we see that the jet mass flux in this
case regulates to
y 2 32 —1/2y,-2 —1
Mjel & Maccpoé Pe / Vjel Cs

2 3—0)/2v,—2-6/2p— 2
o ML pS R AR R, @1

4.3 Cocoon or bubble at the Bondi Radius?

The jet cocoon will be elongated at the Bondi radius if zjso > Rpondi
or, from equation (12), if

2 p2
p Y~ Riongi 146
Mjet > (Tﬁ;‘” Pe Vjet ~ péo Toso vjetJr . (22)
Otherwise, it isotropizes before reaching the Bondi radius. We next
list which of these two scenarios is realized for different parameter
values, as follows.

(i) Jet velocity: This mass flux criterion scales as Vi, but the mass
fluxes are regulated to a negative power of Vi, in both the cocoon
(equation 19) and bubble (equation 21) cases, as § is small (as we
measured in simulation). Therefore the lower the jet velocity, the
narrower the cocoon at the Bondi radius. We emphasize that the ‘jet
velocity’, Vi here is the velocity at the jet launching scale in our
simulation, ~10~ pc, which is six orders of magnitude larger than
the Schwarzschild radius. This velocity therefore strongly depends
not only on the unresolved launching of a relativistic jet but also on
the interaction between the jet and the gas on an unresolved scale.
We will discuss this further in Section 6.3.

(ii) Gas density: If ¢ (from equation 6) is smaller than 1 (which
is the case, as will be shown later in Section 5.2), then Mjet has a
superlinear dependence on n., for both the elongated cocoon and
isotropic bubble cases. The separation between the two cases, on the
other hand, has Mjel scaling linearly with n., (equation 22). From
the same argument as above, the higher the background density, the
more elongated the jet cocoon.

(iii) Gas temperature: If £ (from equation 6) is close to zero
(which is the case as will be shown later in Section 5.2), the Mjet in
the elongated cocoon case will have little dependence on 7, while
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the bubble case will have a scaling of M. o« T*>. The separation
between the two cases has a negligible dependence of Mjel on Ty,
(equation 22). From the same argument above, if the background
temperature increases, the cocoon shape either remains the same or
becomes slightly more bubble-like.

5 SIMULATION RESULTS: COCOON
REGULATION AND BLACK HOLE ACCRETION

Armed with a better understanding of the physics of jet regulation
from the simple scalings obtained in the previous section, we next
turn to a more complete examination of the simulation results. We
begin by demonstrating that the isotropic momentum is key to self-
regulation, before discussing first the cocoon’s properties, and then
the BH accretion rate and growth.

5.1 The self-regulation of the cocoon by its isotropic
momentum flux

We first explicitly demonstrate that, in the simulations, the isotropic
component of the cocoon momentum flux (as defined in equations 18
and 20) is roughly regulated to the inflow momentum flux, assuming
a Bondi value. We note that the ‘regulation’ is a dynamic process and
happens on average at the Bondi radius according to the background
gas properties rather than the cocoon gas properties. The reason is
that most accretion happens while the jet is off (not at its maximum
fluxes), when the gas around the BH becomes cold again. Each row
in Fig. 4 shows the variation of a specific parameter (Mje‘, Viets Moos
Two, and Tj). There are three kinds of momentum flux plotted in
each panel. The first is the injected jet momentum, time-averaged
over the duration of each run, which is coloured red.

The second kind of momentum flux is the time-averaged cocoon
momentum flux. The blue line shows its total value, the pink line
the isotropic component, and the cyan line the z component. More
specifically, we define the cocoon momentum flux by summing the
gas particles as

Py — mivy;

( Om) r,'=r:l:6r,Ti>Zl,2Too,v,-.>0 Sr

2
m;v; .
Z,1
(Poul,z) = E Sr
ri=r£8r,T;>1.2Ts0,v; j-sign(z)>0
2
P . MiVing ;
< oul,R) - Sr
ri=rx0r,7;>1.2T5,v,24.i >0
(PouL,iso) = min(Pouly 2P0ul,Rs 2PDUK.Z)7 (23)

where m; is the particle mass, 7; is the temperature, 7; is the particle’s
3D radial position, v, ; is the 3D radial velocity, v, ; is the z-velocity,
and v,y ; is the lateral velocity.

The third kind of momentum flux is the estimated inflowing
momentum flux assuming a Bondi density profile

Poo forr > RBondi
p~ L\ (24)
Poo ( ) forr < RBondi

RBond

multiplied by the 47 r*v}. Note that vy, ~ Vi does not hold far beyond
Rpondgi, S0 we only plot this curve out to ~3Rp,ng;. We immediately
see that the isotropic component of the momentum flux (pink curves)
is roughly regulated to the Bondi inflowing momentum flux (green
curves) at the Bondi radius (vertical line) (within a factor of 2). More
specifically, the runs can be separated into two categories — zjs, >
RBondj (cocoon—like at RBondi) and Ziso < RBondi (bubble—llke at RBondi)-
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Figure 4. The comparison of time-averaged momentum fluxes from the simulations. Three types of momentum flux are shown: (i) the average jet momentum
flux (red), (ii) the cocoon momentum flux, with blue, cyan, and pink lines showing the total cocoon flux, its z-component, and the isotropic component
(min( Poug, 2 Pout Rs 2 Pout.2), see equation 23 and Fig. 3), respectively, and (iii) finally the estimated inward Bondi momentum flux (green). The vertical line in
each plot marks the Bondi radius. The isotropic component of the outward cocoon momentum flux matches the inward Bondi momentum flux at the Bondi
radius. Runs with elongated cocoons (v = 3000 km s~ and n = 10° cm~3) have the z-component of their cocoon fluxes roughly match the jet momentum
fluxes (momentum-driven) and are much larger than the isotropic components. Runs with bubble-shaped cocoons all have their cocoon momentum fluxes

(energy-driven) higher than the jet momentum fluxes.

Cross-referencing the morphological plots in Fig. 1 (for the
simulations with jet velocity variation) and Fig. 5 (for the simulations
varying neo, Too, and Tje), both the 3000 km s~'andn = 10°cm™3
runs fall clearly in the first category (elongated cocoons). In these

MNRAS 520, 4258-4275 (2023)

runs, the z-direction momentum flux is roughly equivalent to the jet
momentum flux, indicating a momentum-conserving propagation.
Both are much larger than the isotropic component of the cocoon
momentum flux until well beyond the Bondi radius, where the two
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Figure 5. The density and temperature morphology of the other runs varying the other parameters. Higher density runs have much larger and more elongated jet
cocoons. Lower temperature runs have a much larger Bondi radius, so the cocoon also reaches further. A thermal energy dominant jet results in a quasi-spherical

bubble-shaped cocoon.

components become comparable. The z-direction momentum flux is
also larger than the inflowing momentum flux (assuming a Bondi
value) at the Bondi radius. The isotropic component of the cocoon
momentum flux, on the other hand, matches the inflowing momentum
flux. In fact, they not only match at the Bondi radius, but they
also match until the jet cocoon isotropizes, at a several times larger
distance. This is primarily because the isotropic component of the
velocity roughly scales as 7> (see equation 18), identical to the
scaling of the free-fall velocity.

The higher velocity runs (Vj; > 10000 km s™ 1, lower density runs
(Noo < 10*cm™3) and thermal jet runs clearly fall in the second
category (see also Figs 1 and 5). In this scenario, the cocoon
isotropizes at a radius much smaller than the Bondi radius, and
the isotropic component and the z-component become comparable
over most of the plotted range. They are both larger than the input
jet momentum flux as the propagation is energy-driven (i.e. by the
thermal velocity, rather than the jet’s bulk velocity; see Section 4.1).
However, they still match the inflowing momentum flux assuming
the Bondi value.

The regulation of the isotropic component of the cocoon mo-
mentum flux to the Bondi value at Rpqngi is clearly reproduced in
these results. When changing the background gas temperature by
two orders of magnitude, the Bondi radius also differs by two orders
of magnitude, and the two values still match.

5.2 Thermal phase structure of the cocoon/bubble gas

Before jumping into the implications of this regulation for BH
accretion, we will first need to understand how the cocoon phase
structure depends on the jet model and gas properties. This is reflected
in the power-law index in equation (6) and enters the regulation of
the jet mass flux and accretion rate in equations (19) and (21).

Fig. 6 shows the phase structure of the fiducial run nSe-2-vjled—
nle5-T1le4 in the temperature — Vi , (isotropic component of cocoon
velocity) plane. The top panel is mass-weighted, showing the phase

distribution, while the bottom panel is momentum-flux-weighted,
showing which phase contributes the most to the outflowing mo-
mentum flux. There are clearly two phases present as labelled by
the horizontal lines. The first is the hot phase, which consists of
the reverse-shocked hot gas filling the volume of the cocoon, and is
primarily trans- to subsonic-turbulent. The second, colder, phase is
roughly at the background gas temperature and density and slightly
above the cooling floor. The gas in this phase is at the ‘mixing layer’
of the cocoon and surrounding gas, which is already cold. The second
panel shows that both phases have a roughly equivalent contribution
to the outflowing cocoon momentum flux, while most of the mass is
in the cold phase.

Fig. 6 shows that the cocoon gas has properties different from
the background gas. Fig. 7 shows an estimate of how the cocoon
gas properties depend on the background gas properties at the
Bondi radius, where the regulation happens. This is represented
as ¢ and £ in equation (6). We note that the dependence on the
jet velocity is weak (§ ~ 0), so we do not explicitly show it
here. Given what we saw in Fig. 6, we fit for the gas proper-
ties of the whole cocoon (estimated as 7 > 1.2 T,, shown with
green lines), the cool-mixing-layer phase (1.27y < T < 3.6 T;
blue lines), and the hot cocoon gas (7" > 3.6 Tw; red lines). We
include only gas with Vi, > 0. While averaging the cocoon gas
properties, we volume-weighted the density and pressure while
mass-weighting the temperature and entropy. We emphasize that
this yields only an approximate estimate of the power-law index,
as each jet model goes through multiple cycles of feedback and the
cocoon consists of multiphase gas. To look at overall behaviour,
we average over all times and the multiphase cocoon gas at the
Bondi radius, and fit a straight line through the results (in logarithmic
quantities).

We see from the left-hand panel that the cold-mixing-layer gas
generally follows the background gas temperature and density. On
the other hand, the hot cocoon gas follows a constant entropy trend,
as the reverse-shock heated gas has its properties set largely by
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Figure 6. The phase structure of the cocoon gas (T > 1.2T,) in the
temperature versus isotropic velocity component plane (Vigo ~ /2Vaq). The
top panel is mass-weighted, and the lower panel is momentum-flux-weighted
(isotropic component). The cocoon consists of a reverse-shocked, trans- to
subsonic, turbulent hot phase and a cold mixing layer phase slightly above
the cooling floor (labelled by the horizon lines). The two phases contribute
roughly equally to the isotropic cocoon momentum flux. Most of the mass,
on the other hand, is in the cold phase. The hottest temperatures roughly
correspond to the shock temperature implied by the jet velocity.

the jet model instead of the background gas properties. We find a
scaling approximately n. o« né, with ¢ < 0.9, consistent with our
claim in Section (ii) that the higher the background density, the more
elongated the cocoon.

The right-hand panel shows that the cocoon gas, in either phase,
scales only weakly with the background temperature. Again, the
cold-mixing-layer gas roughly matches the background gas temper-
ature since they have both already cooled to the temperature floor
(Tx). On the other hand, the hot phase has a steeper than linear
scaling with the background temperature. Overall, we find a scaling
of n, oc TS, with & < 0. This is also roughly consistent with our claim
in Section (iii) that, if £ is smaller than 0, the higher the background
temperature, the more ‘isotropic’ the jet cocoon (Section (iii)).

5.3 The black hole accretion rate and jet mass flux

Having determined how the cocoon properties depend on the back-
ground gas density and temperature, we can finally see whether the
implied regulation of our jet and the resulting BH accretion rate
in our simple model can qualitatively explain what we see in the
simulations. Fig. 8 shows the time-averaged jet mass flux in all of the
runs, with each panel showing the variation of a specific parameter.
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Figure 7. The dependence of the cocoon gas density, temperature, entropy,
and pressure on background gas properties (the former evaluated at the Bondi
radius). The red, blue, and green dots and lines correspond to the hot, cold, and
combined phases. The dots are from each simulation and the lines are fitted
power laws with the index (k) labelled. The cocoon is defined for simplicity
as all gas with 7> 1.2T,. We find n, ngono with ¢ 0.9 and & ~ 0.

We plot only the jet mass flux for ease of comparison with our simple
model, but it should be kept in mind that this is directly proportional
to the BH accretion rate (simply scaled by a constant factor n;}fb,
which is ~20 for most runs).

The first panel shows that the jet mass flux is independent of the
feedback mass fraction. The jets in these runs have the same specific
energy, so the same jet mass flux means the same momentum and
energy flux, which implies a very similar cocoon propagation. With
the lower feedback mass fraction, the BH accretes more to provide an
equivalent level of feedback. This holds until the required accretion
rate is much larger than the Bondi accretion rate, in which case the
jet model will fail to self-regulate. That scenario is not within the
parameter space we simulate here.

In the second panel, we vary the kinetic fraction by varying the
jet temperature and velocity while keeping the total specific energy
the same. The lower kinetic fraction run has most of the energy in a
thermal component, isotropizing the cocoon essentially at the launch
of the jet. Moreover, since its cocoon has never been in a momentum
conserving phase, it does not reach far beyond the Bondi radius. It
can clearly be seen in the last rows of Figs 4 and 5 that, although
the isotropic component of the cocoon momentum flux matches the
Bondi value at the Bondi radius in both the thermal and kinetic jets,
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Figure 8. The dependence of the jet mass flux (Mjel) on the adopted jet
model and background gas properties. The lines show power-law fits, with
the index (k) labelled. The number in the parenthesis is an estimate from the
toy model and the fit to the cocoon gas-phase dependence in Fig. 7.

the cocoon momentum flux decays more steeply beyond the Bondi
radius. As a result, much less energy is ‘wasted’ beyond the Bondi
radius, so both the jet mass flux and BH accretion rates regulate to a
lower value.

In the simulations where we vary the jet velocity (centre left panel),
the cocoon density depends weakly on the jet velocity, as mentioned
in Section 5.2. Therefore equation (19) (ziso > Rponai) predicts a
scaling of M Vj;3, and equation (21) (zjso < Rpondi) predicts a
scaling of M Vje’tz. These scaling relations roughly match what we
see in Fig. 8. We plot the scaling relations fit to all of the runs with
velocities > 10* kms~! (more elongated cocoon), and with velocities
< 10*kms~! (more bubble-like). As expected, the fits for the more
elongated cocoon predict a steeper jet velocity dependence than the
isotropic bubble case. It is also slightly steeper than what we predict
from our simple model, but we re-emphasize that we are fitting a line
to a small number of points and this result should be seen as a rough
estimate.

When we vary the gas temperature (centre-right panel), we find
a scaling relation Mje[ ~ TZ'2. This is qualitatively consistent but
a bit steeper than our model (equations 21 and 19 with & ~ 0),
which implies a scaling to Vi, with a power-law index of 0 to —0.18
(cocoon) or —0.5 to —0.7 (bubble).

Finally, when we vary the gas density (bottom left panel), the
cocoon gas density depends on the background gas density as n, o
n‘soc with é < 0.9. Therefore equations (21) and (19) predict Mjet x ng,
with @ = 1.1. We plot the scaling relations fit to the runs with
density > 10* kms~! (more elongated cocoon), and with density <
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10* kms™' (more bubble-like). The first scenario has a similar scaling
relation to our toy model. The latter case results in a somewhat steeper
slope, which qualitatively agrees with our toy model but is steeper
than predicted.

5.4 The growth of the black hole

We indicate the mean time-averaged BH accretion rate of each
model in Table 1. The runs with the highest accretion rate are,
unsurprisingly, the runs with the lowest feedback mass fraction
(m. = 0.005), the lowest relative specific energy (that is the lowest
jet velocity, Vi, = 3000 km s~1), the highest background density
(Noo = 10°cm™3), and the lowest temperature (T, = 10°K). They
can all accrete at super-Eddington rates at their peak, reaching an
accretion rate of (107° — 107) Mg yr‘l or (0.4-6) Mggq on average,
where the reference Eddington accretion rate relates to the Eddington
luminosity as Mg = Lgaq/0.1¢? (although we remind readers that
we are not treating radiative feedback in this work). In our surveyed
parameter space, the presence of jet feedback suppresses the accre-
tion rate below the Bondi rate by factors ranging from ~2 x 10~* up
to 0.7. Note that there is a strong time variability of the BH accretion
rate and the resulting jet fluxes (see Fig. 2). We emphasize the strong
dependence of the BH growth rate on the jet feedback efficiency,
which is determined by Vj.; and 1y, f,, parametrize the sub-resolution
physics. We only run the simulations for <103 yr, so none of the BHs
grow significantly during the short periods covered by the simula-
tions. Nevertheless, these results indicate that, for at least some of our
model parameters, the BH could grow to very large masses in cosmo-
logically short times if it continues to be surrounded by high-density
gas.

We can express the ratio M,../Mgqq using the scalings predicted
by our toy model, normalized to the fiducial parameter choices, as

Mce m -1 Vie e
S~ 0,05 () ot
Mgaq 0.05 10*kms!

" T ~0.6
X = - ) (25)
(105 cm*3> (1041()

where the exponent of Vj; ranges from 2 (for ris, < rpondai) to 3 (for
Tiso > TBondi)- Assuming the separation of the two cases is roughly at
Viet ~ 10* kms™!, we plot the estimated BH accretion rate in Fig. 9.
On top of the toy-model prediction, we indicate the results from
our runs with circles coloured with their measured values, and they
show a qualitative agreement. We also show a set of dashed lines
showing the parameters for which the estimated time needed for a
100 Mg, BH to grow to 10° Mg (f109) is 107, 108, 10°, and 10'°
yr. Since we only performed simulations for a single BH mass,
100 Mg, in this study, this requires extrapolating the time-averaged
accretion rates to higher BH masses. The calculation of #,,9 assumes
Mpee X Mfcc (corresponding to a fixed fraction of the Bondi rate, with
fixed background gas properties) throughout the evolution. This is
motivated by the M,.. dependence of Mjet predicted in our toy model
(see equations 19 and 21) but will be left for future study to verify with
simulations with different BH masses. For a less optimistic estimate,
the calculation of tlEeg instead assumes M. &< M, (corresponding to
afixed fraction of the Eddington rate) throughout the evolution. Given
the assumptions above and the estimated accretion rate of each case
at My = 100 My, part of the parameter space can have a 100 Mg,
BH growing to a 10° My SMBH at high redshift. We emphasize
that these are crude estimations. The underlying assumptions of a
fixed fraction of Bondi accretion and the constant background gas
properties are subject to verification in future work.

MNRAS 520, 4258-4275 (2023)
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Figure 9. The predicted Macc/Mgaq from the scaling of our toy model,
assuming a normalization to the fiducial runs. Runs with low background gas
temperature (7 ), high background gas density (n0o), low jet velocity (Vie),
or low feedback mass fraction (1, jer) result in super-Eddington accretion. We
also labelled with white dotted lines where the momentum efficiency (1) and
energy efficiency () each equal to 0.1. The results from the simulations are
shown as circles, coloured with the measured value. They show a qualitative
agreement with the toy model. The dashed lines show the parameters for
which the estimated time required for a 100 Mg BH to grow to 10° Mo (t169)
is 107, 108, 10, and 10'® yr. The calculation of £, assumes Mycc o« M2,
(black, fixed fraction of Bondi rate with fixed background gas properties)
throughout the evolution. The calculation of tlEeg adopts a less optimistic
extrapolation of the BH accretion rate.

Mace & Myee (red, fixed fraction of the Eddington rate) throughout the
evolution.

5.5 Jet cocoon height

As we saw in Fig. 5, all of the jets simulated in this paper reach only
to ~0.1 pc. Some of the cases isotropize at even shorter heights. We
emphasize that this is ultimately the result of our choice of a 100 Mg
BH. Supposing that our toy model holds for any BH mass (subject
to verification in future work), we can combine equations (12) and
(25) (with M, dependence) as

Ziso O Mace Vi ¥ 2T, (26)

jet

Therefore, the isotropic height scales roughly with the BH mass.
Besides, a jet cocoon propagates until reaching a height where the
integrated cooling rates within the jet cocoon balance the jet energy
fluxes. Given that most of the cooling happens at the mixing layer,
we can write down

Ejor o 750, 8002 AM(Two), 27

MNRAS 520, 4258-4275 (2023)

10° I Jetvel Ten}lpdrature
aZ 10! :
s
= -2
= 10 . !
& — Vjer=3000 kms 1 3 1
= 103 — Vi=10000 knf 511 L —'% =0 11<03Iil
a Vi=10000 knj s 111 T ex iR H:
L 04k Vie=10000knk s [ [ 147 g x 10°R-1if
— V30000 knt —IT,=10K ! |
10-5 .| L 1 Ll
107 10T 100 1072 107! 10°

Frequency [kyr~!] Frequency [kyr—!]

Figure 10. The normalized (divided by the maximum value) power spectrum
of the BH accretion history (from the first panel of Fig. 2). The green and red
vertical lines are the free-fall time at the Bondi radius for 6 x 10° K and x 10°
K gas. The corresponding value for x 10° K is outside the plotted range (right
end). The grey line is the viscous time-scale of the «-disc. The lower jet
velocity run results in a more elongated cocoon, which reaches a larger
distance, and has longer term variability. The run with cooler background gas
also has a larger Bondi radius, so the BH accretion rate also has longer term
variability.

where &/ is the mixing layer thickness. Accordingly, the maximum
height a jet cocoon reaches, zm.x X My, again, scales roughly with
the BH mass. Our result for a 100 My BH, therefore, does not
conflict with observations of narrow jet cocoons reaching kpc scales
produced by an SMBH.

Moreover, a high density is unrealistic to stay constant to such
larger radii. For more massive systems, jets will propagate into a
lower density, while getting fuelled by the central more dense gas.
From equation (10), this can make the jet more collimated by keeping
Mjet constant while lowering p. (this should not be confused with
our earlier statement that a higher background density will result in
a more collimated jet, which is a result of self-regulation as the jet
flux scales superlinearly with the background density).

5.6 Jet duty cycle

Besides regulating the BH accretion rate and jet mass flux, the
various jet models and background gas properties also affect the
feedback cycle period. A run with a more elongated jet cocoon that
propagates to a larger distance will result in longer term variability in
the accretion rate. This can be seen in the left-hand panel of Fig. 10,
where we quantify the normalized (i.e. divided by its maximum
value) power spectrum of the BH accretion rate in the runs with
different velocities. We clearly see that the slower the jet velocity,
the more elongated the jet cocoon becomes and the more the power
spectrum shifts to longer periods (lower frequencies). The reason for
this behaviour is simply that, when the jet reaches a larger distance,
the time-scale of the regulation (i.e. the free-fall time) becomes
longer.

Similarly, changing the gas temperature also impacts the distance
that the cocoon reaches. In the right-hand panel of Fig. 10, we see
that the higher temperature run, which has the smaller Bondi radius,
has a power spectrum shifted to shorter periods.

6 DISCUSSION

6.1 The surveyed feedback efficiency

In this work, we parametrize an AGN feedback model with Vi,
Tiei, and 0y, je- Effectively we could re-parametrize each model with
Viet and the feedback energy and momentum efficiencies, which are

€20z AInr €0 U0 Jasn Areiqr saousiog UyeaH JaleD Aq 91.58002/852H/E/0ZS/PI0IME/SEIUW /WO dNO"oILaPEdE//:SAY WOy Papeojumod



defined as
_ Pjet Mjethet
N = — =
Maccc MaCCC
e = Ejet _ A/[jetngl ] (28)

y 27 oW 2
Myecc 2M e

We effectively did a very broad survey of the energy efficiency ng
from 2.7 x 107° — 0.055, and momentum fluxes np from 1.6 x 10~*
— 3.3. All our runs and the scaling from our toy model can be
re-parametrized with these efficiencies (as labelled in Table 1 and
Fig. 9). However, we found the current labelling results in a simpler
scaling in the model, as they are the relevant variables in our toy
model.

We emphasize that (Viet, Tiets Mm, je) OF (Viet» Mp, ME) are merely
parametrizing our ignorance of the sub-resolution physics. In the
literature, the momentum and energy efficiencies n, and ng are
often considered within one dex above and below 0.1, and often
with a maximum value around 1, depending on the BH spin and
accretion disc model (e.g. De Villiers et al. 2005; Tchekhovskoy,
Narayan & McKinney 2011; McKinney, Tchekhovskoy & Bland
ford 2012; Sadowski et al. 2016). However, these values are often
measured in GRMHD simulations at the BH horizon scale, with
M. measured right around the black horizon. The Bondi solution
has a constant M, across the wide radial range within the Bondi
radius, but mass-loss to winds and outflows generally result in Mo
decreasing monotonically towards inner radii. This lowers both the
effective jet energy and momentum efficiencies, as the BH accretion
rate is much smaller than the M, calculated at the resolution scale.
For instance, the typical scaling of M o r!/? found in radiation-
hydrodynamical simulations (e.g. Guo et al. 2022; Hu et al. 2022,
and references therein) implies effectively ~3 orders of magnitude
suppression of the efficiency in our definition, given the 6 orders
of magnitude from our sink radius to the BH horizon. Earlier work
also predicts a scaling of M oc r*#7%8 which can be slightly steeper
(Yuan & Narayan 2014). Moreover, how the flux of the jet varies
as it reaches our launching scale is subject to the sub-grid gas
properties, which change the thermalization rate of kinetic energy,
cooling physics, and kinematics. The range of these efficiencies can
possibly be larger than most studies in the literature cover.

Given the above complexities, instead of having a set of runs
attempting to parametrize the possible effective efficiencies at our
jet launching scale given a certain efficiency measured at the BH
horizon scale, we instead intentionally cover a very wide possible
parameter space at our jet launching scale. The relations of these runs
to a relativistic jet at the black-horizon scale and the jet propagation
in the scales in between will be left for a future study. Our chosen
set of runs may also be more suitable to validate our toy model, as
they cover orders of magnitude ranges for each parameter.

6.2 Comparison with previous works

Regan et al. (2019) used the adaptive mesh refinement (AMR)
hydrodynamics code ENZO to investigate feedback from bipolar jets,
expected to be produced during super-Eddington accretion episodes,
focusing on how the jet feedback impacts BH growth. They found that
the jets periodically evacuate the central ~0.1pc region, and accretion
then resumes after a free-fall time. Overall, we here find a similar
behaviour, although there are several differences between our setups
and our results. Regan et al. (2019) utilize a cosmological simulation,
and adopt an initial seed BH mass of 16000 My, with an initial
accretion rate of ~ 1072 Mg yr~!, and find that the time-averaged
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accretion rate always stays below the Eddington value. Also, once
the gas is heated by the jet, they do not resolve the Bondi radius, and
adopt a modified Bondi accretion rate. By comparison, we here use
an initially uniform and static cloud, and examine a > 100 times lower
BH mass, >100 times lower accretion rate, and a >100 times higher
spatial resolution, such that the Bondi radius remains resolved at all
times. We find that super-Eddington accretion is possible, which may
be explained by the different parameter choices and/or differences in
the details in the shapes of the jet-driven cocoons. Another difference
between our studies is that we examine the cocoon evolution in
greater detail and offer a physical interpretation of its shape and size,
as a function of jet and background gas parameters.

Park & Ricotti (2011) studied a similar problem regarding ac-
cretion on to a low-mass BH, but with radiative feedback instead
of the mechanical jet feedback explored here. They obtain a scal-
ing of the time-averaged BH accretion rate with background gas
properties (M o< T2/? for ne > 10°cm™ and M o T2/?nl/? for
oo < 10° cm™3), which are different from ours. The primary reason
is that the radiative feedback they implemented inflates a roughly
constant temperature bubble around the BH, which is in pressure
equilibrium with the surrounding cold gas. This is very different from
the cocoon we see inflated by jet feedback, where the cocoon has a
more complicated shape as discussed in Section 4. Park & Ricotti
(2011) also found a feedback cycle with a well-defined period, while
we have much more complicated cycles. This can arise from the
more anisotropic turbulent gas distribution due to the jetted feedback
or the more complex geometry of the outflows and accretion. The
fact that we are using 3D simulations, while Park & Ricotti (2011)
used 1D and 2D simulations, could also contribute to the difference.
Overall, the time-averaged accretion rate in Park & Ricotti (2011)
was found to always remain below the Eddington rate, whereas we
here find super-Eddington accretion in many cases. This suggests that
jet feedback may be a lesser obstacle to BH growth than radiative
feedback.

Takeo et al. (2020) also studied a similar problem with different
BH masses (10 and 10° M) and with wider AGN winds on top of
radiative feedback. They focused on the ‘hyper-Eddington’ regime,
such that the Bondi rate exceeds the Eddington rate by several
orders of magnitude. In practice, they considered either a much
higher BH mass or a much higher background gas density than
in our study. They showed that under these conditions, the resulting
accretion rate can remain close to the Bondi accretion rate and reach
the prescribed hyper-Eddington values after around a dynamical
time, when the radiative feedback becomes less important. They
also found that the accretion rate is insensitive to the feedback
mass fraction of the mechanical feedback. These latter findings are
qualitatively similar to what we see in our simulations with the AGN
jet, despite different initial velocity and initial open-angle. They also
see momentum conserving wind propagation (constant velocity) all
the way to beyond Bondi radius, qualitatively similar to what we
see in our lower velocity jets, which is also expected in our toy
model. Given the difference in the feedback form, BH mass, run time,
and background Bondi accretion rate, more quantitative comparisons
would be difficult.

It is worth also comparing our results with the jets in larger
scale galaxy simulations, e.g. those presented in Su et al. (2021).
A similar qualitative result was found in those galaxy scale studies,
namely that heavier jets result in much narrower jet cocoons which
propagate much farther. The toy model describing the jet propagation
presented in Section 4 also works on galaxy scales with a much
more massive BH and lower gas density. One important difference
is the relative strength of radiative cooling, which operates more

MNRAS 520, 4258-4275 (2023)
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rapidly in the current simulations. Here, we find significant cooling
at the contact discontinuity between the shocked jet material and
the shocked ambient medium, whereas cooling on the cluster and
galaxy scale is slower and occurs mostly in gas which is not
shock-heated.

Massonneau et al. (2022) also examined the impact of jet feedback
on BH growth on larger (~kpc scales), in a 10'! M, dark matter halo
and found that mildly super-Eddington accretion is possible. They
found that weaker super-Eddington jets allow for more rapid BH
growth through more frequent super-Eddington episodes, and also
that weaker jet feedback efficiency leads to larger BH masses, which
are consistent with our findings.

6.3 Connection to other scales

Part of the motivation of this work, where we perform intermediate-
scale simulations, is to provide insight in connecting galaxy scale
simulations and GRMHD simulations that can resolve the accretion
disc. Depending on the galaxy size and the numerical method, the
finest resolution of the former case is at best ~0.1 pc, and generally
much lower (e.g. Wetzel et al. 2016; Su et al. 2018; Wheeler et al.
2019; Massonneau et al. 2022). The outer boundary of the latter
case is at most ~1000r, (r, is the gravitational radius; e.g. Lalakos
et al. 2022), which is roughly 1078(M,../100Mg) pc, implying a
2 7 order of magnitude gap for the BH mass we model here. Our
simulation, with its outer boundary at roughly 0.2 pc and a maximum
resolution of ~10~* pc fits between these scales, although we note
that we are still far from ~1000r,.

Unless using GRMHD simulations, which resolve the gravita-
tional radius, AGN jets are not self-consistently launched but are
implemented instead with sub-grid prescriptions. Effectively these
sub-grid ‘jet models’ attempt to inject the fluxes of a’cocoon’
inflated by a jet launched on an even smaller scale. Therefore,
even identical jet energy, momentum, and mass fluxes can produce
different physical behaviour when launched on different scales. This
work provides a framework for coarse-graining jet models launched
on a smaller scale to the resolution scale of galaxy simulations. The
toy model described in Section 4 and verified in our simulations
describes how the cocoon energy, momentum, and mass flux should
scale as a function of radius. The scalings can be incorporated
into simulations on different scales for the same sub-grid jet
model.

Effectively, given a certain estimated density (n.,) and temperature
(Ts) around a BH, and a jet model (Vi) on a small scale, rsman, equa-
tion (22) can roughly determine whether z;g, is larger or smaller than
Rpondgi- Depending on which side it falls, the resulting time-averaged
Mjel can be estimated through equation (19) or equation (21). Note
that we also need the ¢, &, and § values from the fit results in
Fig. 7. Assuming we want to find the effective cocoon property at
a given larger radius, 7y, the cocoon expansion either follows
equations (8) and (9) (if riaee < 7iso) Or equation (14) Gf rige
> Tiso). Therefore, with the values ne, Too, Vi, ¢, &, 8, and M,
we find the corresponding cocoon expansion velocity at a specific
radius riaee, Which can be used as an ‘effective’ coarse-grained jet
model at that scale. The aforementioned implementation should,
of course, be explicitly tested in galaxy-scale simulations. Indeed,
besides the effective velocities, there is also the complexity of an
‘effective’ jet model, including the temperature, time variability, gas
cooling, and the exact sampling of the velocity distribution while
launching the feedback. We leave a thorough investigation of these
issues, and the construction of a full sub-grid jet recipe, to future
work.

MNRAS 520, 4258-4275 (2023)

6.4 Limitations of this work and future prospects

We emphasize that we have deliberately considered an idealized
setup, with an initially static cloud with a uniform density and
temperature. In reality, the gas surrounding the BH could be highly
turbulent with a non-zero net angular momentum. In addition, in a
very inhomogeneous environment, the stochastic capture of certain
ultradense clumps with low relative velocity might play a very
important role (Shi et al. 2023).

We also consider only one BH mass (see e.g. Regan et al.
2019; Takeo et al. 2020; Massonneau et al. 2022, for similar
studies with larger BHs). Moreover, this work does not include
magnetic fields, conduction, viscosity, and other plasma physics,
which may be important on these scales. In particular magnetic
fields could play a role in collimating jets, especially for the
Poynting flux-dominated relativistic case (e.g. Bromberg et al. 2014).
The jet model we considered in this work is in the limit where
a jet becomes more mass-loaded after propagating to a certain
scale that we can resolve. Therefore, we do not expect such an
effect to be significant in our case, but it is subject to further
verification.

For the feedback itself, we only include jet feedback in this work
for simplicity, ignoring any radiative feedback (e.g. Park & Ricotti
2011; Regan et al. 2019; Takeo et al. 2020), which may also play
an important role in the BH’s neighbourhood. Due to the limitations
of non-relativistic hydrodynamics, we also limit the jet velocity to
< 30000kms~'. As a relativistic jet propagates further from the
gravitational radius, it can gradually slow down as more gas gets
entrained. Moreover, when taking into account the self-consistently
launched jet properties from GRMHD simulations slightly away
from the jet axis, the average jet velocity also gets much lower
(Chatterjee et al. 2019). The adopted velocities should be reasonable
at the jet launching scale of our simulations but might not cover the
whole possible parameter space in more extreme circumstances. We
also did not explore models with wider opening-angle AGN winds
(e.g. Takeo et al. 2020). Cosmic rays might be another critical aspect
of AGN feedback as well (Su et al. 2020, 2021; Wellons et al. 2022),
but are not included here. We will explore these aspects in future
work.

We also note that we only focus on the BH growth due to gas
accretion. There could be many other possible channels for BH
growth, like runaway mergers between stellar-mass BHs (e.g. Kroupa
et al. 2020).

7 CONCLUSION

In this work, we utilized high-resolution hydrodynamic simulations
of 0.4-1.6 pc boxes with uniform initial density and temperature
to study jet propagation and its effect on BH accretion on to a
100 Mg BH in low metallicity dense gas. We found that the isotropic
component of the cocoon momentum flux regulates the BH accretion
and the mass, momentum, and energy flux from the AGN jet. We
summarize our major conclusions as follows:

(1) After a jet is launched, it inflates a jet cocoon filled with a hot
reverse shock-heated turbulent gas and a much cooler gas phase at
the mixing layer with the surrounding gas.

(ii) At launch, a jet cocoon will propagate, conserving the mo-
mentum in the jet direction while continuously broadening itself
through thermal pressure in the lateral directions. Eventually, the
cocoon expands laterally and the propagation in the jet direction
slows down. If the jet cocoon propagates to a sufficiently large radius,
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it eventually evolves into a quasi-spherical bubble. After that, the
cocoon propagates isotropically in an energy-driven scenario.

(iii) Depending on the jet and background gas properties, the
inflated cocoon either isotropizes beyond the Bondi radius (retaining
an elongated shape), or inside the Bondi radius (becoming spherical
bubble-like).

(iv) In either case, the isotropic component of the cocoon momen-
tum flux (roughly twice the lateral momentum flux if the cocoon
is elongated) on average matches the inflow momentum flux at the
Bondi radius, assuming a Bondi-accretion scenario. This, in turn,
regulates the BH accretion.

(v) We presented a toy model based on this picture which results
in a scaling of the BH accretion rate that roughly matches the rate
found in the simulations.

(vi) The lower the jet velocity and the higher the background gas
density, the more elongated the jet cocoon.

(vii) In addition to the average BH accretion rate and jet mass flux,
the different jet model and background gas properties also affect the
accretion history variability. A jet model that produces an elongated
cocoon propagates to a larger distance and produces longer-time-
scale variability, while smaller and more spherical bubble-like
cocoons produce shorter-time-scale variability. Higher T, (smaller
Rpondgi) also leads to more short-time-scale variability.

(viii) The runs with the highest accretion rates are those with the
lowest feedback mass fraction (1, 1, = 0.005), the lowest specific
energy or jet velocity (Vig = 3000 km s™1), the highest density
(Moo = 10°cm™3), or the lowest temperature (T, = 10° K). They,
on average, have super-Eddington accretion, Mypee ~ 0.4 — 6Mgyq.
In our surveyed parameter space, the presence of AGN jets sup-
presses the Bondi accretion rate by factors from ~2 x 107*
to 0.6.

In summary, this work shows how different jet models (and
background gas properties) result in different cocoon properties and
accretion rates. Our results suggest that at least initially, stellar-mass
BHs in so-called atomic cooling haloes may be able to grow at rates
well above the Eddington rate. Our study also suggests a prescription
to link simulations on different scales (Section 6.3). Many caveats
and unanswered questions remain (see Section 6.4) to be explored in
future work.
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APPENDIX: RESOLUTION STUDY AND THE
VARIATIONS OF ACCRETION MODELS

Fig. Al summarizes the effects of different choices of sink ra-
dius and alpha disc model on BH accretion rates M, under
different resolutions. All the runs match our fiducial parameter
choice (¢m, m = 0.05, Vie = 10*kms ™", ny = 10°cm™>, and T, =
10%K). The first three rows shows the moving-averaged (over 10
kyr) value to the point at the specific time of the simulation.
Most simulations are run with different variations of the random
component to quantify the stochastic effect (different lines in the
same colour). A list of different simulations is summarized in
Table Al.
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Figure Al. The effects of different choices of sink radius and alpha disc
models on BH accretion rate M, under different resolutions. The first three
rows show the moving-time-averaged (10 kyr) accretion rates for a range
of sink radii, resolutions, and alpha disc parameters. To explore stochastic
variations, we run simulations are run with different variations of the random
component (different lines in the same colour). With the smallest sink radius
(0.003 mpc), the random number variations result in a factor of 2-3 span in
the final results, indicating that stochastic effects are significant. The higher
resolution runs also result in a factor of 2-3 higher M,... The runs with
a larger sink radius have slightly better convergence and smaller stochastic
effects (< 2). The model with alpha discs and different viscous time-scales
also have accretion rates with differences within a factor of 2, well within
the stochastic range. The bottom panel shows the real-time M. of the runs
with different viscous time-scales. A shorter viscous time-scale results in
shorter-term variations.

With the smallest sink radius (3 x 107 pc), the stochastic effects
result in a factor of 2-3 span in the final results indicating a
substantial stochastic effect. The higher resolution runs also result
in a factor of 2-3 higher M,.. The small sink radius also leads
to the occasional formation of a discy structure right around the
BH at high resolution, which partially contributes to the more
significant resolution dependence. Given that we do not have the
proper resolution and physics to model the accretion disc explicitly,
we shift to a larger sink radius and put in a subgrid «-disc model as
described in the main paper.
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Table Al. Physics variations (run at highest resolution) explored in this
appendix.

Accretion model
max

Model AT Box size  my Miet Tsink I
kyr pc Mg Mo 1073 pe kyr

Fsink = 3 x 1076 pc

High res 40-80 0.4 1.7e-7  3e-8 0.003 No

Low res 100 0.4 1.4e-6 le-7 0.003 No
Feink = 3 x 1075 — 1.5 x 10~ pc

High res 100 0.4 1.7e-7  3e-8 0.03—-0.15  No

Low res 100 0.4 1.4e-6 le-7 0.03—-0.15 No
Fenk =3 x 1072 — 1.5 x 107* pc + « disc

100 yr 100 0.4 1.4e-6 le-7 0.03-0.15 0.1

1000 yr 100 0.4 l4e-6  le-7 0.03-0.15 1

10000 yr 100 0.4 1.4e-6 le-7 0.03-0.15 10

Note. This is a partial list of simulations that explore resolution and
numerical parameter choice. All simulations are run with ({m, 1, = 0.05,
Vier = 10*kms ™!, nee = 103 em ™3, and T, = 10*K).Columns list: (1) Model
name: The naming of each model starts with the feedback mass fraction,
followed by the jet velocity in km s~! for kinetic jet or jet temperature in
K for thermally dominant jets. The final two numbers label the background
gas density in cm™3 and temperature in K. (2) AT: Simulation duration. (3)
Box size of the simulation.(4) mgm: The highest mass resolution.(5) mjf‘;‘f"‘:
The mass resolution of the spawned jet particles.(6) rgink: Sink radius in 1073
pe.(7) ty: Viscous time-scale for alpha disc in kyr.
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The runs with a larger sink radius (3 x 107> — 1.5 x 10~* pc)® have
a slightly smaller dependence on resolution and smaller stochastic
effects (everything within <2), partially due to the suppression of an
artificial discy structure at very small radius. This level of difference
(even the small sink radius runs) is smaller than the difference caused
by most of the physics variations Figs 2 and 8. In our production run,
we adopt the larger sink radius (3 x 107 to 1.5 x 10~* pc). Given
the smaller resolution dependence with this sink radius, we try to
match the lower resolution for most of our physical variations for
lower computational cost.

The models with alpha disc and different viscous time-scales also
result in differences within a factor of two, within the stochastic
range, and roughly have the same accretion rates as the runs without
an alpha disc. The final row of Fig. Al shows the real-time M, of
the runs with different viscous time-scales. Shorter time-scale results
in a shorter-term variation. We adopt 7, = 1000 yr in our productive
runs according to an estimate of the viscous time-scale at the sink
radius we choose (see Section 2).

SThe sink radius is set to be a radius from the BH enclosing 96 ‘weighted’
neighbourhood gas particles but capped to be within (3 x 107> to 1.5 x 10~

po).

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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