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A B S T R A C T 

Simulations of active galactic nuclei (AGN) jets have thus far been performed almost exclusively using grid-based codes. We 
present the first results from hydrodynamical tests of AGN jets, and their interaction with the intracluster medium (ICM), using 

smoothed particle hydrodynamics as implemented in the SWIFT code. We launch these jets into a constant-density ICM, as well 
as ones with a power-law density profile. We also vary the jet power, velocity, opening angle, and numerical resolution. In all 
cases we find broad agreement between our jets and theoretical predictions for the lengths of the jets and the lobes they inflate, as 
well as the radii of the lobes. The jets first evolve ballistically, and then transition to a self-similar phase, during which the lobes 
expand in a self-similar f ashion (k eeping a constant shape). In this phase the kinetic and thermal energies in the lobes and in the 
shocked ICM are constant fractions of the total injected energy. In our standard simulation, two thirds of the initially injected 

energy is transferred to the ICM by the time the jets are turned off, mainly through a bow shock. Of that, 70% is in kinetic form, 
indicating that the bow shock does not fully and efficiently thermalize while the jet is active. At resolutions typical of large 
cosmological simulations ( m gas ≈ 10 

7 M �), the shape of the lobes is close to self-similar predictions to an accuracy of 15%. This 
indicates that the basic physics of jet-inflated lobes can be correctly simulated even at such resolutions ( ≈500 particles per jet). 

Key words: galaxies: jets – galaxies: evolution – galaxies: clusters: intracluster medium. 

1

A  

a  

t  

C  

t  

e  

e  

o  

S  

5  

r  

r  

a  

C
 

t  

p  

U  

e  

W  

t  

(  

2  

e  

�

F  

f  

e
 

o  

c  

a  

r  

&  

e  

o  

p  

e  

(  

j  

2  

f  

s  

(  

2  

m  

2  

o  

N  

S  

D

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/4/5090/7034346 by U
niversity of D

urham
 user on 10 M

ay 2023
 I N T RO D U C T I O N  

ctive galactic nuclei (AGN) feedback due to energy release by
ccreting supermassive black holes (SMBHs) is an important process
hat contributes to the evolution of galaxies (Bower et al. 2006 ;
roton et al. 2006 ; Henriques et al. 2015 ; Lagos et al. 2018 ). It is

hought to be the cause of quenching of star formation in massive
lliptical galaxies (Springel, Di Matteo & Hernquist 2005 ; Martig
t al. 2009 ; Sturm et al. 2011 ). AGN feedback can take the form
f radiative or wind feedback from quasars (Sanders et al. 1988 ;
ilk & Rees 1998 ; Di Matteo, Springel & Hernquist 2005 ), where
 −40 per cent of the infalling matter is converted into energy and
adiated a way (No viko v & Thorne 1973 ; Noble et al. 2011 ). This
adiation interacts with the ambient gas by directly heating it, as well
s dri ving outflo ws through radiation pressure (Feruglio et al. 2010 ;
icone et al. 2014 ; Carniani et al. 2015 ). 
Observations of galaxy clusters reveal the existence of an addi-

ional mode of AGN feedback: SMBHs can launch jets of relativistic
articles that may traverse large distances (Blandford & K ̈onigl 1979 ;
rry & P ado vani 1995 ), in some cases larger than a Mpc (Dabhade

t al. 2020 ; Mahato et al. 2021 ; Andernach, Jim ́enez-Andrade &
illis 2021 ). As they travel, these jets are decelerated by and deposit

heir energy into the hot halo of gas that surrounds the host galaxy
McNamara & Nulsen 2007 ; Fabian 2012 ; McNamara & Nulsen
012 ). The jets are visible in radio frequencies due to synchrotron
mission (Biermann & Strittmatter 1987 ; O’Dea 1998 ; Markoff,
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alcke & Fender 2001 ), as well as indirectly in X-ray emission in the
orm of cavities in the hot gas halo (B ̂ ırzan et al. 2004 ; McNamara
t al. 2005 ; Wise et al. 2007 ). 

AGN jets are often invoked in order to explain otherwise puzzling
bservations of galaxy clusters. The cooling rates of hot gas in the
entral regions of galaxy clusters, inferred from X-ray observations,
re large enough that we would generally expect large star formation
ates in such environments; this is typically not observed (Edge
 Stewart 1991 ; Fabian 1994 ; McDonald et al. 2018 ), with some

xceptions (O’Dea et al. 2009 ; McDonald et al. 2015 ). Furthermore,
bservations of emission lines, which we would expect in the
resence of a cooling flo w, suggest lo w cooling rates (Peterson
t al. 2003 ; Bregman et al. 2006 ). The observed cooling rates
and/or central X-ray luminosities) are closely correlated to the
et powers (Rafferty et al. 2006 ; Nulsen et al. 2009 ; Russell et al.
013 ; Hlavacek-Larrondo et al. 2012 ), implying the existence of a
eedback loop in galaxy clusters. Jets have also been observed in
ystems that are smaller than galaxy clusters, such as galaxy groups
Sancisi, Thonnard & Ekers 1987 ; Baldi et al. 2009 ; Randall et al.
011 ; Werner et al. 2019 ; Eckert et al. 2021 ) and remnants of galaxy
ergers (Heckman et al. 1986 ; Merritt & Ekers 2002 ; Ivison et al.

012 ; Shabala et al. 2017 ). More surprisingly, the y hav e also been
bserved in disc galaxies (Ledlow et al. 2001 ; Singh et al. 2015 ;
esvadba et al. 2021 ; Webster et al. 2021 ) and dwarf galaxies (Pakull,
oria & Motch 2010 ; Mezcua, Suh & Ci v ano 2019 ; Yang et al. 2020 ;
avis et al. 2022 ), indicating that their effects may be widespread. 
Models of galaxy formation in the form of hydrodynamical

imulations have in recent years begun to incorporate jet feedback
n a cosmological scale (Weinberger et al. 2018 ; Dav ́e et al. 2019 ;
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ubois et al. 2021 ). Ho we ver, the numerical resolution that can
e achieved in such cosmological simulations is often thought to 
e insufficient to fully capture the impact of the jets (Bourne &
ijacki 2017 ; Weinberger et al. 2017 ). In particular, low-resolution 
imulations do not display instabilities in the jets, which are likely 
mportant for their evolution and energetics (Perucho et al. 2006 ; 
erucho et al. 2010 ). Many simulations have been carried out on
maller scales (galaxy cluster or group scales) in order to facilitate our
nderstanding of jet propagation, energy deposition and the o v erall 
ffect of jets as a mode of feedback (e.g. Reynolds, Garofalo &
egelman 2006 ; Mendygral, Jones & Dolag 2012 ; Meece, Voit &
’Shea 2017 ; Yang, Gaspari & Marlow 2019 ). Some of these suggest

hat jet-like feedback may be reliable even at at lower resolutions,
ith the jet energetics (e.g. how much energy is kinetic versus

hermal, how quickly it is transferred to the hot gas halo) insensitive
o resolution (Weinberger et al. 2017 ). 

Kinetic, jet-like feedback is currently employed in the follow- 
ng large hydrodynamical, cosmological simulations: IllustrisTNG 

Weinberger et al. 2018 ), SIMBA (Dav ́e et al. 2019 ) and Hori-
onAGN (Dubois et al. 2014 ). All of these simulations model jet
eedback by increasing the velocity of gas particles or cells close 
o the SMBH by values of order 10 4 km s −1 . This is done in
iscrete injection events whose frequency is determined by some 
et power P j , which is taken to be proportional to the accretion rate
nto the black hole: P jet = εj Ṁ BH c 

2 . Here, εj is the jet efficiency,
 numerical factor that encapsulates the efficiency of energy ex- 
raction from the SMBH. The EAGLE (Evolution and Assembly of 
aLaxies and their Environments) hydrodynamical simulations of 
alaxy formation included only a thermal mode of AGN feedback, 
mplemented as isotropic heating of gas (Schaye et al. 2015 ), which
epresents the effects of radiative (quasar) feedback. The inclusion 
f a jet-like kinetic mode of feedback would likely lead to more
ealistic galaxies in the simulation. The successors of the EAGLE 

imulation will utilize the SWIFT code (Schaller et al. 2016 ), and
ts SPHENIX hydrodynamical implementation based on smoothed 
article hydrodynamics (hereafter SPH; Borrow et al. 2022 ). 
Before including a jet feedback mode in a large cosmological 

imulation, it is important to verify that the hydrodynamical code it
ses can realistically simulate the effects of jets on the surrounding
as. This can be done by simulating an individual jet episode with
 constant jet power, and comparing the behaviour of such a jet
ith theoretical predictions (see Komissarov & Falle 1998 as an 

arly example). Performing this kind of test is especially important 
or cosmological simulations using SPH codes, since there has been 
irtually no effort to simulate individual AGN jets with SPH. We note
hat some previous SPH simulations have included AGN jets, but 
hese simulations were more complex (e.g. self-consistent feedback 
n Barai et al. 2016 or jets as a feedback mechanism in cosmological
imulations as employed by Choi et al. 2015 ) and thus harder to
ompare with theoretical expectations. In recent years, SPH codes 
ave been upgraded in various ways in order to better deal with
roblems such as fluid mixing and conduction across shocks that 
lague traditional SPH schemes (Hopkins 2015 ; Menon et al. 2015 ;
adsley, Keller & Quinn 2017 ; Rosswog 2020 ; Borrow et al. 2022 ).

his is particularly important for jet simulations, since they involve 
xtreme contrasts in fluid properties. 

Theoretical studies of constant-power jets, propagating in a 
aseous medium with a power-law density profile, predict that all jets
tart off with a ballistic phase (Falle 1991 ; Kaiser & Alexander 1997 ;
aiser & Best 2007 ). During this phase they easily drill through the

mbient medium. After the mass of the swept-up medium exceeds 
hat of the jet material, the jet transitions into a self-similar phase,
hich should al w ays occur at large enough distances (depending
n the jet power and mass flux, as well as the ambient medium
ensity). In this phase, the jet material experiences strong shocks 
nd begins to inflate hot lobes of gas (also referred to as ’cocoons’,
.g. Komissarov & Falle 1998 , although we use the former term
ereafter for consistency). These lobes then collimate the jets of 
nshocked material. The jet-inflated lobes in this re gime e xpand in
 self-similar fashion (with a constant aspect ratio), hence the name.
his phase of jet evolution is especially suitable for hydrodynamical 

ests of jet behaviour since the dependence of jet and lobe properties
such as length) on time, jet power, and background density should
e very simple (a power law, as long as the background density
rofile is also a power law). In this paper, we present results on
ndividual jet episodes simulated with SWIFT , using the SPHENIX 

ydrodynamics scheme. Our focus is on comparing the properties of 
hese jets with theoretical predictions in the self-similar regime of 
volution. 

We use a jet power and opening angle, as well as properties of
he ambient medium, that are close to observed values so that the
roperties of our simulated jets can be meaningfully compared to 
bserv ations. We stress, ho we ver, that our main aim in this paper is
ot to make comparisons with observations, but rather with analytical 
redictions, for the purpose of validating our numerical scheme. 
e thus fa v our simplicity o v er realism in this work. The numerical

esolution we achieve, of order ∼1 kpc (within the jet-inflated lobes),
s on a par with many similar simulations of AGN jets that use grid-
ased codes (e.g. Yang et al. 2019 ; Smith and Justin Donohoe 2021 ;
ang & Yang 2022 ). 
The jet launching velocity, v j , is a very important parameter in

ur simulations, and it has both a physical and numerical role. On
he physical side, the launching velocity determines when the jet 
eaches the self-similar phase of evolution, as well as whether it is
n the relativistic regime. In addition, increasing the velocity leads to
igher typical temperatures in the jet lobes, as well as lower densities.
his latter fact is due to the kinetic energy per particle scaling as ∝ v 2 j ,
o the total mass and number of particles in the jets and lobes scale as
 /v 2 j , under the assumption that the energy within the jets and lobes
s kept fixed. The same scaling ties into the role of the launching
elocity as a numerical parameter. Less massive jets and lobes are
epresented with a smaller number of particles (given a constant jet
ower), so they are more poorly resolved. 
We do not simulate relativistic or mildly relativistic jets with 

 > 0.3 c representing some of the stronger/younger Fanaroff–
iley (FR) II sources (Wardle & Aaron 1997 ; Jetha, Hardcastle
 Sakelliou 2006 ; O’Dea et al. 2009 ; Snios et al. 2018 ), which

ave been the focus of many recent simulation studies (Walg et al.
013 ; Hardcastle & Krause 2013 ; Tchekhovsk o y & Bromberg 2016 ;
atsumoto & Masada 2019 ; Perucho, Mart ́ı & Quilis 2022 ). This

s because such jets would be poorly resolved in our simulations.
ue to this restriction, we launch jets with subrelativistic velocities 
f order 0.1 c , representing FRI sources or FRII sources that have
ither significantly decelerated or entrained significant amounts of 
mbient material on a kpc scale (Bicknell 1995 ). According to
nalytical models of jet and lobe evolution, the properties of jets
hould be largely insensitive to the choice of launching velocity 
nce they reach the self-similar regime (Kaiser & Best 2007 ). The
if ferences between subrelati vistic and relati vistic jets, in terms of
heir properties, such as the lengths or shapes of the lobes, are

inimal (of order tens of percent), and they arise largely from the
ifferent adiabatic indices of the lobe material (4/3 versus 5/3). 
The outline of this paper is as follows. In Section 2 , we summarize

xisting theoretical predictions for the evolution of jets and the lobes
MNRAS 520, 5090–5109 (2023) 
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hey inflate in the self-similar regime, whereas in Section 3 we
iscuss our numerical implementation of the jet launching process,
s well as the different simulations we have done. In Section 4 we
iscuss some general properties of our simulated jets, including their
orphology, energetics and how well they compare to predictions

f analytical models. We also compare with previous simulations of
GN jets. Section 5 includes a parameter study, where we compare

he properties of jets simulated at different numerical resolutions,
nd with different jet powers, launching velocities and half-opening
ngles. In all cases, we compare our simulations with theoretical
redictions. We also show some results of AGN jets launched into
ower-law gaseous atmospheres. In Section 6 we summarize and
onclude. 

 J E T  A N D  LOBE  E VO L U T I O N  IN  T H E  

ELF-SIMILAR  R E G I M E  

n this work, we compare our simulated jets with theoretical pre-
ictions for the self-similar regime of jet lobe evolution (e.g. Falle
991 ; Kaiser & Alexander 1997 ; Komissarov & Falle 1998 ; see also
egelman & Cioffi 1989 and Bromberg et al. 2011 for alternative, but

imilar models). In the self-similar picture, the jet is launched from
 conical region defined by a half-opening angle θ j . The physical
uantities that determine the evolution of the jet and its lobes
re: (1) power P j , (2) launching velocity v j (or equi v alently, mass
ux Q j = 2 P j /v 

2 
j ), (3) background density ρ, and (4) background

ressure p (or equi v alently, temperature T ). Note that in our notation,
he jet power and mass flux refer to the total, summed o v er both jets.

These quantities can be combined to yield two length scales, L 1 <

 2 . The evolutionary phase of a jet can be determined by comparing
ts current length, L j , with those length scales (Komissarov & Falle
998 ). In the initial phase of ( L j � L 1 ), the mass in the jet is large
ompared to the ambient medium being swept up by the jet. The jet
s denser than the ambient medium and it drills through it without
ignificantly being slo wed do wn, due to its large inertia. The jet head
o v es with a velocity equal to the launching velocity, v j , and the jet

ength is thus given by L j = v j t . The jets have not yet reached the
elf-similar regime while the above condition is true. We will refer
o jets that are in this evolutionary phase as ’ballistic’. 

The length scale L 1 represents the scale at which the mass of the
wept up medium becomes comparable to the mass launched into
he jet. It is given by 

 1 = 

1 

θj 

√ √ √ √ 

2 

πρ

√ 

Q 

3 
j 

2 P j 
= 

2 

θj 

√ 

P j 

πρv 3 j 

. (1) 

he second length scale, L 2 , represents the scale at which the ambient
ressure becomes important. It is given by 

 2 = 

(
P 

2 
j ρ

p 

3 

)1 / 4 

. (2) 

ote that these length-scales represent dimensional combinations,
nd thus do not necessarily include the correct numerical factors.
urthermore, previous work implies that the transition from one
egime to another, which should occur once the jet has reached L 1 or
 2 , can be fairly protracted (Komissarov & Falle 1998 ). 
The majority of observed FR-II sources are expected to satisfy

 1 � L j � L 2 (Komissarov & Falle 1998 ). In this regime, both the
ass flux and the ambient pressure are dynamically unimportant.
he jet experiences strong shocks and it is ef fecti vely slo wed do wn.
he jet head velocity is thus expected to be much smaller than

he launching velocity v j . The jet comes into equilibrium with
NRAS 520, 5090–5109 (2023) 
ts own lobe (previously shocked particles) through recollimation
reconfinement) shocks. The jet also launches a bow shock. 

Once the mass flux and external pressure are excluded, one cannot
orm any length-scale from the remaining dynamical quantities, with
he exception of time. As a result, the behaviour of the jet-inflated
obes is expected to be self-similar (Sedov 1959 ), and we thus refer
o jets that satisfy L 1 � L j � L 2 as being in the ’self-similar’ regime.
or the rest of the analysis, we assume that the background medium
ollows a power law in density: 

( r) = ρ0 

(
r 

r 0 

)−β

. (3) 

ncluding time as a dynamical quantity, one can compute a length
cale of the form 

 = 

(
P j t 

3 

ρ0 r 
β

0 

)1 / (5 −β) 

. (4) 

Falle 1991 ). The actual length of the jet (and the lobe) may
iffer from L by some numerical factor, which can depend on the
imensionless parameters that go v ern the jet evolution (half-opening
ngle θ j and adiabatic index γ ). The actual jet length can be computed
rom energy conservation if one assumes self-similarity of the lobes
nd a particular type of geometry. With a cylindrical geometry, the
et length is given by 

 j = c 1 

(
P j t 

3 

ρ0 r 
β

0 

)1 / (5 −β) 

, (5) 

here c 1 is 

 1 = 

{
A 

4 

18 π

( γc + 1)( γl − 1)(5 − β) 3 

9[ γl + ( γl − 1) A 

2 / 2] − 4 − β

}1 / (5 −β) 

. (6) 

ere, A is the aspect ratio of the lobe (its length divided by radius,
lso equal to 1/ θ j for cylindrical jets), and γ l and γ c are the adiabatic
ndices of the lobe and ambient gas, respectively (Kaiser & Best
007 ). 

 N U M E R I C A L  I MPLEMENTATI ON  

n this work, we use the open-access 1 SWIFT hydrodynamics and
alaxy formation code (Schaller et al. 2016 ), and the SPHENIX
ydrodynamics scheme implemented therein (Borrow et al. 2022 ).
PHENIX is an SPH method (Monaghan 1992 ). It includes artificial
iscosity, which is necessary in order to capture shocks since
raditional SPH is dissipationless. SPHENIX also includes artificial
onductivity, which helps reduce unw anted surf ace tension otherwise
resent in SPH simulations (Agertz et al. 2007 ; Sijacki et al. 2012 ;
elson et al. 2013 ), allowing for mixing between flows that are in
ressure equilibrium but contrasting in temperature and/or density. 
Both artificial viscosity and conductivity are crucial in our simu-

ations: artificial viscosity because our jets experience strong shocks
in some cases with a Mach number, hereafter M , of M ≈ 100),
nd artificial conductivity since the jet-inflated lobes feature extreme
ensity and temperature contrasts, but are in approximate pressure
quilibrium with their surroundings. An artificial viscosity limiter is
ncluded to prevent spurious viscosity in shear flows. An artificial
onductivity limiter is also included, to prevent spurious energy
ransfer in all flows. 

In our simulations we do not include radiative cooling, gravity,
agnetic fields or cosmic rays, since such additional physics might

https://swift.dur.ac.uk/
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ause deviations from the simple model of self-similar jet and 
obe ev olution. We ha v e, howev er, performed runs with gravity
nd radiative cooling as a consistency check. We found very small
ifferences compared to purely hydrodynamical jets, which shows 
hat the artificial conduction limiter in SPHENIX prevents spurious 
adiati ve losses, e ven with very poorly resolved jets. We do not
nclude relativistic effects, since we do not include very large 
elocities where these effects occur (the reasoning for this choice 
s outlined in Section 3.3 ). We therefore set the adiabatic index to γ
 5/3 for all gas in our simulations. 

.1 Jet launching scheme 

GN jets in an SPH code can be implemented through velocity kicks
f gas particles. Given a jet power of interest, P j , the time interval at
hich particles need to be kicked is given by 

t = 

2 × 1 
2 m gas v 

2 
j 

P j 
. (7) 

ere, m gas is the mass of the gas particles in the simulation v j is some
rbitrary launching velocity, and the factor of 2 is present to ensure
hat two particles are always kicked (in opposite directions, ensuring 
onservation of momentum). The total number of kicking events can 
e calculated as 

 j = 

T j 

	t 
= 

T j P j 

m gas v 
2 
j 

, (8) 

here T j is the lifetime of the jet episode. The larger N j , the better
he jet will be resolved (as one might expect, and as will be clear
rom our results). 

N j can be increased by decreasing the particle mass or launching 
elocity, or by increasing the total energy launched into the jet (by
ncreasing either the jet power or jet duration). When attempting 
o simulate the self-similar regime of jet evolution, one also has to
eep in mind that the length scale L 1 [equation ( 1 )] needs to be
mall, whereas the length scale L 2 [equation ( 2 )] conversely needs
o be large. These represent additional constraints on the choice of
arameters characterizing the jets and the ambient medium. 
The most natural implementation of AGN jets in SPH would 

nvolve kicking particles from the smoothing kernel of the central 
lack hole. The SWIFT hydrodynamical code, which we utilize in 
his work, includes black holes so this scheme is easy to implement
see Hu ̌sko et al. 2022 , where we use such an implementation in the
ontext of self-consistent accretion and feedback in idealized galaxy 
roups and clusters). We have attempted this scheme in the present 
ork, and we find that it works in general. Ho we v er, at v ery high

esolutions (more than 10 4 −10 5 launching events per few dozen 
yrs, the kind of resolution we are interested in when testing jet

ydrodynamics), this scheme can become computationally e xpensiv e 
nd unreliable. In particular, the black hole requires very small time 
teps between kicking events, smaller than the typical evolutionary 
ime step of the particles kicked into the jet. This can result in particles
eing kicked more than once. 
For simplicity, we instead populate the initial conditions with a 

eservoir of particles that are to be used for jet launching; therefore,
ypassing any issues that might arise in a setup using a black hole .
n general, the reservoir we use takes the shape of two cones (defined
y some half-opening angle θ j ), placed along both directions of the z 
xis, up to some maximal radius (10 kpc in all our simulations). We
btain these cones by creating a uniform cube with a grid of particles
nd then cut out the desired cones. These particles are not allowed
o interact with any other particles until they have been kicked and
ave cleared the region associated with the reservoir. The particles 
re launched progressively from the outside-in, so that they can 
mmediately interact with the ambient medium, instead of traveling 
hrough the frozen-in reservoir. The total number of particles in the
eservoir exactly matches the number to be launched into the jets we
re simulating. The density of this reservoir is ≈10 −27 gcm 

−3 , which
s ≈10 times less than the density of the ambient medium. In the case
f ballistic jets with null opening angle (only a single simulation),
e instead use a spherical reservoir with a radius of 5 kpc, from
hich particles are launched parallel to the z axis. We have tested a

ylindrical reservoir of similar size, but found the differences to be
egligible. 

.2 Physical setup 

he structure of realistic gaseous haloes, representing the intracluster 
edium, can be represented using a density profile that is constant

n the centre, and falls off as r −α at large distances, with α ≈ 2
Komatsu & Seljak 2001 ; Croston et al. 2008 ), at least out to roughly
he virial radius (at larger distances the profile drops more sharply,
ckert et al. 2012 ). Many jet simulation studies incorporate profiles
imilar to this (e.g. English, Hardcastle & Krause 2016 ; Weinberger 
t al. 2017 ). While it may be more realistic to launch jets into such
 profile, we choose instead a constant density medium ( α = 0) for
ost of our simulations. We do this since the jet length should scale

s t 0.6 in such a setup, whereas at large distances in a realistic profile
 α = 2), the jet length scales as t . This is due to the jet-inflated lobes
ot behaving self-similarly for α = 2, whereas for α = 0, they are
rmly in the self-similar re gime, pro vided an appropriate choice of
arameters. 
We launch most of our jets into the same background medium, with

 constant density ρ0 (the value we choose is discussed in the next
ubsection). In this case we choose periodic boxes that are slightly
onger in each dimension ( ≈ 20%) than the predicted sizes of the jets
ased on the theory outlined in Section 2 . We find that this works
ell in all cases, and the jets do not reach the edges of the box by the

nd of the simulation. 
We have performed a few runs where the ambient medium 

nstead features a power-law density profile, such that ρ∝ r −α . We
estrict ourselves to α < 2, since the self-similar solution from 

he previous section is applicable only in this regime. In these
ases we use a Navarro, Frenk & White ( 1996 ) (NFW) background
ravitational potential, and we choose the gas pressure (and therefore 
he temperature) in such a way that the gaseous halo is held in
ydrostatic equilibrium. For this purpose we choose NFW parameters 
epresenting a galaxy cluster with a halo mass M h = 10 15 M � at
edshift z = 0, virial radius R v ≈ 2 Mpc and concentration parameter
 = 4. Since it is impossible to implement a power-law density profile
uch that the power law is valid all the way to the centre of the halo,
e use a cored β-profile 

( r) = 

ρ0 ,β

[1 + ( r/r c ) 2 ] 3 β/ 2 
, (9) 

here we choose the value of β to match our desired value of the
lope at large radii, 3 β = α. We choose a small core, r c = 10 kpc,
hich matches the size of our jet reservoir. The normalization ρ0, β

s then calculated so that the total mass of the gaseous halo is 15% of
he total halo mass. This choice is not necessary in this application,
ince we are only interested in how our jets compare with theory
and not how realistic they are), but we make it for simplicity. 
MNRAS 520, 5090–5109 (2023) 
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Table 1. List of all simulations and the parameters we use. In the first row we specify the parameters of our fiducial simulation 
with a constant-density ambient medium. In the second row we specify the parameters that are varied for this same case. In the 
final row we specify the parameters of the case with a power-law ambient density profile. The parameters are, in order: (1) m gas - 
mass resolution, (2) P j - jet power, (3) v j - jet velocity, (4) θ j - jet half-opening angle, (5) ambient medium density ρ - constant 
value or power law slope, and (6) T j - jet duration. 

m gas [M �] P j [ erg s −1 ] v j [ km s −1 ] θ j [ ◦] ρ[g cm 

−3 ] T j [Myr] 

1.81 × 10 5 10 46 1.5 × 10 4 10 1.2 × 10 −26 100 
5.73 × 10 3 − 1.81 × 10 7 10 45 − 10 47 3.75 × 10 3 − 6 × 10 4 0 − 25 1.2 × 10 −26 100 
4.53 × 10 4 10 47 6 × 10 4 10 ∝ r −α , α = 0.5 − 1.5 40 
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.3 Simulations 

n Table 1 we summarize the parameters used for all of our simula-
ions. In the first row we specify the fiducial choice of parameters
or our constant-density ambient medium simulations. This choice
orresponds to: (1) m gas = 1.81 × 10 5 M �, (2) P j = 10 46 erg s −1 , (3)
 j = 15000 km s −1 , and (4) θ j = 10 ◦. We vary all of these parameters,
ut we do not vary the ambient density, which we choose to be ρ0 =
.2 × 10 −26 g/cm 

3 . We also do not vary the jet duration, which we
et to T j = 100 Myr. 

Our chosen ambient gas density is the typical central density of
 galaxy cluster with a halo mass M h = 10 15 M �, a virial radius 2
pc, and a baryonic mass ratio 0.15. The initial temperature of

his gas is set to T = 10 7.2 K (and this is also the temperature
f the gas kicked into the jets). This value is somewhat low for
he cores of realistic clusters, but we choose it to ensure that our
ets never reach the regime in which ambient pressure is important
equation ( 2 )]. In any case, the aim in this work is not to produce
erfectly realistic jets, but rather to check that SWIFT can correctly 
imulate jets. 

Our fiducial mass resolution is 10 times better than the EAGLE
imulation (Schaye et al. 2015 ). At this mass resolution, the typical
moothing length (corresponding to spatial resolution) is ≈1 kpc in
he ambient medium and ≈7 kpc in the jet-inflated lobes, which are
bout 300 times less dense than the ambient medium. At our highest
esolution level, the typical smoothing lengths are instead ≈0.3 and
2 kpc for the two cases. For comparison, the lobe is roughly 400 kpc

ong and 50 kpc in radius at the end of the simulation (see Fig. 4 ). 
The jet power we use is relatively high compared to previous

imilar simulations (e.g. Weinberger et al. 2017 ; Bourne & Sijacki
017 ). Ho we ver, observ ations imply that jet episodes with such
owers are frequent in the most massive galaxy clusters (Kino &
awakatu 2005 ; Hlavacek-Larrondo et al. 2012 ). Our choice of
alf-opening angle is somewhat large compared to most real jets
Pushkarev et al. 2009 ), but we choose such a value to ensure that
ets are ballistic for as short a time as possible [equation ( 1 )]. In
ddition, observed subrelativistic jets have similarly large opening
ngles (Pushkarev et al. 2017 ). 

We use a non-relativistic launching velocity of order 10 4 km s −1 

or a few reasons: (1) SWIFT does not include relativistic effects,
2) launching jets with relativistic velocities leads to only small
ifferences (e.g. Komissarov & Falle 1998 ; English et al. 2016 ), (3)
sing velocities of order 10 5 km s −1 or higher would result in poorly
esolved jets, and (4) velocities of order 10 4 km s −1 are typically
mployed in cosmological simulations that include jets (Weinberger
t al. 2018 ; Dav ́e et al. 2019 ). The fiducial mass resolution we have
hosen results in a total of ≈10 8 particles in the simulation, whereas
he jet power and launching velocity, in combination with the mass
esolution and jet duration, yield ≈ 40 000 particles launched per jet.
he actual number of particles in the jets and lobes may be larger
ue to ambient particles being swept up. 
NRAS 520, 5090–5109 (2023) 
When varying any of the four parameters listed at the beginning of
his subsection, we keep other parameters fixed. The variations we
ave done for our constant-density ambient medium case are given
n the second row of Table 1 . We have simulated jets with numerical
esolutions corresponding to ten times worse than the EAGLE
imulation ( m gas = 1.81 × 10 7 M �), down to 3160 times better ( m gas 

 5.73 × 10 3 M �), differing by factors of 3.16 (logarithmic interval
f 0.5). Our highest resolution simulation has a total of 2.8 × 10 9 

articles and 1.4 × 10 6 particles kicked into each jet. The lowest
esolution one has only 450 particles per jet. We vary jet powers
etween 10 45 erg s −1 and 10 47 erg s −1 , launching velocities between
750 km s −1 and 60 000 km s −1 , and half-opening angles between 0 ◦

nd 25 ◦. 
Finally, in the case of power-law gaseous atmospheres, we have

erformed three simulations, with α = 0.5, α = 1, and α = 1.5.
he parameters of these simulations are listed in the third and final

ow of Table 1 . These power–law cases required a different set of
arameters for two reasons. We found that the length scales L 1 and
 2 were larger and smaller, respectively, with our fiducial choice of

et-related parameters, than they were in the constant-density case.
his means that the jets took a longer time to reach the self-similar
hase, and would also take a shorter time to exit the same phase due
o the external pressure becoming important. 

Given these restrictions, we chose to modify our fiducial param-
ters in the following way. We launched the jets with: (1) a jet
ower of P j = 10 47 erg s −1 in order for the length scale L 2 to lie at
omfortably large distances compared to the self-similar prediction
see equation ( 2 ), although note that its meaning is somewhat moot
n power-law atmospheres], (2) a jet velocity of v j = 0 . 2 c = 60 000
m s −1 , bringing L 1 down to L 1 = 5 kpc (given the new jet power),
nd (3) a jet duration of T j = 40 Myr to prevent the jets from reaching
arge distances (wishing to a v oid both L 2 and the virial radius). With
hese changes to the physical parameters, the number of particles
aunched into the jets is a quarter of that in our standard constant-
ensity simulations. For this reason we have decreased the particle
asses in the power-law simulations (i.e. increased the resolution)

y a factor of four. This ensures that the jets are resolved with the
ame number of particles. 

.4 Definition of jet lobe 

ll simulations of jets exhibit the so-called lobe, made up from hot,
hocked gas that was previously part of the jet. Jets also invariably
aunch a bow shock that propagates through the ambient medium. The

odel of self-similar lobe evolution predicts that their aspect ratio
hould be constant, and it predicts the same for the ratio of energy
n the lobes versus the energy added to the ambient medium (as well
s for how much energy is in kinetic and thermal forms). In order
o test these predictions, it is important to numerically determine
hich particles belong to what we might visually call the jet or the
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et lobe, with remaining particles classified as making up the ambient 
edium. 
Empirically, we find that the peak temperature T p achieved by 

as particles serves well to define the lobe. We use a threshold
alue T p, min , and all particles whose peak temperature was at some
oint abo v e this value, i.e. T p > T p, min , are defined as constituting
he lobe. This definition is moti v ated by the fact that particles that
each extremely high temperatures are exclusively located in the 
obe, whereas the shocked ambient medium experiences temperature 
umps of a factor of several at most. 

The appropriate value of T p, min varies from simulation to sim- 
lation, but it can easily be estimated (to better than an order of
agnitude) by assuming that all of the kinetic energy launched into 

he gas becomes thermalized. From this condition, the characteristic 
emperature of the lobes is T lobe ≈ μm p v 

2 
j / 3 k B , with μ = 0.6 the

ean molecular weight, m p the proton mass and k B the Boltzmann 
onstant. In reality the lobes are somewhat less hot since not all of
he kinetic energy is thermalized. The appropriate value of T p, min 

an thus be expected to be a factor of several times below T lobe .
e find the particular value that we use by plotting the total mass

n the lobe M lobe versus T p, min , the defining peak temperature that
etermines how many particles will be assigned to the lobe. We find
hat this dependence exhibits a change in slope at some critical value
f T p, min . Using a larger than the critical one results in fewer and
ewer particles (that are part of the lobe) being assigned to the lobe,
hereas using a lower one causes ambient medium gas to be assigned

o the lobe (usually ambient gas particles near the jet head, where
trong shocks are occurring). For our fiducial simulation, with a jet 
aunching velocity of v j = 15 000 km s −1 , we use T p, min = 5 × 10 8 

. This value is ≈30 times larger than the initial temperature of
he ambient medium, and ≈10 times smaller than the characteristic 
emperature of the lobe, which is in this case T lobe ≈ 5 × 10 9 K. 

We also define unshock ed, f ast-moving, recently launched parti- 
les as constituting the lobe, which means that we include the jets
nto the lobes (for simplicity). Given a launching velocity v j , we
hus define all particles with | v | > 0 . 5 v j as also being part of the
obe. Note that the factor 0.5 here is fairly unimportant; using any
ritical velocity value that is significantly above the sound speed of
he ambient gas leads to almost all of the unshocked particles being
ncluded in the lobes, and none of the ambient medium. Particles not
elonging to the jets or the lobes are classified as part of the ambient
edium. 

.5 Measuring the energetics and jet/lobe lengths and radii 

iv en the abo v e definition of the lobe, measuring the thermal and
inetic energy gains of both the lobes and the ambient medium is
rivial. We calculate the kinetic energy gain of either component by 
alculating the total kinetic energy in the particles (all of the gas in
he simulation is initially not moving), whereas the thermal energy 
ain is calculated relative to the initial temperature of all of the gas,
hich is T 0 = 10 7.2 K. 
The length of the lobe is calculated by taking the mean distance

rom the origin of n farthest particles (ordered along the axis of
aunching), with n determined to be 3% of all of the particles
aunched into the jet. With this definition, n is both resolution and
ime-dependent. For the radius of the lobes, the procedure is similar,
ut we use cylindrical distances from the launching axis. Note that 
his choice yields the maximal radius of the lobe, not the average
adius. For both the length and the radius of the lobe we use a mean
f the values calculated for both of the jets. 
 RESULTS:  G E N E R A L  PROPERTIES  O F  

IMULATED  J ETS  

.1 Ballistic jets 

n this section we will discuss properties of jets launched into a
onstant-density ambient medium. Before focusing on self-similar 
et and lobe evolution, it is worth addressing some properties of
allistic jets simulated with SWIFT. According to equation ( 1 ), jets
hould remain ballistic at arbitrary distances in the θ j = 0 ◦ case. The
op panels of Fig. 1 show visualizations of jets from a simulation with
 null half-opening angle, simulated at a mass resolution 10 times
etter than the EAGLE simulation ( m gas = 1.81 × 10 5 M �). The
et power is P j = 10 46 erg s −1 , and the launching velocity v j =
5 000 km s −1 (i.e. these parameters, other than the opening angle,
atch our fiducial choice listed in Table 1 ). 
The figure shows a few visually distinct regions. The particles 

aunched into the jets constitute a thin, c ylindrical re gion (often
alled the jet spine) of unshocked, cold gas (with the temperature the
ame as the ambient medium). This gas experiences some shocking 
ll the way from the launching region to the jet head. The gas shocked
n this w ay mak es up the hot lobe that can be seen surrounding the
et itself. Finally, the action of the jet also launches a bow shock,
hich transitions from being strongly supersonic near the jet head to
 sound wave in the perpendicular direction. 

Visually inspecting the jet, we can surmise whether this jet is in
he self-similar or ballistic phase. It is clear that the aspect ratio of
he lobes (length versus width) grows with time, whereas in the self-
imilar case it should remain constant. Furthermore, we can see that
he jet increases in length by an approximately equal amount with
ach snapshot, indicating that the jet velocity is nearly constant (as
t should be in the ballistic re gime). More quantitativ ely, we find the
ower–law slope of the L j − t dependence to be 0.9, very near the
allistic value of 1. 
The typical velocity of the jet head is found to be ≈5500 km s −1 .

o we ver, a ballistic jet should drill through the medium at exactly the
aunching velocity, which is 15 000 km s −1 in this case. Equally, one

ight wonder why is there significant shocking of the jet particles
long the way from the launching region to the jet head, whereas we
ould expect all shocks to happen at the latter location (for ballistic

ets). We have performed other simulations of ballistic jets, which we
o not show here (since we focus on self-similar jets), where we find
hat this discrepancy is due to numerical resolution. In particular, we
nd that increasing the resolution leads to less shocking occurring 

nside the jet spine. The jet head velocity is consequently larger and
he jets thinner and denser. We find that simulated jets are close to
eing fully ballistic only at very high resolutions ( > 10 5 particles per
et). 

.2 General properties of jets in the self-similar phase 

n the bottom panels of Fig. 1 we show a jet from a simulation with
n equi v alent set of parameters as the previously discussed ballistic
et simulation, but with a half-opening angle of 10 ◦ rather than 0 ◦.
he jet power, P j = 10 46 erg s −1 and the launching velocity v j =
5 000 km s −1 , yield the L 1 length-scale of 7.7 kpc, on order of our
aunching region size. This means that jets should reach the self-
imilar phase almost as soon as they are launched. The L 2 length
cale is 970 kpc, so ambient pressure should not be important. 

This jet is shorter and wider than the ballistic one, as one might
ntuitiv ely e xpect. The central outflow of unshocked gas no longer
orms a thin spine; this jet gas instead flows conically until it
MNRAS 520, 5090–5109 (2023) 
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Figure 1. Visualizations of the gas temperature distribution for a ballistic jet (ef fecti ve half-opening angle θ j = 0 ◦, top) and a jet in the self-similar evolutionary 
phase (half-opening angle θ j = 10 ◦, bottom) at different times. All other parameters correspond to our fiducial choice, given in the first row of Table 1 . Colours 
represent the temperature of the gas, as given by the colour bar. The panels show slices 10 kpc in depth. 
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s recollimated at distances of ≈50 kpc (this is referred to as
ecollimation since all jets are initially collimated at small distances,
.g. Park et al. 2019 ; Chatterjee et al. 2019 ). The recollimation is
ri ven by pre viously shocked jet gas, which constitutes a hot lobe
urrounding the unshocked jet. The collimated gas then expands and
ollimates again in an oscillatory fashion; these spatially periodic rec-
llimation shocks are expected theoretically (Falle 1991 ; Bamford &
omissaro v 2018 ), hav e been found in other simulations (van Putten
996 ; Mizuno et al. 2015 ; Hervet et al. 2017 ; Bodo & Tavecchio
018 ; Gourgouliatos & Komissarov 2018 ; Smith & Donohoe 2019 )
nd could explain multiple hotspots observed in some radio jets (Rees
978 ; Dreher & Feigelson 1984 ; Hardcastle et al. 2003 ). 
In Fig. 2 we show a visualization of our highest-resolution jet

imulation, with the same set of parameters but simulated at a
esolution of m gas = 5.73 × 10 3 M � (316 times better than EAGLE
esolution). The jet shown exhibits clear signs of a conical outflow of
articles, which is collimated at the point where significant shocking
egins to occur (visible by a change in temperature). Unlike the
ower-resolution simulation, we see no sign of multiple recollimation
hocks. Based on analytical expectations [equation (26) from Kaiser
 Alexander 1997 ], the initial recollimation shock should occur at
60 kpc along the z axis for our jets. We find that the cone begins
NRAS 520, 5090–5109 (2023) 
o lose coherence at roughly such a distance, albeit somewhat too
ar (70 − 100 kpc, difficult to pinpoint exactly since the outflow is
hocked earlier in the centre of the cone than at the edges). 

Due to instabilities, we find that the jet lobe does not exhibit a
imple ellipsoidal shape. The lobe is also not very homogeneous in
as temperature (as well as other properties; see Fig. 3 ), and this
s likely the reason why there are no multiple recollimation shocks
recollimation requires uniform pressure from all sides). For the same
easons, the bow shock created by the jet exhibits some irregularities.
he deviation from a smooth ellipsoidal shape (which we do find at

ower resolutions, see Fig. 6 ) could be explained in a few ways: 

(i) Usage of a fairly low launching velocity means that the jet is
eavy, and thus mixes with the ambient medium less easily (Rossi
t al. 2008 ; English et al. 2016 ; Donohoe & Smith 2016 ). 

(ii) Only the largest-wavelength Kelvin–Helmholtz instabilities
re resolved in this simulation. In other words, it is possible that at
ven higher resolutions, a jet lobe would again be reco v ered, but a
ighly turbulent one. 
(iii) The recollimation shock is expected to occur at a large

istance from the jet origin (60 kpc). A lobe is not expected to
xist until the jet has reached that distance. A lobe-like feature does

art/stad450_f1.eps
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Figure 2. Visualizations of the gas temperature distribution in our highest resolution jet simulation, with particle mass m gas = 5.73 × 10 3 M �, at different 
times. All other parameters correspond to our fiducial choice, given in the first row of Table 1 . Colours represent the temperature of the gas, as given by the 
colour bar. The panels are 10 kpc in depth. 
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ppear and become more prominent from snapshot 2 to 3, and 3
o 4 in Fig. 2 . If the jet was allowed to become much larger than
he distance to the recollimation shock, a clear lobe w ould lik ely be
isible. This is supported by the equi v alent lo wer-resolution jet also
aving a clear lobe only at later snapshots. 

In the top panels of Fig. 3 we show several different gas properties
n the high-resolution jet simulation after 96 Myr of evolution. The 
onical outflow is constituted by cold, dense, and fast-moving gas, 
ith a high Mach number ( M ≈ 10 − 40). This gas has a low

ntropy and is under-pressured compared to the jet lobe. This causes 
 collimation of the outflowing particles and subsequent shocking. 

The jet lobe, constituted from previously shocked jet particles, is of 
igh temperature and low density (by a factor of up to ≈300 relative
o the ambient medium, although this varies greatly within the lobes),
s well as in pressure equilibrium. Its high entropy indicates that this
as has experienced significant shock heating. The typical velocity 
n the jet lobe is of order a few × 1000 km s −1 , much lower than the
aunching velocity. Furthermore, although not visible on this plot, 
he velocity is not only in the z-direction. In particular, near the base
f the jet, the lobe particles mo v e in the direction opposite of the
eneral jet direction, constituting the so-called backflow (Lind et al. 
989 ; Rossi et al. 2008 ; Cielo et al. 2014 ; Mukherjee et al. 2018 ). 
The bow shock surrounding the jet lobes has a high density,

ndicating that it is constituted from particles swept up by the jet.
t is mildly supersonic with Mach number of order M ≈ 1.5. Such

ach numbers have been found in deep X-ray observations of galaxy
lusters, in the presence of weak shocks (Fabian et al. 2003 ; Forman
t al. 2007 ; Snios et al. 2018 ), and are thought to be one of the
ain ways that jets can heat the intra-cluster medium in an isotropic

ashion (Reynolds, Heinz & Begelman 2001 ; Br ̈uggen et al. 2007 ; Li,
uszkowski & Bryan 2017 ; Weinberger et al. 2017 ). Near the base
f the jets, ho we ver, we find that the bow shock expands laterally at
he sound speed. It is almost invisible on the entropy plot, indicating
hat it has experienced only mild shock heating, compared to both
he lobe and the ambient medium near the jet head. 

In the bottom panels of Fig. 3 we show a jet in the self-similar
egime with a narrower opening angle ( θ j = 5 ◦) and higher launching
elocity ( v j = 30 000 km s −1 ). The jet power is the same, whereas
he mass resolution is relatively fine at m gas = 1.81 × 10 4 M �.
his would generally yield a high-resolution jet, but usage of a

arge launching velocity (larger by factor of two compared to our
tandard choice) ef fecti vely reduces the jet resolution by a factor
MNRAS 520, 5090–5109 (2023) 

art/stad450_f2.eps


5098 F. Hu ̌sko and C. G. Lacey 

MNRAS 520, 5090–5109 (2023) 

Figure 3. Top: properties of our highest resolution jet simulation after 96 Myr (with a mass resolution m gas = 5.73 × 10 3 M �, whereas other parameters 
correspond to our fiducial choice, given in the first row of Table 1 ). Bottom: properties of a simulation with a slightly lower resolution, m gas = 1.81 × 10 4 M �, 
a smaller opening angle θ j = 5 ◦ and a larger jet velocity v j = 30 000 km s −1 , after 48 Myr. Each panel is 10 kpc in depth and shows different gas properties, as 
given by the titles and legends. 
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Figure 4. Time evolution of the jet lobe length and radius, as well as the bow 

shock radius (solid and dotted lines, as marked), in our standard simulation 
(first row of Table 1 ). These are compared to predictions from Kaiser & Best 
( 2007 ) for the lobe (dashed lines; equation 5 ). 
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f four. This jet exhibits an interesting streak of more than a dozen
ecollimation shocks, owing to the narrow opening angle and large 
aunching velocity. The Mach number in this case reaches values up 
o M ≈ 100. The large launching velocity results in very light and hot
obes with density/temperature contrasts of almost a factor of 1000, 
elative to the ambient medium. 

.3 Evolution of the jet-inflated lobe length and width 

e now turn to comparing the length and radius of the lobes in our
imulations to theoretical predictions of self-similar lobes discussed 
n Section 2 . Here we show results for our standard-resolution 
imulation (i.e. the one shown in the bottom panels of Fig. 1 ). We
o this since for that simulation we have a relatively large number of
napshots (50), whereas we were only able to output four snapshots
or the highest-resolution simulation (due to storage restrictions). 

e discuss the dependence of various properties on resolution in 
ection 5.4 . 
Fig. 4 shows the time dependence of jet/lobe length and lobe 

adius (at its widest point), as well as the bow shock radius, in our
tandard-resolution simulation. We also show the prediction based on 
pproximate theoretical models of jets and lobes in the self-similar 
egime (equation 5 ; Kaiser & Best 2007 ). The agreement is clearly
ery good, especially at late times. This is true for both the lobe (and
et) length and the lobe radius, both of which have the same slope
0.6) in the time dependence. This means that the lobe has a constant
spect ratio, as predicted in the self-similar model, and its value is
n agreement with the predictions. We find that the bow shock radius
cales with time in the same way, which is also in agreement with
he self-similar theory. We find that the lobe is slightly too short
nd too wide at t < 5 Myr, although this is likely related to lower
esolution at these times, since only a small fraction of particles have
een launched into the jets. 

.4 Jet, lobe, and ambient medium energetics 

he question of how much energy is in which component, and in
hat form, is an interesting one in the context of jets as a feedback
echanism that plays a role in the formation and evolution of
 alaxies. We ag ain focus on the energetics of our standard-resolution
elf-similar simulation, rather than the high-resolution one, due to 
ore snapshots being a vailable. We ha ve performed similar analyses

or the higher-resolution simulations and we find that the energetics 
s well converged, down to the level of a few per cent. The procedure
or calculating the energies in the jets and lobes (here we group the
ets into the category of ’lobe’ for the purpose of simplicity), as well
s the ambient medium, is described in Section 3.5 . 

In the top panel of Fig. 5 we show the energetics of our standard-
esolution simulation. The top panel shows the kinetic and thermal 
nergies of the jet-inflated lobes and the ambient medium. The sum
f all of these energies exactly matches the total injected energy,
howing that energy is conserved. During the initial phase of jet
aunching, the ambient medium and the lobe are approximately equal 
n total energy. At later times, the lobe carries about a third of the
nergy, whereas the remainder has been transferred to the ambient 
edium. At late times this ratio is constant, as one would expect for
 jet in the self-similar phase (since the volume ratios of the lobe
MNRAS 520, 5090–5109 (2023) 
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nd the region defined by the bow shock remain constant, due to the
onstant shape of both components). 

For the jet lobes we find that they are dominated by kinetic
nergy initially, but by the time they are turned off (at the end of
he simulation), an approximately equal amount of energy is in the
hermal component. The ambient medium initially has roughly equal
mounts of added kinetic and thermal energy, but at later times about
wo thirds of the added energy is in the kinetic component. More
uantitatively, at t = 100 Myr (the end of the simulation), the energy
artition is as follows: (1) lobe kinetic - 20%, (2) lobe thermal - 14%,
3) ambient kinetic - 47%, and (4) ambient thermal - 19%. Across
ifferent simulations we find that these fractions can vary, but none
f the components becomes negligible. 
In the bottom panel of Fig. 5 we show the energy density per unit

ength in the lobe, including the jet itself (normalized by the length of
he jet), at the end of the same simulation. Note that this is the energy
ensity per unit length in slices perpendicular to the jet axis and not
ust the energy density per unit length exactly along that axis. The
inetic energy density is roughly constant along the entire length, but
hows signs of oscillations around the constant component. These
scillations are a result of the multiple recollimation shocks. Thermal
nergy is initially negligible, but reaches about the same density as
he kinetic component at one third the jet length. The total energy
ensity first rises, reaches a slight peak around half the jet length,
nd then falls – this is a result of the ellipsoidal shape. Ho we ver, at
he very end of the jet, both the thermal and kinetic energies reach a
eak. This is likely a feature of the terminal shock. 

.5 Comparison with previous simulations 

ere we will compare our results with previous hydrodynamical sim-
lations of AGN jets, all of which were performed using grid-based
odes. While there is an e xtensiv e literature of such simulations, most
f these include and study the effects of more exotic physics that we
o not include, such as magnetic fields (e.g. Hardcastle & Krause
014 ; Tchekhovsk o y & Bromberg 2016 ; Mukherjee et al. 2020 ),
adiativ e cooling (e.g. Blondin, Fryx ell & Konigl 1990 ; Stone, Xu
 Hardee 1997 ; Guo, Duan & Yuan 2018 ), and cosmic rays (e.g.
uo & Mathews 2011 ; Ehlert et al. 2018 ; Yang et al. 2019 ). We thus
o not compare with such studies. We also restrict our comparison
o studies that launch jets into a constant-density ambient medium,
ince this is the focus of our study. We do not, ho we ver, restrict
urselves to comparisons with non-relativistic jet studies. We do this
ince the majority of the literature has included relativistic effects,
nd since differences between classical and relativistic jets (or more
ccurately, the lobes they inflate) should be minor (Kaiser & Best
007 ). 
The abo v e restrictions leav e only a few studies that are comparable

ith out study. We begin by comparing with the results of Falle
 1991 ), who also presented the first analytical model of self-similar
et lobe e xpansion. The y performed three-dimensional (3D) simu-
ations of classical jets launched into an ambient medium of fixed
ensity. They did not use a finite (non-zero) opening angle (unlike
ur study), since they argue that this requires the jet launching region
o be well resolved. Instead they used a zero opening angle and a
elatively small internal Mach number, which should be similar to
sing a non-zero opening angle in combination with a large internal
ach number ( M � 10). We independently confirm this to be the

ase, although we do not show the results of those simulations here.
These two different set-ups lead to a similar outcome for the

ollowing reasons. In the finite-opening angle case, the outflowing
et gas has a conical geometry as a direct consequence of how it
NRAS 520, 5090–5109 (2023) 
as set up. The gas is eventually recollimated once the pressure in
he jet cone becomes lower than the pressure of the lobe gas. In the
ase of a zero-opening angle and small internal Mach number, the
utflowing jet gas is instead hot enough that it expands on account
f thermal pressure. It recollimates for the same reason as the finite-
pening-angle case. We note, ho we ver, that the relation between an
ef fecti ve’ opening angle (or aspect ratio of the lobes) and the finite

ach number is not obvious. The value Falle ( 1991 ) used is M = 5,
hich they find corresponds to θ j = 13 ◦. They found that their jets

nflate lobes that expand self-similarly, i.e. with a constant aspect
atio and whose length evolves with time as L ∝ t 3/5 . Both of these
ndings are in good agreement with our results ( 4 ). For comparison,
ur standard simulations have a finite opening angle of 10 ◦ and an
nternal Mach number of M ≈ 20. 

Komissarov & Falle ( 1998 ) performed simulations that are more
irectly comparable to ours, since they used finite opening angles ( θ j 

 5 −20 ◦) and very large internal Mach numbers. These simulations
ere also 3D, and included both the classical and relativistic variety
f jets. They found that the latter are very similar to the former in
ualitative behaviour, so we do not differentiate between the two for
he purpose of this comparison. With their set-up, they also found jets
hose lobes reach the self-similar regime at late times, with L ∝ t 3/5 .
o we v er, the y found that this regime is not reached as soon as the jet

s much larger in length (e.g. several times) than the transition length-
cale L 1 that separates the ballistic and self-similar evolutionary
eriod [equation (1 )]. Instead, the transition is complete once the
idth of the jet-inflated lobe is a few times larger than L 1 . They also

ound that the transition is very prolonged, and there is no obvious
reak in the velocity, aspect ratio or jet length (i.e. the jet length
oes not suddenly change from scaling linearly with time to a ∝ t 3/5 

caling around L 1 ). Our findings are also in good agreement with
hese results. From Fig. 4 we see that there is no sudden transition
t around L 1 , which is ≈8 kpc in our case. Instead, the jet is too
hort but also too wide (and therefore too stumpy) compared to
he self-similar prediction. By the time the width of the lobe is

15 kpc = (2 − 3) × L 1 , the jet has, ho we ver, reached the self-
imilar regime. Both the length and the radius of the lobe begin
o agree with the self-similar prediction at the same time. This is
n good agreement with the finding of Komissarov & Falle ( 1998 ),
ho argue that this transition is complete once the aspect ratio has

ncreased enough to reach the value it should have in the self-similar 
egime. 

Finally, we briefly compare with some of the newer work on
ydrodynamical AGN jets by Krause et al. ( 2012 ). They used
nite opening angles in a 2.5D simulation with a constant-density
mbient medium. Their jets are very similar in appearance to those
f Komissarov & Falle ( 1998 ), both of which show more mixing
han our jets. It is hard to compare our results quantitatively (since
rause et al. 2012 do not show results on the evolution of the lobe

ength and radius), but we note that Krause et al. ( 2012 ) also find a
istinct transition that occurs once the jets reach the L 1 length-scale.

 RESULTS:  C O M PA R I S O N  O F  J E T S  WI T H  

A RY IN G  PA R A M E T E R S  

n this section we compare the properties of jets simulated with differ-
nt parameters. As in the previous section, all of these results concern
ur constant-density ambient medium case, with the exception of the
esults discussed in Section 5.6 . 

The parameters we vary here are jet power, half-opening angle,
aunching velocity, and mass resolution. The standard choice and
anges of variations are given in Table 1 , and we also repeat the
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ormer here: m gas = 1.81 × 10 5 M �, P j = 10 46 erg s −1 , θ j = 10 ◦ ,
nd v j = 15 000 km s −1 . When varying any one of the parameters,
e keep all other parameters fix ed. F or each variation, we have
erformed five simulations with different parameter choices (with 
he exception of mass resolution, where we have performed eight 
imulations in total, in order to probe the full range form very low to
ery high-resolution jets). 

We varied the jet power by factors of 
√ 

10 ≈ 3 . 16 between P j 

 10 45 erg s −1 and P j = 10 47 erg s −1 , the half-opening angle in
ncrements of 5 ◦ from θ j = 5 ◦ to θ j = 25 ◦, the jet launching velocity
y factors of 2 from v j = 3750 km s −1 to v j = 60 000 km s −1 , and
nally the mass resolution by factors of 

√ 

10 ≈ 3 . 16 from m gas 

 1.81 × 10 7 M � to m gas = 5.73 × 10 3 M �. Fig. 6 shows the
isualization of jets from all of these simulations after 100 Myr of
volution. In Fig. 7 we show the time evolution of jet/lobe lengths
or all four cases of parameter variations. 

.1 Varying the jet power 

he main effect of increasing the jet power, as is visible in the first
ow of Fig. 6 , is the lengthening of the jets. The typical temperature
f the jet-inflated lobes remains the same. This is because the 
aunching velocity is kept constant ( v j = 15 000 km s −1 ). At lower jet
owers, we find a roughly ellipsoidal shape for jet lobes, and multiple
ecollimation shocks. At higher jet powers, instabilities destroy this 
llipsoidal lobe shape. This is possibly a result of these higher-power 
ets being better resolved due to more particles being injected into the
ets. The lobe disruption results in a much more complex structure, 
imilar to our high-resolution simulation with standard jet power 
Fig. 2 ). In our highest jet power simulation, the lobe (and therefore
he bow shock) takes on a horned shape at the jet head, which is
lso similar to the high-resolution simulation shown in Fig. 2 . This
s a result of the transition length scale L 1 (that determines when the
et goes from the ballistic to the self-similar regime) being larger at
igher jet powers [equation ( 1 )]. As a result, this jet is ballistic for a
onger portion of its lifetime shown here. 

From the top left panel of Fig. 7 , we can see that the jet/lobe
ength evolution is self-similar for the three lower jet powers, and 
n fairly good agreement with theoretical predictions. At high jet 
o wers, ho we ver, the slope of the time dependence is closer to 0.7
han the self-similar value of 0.6. This is possibly due to the already-

entioned instabilities causing some deviation from the self-similar 
odel. Alternatively, the time dependence in these two highest power 

imulations could be interpreted as showing the gradual transition 
rom a ballistic phase with L j ∝ t at early times to a self-similar phase
ith L j ∝ t 0.6 at late times. 

.2 Varying the half-opening angle 

rom the second row of Fig. 6 , we see that jets become shorter as their
alf-opening angle increases, also accompanied by an increase in the 
spect ratio of the lobes. This is followed by the disappearance of
ultiple recollimation shocks. Instead, the outflow takes the shape of 
 simple cone with a single recollimation shock. The ballistic phase 
f the jet can be seen in the shocked jet gas near the bow shock. In
he two lower-angle simulations, this gas takes the form of a thin
trip, whereas at larger opening angles we see evidence of a horned
eature. From the top right panel of Fig. 7 we can see that all jets,
xcept that for θ j = 5 ◦, agree well with the self-similar prediction
f jet and lobe length evolution. This is because the θ j = 5 ◦ jet is
allistic for a fairly long time. 
.3 Varying the launching velocity 

he third row of Fig. 6 shows that the jet-inflated lobes change
hape significantly, as well as becoming hotter, as we increase their
aunching velocity. The latter finding is expected, since there is more
inetic energy per particle available to be thermalized (due to constant 
otal energy and a smaller number of particles). According to the self-
imilar model, changing the launching velocity of a jet should not
esult in any change in the jet/lobe length [see equation ( 5 )]. Ho we ver,
he launching velocity can affect when the evolution changes from 

allistic to self-similar. We find that jets become shorter, relative to
he v j = 15 000 km s −1 case, as we either increase or decrease the
aunching velocity. 

The shortening at higher v j is unexpected since the ballistic phase
hould in this case be even shorter. This effect is possibly due
o lower resolution from having a smaller number of particles in
he jet (preventing a coherent central jet spine from traveling to
arger distances). Ho we ver, based on our results with v arying mass
esolution, down to very low resolutions of ≈500 particles per jet
see next subsection), these high-velocity jets should still reach the 
ame size as our standard velocity case. According to the simulations
y English et al. ( 2016 ) and Li et al. ( 2018 ), jet-inflated lobes in
imulations with higher launching velocities should be lighter and 
ider at the base, due to a stronger backflow of gas near the terminal

hock. We find that the two lobes are indeed wider at the base, to the
oint of the top and bottom lobes merging. This is possibly either
ue to a poorly-resolved backflow, or thermal expansion. Since the 
elf-similar model of jet evolution takes the latter into account, but
ot the former, we conclude that these stubbier jets at very high
elocities are likely due to a backflow, in agreement with previous
imulations. We have performed other simulations with similarly 
arge velocities, including two-dimensional simulations with very 
igh resolutions and near-relativistic velocities. We find the presence 
f strong backflows in all cases, causing the merging of the two lobes
nd a relatively stunted lobe. 

We now mo v e on to the lower-v elocity cases. In the v j =
500 km s −1 simulation, the jet is slightly shorter than the v j =
5 000 km s −1 case, again due to instabilities being resolved better,
hich is itself a consequence of a larger number of particles being

aunched into the jets with lower v elocities. Howev er, at these
elocities we are also approaching the ballistic limit, where the 
et head velocity cannot be larger than the launching velocity. The
allistic nature is visible in the central jet outflow, which shows no
ign of multiple recollimation shocks, but instead takes on a conical
hape. Between this cone and the bow shock is a significant amount of 
hocked gas, indicating that this jet is not fully ballistic. The shocked
as, and therefore the bow shock, takes on a horned morphology.
his can be traced to the fact that gas in the centre of the conical
utflow is shocked at earlier times/smaller distances than that at the
dges of the cone, resulting in a horned feature (if viewed as a slice;
n 3D this feature is a ring). Similar features have been found in other
imulations (Omma et al. 2004 ; Matsumoto & Masada 2019 ; Talbot,
ourne & Sijacki 2020 ). In the v j = 3750 km s −1 case, the jet is

ully ballistic, which is visible by the conical outflow extending all
he way to the bow shock. This jet is shorter because its launching
elocity is smaller than the self-similar jet head velocity we expect
n this case ( ≈5000 km s −1 ). While this is a small difference, there
s invariably some shocking affecting the ballistic jet, causing its 
f fecti v e v elocity to be less than 3750 km s −1 . 

From the bottom left panel of Fig. 7 we see the evolution of jet
engths with time for all five cases. The v j = 7500 km s −1 jet length
grees very well with our fiducial choice v j = 15 000 km s −1 , but only
MNRAS 520, 5090–5109 (2023) 
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Figure 6. Comparison of jets simulated with different parameters (see Table 1 for the range of variations), after 100 Myr of evolution. The standard set of 
parameters is: P j = 10 46 erg s −1 , θ j = 10 ◦, v j = 15000 km s −1 , and m gas = 1.81 × 10 5 M �. When varying one parameter, all others remain fixed. From top to 
bottom, each row contains variations of: jet power, half-opening angle, launching velocity and mass resolution. The colours show gas temperature, according to 
the colour bars. The panels are 10 kpc in depth. 
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Figure 7. Jet and lobe length as a function of time for simulations with various parameters. The standard set of parameters is: P j = 10 46 erg s −1 , θ j = 10 ◦, v j = 

15000 km s −1 m gas = 1.81 × 10 5 M �, and the range of variations is given in Table 1 . Each panel represents a dif ferent v ariation of parameters, as visible in the 
legends (top left - jet power, top right - half-opening angle, bottom left - launching velocity, bottom right - mass resolution). Orange lines represent theoretical 
predictions from Kaiser & Best ( 2007 ). Where we show only one line, there should be no change of jet length with the parameter being varied. 
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t late times (once it has reached the self-similar phase). The higher
elocity jet with v j = 30 000 km s −1 is similar to our fiducial case at
arly times, but slightly deviates from the theoretical prediction later 
n, possibly when a backflow begins to operate. Our highest velocity 
et is in the self-similar regime at all times shown here, but with a
ower normalization, probably due to a backflow. 

.4 Varying the mass resolution 

s is visible in the last row of Fig. 6 , the mass resolution does not
ffect the lobe lengths and widths significantly, which is encouraging. 
f anything, the jet lengths decrease slightly with resolution, showing 
hat high resolutions are not necessary in order for jets to be able to
eposit their energy at large distances – a conclusion rele v ant for
osmological simulations. The jets are somewhat shorter at high 
esolutions since the Kelvin–Helmholtz instability is better resolved, 
nd this instability increases the ef fecti ve inertia of the lobes by
ixing them with the ambient medium. We find that the lobes take
he expected ellipsoidal shape at lower resolutions, whereas such a 
hape is only beginning to form at high resolutions. At the same
ime, due to the lack of a coherent lobe, there is only a single
ecollimation shock at high resolution, at the end of the conical
utflow, whereas we see multiple such shocks at low resolutions. 
e posit that this is due to the lobe no longer being as uniform in

ressure (due to instabilities), which prevents the outflowing jet gas 
rom being uniformly collimated at regular intervals. We find that the
ets and lobes have not fully converged in structure by our highest
esolution le vel. At e ven higher resolutions, smaller-scale vortices 
aused by the Kelvin–Helmholtz instability would possibly help to 
eco v er a more ellipsoidal lobe. 

At all resolutions, we can see that the main ellipsoidal lobe does
ot extend all the way to the bow shock, but rather out to roughly
hree quarters of the distance to it. The lobe is instead connected to
he bow shock by a thin strip of shocked jet particles. These are most
asily visible in the three lower resolution snapshots and especially 
t m gas = 1.81 × 10 5 M �. These particles are among the first that
MNRAS 520, 5090–5109 (2023) 
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M

Figure 8. Comparison of jets simulated with varying numerical resolutions (see top of each panel, these are typical resolutions employed in cosmological 
simulations of galaxy clusters or large-volume cosmological simulations). The number of particles in each jet varies from ≈450 to ≈14000. Other jet parameters 
used are the same as the fiducal case, see Table 1 . The panels show the jets after 100 Myr of evolution. The colours show gas temperature, according to the 
colour bar. The panels are 10 kpc in depth. 
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ere launched into the jet, and they are the relic from its ballistic
hase, with the self-similar lobe being built up in its w ak e. At higher
esolutions, these particles are not easily visible because they were
ikely mixed with the ambient medium. From the bottom right panel
f Fig. 7 , we can see that despite the qualitative differences in jet
orphology, the evolution of jet lengths is in good agreement with the

elf-similar theory at all resolution levels. Our simulated jets show a
lightly steeper evolution with time than expected from self-similar
odels, more consistent with L j ∝ t 0.7 than L j ∝ t 0.6 . 

.5 Varying the mass resolution – implications for cosmological 
imulations 

n the bottom row of of Fig. 6 we showed how our jets vary
isually across five resolution levels, separated by factors of 3.16.
o we ver, the lo west-resolution case shown ( m gas = 5.73 × 10 5 M �)

s itself better than the EAGLE cosmological simulation (Schaye
t al. 2015 ) by a factor of 3.16, and it has a relatively high number
f particles per jet, ≈14 000. As a result, the comparisons shown
n those figures, while interesting, are not necessarily rele v ant for
osmological simulations. 

In order to probe more poorly-resolved jets, such as those likely to
ccur in large-scale cosmological simulations, we extend our analysis
o wn to e ven lo wer resolutions. In Fig. 8 we sho w the equi v alent
isualizations of jets as in the bottom row of Fig. 6 , but for resolutions
own to 10 times worse than EAGLE, i.e. m gas = 1.81 × 10 7 M �.
he highest-resolution simulation shown is the one with m gas =
.73 × 10 5 M �. As we can see, reducing numerical resolution results
n a shortening of the jets and lobes they inflate. This is likely due
o spherical averaging from SPH effects, as the total number of
he jet particles approaches the number of particles expected in a
ingle SPH smoothing kernel ( ≈50). Despite the shortening, the jet
lobe) length is still within 15 per cent of the self-similar prediction.
his is true even for the lowest-resolution case shown here, which
as only ≈450 particles launched per jet. We have simulated cases
own to 100 particles – these jets appear very spherical due to SPH
NRAS 520, 5090–5109 (2023) 
veraging, with their jet and lobe components blended together. They
re also significantly (factor of ≈2) shorter than the self-similar
rediction. 
Our worst-resolution simulation, with m gas = 1.81 × 10 7 M �,
atches the resolution of some simulations of galaxy clusters (e.g.
ubois et al. 2010 ; Martizzi et al. 2014 ; Richardson et al. 2016 ;
ahn et al. 2017 ) and of cosmological simulations that are large

nough in volume to contain many galaxy clusters (e.g. Bocquet
t al. 2016 ; Kaviraj et al. 2017 ; Pillepich et al. 2018 ). This means
hat jet episodes with our fiducial power ( P j = 10 46 erg s −1 ) and
uration ( T j = 100 Myr) are likely to be well-converged in such
imulations, at least in terms of basic properties. 

State-of-the-art zoom-in simulations of galaxy clusters often have
esolutions significantly better than m gas ≈ 10 7 M � (e.g. m gas ≈ 10 6 

 � in Barnes et al. 2017 ; Bah ́e et al. 2017 , or m gas ≈ 10 5 M � for
 M h = 10 14 M � halo in Tremmel et al. 2019 ), so even weaker jet
pisodes are likely to be resolved at a basic level in these simulations
 P j = 10 44 erg s −1 in a galaxy cluster with M h = 10 15 M � or P j 

 10 43 erg s −1 in one with M h = 10 14 M �). Modern cosmological
imulations with box sizes of L ≈ 100 Mpc have a resolution of m gas 

10 6 M � (Vogelsberger et al. 2014 ; Schaye et al. 2015 ; Pillepich
t al. 2018 ), and thus our numerical scheme can correctly model jets
n such simulations at least down to systems with M h = 10 14 M �,
nd possibly M h = 10 13 M �. 

Small zoom-in cosmological simulations often aim to reproduce
ndividual Milky Way type systems (Kim et al. 2014 ; Hopkins et al.
014 ; Sa wala et al. 2015 ; F attahi et al. 2016 ,Grand et al. 2016 )
r host multiple such systems in group environments within a L
 25 Mpc box (Crain et al. 2015 ; Tremmel et al. 2017 ; Dubois

t al. 2021 ). There is some evidence that jet feedback could be
mportant even in such lower-mass systems (Kaviraj et al. 2015 ;
ingh et al. 2015 ; Olgu ́ın-Iglesias, Kotilainen & Chavushyan 2020 ).
hese simulations do not host any galaxy clusters, and can thus
e simulated at much higher resolutions of m gas ≈ 10 3 − 10 5 M �,
epending on the type of simulation. While this is very low, the
alo masses in these systems are lower by similar factors (relative
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o a resolution of m gas ≈ 10 6 −10 7 M �). The black holes hosted
y these systems are less massive by even larger factors, due to
he approximate M BH ∝ M 

1 . 5 
h scaling (Croton et al. 2006 ; Bandara,

rampton & Simard 2009 ). In combination with shorter jet episodes 
f 1 − 10 Myr (Guo & Mathews 2012 ; Garofalo, Singh & Zack 2018 ;
avis et al. 2022 ), instead of few 10 s or up to 100 Myr (Konar et al.
006 ; Machalski et al. 2007 ; Mahatma et al. 2020 ), it is possible that
et episodes in these systems could be less energetic by factors of
p to 10 6 . It is unclear if simulations with m gas ≈ 10 3 −10 5 M � can
orrectly include such jet episodes, in the context of our numerical 
cheme. 

As an example, we take a jet episode with P j = 10 42 erg s −1 ,
asting 5 Myr. This jet power and duration correspond to the medians
or jets in radio AGN (Mezcua et al. 2019 ; Davis et al. 2022 ), and
he total energy matches the episode that likely recently occurred 
n the Milky Way (Guo & Mathews 2012 ; Predehl et al. 2020 ).
uch an episode is 2 × 10 5 times less energetic than the standard
ne we simulate. Assuming the same launching velocity of v j = 15
00 km s −1 , the mass resolution required to resolve each of these jets
ith 450 particles (the resolution we have shown to be sufficient)
ould be m gas ≈ 10 2 M �. This is about an order of magnitude

maller than achie v able with the highest-resolution cosmological 
imulations performed thus far (Hopkins et al. 2018 ). A convenient 
orkaround, but still a physically rele v ant one, is to launch jets

n lower-mass systems with lower velocities. As an example, v j = 

500 km s −1 in a Milky Way type system would produce a jet that
s similarly underdense and hot compared to its ambient medium 

s in our simulations (factor of ≈100), due to a lower sound speed
n the gas halo of the Milky Way ( c s ≈ 150 km s −1 with T vir =
0 6 K). This would imply that our example jet episode with P j =
0 42 erg s −1 and T j = 5 Myr could realistically be simulated with
 gas ≈ 10 4 M � or lower. This is in reach for modern cosmological 

imulations. 
Overall, for our standard case, we find jets of very similar lengths

nd shapes (and therefore energetics, as the two are closely connected 
n self-similar models of jet lobes) across a very large range of
umerical resolution: from m gas = 1.81 × 10 7 M � down to m gas 

 5.73 × 10 3 M �, a factor of 3160 difference. The implications of
hese findings, as discussed abo v e, is that jets are likely to be correctly
imulated at a basic level in SPH codes in all systems where they may
e rele v ant. A caveat to this is that the highest resolutions achie v able
ay need to be employed. Otherwise, lo w-po wer jet episodes will

e poorly resolved. Ho we ver, this is not necessarily a large issue,
ince it is likely that stronger episodes are more rele v ant in terms of
eedback on galaxy formation. 

An additional caveat is that one may need to carefully vary the jet
aunching velocity from system to system to ensure that the jets are
ufficiently resolved, but also that sufficiently strong shocks occur in 
hese systems (as well as sufficiently large density and temperature 
ontrasts). F or this reason, constant-v elocity schemes with jet launch- 
ng velocities of ≈10 4 km s −1 (e.g. Dubois et al. 2012 ) will likely
ead to very poorly resolved jets in any system with a dark matter halo

ass below M h ≈ 10 14 M �, at resolutions comparable to EAGLE
 m gas ≈ 10 6 M �). We instead suggest that scalings such as v j = AM 

γ

h 

r v j = AM 

γ

BH may be more appropriate. The normalization and slope 
an be chosen in such a way that the ratio between typical temperature 
f shocked jet gas (i.e. the lobe temperature) and that of the ambient
edium is roughly constant regardless of the mass of the system

and of order e.g. 100, corresponding to jets that are supersonic by a 
actor of 10). 
s  
.6 Power–law ambient medium density profiles 

ere, we will discuss some results of simulations where jets were
aunched into gaseous atmospheres with power-law density profiles 
 ρ∝ r −α), rather than into a constant-density ambient medium.
he set-up for these simulations is described towards the end of
ection 3.2 . We test cases with α = 0.5, α = 1, and α = 1.5, all
f which should, in principle, feature the self-similar phase of jet
 volution (if v arious parameters are chosen correctly). Gi ven the
profile we have chosen [equation (9 )], outside the small core, the

ensity profile is ρ( r ) = ρ0, βr −α . The normalization ρ0, β depends on
in our set-up, since we have chosen to keep the mass of the gaseous

alo constant within the virial radius of the external NFW potential.
his means that an increase in α is also followed by an increase

n ρ0, β . An alternative would have been to keep the normalization
onstant, but to instead track the evolution of the jets o v er larger
istances. We chose against this, and instead chose to keep the jets
onfined within the extent of gaseous haloes of the same size. We
id this in order to be able to compare the jets at a similar size 
cale. 

In Fig. 9 we show a visual comparison of all three power-law
imulations we have done, at different times up to t = 40 Myr.
ll three simulations feature very similar jets and jet-inflated lobes. 
o we ver, there are differences between these simulations and the

onstant-density ones featured in the rest of the paper. Among these
s that the jet-inflated lobes appear to have a larger aspect ratio (i.e.
hey are thinner), despite having the same half-opening angle θ j = 

0 ◦. In addition, the unshocked, colder jet gas appears to extend all
he way to the jet head in all three cases. This is a feature also shared
y ballistic jets (see top row of Fig. 1 ). Ho we ver, these jets also clearly
eature multiple recollimation shocks, which only appear in the self- 
imilar regime. Inspecting the unshocked jet gas more closely, one 
an see that the recollimation shocks appear at distances closer to
he origin, whereas at large distances (close to the jet head), they
lend in into a single stream (spine) of unshocked gas, appearing
ery similar to the unshocked jet gas in ballistic jets (see top panels 
f Fig. 1 ). 
In Fig. 10 we show the time evolution of the lobe lengths and

adii for the three simulations compared to predictions from Kaiser 
 Best ( 2007 ). In all cases, the lobes start off as being shorter

nd wider than predicted by the self-similar theory. As explained 
n Section 4.5 , this is potentially a result of the rather long transition
rom the initial ballistic phase to the self-similar phase. It could also
e a result of the initial phase of the jet evolution being relatively
oorly resolved (simply due to a small number of particles having
een launched into the jets), which tends to make the poorly-
esolved lobes more spherical due to SPH averaging effects (see 
ig. 8 ). 
At late times, in all three cases the lobes transition to behaviour

hat is in better agreement with the theoretical predictions. Ho we ver,
he lobes appear to be somewhat too long at late times while also too
hin (both disagreements are at a level of 20 − 30%). These findings
onfirm the visual appearance of the jets shown in Fig. 9 . We posit
ere that this may be a result of the self-similar theoretical predictions
elying on assumptions that may not hold in these simulations. One
f these is that the lobe is cylindrical, whereas we find a more
llipsoidal shape. The second assumption is that the lobes have a
onstant pressure throughout. Ho we ver, the lobes are more likely to
e in pressure equilibrium with the ambient medium locally (i.e. at
 given radius). The pressure profile of the ambient medium varies
ignificantly with radius, which means that the lobe has a higher
MNRAS 520, 5090–5109 (2023) 
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Figure 9. Comparison of the evolution of jets launched into power-law ambient density profiles (see top-right-hand corner of the first panel in each row). Other 
jet-related parameters used are listed in the last row of Table 1 . The colours show gas temperature, according to the colour bar. The panels are 25 kpc in depth. 
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ressure at smaller radii than near the jet head. This could help the jet
ropagate or the lobes to expand more easily in the radial direction
ather than laterally. It could also explain why the recollimation
hocks (which occur by means of the lobe pressure acting on the
nshocked jet gas) are stronger at smaller radii. 
NRAS 520, 5090–5109 (2023) 

u  
 SUMMARY  A N D  C O N C L U S I O N S  

sing the SWIFT code, and its SPHENIX smoothed particle hy-
rodynamics scheme, we have simulated the interaction of hydro-
ynamical jets from active galactic nuclei with the ambient medium
p to very high resolutions (more than a million particles per jet,
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Figure 10. Comparison of jet-inflated lobe lengths and radii in simulations with power-law ambient density profiles (see top-left corner of each panel). Other 
jet-related parameters used are listed in the last row of Table 1 . The solid lines show measured lengths and radii from the simulations, while the dashed lines 
gi ve equi v alent predictions for self-similar jet-inflated lobe expansion from Kaiser & Best ( 2007 ). 
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nprecedented for an SPH simulation of jets). These simulations 
ntentionally did not include additional physics, such as gravity, 
adiative cooling, magnetic fields, or cosmic rays, in order for our re-
ults to be comparable with simple analytical models of jet evolution. 

We launch jets with a constant power and launching velocity, and 
ith finite opening angles, by kicking particles from initially placed 

eservoirs. These jets propagate through ambient media with constant 
as densities as well as power-law density profiles. We find that jets
nitially evolve ballistically, during which time they drill through 
he medium with ease, while also launching a bow shock. Once the

ass of the swept up ambient medium becomes comparable to that 
njected into the jet, the jets transition to a self-similar regime. This
ransition is fairly prolonged, and evidence of the ballistic phase can 
e seen in the jet morphology even at late times. 
The self-similar evolutionary phase is characterized by significant 

as shocking, which results in the formation of an ellipsoidal lobe of
ow-density and high-temperature gas. This shocked gas recollimates 
nd shocks recently launched jet particles. We find that the jet 
nd lobe lengths and lobe radii are in agreement with self-similar
redictions where this is expected (for finite half-opening angles 
nd large enough launching velocities). In the self-similar phase, the 
spect ratio of the lobes is constant, as is the fraction of initially
njected energy contained in the lobes (including the unshocked jets) 
ersus that in the ambient medium. This is also true for the kinetic
nd thermal components of both the lobes and ambient medium. In
ur standard constant-density simulation ( m gas = 1.81 × 10 5 M �, P j 

 10 46 ergs −1 , v j = 15 000 km s −1 , and θ j = 10 ◦), these fractions are:
1) lobe kinetic - 20%, (2) lobe thermal - 14%, (3) ambient kinetic
 47%, and (4) ambient thermal - 19%. This shows that energy is
f fecti vely transferred from the jet to the ambient gas, although it is
ot immediately and fully thermalized while the jet is active. We find
hat these fractions depend on the particular simulation, but none of
he components is ever negligible. 

We have performed a series of simulations in the constant-density 
ase, with varying parameters such as the jet power, half-opening 
ngle, launching velocity and mass resolution. Increasing the jet 
ower results in longer jets, but also better resolution in the jets
ue to more particles being launched (at a fixed launching velocity). 
ncreasing the half-opening angle results in shorter jets. We find that 
et (lobe) lengths match expectations from analytical models of self- 
imilar evolution for all values of jet power and half-opening angle 
hat we have simulated. 

We find that varying the jet launching velocity changes both the 
hysical properties of jets (i.e. temperature and mass of the lobes), as
ell as the degree to which the jet and lobe are resolved. By varying
umerical resolution through the mass of gas particles, we find that
ur high-resolution ( m gas ≈ 10 4 M �) jet lobes deviate somewhat from
he picture expected theoretically. In this case, Kelvin–Helmholtz 
nstabilities prevent the formation of a classical ellipsoidal lobe. 
or the same reason, the jet spine takes the shape of a conical
utflow, and not a series of multiple recollimation shocks, as expected 
nd as found in the lower-resolution cases. We speculate that at
ven higher resolutions, smaller-scale Kelvin-Helmholtz instabilities 
ould disrupt the large vortices and again give rise to an ellipsoidal

obe. 
We find that high-resolution simulations are not necessary in order 

or the jets to deposit their energy where they should. On the contrary,
e find that very poor resolution ( ≈500 particles launched per jet) is

ufficient for an accuracy of 15 per cent (for the lengths and radii of
he jet-inflated lobes). We find that the level at which jets are resolved
epends not only on numerical resolution directly (through the gas 
article mass), but also indirectly on physical parameters such as jet
ower and launching velocity. This means that different jet episodes 
ill be resolved at dif ferent le vels depending on the details of the

aunching scheme and on the energetics of a particular jet episode. We 
nd that resolving a jet with ≈500 particles is sufficient to reproduce
asic properties such as jet lengths and energetics. The implication 
f this finding is that jet launching velocities of ≈10 4 km s −1 are
ppropriate for typical modern cosmological simulations of galaxy 
lusters. Ho we ver, we suggest that the jet launching velocity be
aried from system to system in order to achieve a balance between
esolution and sufficiently strong shock heating of the ambient 
edium (e.g. through a scaling with the halo mass v j ∝ M 

γ

h , or
ith the black hole mass v j ∝ M 

γ

BH ). 
We find that the self-similar regime is also reached in simulations

f jets launched into power-law density profiles of the ambient 
edium ( ρ∝ r −α , with α < 2). Ho we ver, the lobes inflated by

hese jets appear to be up to 20 − 30% too long and too thin
ompared to self-similar predictions. This may be a result of some of
he theoretical assumptions breaking down in the power-law case 
e.g. pressure equilibrium throughout the lobes), rather than our 
imulations being inaccurate. 

In future, we plan to extend our analysis to more realistic systems
e.g. galaxy cluster in hydrostatic equilibrium) with additional 
hysics included, and to Gyr time-scales (after the jets have been
urned off and formed bubbles). We will also study jets as a self-
onsistent feedback mechanism, where the jet power is calculated 
ased on the spin and environment of a black hole. 
MNRAS 520, 5090–5109 (2023) 
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