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A B S T R A C T 

Extragalactic jets have long prompted the question of how far relativistic outflows can extend, with some radio sources 
reaching 5–7 Mpc in length. These great extents motivate investigations into their ages, propagation dynamics, stability, 
and impact on the environment. We perform 3D high-resolution numerical simulations of two jet configurations involving 
continuous injection at different powers propagating in low-density regions of the cosmos (static and laminar), investigat- 
ing the conditions for jet collimation versus disruption at extreme scales. We show that the combined effects of higher jet 
thrust (enhanced kinetic power), improved collimation (suppression of transverse distortions), and magnetic stabilization 

(strengthened poloidal field) can sustain a laterally confined flow, enabling such a jet to reach 5 Mpc in just 15 Myr 
(injecting a total energy of 2 . 3 × 1061 erg into the environment). In contrast, a jet lacking these conditions dissipates more 
rapidly, forming lobe-like morphologies and reaching only ∼ 3 Mpc over ∼ 35 Myr (injecting total energy of 8 . 1 × 1060 erg). 
Pinch and kink MHD instabilities are identified as the primary drivers of transverse distortions; their suppression allows 
the persistence of a fast spine alongside a slower, dissipative head (location of maximum environmental interaction). We 
find that the jet-head propagation shows two regimes: one with speed ∼ 0 . 5 c ; the other with speed from ∼ 0 . 2 c to ∼ 0 . 05 c . 
We consider a proxy of synchrotron emission and find that radiation is concentrated in regions of enhanced compression 

and magnetic amplification, primarily near the first recollimation shock (producing a bright radio spot) and at the jet- 
head interaction zone (producing the radio termination lobe). Such jets facilitate the transport of substantial energy and 
magnetic flux into underdense cosmic regions. 
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 INTRODUCTION  

ince the early studies of extragalactic radio sources (e.g. R. C. 
ennison & M. K. Das Gupta 1953 ), one of the central questions
as been how far the astrophysical flows feeding the extended 
obes can propagate before experiencing complete attenuation. 
rior to the discovery of 3C 236 (A. G. Willis, R. G. Strom &
. S. Wilson 1974 ), whose reported linear size was 5.7 Mpc (re-
ised to ∼ 4 . 1 Mpc under a present-day cosmology with H0 =
0 km s −1 Mpc −1 ), it was generally believed that the maximum 
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xtent of active galactic nuclei (AGNs) jets was limited to ∼ 1
pc. For nearly three decades, 3C 236 remained the record holder
ntil the identification of J1420 −0545, with a projected jet size of 
.69 Mpc (J. Machalski et al. 2008 ). In the recent past, however,
ubstantial advances in radio interferometry – both in sensitivity 
nd resolution (e.g. LOFAR, MeerKAT; M. P. Haarlem et al. 2013 ;
. Jonas & MeerKAT Team 2016 ) – have enabled the detection of 
ven larger systems, culminating in the discovery of giant radio 
alaxies with total extents in the range of 5–7 Mpc (M. S. S. L. Oei
t al. 2022 , 2024a ). 
Giant radio galaxies (GRGs) are generally defined as extra- 
alactic jets with projected sizes exceeding 0.7 Mpc (P. Dabhade, 
. J. Saikia & M. Mahato 2023 ). While this threshold lacks a
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trong physical justification, recent numerical simulations by G.
iri et al. ( 2025a ) suggest a mild shift in the dynamical behaviour
f the lobes at these scales manifested in the (rate of change
f) lobe expansion speed and internal pressure evolution around
hese scales. Such results provide theoretical motivation for dis-
inguishing GRGs from their smaller counterparts, often referred
o as standard radio galaxies (SRGs). However, this trend remains
reliminary and requires validation across a broader region of 
arameter space. The advent of modern interferometric facilities
as dramatically accelerated the discovery of GRGs. The known
opulation has expanded from ∼ 750 sources in 2021 (e.g. P.
abhade et al. 2020a , b ) to ∼ 2050 sources in 2023 (M. S. S. L. Oei
t al. 2023b ), and most recently to ∼ 11500 GRGs (R. I. J. Mostert
t al. 2024 ). This rapid growth has been enabled by advances in
oth data analysis techniques and machine learning algorithms,
eading to sky densities of GRGs that now rival those of luminous
on-giant radio galaxies. 
Along with the rapid growth of the number of GRGs the long-
tanding question of how far extragalactic jets can propagate re-
ains unresolved. Until recently, GRGs with projected extents of 
 3 Mpc were exceedingly rare (H. Andernach, E. F. Jiménez-
ndrade & A. G. Willis 2021 ), and those exceeding 5 Mpc were
onsidered ‘extreme’ cases. However, with the surge in GRG dis-
overies, the sample of such large-scale sources has expanded
ubstantially. For example, H. Andernach & M. Brüggen ( 2025 )
eport 142 (candidate) GRGs exceeding 3 Mpc in projected size,
hile M. J. Hardcastle et al. ( 2023 ) identify 13 (candidate) sources
arger than 4 Mpc. The extent-wise upper bound of these jetted
ources continues to be pushed, exemplified by the recent detec-
ion of the ∼ 7 Mpc long ‘Porphyron’ (M. S. S. L. Oei et al. 2024a ),
epresenting the largest known extragalactic source. 
In this context, it has become increasingly meaningful to in-
estigate the formation processes of GRGs from a numerical per-
pective, particularly as the inferred evolutionary mechanisms of 
xtreme cases derived from observations appear to challenge the
tandard framework of jet propagation physics. While it has long
een predicted that GRGs preferentially evolve in low-density
nvironments such as galactic filaments or at the peripheries
f dense cosmic structures (R. Subrahmanyan et al. 2008 ; J. M.
alarecki et al. 2013 ), recent findings by S. Sankhyayan & P.
abhade ( 2024 ) demonstrate that such a scenario cannot fully ac-
ount for a substantial GRG population. Specifically, a significant
raction of GRGs are now observed in association with the bright-
st cluster galaxies (BCGs) within superclusters (S. Sankhyayan &
. Dabhade 2024 ). Moreover, even radio galaxies exceeding ∼ 3
pc have been found to evolve within clusters and rich groups,
ith many serving as BCGs themselves (H. Andernach & M.
rüggen 2025 ; K. K. L. Charlton et al. 2025 ). Furthermore, while
he majority of GRGs exhibit FR II morphology – consistent with
he need for powerful jets to overcome environmental resistance
n large scales (P. Dabhade et al. 2020a ; M. Simonte et al. 2024 )
the existence of FR I-type low-powered GRGs extending up to
 Mpc (M. S. S. L. Oei et al. 2022 ) raises important questions.
dding to this puzzle, giant radio quasars (GRQs), despite their
ypically higher jet powers (M. Mahato et al. 2022 ), struggle to
chieve such extreme sizes, with the largest known GRQ reaching
.45 Mpc (R. Coziol et al. 2017 ). However, as per the unification
cheme, quasars are expected to be seen at smaller angles to the
ine of sight than radio galaxies. For an inclination angle of ∼ 45◦,
he dividing line between radio galaxies and quasars suggested by
. D. Barthel ( 1989 ), a projected size of 4.45 Mpc corresponds to
n intrinsic size of ∼6.3 Mpc. 
NRAS 550, 1–21 (2026)
Some models interpret GRGs as the oldest jets in the cosmos
M. J. Hardcastle et al. 2019 ). However, the long-term persistence
f synchrotron emission raises a significant challenge to this
cenario. For instance, non-thermal particles in equipartition,
aving a median B ∼ 5 μG field with Lorentz factor γe ≈ 104 
J. H. Croston et al. 2005 ; G. Giri et al. 2022 ; P. Dabhade et al.
023 ) have a synchrotron cooling time of about ∼ 70 Myr, which
tands at odds with the Gyr-scale ages that have been inferred
or examples like ‘Alcyoneus’ and ‘Porphyron’ (M. S. S. L. Oei
t al. 2022 , 2024a ). In addition, given the large sizes of GRGs,
diabatic losses and inverse-Compton scattering off cosmic mi-
rowave background photons become important (C. P. O’Dea &
. A. Baum 1997 ; C. H. Ishwara-Chandra & D. J. Saikia 1999 ; A.
. Schoenmakers et al. 2000 ; C. Konar et al. 2004 ; G. Giri et al.
025b ). Several studies also predict lower evolutionary ages for
RGs, comparable to or smaller than those of SRGs (C. Konar
t al. 2004 ; B. Sebastian et al. 2018 ). An alternative scenario asso-
iates GRGs with restarted double-double radio galaxies (DDRG-
GRGs), where a renewed jet propagates faster through cavities
reated by earlier outbursts, potentially explaining rapid growth
R. Subrahmanyan, L. Saripalli & R. W. Hunstead 1996 ). While
his mechanism may account for a subset of GRGs, the fraction
f DDRG-GRGs remains low (W. D. Cotton et al. 2020 ; H. An-
ernach & M. Brüggen 2025 ; P. Dabhade et al. 2025 ), and evi-
ence of jet restarts in many ‘extreme’ GRGs is not immediately
pparent. Recent magnetohydrodynamical simulations (X. Duan
t al. 2025 ; G. Giri et al. 2025a , b ) have begun to address some
f these issues, demonstrating the evolution of GRGs reaching
1 Mpc. 
It has now been recognized that understanding the relative

ole of individual growth factors enabling GRGs to reach extreme
cales requires focused investigation of the most extended exam-
les. A central question concerns how the relativistic jet spine can
reserve its collimation over Gyr time-scales despite the expected
isruption from magnetohydrodynamical instabilities (M. S. S. L.
ei et al. 2024a ) and entrainment of ambient matter during jet–
obe evolution (P. Rossi et al. 2024 ). The severity of this problem is
nderscored by alternative models proposed for sources such as
orphyron ( ∼ 7 Mpc), invoking scenarios such as γ -ray photon
eam propagation from the host galaxy’s nuclei rather than con-
entional jet-driven outflows (A. Neronov et al. 2025 ). While such
nterpretations offer intriguing perspectives, they remain difficult
o reconcile with the growing population of GRGs reaching ∼ 5
pc that display classical jet morphologies and dynamics. 
In this context, the present study addresses the pressing need

or numerical verification of the evolution of ‘extreme’ GRGs.
y employing magnetohydrodynamical simulations capable of 
roducing oppositely directed jet pairs that extend to ∼ 5 Mpc,
e directly test the robustness of the standard jet paradigm un-
er conditions relevant to the largest known radio galaxies. This
pproach not only constrains the physical mechanisms that al-
ow jets to remain collimated and dynamically stable over spatial
cales of several Mpc but also provides an avenue to reconcile
heoretical expectations with the observed population of extreme
RGs in the pre-Square Kilometre Array 1 era. 
Section 2 outlines the numerical framework employed in

his study. The temporal evolution of these systems is anal-
sed in Section 3 , and the intricate dynamics of jet propaga-
ion are examined in Section 4 . The potential feedback of these

https://www.skao.int/en
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ets on the ambient cosmic environment is investigated in Sec- 
ion 5 . Finally, the principal conclusions are summarized in 
ection 6 . 

 SIMULATION  SETUP  

e performed our simulations using gPLUTO 2 (M. Rossazza 
t al. 2026 ), the GPU-accelerated successor of the widely used
strophysical code PLUTO (A. Mignone et al. 2007 ). gPLUTO is
 full C ++ rewrite of PLUTO , designed to extend its capabilities
o exascale high-performance computing environments by sup- 
orting both CPU and GPU parallel computations. It preserves 
he core philosophy and numerical schemes of its predecessor, 
hile integrating optimized GPU acceleration through the Ope- 
ACC programming model. The current public release 3 provides 
odules for magnetohydrodynamics (MHD), and its relativistic 
xtensions (with the usage of Taub–Matthews equation of state; 
. H. Taub 1948 ; A. Mignone & J. C. McKinney 2007 ), imple-
ented in different geometries with Runge–Kutta time stepping. 
or the present study, the adoption of gPLUTO was essential as
imulating jet propagation up to ∼ 5 Mpc required computational 
omains containing up to 20 billion active cells, a scale at which
PU acceleration is indispensable for both runtime efficiency 
nd memory throughput, while retaining the validated accuracy 
f the PLUTO framework. 
gPLUTO solves the set of the following relativistic-MHD equa- 

ions, which in covariant form read 

∂κ (ρuκ ) = 0 , 

∂κ (wuκuδ − bκbδ + pgκδ ) = 0 , 

∂κ (uκbδ − uδbκ ) = 0 , 

(1) 

here κ , δ = (0 , 1 , 2 , 3) (P. Rossi et al. 2017 ). In this formu-
ation, ρ denotes the rest-mass density and uκ = �(1 , v) is the
our-velocity, where � is the Lorentz factor of the flow. The mag- 
etic field four-vector bκ is defined in terms of the laboratory- 
rame magnetic field B as (b0 , B / � + b0 v) . The quantities w and
p represent the total enthalpy and total pressure, respectively. 
hroughout this work, we assume a flat spacetime metric gκδ = 

iag (−1 , 1 , 1 , 1) . 
The simulations were carried out using a second-order accu- 

ate spatial discretization based on linear reconstruction, coupled 
ith the HLLC Riemann solver. The divergence-free condition of 
he magnetic field was enforced in the computational domain us- 
ng the divergence-cleaning scheme of A. Dedner et al. ( 2002 ). All
imulations were executed on the Leonardo high-performance 
omputing system operated by CINECA. 4 Computations were 
erformed on the Booster partition, where each compute node is 
quipped with 4 GPUs and 32 CPU cores (M. Turisini, G. Amati &
. Cestari 2023 ). Depending on the specific simulation setup 
escribed below, we employed between 100 and 121 nodes, with 
ypical wall-clock runtimes of approximately 17 h per run. A 

ecent study by G. Giri et al. ( 2026a ) presents a detailed perfor-
ance benchmarking of the GPU-enabled PLUTO code for jet 
imulations, demonstrating substantial runtime speed-ups and 
alidating its user readiness for such demanding simulations. 
 gPLUTO: https://plutocode.ph.unito.it/pluto-gpu.html 
 https://gitlab.com/PLUTO-code/gPLUTO 

 CINECA: https://www.hpc.cineca.it/systems/hardware/leonardo/ 
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.1 Ambient medium configuration 

RGs with megaparsec-scale extents are preferentially found to 
nhabit low-density regions of the cosmic web (e.g. about 60 
er cent in poor galaxy groups and about 10 per cent in filaments,
heets or voids; S. Sankhyayan & P. Dabhade 2024 ; M. S. S. L.
ei et al. 2024a ). In particular, the most extreme GRGs show a
arked preference for environments associated with galaxy fila- 
ents and poor groups (M. S. S. L. Oei et al. 2022 , 2024a ). Such
ow-density surroundings play an important role in their growth, 
s the reduced ambient gas content imposes less resistance to jet
ropagation and lowers the likelihood of jet disruption through 
atter entrainment (P. Rossi et al. 2008 ). 
Following G. Giri et al. ( 2025a ), we modelled the ambient envi-

onment as an unmagnetized spherical galaxy group described 
y a King’s β-profile ( ρ(r) ) with a central gas density of ρ0 =
 . 001 amu cm−3 , core radius rc = 33 kpc and β = 0 . 55 , 

(r) = ρ0 

[ 

1 +
(
r − r0 
rc 

)2 
] − 3 

2 β

. (2) 

hese ambient parameters are motivated by the study of J. Ineson
t al. ( 2015 ), which established representative ranges based on a
ample of 55 radio-loud AGN environments. An equilibrium in- 
ragroup medium temperature Tg of ∼ 1 . 1 keV (M. Sun et al. 2009 ;
. Lovisari, T. H. Reiprich & G. Schellenberger 2015 ) is obtained
y assigning a pressure profile, P (r) , that follows the gas density
istribution, ρ(r) (see Fig. 1 ; also, M. Sun et al. 2011 ). Hydrostatic
quilibrium is enforced by incorporating a gravitational acceler- 
tion term in equation ( 1 ), derived from the condition ∇P = ρ g .
For the adopted density profile, the integrated enclosed bary- 
nic mass within 2 Mpc is ∼ 2 . 8 × 1012 M�. For reference, this
orresponds to a total mass of ∼ 3 . 2 × 1013 M� when adopting
 baryon fraction (baryonic-to-total mass ratio, including dark 
atter) of fb = 0 . 09 , which we note represents the modal (binned
ode) value of the baryon fraction distribution reported for 
roup-scale systems in M. Sun et al. ( 2009 ). We emphasize that
his estimate provides only an order-of-magnitude comparison 
ith standard group environments (e.g. P. J. Humphrey et al. 
006 ; A. Vikhlinin et al. 2006 ; S. Paul et al. 2017 ) and systems
osting extended radio outflows and radio-loud jets (e.g. S. Giac- 
ntucci et al. 2011 ; E. Nardini et al. 2013 ; J. Ineson et al. 2015 ),
ather than to match any specific observed cosmic system. 
The characteristic halo properties are derived self-consistently 

rom the adopted gas density profile. In particular, we compute 
he overdensity radii R100 (virial radius), R200 , and R500 , defined 
s the radii within which the mean enclosed density equals 100 ,
00 , and 500 times the critical density of the Universe at redshift
 = 0 , respectively. This yields R500 ∼ 454 kpc , R200 ∼ 630 kpc , 
nd R100 ∼ 812 kpc . We further verify that the thermodynamic 
tate of the modelled intragroup medium is consistent with ob- 
erved scaling relations. Observational studies have shown that 
he mass–temperature ( M500 –Tg ) relation follows a robust scaling 
f the form M500 ∝ Tα

g , with α ∼ 1 . 65 across a range of group-
caled overdensity definitions (L. Lovisari et al. 2015 ). For our
ystem with temperatures of order ∼ 1 . 1 keV , these relations pre-
ict halo masses of M500 ∼ 2 . 6 × 1013 M�, in good agreement with
he values inferred in our setup. Furthermore, we present a vi-
ual comparison of the central density of our group-scale cosmic 
tructure ( ρ0 ; equation ( 2 )) with those measured in relaxed galaxy
roups ( Tg � 2 keV; A. Vikhlinin et al. 2006 ) and in galaxy groups
osting jetted radio sources with R500 � 500 kpc and Tg � 2 keV
MNRAS 550, 1–21 (2026)
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M

Figure 1. Initial setup of the simulation box (representative colourmap) for the GRG jet study. The colourmap shows the 2D density (in cm−3 ) slice-cut 
distribution (log10 ρ in the x−y plane) with overlaid pressure contours (log10 P in dyn cm−2 ). The tiny cyan dot at the centre ( 0 , 0 ) represents the jet 
injection region. Circles indicate the group virial radius ( Rvirial(100) , orange-hued circle), R200 (faded red dashed circle) and R500 (red dashed circle). The 
star and plus symbols mark the centre of the galaxy group. The inset shows 1D variations of density (blue dotted) and pressure (red dashed) along the jet 
injection (location: x, y ≡ 0 , 0 ; 600-kpc outskirt to the core) axis (along x -direction) to illustrate the ambient medium profile. The values presented here 
are chosen based on recent observational indications of GRG environments. 

Figure 2. Central density ( ρ0 ) adopted in this study is compared with 
observationally inferred densities of group-scale environments, includ- 
ing relaxed galaxy groups and groups hosting radio jets, supporting the 
physical plausibility of our assumed ambient medium. 
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J. Ineson et al. 2015 ). The close agreement between these systems
nd our modelled environment is showcased in Fig. 2 . 
These consistencies provide independent validations that the
dopted thermodynamical structure in our study represents a
ealistic group-scale environment. 
At a higher redshift of z = 0 . 24674 (e.g. Alcyoneus M. S. S. L.
ei et al. 2022 ), the corresponding critical density of the Uni-
erse increases by a factor ∼ 1 . 25 , leading to a mild rescaling
f the overdensity radii, with R500 
 420 kpc, R200 
 581 kpc,
NRAS 550, 1–21 (2026)
nd R100 
 748 kpc, consistent within ∼ 10 per cent of the z = 0
alues used in our simulation setup. 
In equation ( 2 ), the parameter r0 accounts for a spatial offset,
hereby the centre of the galaxy group is displaced by 600 kpc
long the negative y -axis in the Cartesian frame (Fig. 1 ). This
etup allows the jet to be launched from the origin (0,0,0) of the
imulation domain (see ‘edge’ case; G. Giri et al. 2025a ). This
esign ensures that the jet is injected from the outskirts of the
alaxy group, thereby probing its propagation along the group’s
eriphery and subsequent evolution into a low-density ( < 10−5 

m−3 ; C. Stuardi et al. 2020 ), void-like environment representa-
ive of the large-scale cosmic surroundings of ‘extreme’ GRGs (M.
. S. L. Oei et al. 2022 , 2024a ). In Appendix B , we additionally
resent a complementary simulation in which the jet is injected
rom the centre of the galaxy group, in order to quantify the extent
o which the group environment influences jet propagation and
orphology. 

.2 Jet injection configurations 

e performed two jet configurations (as described below) to test
ow variations in thrust and collimation affect jet stability against
oth internal and external destabilizing effects for these large-
cale GRGs. While their kinetic powers differ by about an order
f magnitude, both cases lie within the powerful FR II regime,
llowing us to focus on the dynamical role of jet parameters
ather than exploring fundamentally different energetic classes
B. L. Fanaroff & J. M. Riley 1974 ; B. Mingo et al. 2019 ). The
inetic power of the injected jet is defined as 

j = πr2 j vj � (� − 1) ρj c2 , (3) 
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Table 1. Jet injection parameters adopted in the two simulation setups used in this study (keeping the ambient medium configuration unaltered). 

Simulation label � rj (kpc) ρj /ρ0 σ Qj (erg s−1 ) Description Domain (Mpc3 ) Grid cube 

‘ Case A ’ 7 2.5 10−5 0.01 3 . 4 × 1045 Standard powerful FR II jet 2 . 52 × 0 . 847 × 0 . 847 5040 × 1694 × 1694 
‘ Case B ’ 10 2.0 5 × 10−5 0.10 2 . 4 × 1046 High-thrust, collimated jet 2 . 52 × 0 . 70 × 0 . 70 6300 × 1750 × 1750 

Note. � is the bulk Lorentz factor, rj is the jet injection radius, ρj /ρ0 is the jet-to-core density contrast (with ρ0 = 0 . 001 amu cm−3 ), σ is the magnetization 
parameter, and Qj is the kinetic jet power (equation ( 3 )). We model only one side of the jet, with the simulation domain (in Mpc3 ) configured to optimally 
capture the jet–lobe structure while minimizing boundary effects; in all cases, the grid distribution ensures that the jet injection radius spans five cells. 
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here rj is the jet radius, � = (1 − v2 j )−1 / 2 is the bulk Lorentz
actor of the flow, vj is the jet velocity derived from �, ρj is the
est-mass density of the jet, and c is the speed of light. 
In both simulations, the jets are injected from a small circular
ozzle centred at (0,0,0) and directed along the positive x -axis 
Fig. 1 ). Thereby, we distinguish between two configurations la- 
elled as ‘ Case A ’ and ‘ Case B ’, which are discussed below and
ummarized in Table 1 . 
Case A adopts a jet Lorentz factor of � = 7 , motivated by our

ecent work (G. Giri et al. 2026a ), which demonstrates that such
 choice of parameter is essential to produce jets on scales of 
3 Mpc. The jet is injected with a radius of rj = 2 . 5 kpc and
ith a density of ρj = 10−5 ρ0 , yielding a kinetic power of Qj ∼
 . 4 × 1045 erg s−1 . This configuration corresponds to a standard,
et powerful, FR II-type radio jet (L. Bîrzan et al. 2004 ). 
Case B , on the other hand, is designed to probe the robustness
f jet propagation with higher thrust and enhanced collimation. 
or this purpose, the Lorentz factor is increased to � = 10 and jet
ensity is ρj = 5 × 10−5 ρ0 , while the injection radius is reduced to
j = 2 . 0 kpc. This combination results in a higher kinetic power
f Qj ∼ 2 . 4 × 1046 erg s−1 . 
These two jet configurations are thus designed to explore the 

obustness of the jet parameter space in the ‘extreme’ regimes of 
adio galaxies, testing how variations in Lorentz factor, injection 
adius, density contrast and resulting kinetic power (in accor- 
ance with observational requirements; J. Machalski et al. 2008 ; 
. S. S. L. Oei et al. 2024a ) influence jets’ growth on scales of 
5 Mpc. We note here that the presence of highly relativistic jet

pines with Lorentz factors up to � ∼ 10 is not unreasonable (G. 
iovannini et al. 2001 ; R. P. Dubey, C. Fendt & B. Vaidya 2023 )
nd has been cited for GRGs as well. For example, R. A. Laing & A.
. Bridle ( 2015 ) proposed a two-component structure consisting 
f a fast central spine ( � ∼ 10 ) embedded within a slower sheath
hile studying the prototypical GRG NGC 6251 with projected 
xtent of 1.7 Mpc (T. M. Cantwell et al. 2020 ). 
In addition to bulk kinematics, the jet magnetic field configu- 

ation plays a crucial role in determining jet stability, although it
akes a subdominant contribution to the (relativistic) jet power. 
n our simulations, we prescribe a toroidal magnetic field through
he magnetization parameter σ , defined as the ratio of Poynting 
ux B2 j / 4 π to jet enthalpy flux �ρ j hj (similar to P. Rossi et al.
017 ; D. Mukherjee et al. 2020 ). 

= B2 j 
4 π�2 ρ j hj 

, By = Bj R sin φ, Bz = −Bj R cos φ, (4) 

here By and Bz are the toroidal magnetic-field components in 
ur Cartesian 3D domain, perpendicular to the jet flow (jet flow 

xed along the x-axis). Here, R and φ denote the polar coordi-
ates in the y –z plane, defined within the jet injection region (see
he next subsection). The magnetic field configuration is consis- 
ent with that adopted in earlier works (P. Rossi et al. 2017 ; G.
iri et al. 2026b ). In our simulations, we adopt an initially purely
oroidal magnetic field configuration, motivated by both physical 
nd numerical considerations. Toroidal fields are commonly re- 
arded as a sensible approximate configuration in relativistic jets, 
ecause the toroidal component is typically expected to dominate 
ver the poloidal one (e.g. Y. Mizuno et al. 2015 ; R. P. Dubey et al.
023 ). This choice is also consistent with previous studies (e.g.
. Mignone et al. 2010 ), which show that relativistic jets with
redominantly toroidal fields capture the essential features of jet 
ynamics at larger scales. 
For ‘ Case A ’, we adopt a modest value of σ = 0 . 01 . For ‘ Case

 ’, motivated by the higher Lorentz factor ( � = 10 ), indicating
ncreased thrust, we increase the magnetization to σ = 0 . 1 . This
atter choice reflects the expectation that powerful, highly rela- 
ivistic jets are more resilient to instabilities (D. Mukherjee et al.
020 ), allowing us to probe the role of magnetic fields in stabi-
izing the flow and mitigating matter entrainment (P. Rossi et al.
024 ). 

.3 Simulation box and boundaries 

ssuming symmetry between the jet and the counter-jet on a 
lobal size of ∼ 5 Mpc radio structure, we restrict our modelling
o a one-sided jet propagation for computational requirements. 
ince the counter-jet is expected to follow a symmetric spatio- 
emporal evolution (under the consideration that extreme jets are 
ikely to be nearly in the plane of the sky; M. S. S. L. Oei et al.
023b ), this approach significantly reduces the computational 
ost while still capturing the essential dynamics. Even with only 
alf the jet pair simulated, the resulting setup represents one of 
he most computationally demanding jet simulations to date. 
The computational domain extends for 2.5 Mpc along the jet 
xis (positive x-direction; Fig. 1 ). We resolve the jet radius with
 grid cells (10 cells across the injection diameter), which should
e enough to capture jet instabilities (A. Mignone et al. 2013 ; D.
ukherjee et al. 2020 ). In ‘ Case A ’ (jet radius of 2.5 kpc), the grid
omprises 5040 × 1694 × 1694 cells, corresponding to a physical 
olume of 2 . 52 × 0 . 847 × 0 . 847 Mpc3 . In ‘ Case B ’ (jet radius of 
 kpc), the grid distribution is 6300 × 1750 × 1750 cells, giving
 volume of 2 . 52 × 0 . 70 × 0 . 70 Mpc3 (summarized in Table 1 ).
o the extent of our knowledge, this is the largest relativistic jets
imulation performed so far. 
The boundary conditions are taken to be reflective outside the 

et nozzle at the lower x-boundary plane, mimicking the plasma 
ontribution from the unmodeled counter-jet, while all other 
aces adopt outflow conditions. The jet injection zone is defined 
s a cylinder of radius r j (2.0 or 2.5 kpc, depending on the case)
nd length r j , centred at (0,0,0). All simulations are carried out
n dimensionless units, converted back to physical values using 
0 ≡ 100 kpc (length), ρ0 ≡ 10−3 amu cm−3 (density), and v0 ≡ c 
velocity as light speed), consistent with G. Giri et al. ( 2025a ). In
ddition, a passive scalar tracer ( T j ) is injected and advected with
MNRAS 550, 1–21 (2026)
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he jet flow. Its values range from 1 (indicating a grid filled with
et plasma) to 0 (indicating a grid filled with ambient medium),
nabling quantitative tracking of mixing and jet–ambient separa-
ion (e.g. A. Mignone et al. 2013 ). 

 MORPHOLOGICAL  AND  TEMPORAL  

VOLUTION  

he temporal evolution of our two simulations (Table 1 ) explor-
ng the regime of ‘extreme’ jet propagation is shown in Fig. 3 using
he tracer (passive scalar quantity: T j ). 
‘ Case A ’ (standard powerful jet), demonstrates rapid propa-
ation to ∼ 1 Mpc within 11.4 Myr, maintaining a narrow, col-
imated jet–cocoon structure. However, once the jet begins to
ecollimate (at ∼ 11 . 4 Myr), the jet flow transitions from a cylin-
rical to a more diffuse morphology. Despite continued thrust at
he jet head, this decollimation in the jet flow significantly slows
he advancement along the propagation axis and enhances lateral
xpansion, leading to the formation of a lobe-like GRG with a
aximum extent along the propagation direction of ∼ 1 . 4 Mpc
around 35 Myr), consistent with the growing population of ∼ 3
pc-sized radio galaxies. 
‘ Case B ’ (more powerful jet) maintains its collimation for con-
iderable longer distance, reaching ∼ 2 . 2 Mpc in just 13.1 Myr
see relevant spectral ageing studies of GRGs; M. Jamrozy et al.
008 ; B. Sebastian et al. 2018 ). Beyond this stage, the jet begins to
xhibit mild oscillations that signal the onset of slow decollima-
ion and likely instabilities (discussed further in Section 4 ). Nev-
rtheless, the jet thrust remains efficiently delivered to the head,
llowing the system to extend to ∼ 2 . 5 Mpc in 15 Myr – demon-
trating that ‘extreme’ GRGs can be explained within the stan-
ard jet paradigm. Such ages, of order ∼ 107 yr, contrast sharply
ith the � Gyr time-scales previously inferred observationally
or such sources (e.g. M. S. S. L. Oei et al. 2022 , 2024a ), which
ould require sustained accretion onto the host AGN over cosmo-
ogically significant time-scales. The persistence of collimation
nd directionality over those time-scales is also non-trivial (A.
eronov et al. 2025 ): even modest angular flickering of only a few
egrees (e.g. ∼ 3◦, median value in restarting GRGs; P. Dabhade
t al. 2025 ), would correspond to large ( ∼350 kpc for ‘Porphyron’)
ransverse displacements at these multi-Mpc extents, potentially
riving decollimation in the jet propagation (e.g. X. Guan, H. Li &
. Li 2014 ; T. M. Cantwell et al. 2020 ; P. Dabhade et al. 2022 ). Our
esults therefore suggest that the extreme sizes of GRGs can arise
ore naturally from efficient, collimated jet dynamics than from
rolonged ( � Gyr) lifetimes, consistent with other evolutionary
stimates (e.g. J. Machalski et al. 2008 ; G. Giri et al. 2025a ). 
To further illustrate the effects of decollimation, Fig. 4 shows

he evolution of longitudinal growth speed of the jet structure as
 function of its growing length (mimicking the temporal evolu-
ion as well) for ‘ Cases A ’ and ‘ B ’. Within our adopted jet power
egimes, the two cases display distinct evolutionary behaviours.
n ‘ Case A ’, the jet rapidly reaches ∼ 1 Mpc with a lobe expansion
peed exceeding 0 . 2 c , producing a thin cocoon with an axial ratio
f 9.2 (linear-to-lateral length ratio). Beyond this scale, the expan-
ion slows significantly to ∼ 0 . 05 c , and the axial ratio decreases
o 4.3, reflecting substantial lateral dissipation. In contrast, ‘ Case
 ’, with higher thrust and better collimation, maintains a lobe
xpansion speed around 0 . 5 c , and its axial ratio increases from
.5 to 12.5, indicating continued longitudinal growth and thin-
er lobes. The jet head speed shows only mild variations due
o minor wiggling (Fig. 3 ), demonstrating that such jets possess
NRAS 550, 1–21 (2026)
he mechanical thrust needed to propagate to bilateral extents
eyond 5 Mpc, offering insight into the formation of even larger
caled GRGs (Giri et al., in preparation). The axial ratio values
eported above provide a quantitative basis for distinguishing
etween lobed and non-lobed GRGs, consistent with an observa-
ional distinction reported in R. Subrahmanyan et al. ( 1996 ) and
. Machalski et al. ( 2008 ). 
To place our results in an observational context, we compare

he simulated longitudinal propagation speeds with reported ad-
ance speeds of radio galaxies across different size scales. Clas-
ical radio galaxies (median extent ∼ 100 kpc) exhibit head ad-
ance speeds in the range ∼ 0 . 03 c –0 . 2 c , with a median value
f ∼ 0 . 1 c (R. Liu, G. Pooley & J. M. Riley 1992 ). Giant radio
alaxies show a comparable range, ∼ 0 . 03 c –0 . 25 c , with a median
0 . 09 c (M. Jamrozy et al. 2008 ). Even among the most extreme
5 Mpc systems, such as J1420 −0545 and 3C 236, inferred ad-
ance speeds span ∼ 0 . 065 c –0 . 163 c (J. Machalski et al. 2008 ).
n this context, the ∼ 0 . 5 c longitudinal growth speed obtained
or ‘ Case B ’ lies towards the upper envelope of observationally
nferred values and exceeds the typical medians. However, it is
ot drastically disconnected from the highest reported speeds,
articularly considering the substantial uncertainties inherent
n spectral-ageing-based estimates. Furthermore, compact sym-
etric objects (CSOs), which provide some of the most direct
otspot proper-motion measurements, exhibit a broad range of 
xpansion speeds from ∼ 0 . 04 c up to ∼ 0 . 45 c (A. G. Polatidis & J.
. Conway 2003 ; T. An et al. 2012 ), demonstrating that such high
dvance speeds are not unprecedented in radio-loud AGNs, albeit
n much smaller spatial scales. Our future planned works will ex-
end current numerical framework by exploring jet propagation
cross a broader range of environmental densities and large-scale
osmic web locations, enabling a more systematic assessment of 
ow ambient conditions regulate the longitudinal growth rate of 
extreme’ GRGs. 
Given that the jet–lobe structures are still evolving, it is in-
tructive to compare the cocoon pressure against the surrounding
nvironment at their evolved stages. For the ∼ 3Mpc GRG, we
stimate a lobe pressure of 8 . 6 × 10−13 dyn cm−2 , while for the
Mpc GRG the pressure is higher at 2 . 0 × 10−12 dyn cm−2 . The
atter is thus about 2.3 times overpressurized, consistent with its
ore elongated, non-lobed morphology. Relative to the ambient
edium, the 3Mpc and 5Mpc jet structures remain overpres-
urized, respectively, by a factor of ∼ 4 . 1 and ∼ 3 . 6 . The values
emain broadly comparable, considering that a larger fraction
f pressure-driven energy is transferred to the ambient medium
rom the lobe in ‘ Case B ’ than in ‘ Case A ’ (further discussed in
ection 5 ). At earlier times, this contrast was significantly higher:
or the Case A jet at 11 . 4Myr the cocoon was 16.3 times overpres-
ured, while for the Case B jet at 6 . 5Myr the contrast was 14.4.
hese results highlight two points: (a) cocoon pressure decreases
s the system evolves to larger scales, suggesting that extreme
RGs may eventually reach pressure equilibrium with their en-
ironments, providing a potential probe of poorly explored large-
cale baryonic structures such as the WHIM and cosmic voids (R.
ubrahmanyan et al. 2008 ; J. M. Malarecki et al. 2013 ; M. S. S. L.
ei et al. 2023a ) and (b) in the present stage of our simulations,
he lobes are still modestly overpressured compared to their en-
ironments. 
A useful diagnostic of the jet spine, identified with jet tracer
istribution T j ≥ 0 . 5 , is the evolution of the Lorentz factor �
long the axis as the system develops. Fig. 5 shows � for differ-
nt evolutionary stages in both simulations. In ‘ Case B ’, the jet
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Figure 3. Two-dimensional ( x−y , z = 0 ) jet tracer distributions for ‘ Case A ’ ( top ) and ‘ Case B ’ ( bottom ), illustrating the spatio-temporal evolution of jets 
producing GRGs. The results highlight that both jet collimation and thrust are essential for enabling GRGs to reach extreme scales. The top rows show 

the benchmark case in which jet decollimation leads to enhanced dissipation and limits the bi-directional extent to ∼ 3 Mpc. In contrast, the bottom 

rows illustrate a more tightly collimated jet that rapidly propagates to ∼ 5 Mpc (bi-directional extent) in less than half the evolutionary time than ‘ Case 
A ’, before developing mild wiggling and undulations, while still maintaining rapid propagation. 
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M

Figure 4. The axial growth speed of the jet structure (defined as the 
temporal increase in its total longitudinal extent; in units of the speed 
of light, c ) as a function of the growing jet length (in Mpc) for the two 
simulation sets. The plot illustrates how the emergence of two different 
classes of GRGs is primarily governed by jet collimation and thrust, both 
of which are jointly encapsulated by the jet power. 
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ehaves like a powerful, well-collimated flow, mirroring the be-
aviour observed in several collimated GRG jets (e.g. L. Saripalli,
. Subrahmanyan & R. W. Hunstead 1994 ; B. Sebastian et al. 2018 ;
. M. Cantwell et al. 2020 ). Shortly after injection, the jet spine
ccelerates from � ≈ 10 to nearly � ≈ 20 as the jet overexpands
nto a comparatively underpressured environment. This overex-
ansion triggers a sequence of recollimation shocks that impose a
uasi-periodic modulation on the spine (Y. Mizuno et al. 2015 ; A.
osta et al. 2025 ). Importantly, the amplitude of these oscillations
ncreases with temporal evolution as the cocoon is progressively
opulated by back-flowing jet material (e.g. S. Cielo et al. 2017 ),
eading to an increasingly overpressured jet column. At the same
ime, adiabatic expansion lowers the cocoon pressure, enhancing
he strength of the oblique shocks and the resulting rarefaction-
riven acceleration. Despite the growing interaction region near
he head, where � drops sharply and strong backflows form,
he jet column remains fast and only weakly affected by en-
rainment of ambient matter. The persistently steep � gradient
t the head therefore indicates largely non-dissipative, ballistic-
ike transport that could in principle propagate to even larger
istances. 
By contrast, ‘ Case A ’ shows a more gradual decline of � along

he column, signalling progressive loss of collimation and greater
oupling with the cocoon and the ambient environment. At early
imes ( ≈ 6 . 5 Myr), the � profile still resembles ‘ Case B ’, suggesting
hat the jet initially behaves as a very well focused outflow. How-
ver, as the system evolves ( ≈ 11 Myr), the oscillations dampen
nd the � profile flattens, consistent with (ambient) mass loading
nd mixing that increase the jet’s inertia and suppress strong
ecollimation shocks (see R. Subrahmanyan et al. 1996 , for analo-
ous GRGs). The jet slows more uniformly, and the head advances
ess efficiently, in agreement with the reduced lobe expansion
een in Fig. 4 . Even so, a weaker residual jet column persists near
he base, with localized � enhancements occasionally exceeding
he injection value ( � ∈ [7 , 12] ), allowing portions of the flow to
ravel significant distances before dissipating. 
A clearer view of the above discussion can be obtained by
xamining 2D maps of pressure, Lorentz factor, magnetic-field
eometry, and proxy synchrotron emissivity. We first focus on
 Case B ’, since its spine remains comparatively well collimated
see Fig. 6 a). The pressure and Lorentz-factor panels reveal the
NRAS 550, 1–21 (2026)
xpected anti-correlation: regions of enhanced pressure corre-
pond to local deceleration, while rarefaction zones coincide with
increases. This pattern traces a sequence of recollimation and
arefaction waves driven by the initial overpressured injection
elative to the environment (Fig. 6 a). The resulting shocks re-
istribute energy between thermal and kinetic components, pro-
ressively smoothing out and becoming less pronounced as the
et equilibrates with the cocoon. Near the head, � drops sharply
nd becomes asymmetric, reflecting strong interaction with the
nvironment and the onset of turbulent backflows that inflate a
ressure-confined cocoon around the beam. The cocoon there-
ore provides a quasi-uniform pressure bath that self-regulates the
et spine. The magnetic-field ratio map (Fig. 6 a) shows that the jet
s initially dominated by the toroidal component ( Btor : following
ur injection condition) which becomes progressively stretched
nto the flow direction at recollimation sites, being converted
nto poloidal field ( Bpol ). These poloidal patches appear primarily
here shock compression and shear act on the beam. This is
onsistent with the expectations for powerful jets in which the jet
lasma and B-field effectively remain locked in, while the forward
otion of the jet stretches the field along the propagation direc-
ion (R. A. Laing 1981 ). Notably, where Bpol strengthens, the jet
olumn becomes less wiggly, indicating a magnetically mediated
amping of transverse fluctuations (D. Biskamp, E. Schwarz &
. Zeiler 1998 ). This assumption breaks down near the jet head,
here the collimated beam structure is disrupted and a poloidal
omponent arises from lateral mass displacement associated with
radual decollimation. Finally, the synchrotron proxy emissivity,
ssumed to be ∝ nB2 where n is the (jet-fluid) particle density (in
mu · cm−3 ) and B the field magnitude, is shown in the bottom
anel of Fig. 6 a. Bright emission is observed near the base pro-
uced by the strong oblique shocks, followed by a comparatively
aint segment along the beam where the developing Bpol helps
o streamline the flow, and a renewed brightening at the jet head
here the interaction with the ambient medium is strongest. This
attern closely resembles the emission structure seen in the most
xtended radio galaxies (J. Machalski et al. 2008 ; M. S. S. L. Oei
t al. 2024a ). 
In contrast to ‘ Case B ’, the jet in ‘ Case A ’ dissipates more rapidly,
ut several notable features remain (see Fig. 6 b). Near the jet base
up to ∼ 0 . 5 Mpc), a series of prominent oblique shocks produce
ocalized pressure enhancements and Lorentz factor variations,
ndicating an initially self-modulating jet spine embedded in a
uasi-uniform cocoon. However, not far downstream, the spine
egins to wiggle asymmetrically under the influence of turbulent
tructures in the cocoon, progressively perturbing the flow. Al-
hough the jet fails to preserve a stable spine over the extreme
RG-like scales of interest, the early, well-collimated phase –
haracterized by relatively high � (reaching ∼ 12 ) – still allows
he jet to propagate a considerable distance before breaking apart.
he poloidal magnetic component grows downstream of the
ompression regions, similar to Case B, but its amplitude remains
ignificantly lower, reflecting the weaker injected magnetic field
t the jet base (lower by roughly an order of magnitude; Table 1 ;
iscussed in the next paragraph). Combined with the lower prop-
gation speed of this case and the persistent cocoon turbulence
D. Mukherjee et al. 2020 ), the jet gradually dissipates, transi-
ioning from axial transport to enhanced lateral expansion. This
ateral dissipation drives the development of poloidal magnetic
omponents primarily through advection. In the mock emissivity
ap, these dynamics manifest as bright emission at the base
due to oblique shocks), a nearly vanishing, irregularly wiggling
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Figure 5. Longitudinal profiles of the Lorentz factor ( �) along the jet spine for ‘ Case A ’ and ‘ Case B ’ at different evolutionary times. The contrast between 
the steep versus gradual dissipation near the jet head, together with the pronounced undulations of � along the spine, highlights the different degrees 
of collimation, shock structure, and interaction with the surrounding cocoon in the two simulations. 
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et spine, and a terminal bright region where the jet interacts
trongly with the ambient medium (see e.g. M. S. S. L. Oei et al.
022 ). 
To further refine the interpretation developed above in Figs 6 a 
nd b, we examine the 1D profiles of several jet parameters in
ig. 7 . For reference, the Lorentz factor is shown again, together
ith the particle density and the absolute values of the toroidal
nd poloidal magnetic-field components along the jet column. 
nlike the ratio maps, these profiles reveal how the individual 
eld components evolve in magnitude, allowing us to connect the 
ynamics more directly to the mock emission maps (providing 
 first-order description that does not incorporate more complex 
rocesses such as particle cooling and reacceleration). The com- 
ression and rarefaction sites identified in the � profile are clearly 
irrored in the particle density. These oscillations are more pro- 
ounced in ‘ Case B ’, consistent with its higher injected jet density
nd larger Lorentz factors (Table 1 ). Towards the jet head, both
imulations exhibit a density increase and a sharp drop in �,
ignalling progressive mass loading from the ambient medium 

nd a transition from ballistic propagation to a cocoon-regulated 
ow regime (J. P. Leahy & A. G. Williams 1984 ; O. Bromberg
t al. 2011 ; S. Cielo et al. 2017 ). This same region coincides with
nhanced emissivity in the maps, reflecting the joint amplifi- 
ation of density and magnetic field. The toroidal component 
egins roughly an order of magnitude stronger in ‘ Case B ’ than
n ‘ Case A ’. It responds only weakly to the early compression–
xpansion cycles and soon settles into a relatively smooth, slowly 
arying plateau profile. This behaviour indicates that the toroidal 
eld is largely being advected with the flow rather than reor-
anizing the jet structure. In contrast, the poloidal component 
tarts very weak but grows steadily downstream (starting near 
he jet injection region at values � 10−2 and increasing to ∼ 100 
ear the jet head), especially in ‘ Case B ’. Because the vertical
lot axis is logarithmic (Fig. 7 ), the apparently modest increase 
orresponds to a substantial amplification, spanning more than 
n order of magnitude. The nature of this growth indicates that
t is produced by continuous shear and longitudinal stretching. 
o

here Bpol strengthens, the jet column becomes less oscillatory, 
upporting the interpretation that the progressive development 
f poloidal field contributes to damping transverse perturbations 
nd stabilizing the jet over large distances. As noted earlier, this
ffect is prominent within the well-collimated jet column, but not 
n the advecting, decollimating region where the poloidal field 
rises from lateral advection and no longer contributes to column 
upport. 
To make this connection explicit, we extend Fig. 7 to include

he magnetic energy density ( ∝ B2 ), together with the corre-
ponding normalized proxy synchrotron emissivity maps (from 

igs 6 a and b). These additions clarify that the enhanced emission
ear the jet base arises from the simultaneous amplification of 
article density and magnetic energy density, as captured by the 
levated nB2 values in this region. The emissivity near the jet 
ase is locally enhanced by the first few recollimation shocks, 
hich modulate both particle density and magnetic energy den- 
ity, producing a sequence of brightness peaks. This indicates that 
asal emission is dynamically sustained by repeated compression 
ather than solely by high injection of n and B (Table 1 ). Down-
tream of the initial collimation zone, both simulations exhibit 
 significant flattening of the density profile and comparatively 
lateau-like magnetic field variations, leading to a sharp decline 
n emissivity and rendering the jet spine largely radio faint over
xtended distances. In contrast, at the jet head, strong interaction 
ith the ambient medium increases the density, in particular, 
eading to a localized re-brightening. Overall, the observable syn- 
hrotron emission is concentrated in regions of active compres- 
ion and dissipation within the jet, rather than along its entirety,
nd also at the head location. 

 DYNAMICS  OF  JET  PROPAGATION  

iven the distinct evolutionary histories of the two simulation 
ases, we examine their jet-spine topology to identify the drivers 
f collimation versus decollimation. 
MNRAS 550, 1–21 (2026)
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Figure 6. (a) Jet-spine diagnostic maps for ‘ Case B ’ at 15 Myr ( x, y slice, z = 0 ). Pressure, Lorentz �, magnetic-field geometry, and proxy emissivity 
illustrate a cocoon-confined, self-regulated jet, with shock-driven recollimation, poloidal-field amplification, and bright emission concentration at the 
base and head. The proxy emissivity ( ∝ nB2 ), defined as the particle density multiplied by the magnetic energy density, is normalized and visualized 
using a restricted colour scale chosen to optimally highlight the spatially extended emission. (b) Jet-spine diagnostic maps for ‘ Case A ’ at 34.3 Myr ( x –y 
slice, z = 0). Pressure, Lorentz �, magnetic-field geometry, and proxy emissivity illustrate how a high- � spine progressively loses collimation, dissipates 
into the cocoon, and forms a widespread terminal emission region. Proxy emissivity ( ∝ nB2 ) is normalized and visualized using a restricted colour scale 
chosen to optimally highlight the spatially extended emission. 
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Fig. 8 shows the distribution of the ratio of lateral ( Vyz ) to
ongitudinal ( Vx ) velocity of the jet-spine, expressed in percentage
around 0.5–5 per cent). Since the jets are injected with purely
ongitudinal speed, the emergence of transverse components di-
ectly reflects internal jet processes. Even small lateral perturba-
ions at our indicated per cent level are known to seed MHD in-
tabilities leading to a jet’s motion becoming unstable (Y. Mizuno,
. E. Hardee & K.-I. Nishikawa 2011 ; A. Mignone et al. 2013 ; D.
ukherjee et al. 2020 ; S. Acharya, N. S. Borse & B. Vaidya 2021 ).
or ‘ Case A ’, pressure imbalances at the base (the jet is ∼ 2 times
verpressured in both the cases) produce alternating expansion
nd reconfinement, and beyond the first few recollimation zones
he induced lateral velocity begins to dominate the spine dynam-
cs. This growth in lateral perturbations drives pronounced wig-
NRAS 550, 1–21 (2026)
ling and diffusion, which reduce forward propagation efficiency
nd generate a broad, lobe-like structure. In contrast, ‘ Case B ’
aintains a more stable evolution (Fig. 8 ): its first recollimation
hock forms slightly farther downstream due to the higher power
f the jet, and the lateral perturbations remain suppressed over
ost of the jet length, consistent with stabilization by the (higher)
agnetic field strength (Table 1 ). Only near the head region,
here the jet head’s propagation speed drops precipitously and it
nteracts with the turbulent cocoon, do mild undulations appear,
ignalling the gradual transition towards decollimation at later
imes. 
In order to provide an initial qualitative assessment of the mag-
etic field topology, we visualize the field lines using streamlines
ntegrated from the Bx and By components across a representative
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Figure 7. Comparison of ‘ Case A ’ and ‘ Case B ’ jet-spine profiles in 1D, showing how particle density and the toroidal and poloidal magnetic-field 
magnitudes vary along the spine, and how they correlate with the Lorentz factor. The profiles also highlight the enhanced emission near the jet base 
arising from simultaneous amplification of particle density and magnetic energy ( ∝ nB2 ), modulated by the first few recollimation shocks. Downstream, 
the flattening of density and the comparatively plateau-like magnetic field variations lead to reduced emissivity along the spine, while strong interaction 
at the jet head produces a localized re-brightening. These profiles help identify the dynamics operating in the quasi-periodic oscillatory regions and 
further downstream, including compression/rarefaction behaviour and progressive jet–cocoon interaction, illustrating how synchrotron emission is 
concentrated in ‘active’ jet regions. 
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D planar cross-section ( x−y plane). We have also examined the
xtent of symmetry along the orthogonal plane (see Appendix 
 ). While a full 3D volumetric rendering of the magnetic field
ines would offer a comprehensive topological view, we instead 
ocus on a representative 2D analysis to circumvent the very ex- 
ensive computational bottlenecks posed by the scale and mem- 
ry requirement of our 3D data sets. Fig. 9 illustrates the field
opology within the jet spine, highlighting that ‘ Case B ’ preserves
he toroidal nature of the injected field over a much larger spatial
xtent compared to ‘ Case A ’, owing to a higher injection strength
nd to a higher � values. In ‘ Case B ’, later on in its spatial evo-
ution, the toroidal field transitions into a poloidal component, 
onsistent with expectations for powerful jets where jet plasma 
loughs into and remains anchored to the shear and shock sur-
aces, with the jet’s forward motion stretching the field in the
ropagation direction (e.g. R. A. Laing 1981 ; also discussed in Sec-
MNRAS 550, 1–21 (2026)
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Figure 8. Distribution of the ratio of lateral velocity magnitude ( Vyz ) to longitudinal velocity magnitude ( Vx ) across the jet spine for our two simulation 
cases at their most evolved stages. The jets are injected with purely longitudinal velocity ( Vx ), while the emergence of transverse components reflects 
lateral expansion and collimation in the early stages, followed by wiggling motions that promote decollimation. The colourbar expresses Vyz /Vx in 
percentage. 

Figure 9. Magnetic field streamlines ( Bx−y presented in x−y plane) of the jet spine for the two cases, showing a longer persistence of structured field in 
‘ Case B ’ compared to the earlier turbulent transition in ‘ Case A ’. The corresponding fractional fluctuation δB is found to be lower in ‘ Case B ’, consistent 
with its more ordered flow. 
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ion 3 ). By contrast, ‘ Case A ’ shows an early onset of disordered,
urbulent fields within the spine, which subsequently promote
ateral diffusion of field lines, whereas the other case displays
nly mild undulations near the jet head. To quantify these trends,
e further estimated the (normalized) fractional fluctuation of 
agnetic field in the spine, as follows (R. P. Dubey et al. 2023 ; G.
iri et al. 2026b ): 

B =
∑ 

i (Bi − Bi ) ∑ 

i Bi 
(5) 

omputed, first by evaluating the difference between the local
eld value (e.g., centered in a jet cell) and the mean field within a
urrounding cube of side length 5 kpc (lateral jet extent near the
njection region), and then summed over the linear jet extent, and
ubsequently normalized. We find that δB is significantly lower
or the collimated flow case compared to the more diffusive case
see Fig. 9 ), supporting the above observation. 
NRAS 550, 1–21 (2026)
We quantify transverse perturbations by performing Fourier
ecomposition of the transverse velocity, Vy , along the jet spine,
hown in Fig. 10 (similar to X. Guan et al. 2014 ; N. Upreti, B.
aidya & A. Shukla 2024 ). For each region where the spine re-
ains sufficiently coherent and periodic to permit a meaningful
pectral decomposition via Fourier analysis (the dashed boxes in
ig. 10 ), we identify the jet-spine centre y0 and extract a strip
xtending ±20 grid cells about y0 . We then compute the Fourier
ransform of Vy across the transverse direction. To separate kink-
ype (antisymmetric) and pinch-type (symmetric) distortions, we
xploit the parity of the signal about the spine (D. Biskamp 2000 ):
ymmetric fluctuations contribute to the even spectrum, while
ntisymmetric fluctuations contribute to the odd spectrum. Let
y (x, y ) denote the transverse velocity field. The Fourier trans-
orm across the transverse direction is 

ˆ 
 (k, y ) = F

[
Vy (x, y )

] =
∑ 

x 

Vy (x, y ) e− jkx , (6) 
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Figure 10. Fourier analysis used to quantify MHD instabilities at different locations along the jet spine for ‘ Case A ’ and ‘ Case B ’. The central panels 
show the jet spine morphology using a colourmap of the longitudinal velocity Vx . Black dashed rectangles mark the regions selected for the Fourier 
analysis: three regions for ‘ Case B ’ and one for ‘ Case A ’, chosen to represent a clean, approximately periodic segment of the jet spine. For each region, 
the transverse velocity Vy is shown in (zoom-in) inset panels using a seismic colourmap. The Fourier decomposition is performed on Vy , and the 
corresponding amplitudes of the even (kink) and odd (pinch) modes are displayed alongside each inset to identify the dominant instability modes, as 
inferred from their FFT amplitudes. Only the first four Fourier modes are shown, as higher-order modes contribute negligibly. The analysis is restricted 
to the jet spine, excluding the surrounding jet-sheath region where the velocity field is influenced by multiple overlapping processes (accordingly, the 
Fourier mode amplitudes smoothly diminish outside the spine). 
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here j = √ −1 is the imaginary unit, and k is the wave num-
er. For each offset i around the jet spine centre y0 (with i =
 , . . . , 20 ), we form the parity-separated fields 

ˆ Veven (k, i ) = 

ˆ V (k, y0 + i ) + ˆ V (k, y0 − i ) 
2 

, 

ˆ Vodd (k, i ) = 

ˆ V (k, y0 + i ) − ˆ V (k, y0 − i ) 
2 

. 

(7) 
e then consider the amplitude spectra, averaged over nearby 
pine centres, 

even (k) =
〈 ˆ Veven (k, i ) 〉i,y0 , Eodd (k) =

〈 ˆ Vodd (k, i ) 〉i,y0 . (8) 

ven modes ( Eeven ) trace axisymmetric, pinch-type perturbations, 
hereas odd modes ( Eodd ) isolate lateral, kink-type distortions. 
MNRAS 550, 1–21 (2026)
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nly the first four modes are considered for Fig. 10 , as higher-
rder terms contribute negligibly. 
In ‘ Case B ’, the region near the jet base shows strong power

n the odd components, with mode k = 2 dominating, indicat-
ng a pair of pronounced pinch structures superimposed on a
eaker global kink (even mode 1). Farther downstream, both
ven and odd modes contribute comparably: the spine simul-
aneously compresses and undergoes a gentle lateral bending,
onsistent with the visual deformation. Closer to the head, the
pectrum becomes increasingly dominated by the even mode
, reflecting the development of a large-scale kink while resid-
al pinching persists as the jet narrows. For ‘ Case A ’, only one
nterval exhibits a sufficiently periodic spine to analyse. There,
he spectrum is dominated by odd modes, indicating progressive
inching and contraction, while weaker even modes (primarily 2
nd 4) produce mild undulations but no sustained global kink.
he FFT results show that the instability does not grow uni-
ormly along the jet. The strongest peaks occur near recollima-
ion regions, where the flow is compressed and the shear layer
ecomes stronger. Farther downstream, smaller-scale modes start
o appear, indicating that large distortions gradually break up
nto finer structures. The comparison between ‘ Cases A ’ and ‘ B ’
uggests that magnetic stabilization mainly delays this nonlinear
rowth, rather than completely suppressing it (D. Biskamp 2000 ).
aken together, these results indicate that well-collimated, fast
ets initially favour pinch-type distortions, whereas the growth
f kink modes becomes more prominent as the flow decelerates
nd the spine loses collimation, ultimately promoting large-scale
estabilization. 

 JET–ENVIRONMENT  INTERCONNECTION  

iven the cosmological scales involved in our study, it is essential
o examine the extent to which relativistic jets of such nature
nteract with – and potentially reshape – their surrounding large-
cale environments, and to understand how this coupling evolves
ver time. 
In this regard, the entrained mass fraction shown in Fig. 11
easures the contribution of ambient material ( Mamb ) to the
otal mass ( Mamb + Mjet ) contained within the jet spine (region
ith jet tracer T j ≥ 0 . 5 ). Close to the inlet the fraction remains
xtremely small, indicating that the freshly injected jet is ini-
ially only weakly contaminated, although it does not vanish
ntirely, consistent with early shear-driven mixing and interac-
ion with the cocoon backflow. Further downstream the profile
evelops pronounced oscillations that trace the sequence of rec-
llimation shocks, with the amplitude of these variations stay-
ng significant as the flow propagates. Superimposed on these
ocal shock–compression cycles is a clear global rise of the en-
rained fraction, reflecting cumulative ambient mass loading of 
he jet spine. Towards the jet head the fraction approaches order
nity, showing that the spine becomes extensively loaded with
he ambient material and is likely to experience significant de-
eleration (see Fig. 4 ). The effect is markedly stronger in ‘ Case
 ’, where the weaker, more decollimated jet mixes more effi-
iently with the cocoon, whereas ‘ Case B ’ remains better colli-
ated and protected, although it still exhibits substantial mass
oading near the head. In ‘ Case B ’, the poloidal component of 
he magnetic field is stronger, and the overall field magnitude
s higher (Fig. 7 ). This enhanced magnetic support stabilizes the
et spine and, in turn, suppresses shear-driven instabilities and
imits entrainment (D. Biskamp et al. 1998 ; J.-S. Wang et al. 2023 ;
NRAS 550, 1–21 (2026)
. Rossi et al. 2024 ). Since entrainment itself is a key driver of jet
ecollimation (e.g. S. Massaglia et al. 2016 ; P. Abolmasov & O.
romberg 2023 ), the reduced mixing effectively forms a positive
eedback loop with the stronger field, and together this loop keeps
he flow better protected during its propagation compared to
 Case A ’. 
We further investigate the impact of powerful radio jets prop-
gating from the outskirts of a galaxy group into an underdense
arge-scale environment, focusing on the transfer of energy and
agnetic fields into the surrounding void (Fig. 12 ). In our simu-
ations, the jet is launched from a location approximately 600 kpc
bove the group centre and subsequently propagates beyond the
roup virial radius (Fig. 1 ), which we adopt as a working bound-
ry between the group environment and the void. So, the void
egion is defined as the volume beyond the galaxy group’s virial
adius of 812 kpc [from the centre (0,0,0); Figs 1 and 12 ]. While
he transition between these cosmological structures is intrinsi-
ally gradual, the current choice allows an approximate, physi-
ally motivated separation of the two regions. The galaxy group
nterior is therefore masked from all diagnostics, and all reported
uantities are computed exclusively within the void region. 
We quantify the efficiency of energy transport into the void by
easuring the energy gain of the void material (the accumulated
nergy increment �EV at time t relative to the initial epoch t = 0 )
elative to the jet energy deposited beyond the group boundary
 EJ at t). Time t is 34.3 Myr for ‘ Case A ’ and 15 Myr for ‘ Case B ’.
or the low-power, more dissipative jet (‘ Case A ’), we find that
pproximately 25 per cent of the jet energy is transferred to the
oid, whereas the higher-power jet (‘ Case B ’) deposits roughly 35
er cent of its energy into the same region. We note that while
easuring �EV , the jet cocoon zone (jet tracer T j ≥ 10−7 ) is
xcluded (Fig. 12 ), ensuring that the measured energy increase
eflects genuine energy transfer to the void. 
To better understand the physical mechanism responsible for

his energy transfer, we examine the strength of the shock outside
he non-thermal cocoon (we note again the exclusion of regions
ith T j ≥ 10−7 and the galaxy group within its 812 kpc virial ra-
ius; Fig. 12 ). The sonic Mach number is estimated from the ratio
etween the density-weighted velocity (A. Mignone et al. 2013 )
f the shocked void material and the characteristic sound speed
f the ambient medium. For the adopted thermodynamic setup
n our simulations, the corresponding adiabatic sound speed is
540 km s−1 (see e.g. P. J. Mendygral, T. W. Jones & K. Dolag
012 ). We note that this value follows directly from the simpli-
ed equilibrium density–pressure configuration adopted for the
mbient medium (Section 2.1 ). In comparison, galaxy clusters,
wing to their substantially hotter intracluster media, typically
xhibit higher sound speeds (e.g. S. M. O’Neill & T. W. Jones 2010 ;
. J. Mendygral, S. M. O’Neill & T. W. Jones 2011 ). We estimate
he sonic Mach number of the shocked void medium (M V ) and
nd a marked difference between the two cases. In ‘ Case A ’,
he affected void medium’s expansion is transonic, with a mean
ach number,M V ∼ 1 , indicating that energy dissipation occurs
rimarily through weak shocks and sound waves. In contrast,
 Case B ’ exhibits a substantially stronger shock, with M V ∼ 2 . 2 ,
nabling more efficient conversion of jet kinetic energy into ther-
al and kinetic energy of the ambient void medium. The higher
oid energy fraction measured in ‘ Case B ’ can therefore be natu-
ally attributed to the stronger shock-driven coupling between the
et-driven cocoon and its environment. The above estimates are
erived from snapshots corresponding to different evolutionary
tages of the jets, selected from the final stages of the respec-
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Figure 11. Percentage of ambient medium mass entrained into the jet spine. A clear global increase in entrainment towards the jet head is observed, 
with notably higher entrainment in ‘ Case A ’ (at 34.3 Myr) than in ‘ Case B ’ (at 15 Myr), highlighting the key role of entrainment in jet destabilization. 

Figure 12. Density slices for ‘ Case A ’ (bottom) and ‘ Case B ’ (top), illustrating the transport of matter, energy, and magnetic fields by AGN jets launched 
from a galaxy group and propagating into the surrounding void. The galaxy group region, defined within the virial radius, is excluded from all diagnostics 
to isolate jet feedback on the void. The non-thermal jet cocoon (‘J’) and the cocoon-driven shock propagating into the void (‘V’) are indicated. We quantify 
the efficiency of energy transport into the void by measuring the accumulated energy gain of the void material (the accumulated energy increment �EV 
at time t relative to the initial epoch t = 0 ) relative to the jet energy deposited beyond the group boundary ( EJ at t). Time t is 34.3 Myr for ‘ Case A ’ and 
15 Myr for ‘ Case B ’. The sonic Mach number (M V ) of the cocoon-driven shock in the void and the magnetic field (B J ) transported by the non-thermal 
cocoon are measured to characterize the dynamical and magnetization impact of the jet. The colour scale shows the logarithmic gas density. 
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ive simulations. To provide an additional perspective on the jet–
nvironment coupling, Fig. 13 also presents the same quantities 
or ‘ Case B ’ at an earlier evolutionary epoch, owing to its higher
njection power (in comparison to ‘ Case A ’). Ideally, a direct com-
arison between the two simulation cases would be performed at 
pochs corresponding to identical cumulative injected jet ener- 
ies. However, owing to the discrete temporal cadence adopted 
or saving simulation outputs in these computationally demand- 
ng runs (a single snapshot occupies ∼ 1 . 6 terabytes of storage
pace), no snapshot was available that simultaneously satisfied 
his condition for both cases. The comparatively lower value of 
 V and the reduced fraction of energy transferred to the ambient 
edium at this earlier stage (in Fig. 13 ) primarily reflects the
allistic nature of the jet propagation during the initial phase 
f evolution, restricting lateral growth of the cocoon, where a 
arger fraction of the injected energy remains confined within 
he rapidly advancing linear jet channel (aside from the naturally 
horter duration available for jet–environment interaction). 
In addition to energy transport, we assess the efficiency of 
agnetic field injection into the void. Since the jet cocoon has
ot yet dispersed into the surrounding void medium (Fig. 3 ), our
stimate of magnetic-field transport to the void accounts only for 
he field advected beyond the group boundary by the jet. The
agnetic energy remains largely confined within the cocoon, and 
MNRAS 550, 1–21 (2026)
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Figure 13. Same as Fig. 12 , but shown for ‘ Case B ’ at an earlier evolutionary epoch in order to isolate the influence of evolutionary age on the jet–
environment coupling discussed in Fig. 12 , particularly in the context of the comparatively higher jet injection power of ‘ Case B ’. The sonic Mach 
number associated with the shock transporting energy into the void region, together with the average magnetic field strength carried by the jet material 
into the void, is evaluated at this evolutionary stage (9.8 Myr) for ‘ Case B ’. 
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uantifying the time-scale over which it mixes into the void is de-
erred to future work. By computing the jet mean magnetic field
trength (B J ) within the void region (Fig. 12 ), we find that ‘ Case
 ’ deposits a mean field of approximately 0 . 3 μG, while ‘ Case
 ’ transports a notably larger field of 1 . 1 μG. These values are
on-negligible when compared to typical magnetic field strengths
xpected in large-scale, underdense environments (which are
ypically an order of magnitude lower; C. Stuardi et al. 2020 ),
uggesting that powerful radio jets may play an important role
n magnetizing cosmic voids. The substantially higher magnetic
eld strength in ‘ Case B ’ further reflects the enhanced dynamical
mpact of higher-power (and higher magnetized) jets on the sur-
ounding medium. We note that the values of B J for ‘ Case B ’, when
ompared between Figs 12 and 13 at different evolutionary stages,
ndicate that the average magnetic field strength within the co-
oon decreases as the cocoon volume expands. This behaviour
s consistent with the progressive dilution and redistribution of 
agnetic energy during the cocoon evolution (e.g. G. Giri et al.
026b ). 
Aside from the global energetics, Fig. 12 reveals several mor-
hological features that provide further insight into the nature
f jet–environment coupling at the group–void interface. The
xpansion of the non-thermal cocoon and its surrounding shock
s slightly asymmetric, reflecting the presence of ambient den-
ity gradients (anticipated, given the jet’s injection at the group
oundary; G. Giri et al. 2025b ). The topology of the shocked
mbient material (outside the jet cocoon) differs significantly
etween the two cases: the lower-power jet (‘ Case A ’) remains
elatively laterally confined, consistent with a more dissipative,
omentum-dominated regime, whereas the higher-power jet
‘ Case B ’) produces a broader, laterally inflated shocked ambient
egion, characteristic of an energy-driven expansion. In ‘ Case B ’,
he shocked shell compresses void gas to densities approaching
hose found near the group outskirts, demonstrating that power-
ul jets can locally restructure the thermodynamic state of under-
ense environments. The cocoon-driven shock in this case also
emains coherent over several hundred kiloparsecs, indicating
fficient long-range jet-driven disturbances within the void. 
We emphasize that the present analysis is intended as a pre-

iminary demonstration of jet feedback on large-scale cosmic
tructures. A more detailed treatment – examining the long-term
issipation of injected energy, its spatial redistribution within the
oid, and the cumulative impact on void thermodynamics – will
NRAS 550, 1–21 (2026)

m  
equire dedicated future studies. Furthermore, the response of 
he galaxy group itself, which is expected to be highly sensitive
o AGN feedback, remains an important avenue for investigation
A. Cavaliere & A. Lapi 2008 ; S. W. Randall et al. 2015 ). Never-
heless, our results demonstrate that extreme-scale AGN jets can
ransport substantial energy and magnetic flux beyond their host
nvironments, implying that their influence on the cosmic web
ay be significant and should not be neglected (M. S. S. L. Oei
t al. 2024a ). 

 CONCLUSIONS  

he discovery of GRGs with projected jet lengths reaching 5–
 Mpc has pushed classical models of AGN jet propagation to
heir limits, raising fundamental questions about how relativistic
ets can remain collimated and radiatively visible over possibly
equired Gyr time-scales. Those inferred ages of the most extreme
ystems challenge radiative cooling constraints and demand a
eeper understanding of how jets survive magnetohydrodynam-
cal instabilities, as well as whether sustained jet launching from
he central black hole can persist over such long durations. Moti-
ated by these challenges, we performed targeted numerical sim-
lations of two jet configurations that probe distinct dynamical
egimes of thrust and collimation, while remaining representa-
ive of powerful FR II-type systems. ‘ Case A ’ represents a standard
owered FR II-type jet with a moderate Lorentz factor, a larger
njection radius, and weaker magnetic support, while ‘ Case B ’
epresents a higher thrust, a more tightly collimated jet with a
arger Lorentz factor, and a stronger magnetic field characterizing
 somewhat more powerful jet. By injecting jets at the boundary
f a poor galaxy group, consistent with the environments of ex-
reme GRGs, we investigate the physical mechanisms that enable
ustained, multi-megaparsec jet propagation. 
Our simulations demonstrate that the ability of oppositely di-

ected pairs of jets to reach extreme ( ∼ 5 Mpc) GRG scales is
overned primarily by how efficiently the jet spine preserves its
orentz factor, collimation, and magnetic coherence during prop-
gation. In ‘ Case B ’, the combination of higher injection Lorentz
actor ( � = 10 ), reduced jet radius, slightly enhanced jet-to-
mbient density contrast, and stronger magnetic field produces a
ast, tightly collimated spine that efficiently delivers thrust to the
et head. Early overexpansion into an underpressured environ-
ent drives strong, quasi-periodic recollimation shocks, which
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rather than dissipating the flow – promote rarefaction-driven 
cceleration between shocks, thereby allowing the spine to reach 
∼ 20 and driving jet propagation faster within the rarefaction- 
nd-compression zones. The strengthened poloidal field, gener- 
ted by jet flow-induced shear and compression at recollima- 
ion shocks and at jet boundaries, suppresses transverse MHD 

nstabilities and damps lateral perturbations, leading to ballistic- 
ike propagation with limited entrainment. As a result, the jet 
dvances rapidly ( ∼ 5 Mpc in bi-directional flow extent in ∼ 15 
yr), demonstrating that even the most extreme GRGs indeed 
an be produced within the standard 107 yr time-scales. 
By contrast, ‘ Case A ’, despite being a powerful FR II-type jet,
ccupies a parameter regime in which collimation cannot be 
ustained beyond the initial couple of recollimation zones. The 
ower injection Lorentz factor ( � = 7 ), larger jet injection ra-
ius, and weaker magnetic field result in progressively damped 
ecollimation shocks, enhanced coupling between the spine and 
he turbulent cocoon, and increased mass loading. As the jet 
nteracts more strongly with backflows and ambient material, the 
orentz factor profile flattens, the spine transitions from a coher- 
nt flow to a diffuse structure, and thrust delivery to the head
ecomes inefficient. This promotes lateral expansion and lobe 
ormation but still can naturally produce ∼ 3 Mpc-scale GRGs (in 
i-directional total flow extent), albeit over somewhat longer jet 
ifetimes. 
During these active evolutionary phases, the total injected en- 
rgy into the ambient environment differs significantly between 
he two cases, with ‘ Case B ’ (in 15 Myr) corresponding to 2 . 3 ×
061 erg and ‘ Case A ’ to 8 . 1 × 1060 erg (in 34.3 Myr). 
Our analysis identifies clear signatures of both pinch and 
ink MHD instabilities developing along the jet spine. Pinch 
odes dominate during the early (spatially), strongly collimated 
hase of jet propagation, consistent with compression-driven os- 
illations associated with recollimation shocks. At later stages 
downstream of the jet flow), as the jet decelerates and interacts
ore strongly with the cocoon, kink modes become increasingly 
rominent, producing lateral distortions. These results indicate 
hat the growth of MHD instabilities is an intrinsic aspect of 
et evolution on multi-megaparsec scales and is unlikely to be 
ntirely avoided. Instead, the existence of extreme GRGs implies 
hat specific regimes of injected jet speed, magnetic structure, 
nd collimation can delay instability growth sufficiently to permit 
xceptionally extended propagation. Identifying these regimes 
cross a broader parameter space holds the potential to address 
ow common such extreme jet propagation can be. 
A well-collimated jet naturally separates into a fast, high- � rel- 
tivistic spine and a slower, dissipative jet head, where strong in-
eraction with the ambient medium regulates the advance speed 
nd generates backflowing material. In ‘ Case B ’, the overall jet
tructure grows at ∼ 0 . 5 c , nearly an order of magnitude faster
han the speeds typically assumed in observational age estimates 
or extreme GRGs, and reaches even higher values at earlier evo- 
utionary stages. In ‘ Case A ’, the head decelerates more rapidly to
0 . 05 c , yet still exceeds commonly adopted values by a factor of 

 few, with early-time propagation speeds remaining large when 
ompared to standard assumptions. 
Our simulations demonstrate that extreme-scale AGN jets can 
rovide efficient feedback beyond their host galaxy groups, trans- 
erring substantial energy and magnetic flux into surrounding 
oids. The higher-power, better-collimated jet (‘ Case B ’) cou- 
les more effectively to the ambient medium, driving a stronger 
ocoon shock, depositing a larger fraction of its energy ( ∼
5 per cent ), and transporting a magnetization of μG-level 
trengths. In contrast, the lower-power jet (‘ Case A ’) exhibits
eaker, largely transonic coupling and reduced magnetic trans- 
ort, reflecting its more dissipative and entrainment-dominated 
volution. These results indicate that powerful radio jets may 
lay a non-negligible role in heating and magnetizing underdense 
egions of the cosmic web. 
Finally, our proxy emission maps indicate that synchrotron 

adiation is spatially localized in regions of enhanced compres- 
ion and magnetic field amplification – primarily near the first 
ecollimation shocks at the jet base and at the jet head interaction
one – reflecting the physical conditions likely responsible for the 
bserved emission patterns in extreme GRGs. 

.1 Present limitation and future extension 

ur simulated jets exhibit a linear advance speed somewhat 
igher than typically inferred in conventional radio galaxy stud- 
es. While higher, this value emerges self-consistently from our 
hysically motivated initial conditions and assumed environ- 
ent. Given the limited observational constraints on growth 
peeds for extreme giant radio galaxies, firm conclusions remain 
remature. We note that environmental complexity may influ- 
nce propagation. The present model adopts a smooth ambient 
edium; incorporating turbulence or a more structured density 
rofile (e.g. a double-beta model including a galactic potential) 
ould introduce additional resistance (P. J. Mendygral et al. 2012 ;
. Dutta et al. 2024 ), particularly during the early expansion
hase. These refinements are planned for future work. We note 
ere that while recent radio surveys have significantly increased 
he number of known GRGs (R. I. J. Mostert et al. 2024 ), they have
lso revealed a broader diversity of radio morphologies (X. Yang 
t al. 2019 ; N. Bhukta, S. K. Mondal & S. Pal 2022 ; M. A. Horton
t al. 2025 ; M. Lochner & L. Rudnick 2025 ). It remains plausible
hat extreme-scale sources still constitute a relatively small subset 
f the overall radio galaxy population, in which case compara- 
ively rapid large-scale growth may not be unexpected. Further 
bservational constraints and statistical samples will be essential 
or placing stronger limits on jet advance speeds at extreme scales.
In the present study, we vary a limited set of physically moti-
ated parameters to identify a viable baseline model for extreme- 
cale jet propagation. This serves as an initial step towards a full
arameter exploration. In future work, we will perform a sys- 
ematic parameter study to isolate the role of individual physical 
uantities in controlling jet stability and large-scale collimation. 
his will include controlled variations of jet thrust, Lorentz fac- 
or, magnetization, and magnetic-field topology, as well as noz- 
le properties such as cylindrical versus finite opening-angle in- 
ection. The goal is to quantitatively determine which parame- 
er regimes allow jets to remain stable and collimated to multi-
egaparsec scales. 

CKNOWLEDGEMENTS  

e thank the anonymous referee for their constructive sugges- 
ions, which have helped improve and enrich the manuscript. 
e acknowledge the Istituto Nazionale di AstroFisica (INAF) 
or awarding this project access and computational time to the 
EONARDO supercomputer, owned by the EuroHPC Joint Un- 
ertaking, hosted by CINECA (Italy) and the LEONARDO con- 
ortium. Scientific results presented in this work were obtained 
MNRAS 550, 1–21 (2026)



18 G. Giri et al.

M

w  

e  

J  

G  

m  

c

D

T  

a  

r

R

A
A
A
A
A
B
B
B  

B  

B
B
B
C
C
C
C  

C  

C
C  

C  

D
D
D
D
D  

D  

D
D
D
F
G  

G
G  

G  

G  

G  

G  

G
G
H
H
H  

H  

I  

I
J  

J
J  

K  

K  

K  

K  

L
L  

 

L
L
L
L
M  

M  

M  

M  

M
M
M
M  

M  

M
M
M
M  

M
M  

N  

N
O
O
O
O  

 

O
O
O
P
P

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/550/3/stag1243/8722638 by guest on 17 Septem
ber 2026
ith the aid of the gPLUTO code, for which the authors acknowl-
dge funding from the European High Performance Computing
oint Undertaking (JU) and Belgium, the Czech Republic, France,
ermany, Greece, Italy, Norway, and Spain under grant agree-
ent No. 101093441 (SPACE). The authors thank the SPACE
onsortium for making the simulation code publicly available. 

ATA  AVAILABILITY  

he simulation source files and the resulting data from this study
re available from the corresponding authors upon reasonable
equest. 

EFERENCES  

bolmasov P. , Bromberg O., 2023, MNRAS , 520, 3009 
charya S. , Borse N. S., Vaidya B., 2021, MNRAS , 506, 1862 
n T. et al., 2012, ApJS , 198, 5 
ndernach H. , Brüggen M., 2025, A&A , 699, A257 
ndernach H. , Jiménez-Andrade E. F., Willis A. G., 2021, Galaxies , 9, 99 
arthel P. D. , 1989, ApJ , 336, 606 
hukta N. , Mondal S. K., Pal S., 2022, MNRAS , 516, 372 
îrzan L. , Rafferty D. A., McNamara B. R., Wise M. W., Nulsen P. E. J.,
2004, ApJ , 607, 800 

iskamp D. , 2000, Magnetic Reconnection in Plasmas. Cambridge Mono-
graphs on Plasma Physics, Cambridge Univ. Press 

iskamp D. , Schwarz E., Zeiler A., 1998, Phys. Plasmas , 5, 2485 
landford R. , Meier D., Readhead A., 2019, ARA&A , 57, 467 
romberg O. , Nakar E., Piran T., Sari R., 2011, ApJ , 740, 100 
antwell T. M. et al., 2020, MNRAS , 495, 143 
avaliere A. , Lapi A., 2008, ApJ , 673, L5 
harlton K. K. L. et al., 2025, MNRAS , 537, 272 
ielo S. , Antonuccio-Delogu V., Silk J., Romeo A. D., 2017, MNRAS , 467,
4526 

osta A. , Bodo G., Tavecchio F., Rossi P., Coppi P., Sciaccaluga A., Boula
S., 2025, preprint ( arXiv:2503.18602 ) 

otton W. D. et al., 2020, MNRAS , 495, 1271 
oziol R. , Andernach H., Torres-Papaqui J. P., Ortega-Minakata R. A.,
Moreno del Rio F., 2017, MNRAS , 466, 921 

roston J. H. , Hardcastle M. J., Harris D. E., Belsole E., Birkinshaw M.,
Worrall D. M., 2005, ApJ , 626, 733 

abhade P. et al., 2020a, A&A , 635, A5 
abhade P. et al., 2020b, A&A , 642, A153 
abhade P. et al., 2022, A&A , 668, A64 
abhade P. , Saikia D. J., Mahato M., 2023, J. Astrophys. Astron. , 44, 13 
abhade P. , Chavan K., Saikia D. J., Oei M. S. S. L., Röttgering H. J. A.,
2025, A&A , 696, A97 

edner A. , Kemm F., Kröner D., Munz C.-D., Schnitzer T., Wesenberg M.,
2002, J. Comput. Phys. , 175, 645 

uan X. , Wu L., Zhang R., Li J., 2025, A&A , 697, A147 
ubey R. P. , Fendt C., Vaidya B., 2023, ApJ , 952, 1 
utta R. , Sharma P., Sarkar K. C., Stone J. M., 2024, ApJ , 973, 148 
anaroff B. L. , Riley J. M., 1974, MNRAS , 167, 31P 
iacintucci S. , Venturi T., Murgia M., Dallacasa D., Athreya R., Bardelli
S., Mazzotta P., Saikia D. J., 2007, A&A , 476, 99 

iacintucci S. et al., 2011, ApJ , 732, 95 
iovannini G. , Cotton W. D., Feretti L., Lara L., Venturi T., 2001, ApJ , 552,
508 

iri G. , Vaidya B., Rossi P., Bodo G., Mukherjee D., Mignone A., 2022,
A&A , 662, A5 

iri G. , Bagchi J., Thorat K., Deane R. P., Delhaize J., Saikia D. J., 2025a,
A&A , 693, A77 

iri G. , Fendt C., Bagchi J., Thorat K., Saikia D. J., Deane R. P., Delhaize
J., 2025b, A&A , 703, A214 

iri G. , Mignone A., Suriano A., Rossazza M., Truzzi S., 2026a, Astron.
Comput., 56, 101091 
NRAS 550, 1–21 (2026)
iri G. et al., 2026b, A&A, 709, A279 
uan X. , Li H., Li S., 2014, ApJ , 781, 48 
ardcastle M. J. et al., 2019, A&A , 622, A12 
ardcastle M. J. et al., 2023, A&A , 678, A151 
orton M. A. , Hardcastle M. J., Miley G. K., Tasse C., Shimwell T., 2025,
A&A , 699, A338 

umphrey P. J. , Buote D. A., Gastaldello F., Zappacosta L., Bullock J. S.,
Brighenti F., Mathews W. G., 2006, ApJ , 646, 899 

neson J. , Croston J. H., Hardcastle M. J., Kraft R. P., Evans D. A., Jarvis
M., 2015, MNRAS , 453, 2682 

shwara-Chandra C. H. , Saikia D. J., 1999, MNRAS , 309, 100 
amrozy M. , Konar C., Machalski J., Saikia D. J., 2008, MNRAS , 385, 1286
ennison R. C. , Das Gupta M. K., 1953, Nature , 172, 996 
onas J. , MeerKAT Team , in 2016, in MeerKAT Science: On the Pathway
to the SKA . p. 1 https://pos.sissa.it/277/001 

ale R. , Venturi T., Cassano R., Giacintucci S., Bardelli S., Dallacasa D.,
Zucca E., 2015, A&A , 581, A23 

olokythas K. , O’Sullivan E., Raychaudhury S., Giacintucci S., Gitti M.,
Babul A., 2018, MNRAS , 481, 1550 

olokythas K. , O’Sullivan E., Intema H., Raychaudhury S., Babul A.,
Giacintucci S., Gitti M., 2019, MNRAS , 489, 2488 

onar C. , Saikia D. J., Ishwara-Chandra C. H., Kulkarni V. K., 2004,
MNRAS , 355, 845 

aing R. A. , 1981, ApJ , 248, 87 
aing R. A. , Bridle A. H., 2015, in Massaro F., Cheung C. C., Lopez E.,
Siemiginowska A., eds, Proc. IAU Symp. 313, Extragalactic Jets from
Every Angle . Kluwer, Dordrecht, p. 108 

eahy J. P. , Williams A. G., 1984, MNRAS , 210, 929 
iu R. , Pooley G., Riley J. M., 1992, MNRAS , 257, 545 
ochner M. , Rudnick L., 2025, AJ , 169, 121 
ovisari L. , Reiprich T. H., Schellenberger G., 2015, A&A , 573, A118 
achalski J. , Kozieł-Wierzbowska D., Jamrozy M., Saikia D. J., 2008, ApJ ,
679, 149 

ahato M. , Dabhade P., Saikia D. J., Combes F., Bagchi J., Ho L. C.,
Raychaudhury S., 2022, A&A , 660, A59 
alarecki J. M. , Staveley-Smith L., Saripalli L., Subrahmanyan R., Jones
D. H., Duffy A. R., Rioja M., 2013, MNRAS , 432, 200 
assaglia S. , Bodo G., Rossi P., Capetti S., Mignone A., 2016, A&A , 596,
A12 
endygral P. J. , O’Neill S. M., Jones T. W., 2011, ApJ , 730, 100 
endygral P. J. , Jones T. W., Dolag K., 2012, ApJ , 750, 166 
ignone A. , McKinney J. C., 2007, MNRAS , 378, 1118 
ignone A. , Bodo G., Massaglia S., Matsakos T., Tesileanu O., Zanni C.,
Ferrari A., 2007, ApJS , 170, 228 
ignone A. , Rossi P., Bodo G., Ferrari A., Massaglia S., 2010, MNRAS ,
402, 7 
ignone A. , Striani E., Tavani M., Ferrari A., 2013, MNRAS , 436, 1102 
ingo B. et al., 2019, MNRAS , 488, 2701 
izuno Y. , Hardee P. E., Nishikawa K.-I., 2011, ApJ , 734, 19 
izuno Y. , Gómez J. L., Nishikawa K.-I., Meli A., Hardee P. E., Rezzolla
L., 2015, ApJ , 809, 38 

ostert R. I. J. et al., 2024, A&A , 691, A185 
ukherjee D. , Bodo G., Mignone A., Rossi P., Vaidya B., 2020, MNRAS ,
499, 681 

ardini E. , Wang J., Fabbiano G., Elvis M., Pellegrini S., Risaliti G.,
Karovska M., Zezas A., 2013, ApJ , 765, 141 

eronov A. , Vazza F., Brandenburg A., Caprini C., 2025, A&A , 696, L8 
’Dea C. P. , Baum S. A., 1997, AJ , 113, 148 
’Neill S. M. , Jones T. W., 2010, ApJ , 710, 180 
ei M. S. S. L. et al., 2022, A&A , 660, A2 
ei M. S. S. L. , van Weeren R. J., Hardcastle M. J., Vazza F., Shimwell T.
W., Leclercq F., Brüggen M., Röttgering H. J. A., 2023a, MNRAS , 518,
240 

ei M. S. S. L. et al., 2023b, A&A , 672, A163 
ei M. S. S. L. et al., 2024a, Nature , 633, 537 
ei M. S. S. L. et al., 2024b, A&A , 686, A137 
aul S. , John R. S., Gupta P., Kumar H., 2017, MNRAS , 471, 2 
olatidis A. G. , Conway J. E., 2003, PASA , 20, 69 

http://dx.doi.org/10.1093/mnras/stad138
http://dx.doi.org/10.1093/mnras/stab1775
http://dx.doi.org/10.1088/0067-0049/198/1/5
http://dx.doi.org/10.1051/0004-6361/202452961
http://dx.doi.org/10.3390/galaxies9040099
http://dx.doi.org/10.1086/167038
http://dx.doi.org/10.1093/mnras/stac2001
http://dx.doi.org/10.1086/383519
http://dx.doi.org/10.1063/1.872931
http://dx.doi.org/10.1146/annurev-astro-081817-051948
http://dx.doi.org/10.1088/0004-637X/740/2/100
http://dx.doi.org/10.1093/mnras/staa1160
http://dx.doi.org/10.1086/527435
http://dx.doi.org/10.1093/mnras/stae2543
http://dx.doi.org/10.1093/mnras/stx403
http://arxiv.org/abs/2503.18602
http://dx.doi.org/10.1093/mnras/staa1240
http://dx.doi.org/10.1093/mnras/stw3164
http://dx.doi.org/10.1086/430170
http://dx.doi.org/10.1051/0004-6361/201935589
http://dx.doi.org/10.1051/0004-6361/202038344
http://dx.doi.org/10.1051/0004-6361/202243182
http://dx.doi.org/10.1007/s12036-022-09898-5
http://dx.doi.org/10.1051/0004-6361/202451918
http://dx.doi.org/10.1006/jcph.2001.6961
http://dx.doi.org/10.1051/0004-6361/202452506
http://dx.doi.org/10.3847/1538-4357/ace0bf
http://dx.doi.org/10.3847/1538-4357/ad67d7
http://dx.doi.org/10.1093/mnras/167.1.31P
http://dx.doi.org/10.1051/0004-6361:20077918
http://dx.doi.org/10.1088/0004-637X/732/2/95
http://dx.doi.org/10.1086/320581
http://dx.doi.org/10.1051/0004-6361/202142546
http://dx.doi.org/10.1051/0004-6361/202451812
http://dx.doi.org/10.1051/0004-6361/202554872
http://dx.doi.org/ 10.1016/j.ascom.2026.101091
http://dx.doi.org/ 10.1051/0004-6361/202658848 
http://dx.doi.org/10.1088/0004-637X/781/1/48
http://dx.doi.org/10.1051/0004-6361/201833893
http://dx.doi.org/10.1051/0004-6361/202347333
http://dx.doi.org/10.1051/0004-6361/202453559
http://dx.doi.org/10.1086/505019
http://dx.doi.org/10.1093/mnras/stv1807
http://dx.doi.org/10.1046/j.1365-8711.1999.02835.x
http://dx.doi.org/10.1111/j.1365-2966.2007.12772.x
http://dx.doi.org/10.1038/172996a0
http://dx.doi.org/10.22323/1.277.0001
https://pos.sissa.it/277/001
http://dx.doi.org/10.1051/0004-6361/201526341
http://dx.doi.org/10.1093/mnras/sty2030
http://dx.doi.org/10.1093/mnras/stz2082
http://dx.doi.org/10.1111/j.1365-2966.2004.08362.x
http://dx.doi.org/10.1086/159132
http://dx.doi.org/10.1017/S1743921315002021
http://dx.doi.org/10.1093/mnras/210.4.929
http://dx.doi.org/10.1093/mnras/257.4.545
http://dx.doi.org/10.3847/1538-3881/ada14c
http://dx.doi.org/10.1051/0004-6361/201423954
http://dx.doi.org/10.1086/586703
http://dx.doi.org/10.1051/0004-6361/202141928
http://dx.doi.org/10.1093/mnras/stt471
http://dx.doi.org/10.1051/0004-6361/201629375
http://dx.doi.org/10.1088/0004-637X/730/2/100
http://dx.doi.org/10.1088/0004-637X/750/2/166
http://dx.doi.org/10.1111/j.1365-2966.2007.11849.x
http://dx.doi.org/10.1086/513316
http://dx.doi.org/10.1111/j.1365-2966.2009.15642.x
http://dx.doi.org/10.1093/mnras/stt1632
http://dx.doi.org/10.1093/mnras/stz1901
http://dx.doi.org/10.1088/0004-637X/734/1/19
http://dx.doi.org/10.1088/0004-637X/809/1/38
http://dx.doi.org/10.1051/0004-6361/202348897
http://dx.doi.org/10.1093/mnras/staa2934
http://dx.doi.org/10.1088/0004-637X/765/2/141
http://dx.doi.org/10.1051/0004-6361/202453099
http://dx.doi.org/10.1086/118241
http://dx.doi.org/10.1088/0004-637X/710/1/180
http://dx.doi.org/10.1051/0004-6361/202142778
http://dx.doi.org/10.1093/mnras/stac2948
http://dx.doi.org/10.1051/0004-6361/202243572
http://dx.doi.org/10.1038/s41586-024-07879-y
http://dx.doi.org/10.1051/0004-6361/202347115
http://dx.doi.org/10.1093/mnras/stx1488
http://dx.doi.org/10.1071/AS02053


‘Extreme’ GRG simulations 19

P
R
R
R  

R
R
S
S
S  

S

S  

S
S
S

S  

S  

T
T
U
v
V  

W  

W

Y
Y  

A
O

T
i
s  

t  

t  

t
a
t
i
c
t
s
t  

f  

c

s
u
s
e
w
h
e
m
e

F
r
a
s

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/550/3/stag1243/872263
otter W. J. , Cotter G., 2015, MNRAS , 453, 4070 
andall S. W. et al., 2015, ApJ , 805, 112 
ossazza M. et al., 2026, Astron. Comput. , 55, 101076 
ossi P. , Mignone A., Bodo G., Massaglia S., Ferrari A., 2008, A&A , 488,
795 

ossi P. , Bodo G., Capetti A., Massaglia S., 2017, A&A , 606, A57 
ossi P. , Bodo G., Massaglia S., Capetti A., 2024, A&A , 685, A4 
ankhyayan S. , Dabhade P., 2024, A&A , 687, L8 
aripalli L. , Subrahmanyan R., Hunstead R. W., 1994, MNRAS , 269, 37 
choenmakers A. P. , Mack K. H., de Bruyn A. G., Röttgering H. J. A., Klein
U., van der Laan H., 2000, A&AS , 146, 293 

ebastian B. , Ishwara-Chandra C. H., Joshi R., Wadadekar Y., 2018, 
MNRAS , 473, 4926 

imonte M. , Andernach H., Brüggen M., Miley G. K., Barthel P., 2024,
A&A , 686, A21 

tuardi C. et al., 2020, A&A , 638, A48 
ubrahmanyan R. , Saripalli L., Hunstead R. W., 1996, MNRAS , 279, 257 
ubrahmanyan R. , Saripalli L., Safouris V., Hunstead R. W., 2008, ApJ , 
677, 63 

un M. , Voit G.M., Donahue M., Jones C., Forman W., Vikhlinin A., 2009,
ApJ , 693, 1142 

un M. , Sehgal N., Voit G., Donahue M., Jones C., Forman W., Vikhlinin
A., Sarazin C., 2011, ApJ , 727, L49 

aub A. H. , 1948, Phys. Rev. , 74, 328 
urisini M. , Amati G., Cestari M., 2023, preprint ( arXiv:2307.16885 ) 
preti N. , Vaidya B., Shukla A., 2024, J. High Energy Astrophys. , 44, 146 
an Haarlem M. P. et al., 2013, A&A , 556, A2 
ikhlinin A. , Kravtsov A., Forman W., Jones C., Markevitch M., Murray
S. S., Van Speybroeck L., 2006, ApJ , 640, 691 

ang J.-S. , Reville B., Mizuno Y., Rieger F. M., Aharonian F. A., 2023,
MNRAS , 519, 1872 
illis A. G. , Strom R. G., Wilson A. S., 1974, Nature , 250, 625 
igure A1. Three-slice 3D visualization of the evolved jet structures for ‘ Case 
espectively. Due to the prohibitive data volume required for a full 3D volume r
n x−y slice and an x−z slice embedded within the 3D computational domain. T
mall-scale activity around the jet spine and jet–environment shear boundaries
ang X. et al., 2019, ApJS , 245, 17 
ates-Jones P. M. , Shabala S. S., Krause M. G. H., 2021, MNRAS , 508, 5239

PPENDIX  A:  ALTERNATIVE  PLANAR  VIEWS  

F  THE  SIMULATED  CASES  

o better envisage the three-dimensional picture of the jet flows 
n our simulated cases (Table 1 ), Fig. A1 presents x−y and x−z 
lices plotted in the three-slice 3D visualization manner of the jet
racer values, serving as complementary views to Fig. 3 . Given
he substantial size of the data sets produced by our simula-
ions (a single double-precision data file output occupies 1.6 ter- 
bytes), we adopt this planar-slice visualization as a practical al- 
ernative to full three-dimensional, kernel-based volume render- 
ng. This approach preserves essential three-dimensional physi- 
al insights while remaining analytically tractable. Qualitatively, 
he tracer morphology in the x−z plane broadly resembles that 
een in the x−y slices shown (also) in the main discussion of 
his work (see Fig. 3 ), indicating that the planar analyses per-
ormed throughout the paper are not expected to alter our overall
onclusions. 
However, this apparent similarity does not imply that the 
ystem can be adequately captured using two-dimensional sim- 
lations. Although the large-scale structure appears broadly 
ymmetric, the jet beam exhibits clear plane-dependent differ- 
nces in its fine structure, including variations in spine width, 
iggling patterns, and local distortions. Such features are in- 
erently three-dimensional and play a critical role in gov- 
rning mass entrainment, the growth of MHD instabilities, 
agnetic-field amplification, and ultimately the jet’s propagation 
fficiency. 
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A ’ ( left ) and ‘ Case B’ ( right ) showing the tracer values at 34.3 and 15 Myr, 
endering, the jet morphology is illustrated using orthogonal planar cuts: 
his provides a complementary view to Fig. 3 and highlights the differing 
, which cannot be reproduced in 2D simulations. 
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Table B1. Simulation parameters for additional validation runs corresponding to Table 1 . 

Simulation label � rj (kpc) ρj /ρ0 σ Qj (erg s−1 ) Description Domain (kpc3 ) Ambient medium 

(amu cc−1 ) (kpc) 

‘ Case B: Gr_center ’ 10 2.0 5 × 10−5 0.10 2 . 4 × 1046 Jet flow from group’s centre 2520 × 700 × 700 ρ0 : 10−3 
(jet flow along x) a = b = c : 33 

‘ Case A/B: El_galaxy ’ 7 0.2 10−5 0.01 2 . 3 × 1046 Jet flow inside a galaxy 12 × 16 × 12 ρ0 : 1 . 0 
(jet flow along y ) a : 1 , b : 2 . 7 , c : 1 . 4 

Note. Top entry corresponds to a jet identical to ‘ Case B ’ in Table 1 , but injected from the centre of the galaxy group profile. The bottom entry presents 
a simulation with a jet of comparable power and parameter regime to that in Table 1 , performed as a demonstrative study of jet propagation within a 
galactic environment on substantially smaller spatial scales. The ambient medium parameters listed at the end of the table correspond to equation ( B1 ). 
The numerical resolution in both simulations follows the same criterion adopted throughout this work, i.e. 5 cells per jet radius. The definitions of the 
remaining columns are identical to those in Table 1 . 
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PPENDIX  B:  INFLUENCE  OF  THE  HOST  

ALAXY  AND  THE  GLOBAL  INTRAGROUP  

EDIUM  

s discussed in Section 2.1 , GRGs are preferentially found in rel-
tively low-density large-scale environments, such as poor galaxy
roups and cosmic filaments (C. Stuardi et al. 2020 ), while gen-
rally avoiding rich X-ray luminous galaxy groups and cluster
nvironments (H. Andernach et al. 2021 ; M. Simonte et al. 2024 ).
he most extended systems, particularly those exceeding pro-
ected linear sizes of ∼ 3 Mpc, are also observed to preferentially
eside in comparatively underdense environments (M. S. S. L.
ei et al. 2022 ; S. Sankhyayan & P. Dabhade 2024 ; M. S. S. L.
ei et al. 2024a ). Furthermore, only 0.34 per cent of BCGs in
ense environments are known to host GRGs, while amongst
he GRG population only 8.4 per cent are associated with BCG
ystems (P. Dabhade et al. 2020a ). More broadly, studies of radio-
oud AGN populations in galaxy groups by K. Kolokythas et al.
 2018 , 2019 ) indicate that the central regions of groups are pre-
ominantly occupied by radio-quiet systems. Even among sys-
ems originating from the central dominant galaxy (cD galaxy),
he typical sizes of such RGs generally remain below ∼ 1 Mpc
S. Giacintucci et al. 2007 ). Furthermore, even within the GRG
opulation originating from cD galaxies, the median projected
inear size of jetted systems is reported to be only ∼ 0 . 92 Mpc
P. Dabhade et al. 2020b ). Extending this to more massive en-
ironments, R. Kale et al. ( 2015 ) showed that BCGs residing in
ynamically unrelaxed clusters are comparatively less likely to
ost radio-loud AGN activity, suggesting an additional environ-
ental constraint on the formation and long-term growth of large
Gs. 
These observational trends motivate the simulation setup
dopted in Table 1 , where the jets are injected from the outskirts
f the formulated group environment rather than from the dense
entral region (cf., M. S. S. L. Oei et al. 2023a ). Such a configu-
ation was intentionally chosen to investigate whether powerful
ets propagating through comparatively low-density group out-
kirts can naturally evolve into multi-Mpc-scale radio structures
imilar to the recently observed GRG population. Nevertheless,
n the current context, it is also relevant to examine how the jet
volution changes if the same jetted system is instead hosted by
 centrally located AGN associated with the first-ranked cD-type
alaxy or BCG of the group. This scenario may be particularly rel-
vant for the comparatively small number of reported GRGs ( � 2
pc) that appear to be associated with BCG-like host systems (R.
ubrahmanyan et al. 2008 ; S. Giacintucci et al. 2011 ). 
To explore the above possibility, we performed an additional
imulation in which the same jet as ‘ Case B ’ in Table 1 is in-
NRAS 550, 1–21 (2026)
ected from the centre of the group atmosphere formulated in
ection 2.1 , thereby allowing the outflow to interact with the full
roup-scale potential. The ambient density profile is written in
artesian coordinates as 

(x, y, z) = ρ0 

[
1 +

( x 
a 

)2 
+

( y 
b 

)2 
+

( z 
c 

)2 ]− 3 
2 β

, (B1) 

here the parameters a , b, and c represent the core radius ( ≡ rc ,
nd r0 = 0 in equation ( 2 )). All other jet and ambient parameters
re kept same as those adopted in ‘ Case B ’. This additional setup
herefore represents a jet launched from the centre of the same
alaxy group environment, and is hereafter referred to as ‘ Case B:
r_center ’. The relevant simulation parameters are summarized
n Table B1 . 
We present the jet–ambient interaction for the ‘ Case B:
r_center ’ simulation at a dynamical time of 16 Myr through a
ensity slice in Fig. B1 . The overall morphology shows a close
imilarity with ‘ Case B ’, in which the jet propagates through the
utskirts of the same group environment. The time evolution
etween ‘ Case B ’ and ‘ Case B: Gr_centre ’ is found to be negligi-
ly different, indicating that for a sufficiently powerful jet (here,
 . 4 × 1046 erg s−1 ), the early-stage propagation is only weakly
nfluenced by the deeper group potential (similar to, e.g. M. S.
. L. Oei et al. 2024b ). Once the jet exits the denser regions of 
he poor group environment, its evolution becomes comparable
o that in a lower-density, void-like medium (as in ‘ Case B ’). The
resence of a narrow cocoon, an arrowhead-like morphology, and
 well-collimated jet structure suggests continued propagation
nd potential growth into a larger scale radio system. A detailed
nvestigation of such late-time evolution and environmental de-
endence will be explored in a future study. 
It is also useful to provide a preliminary assessment of jet prop-
gation within a galactic medium, where the interstellar medium
ensity is substantially higher than the mean group environment.
owever, the spatial scales required to self-consistently simulate
et launching from galactic cores and follow their evolution up to
he large scales considered in this work (i.e. extreme GRGs) are
omputationally prohibitive, particularly for CPU-based setups
nd remain extremely challenging for GPU-accelerated codes due
o the wide dynamical ranges involved. 
As a first-order investigation, we therefore perform a separate
imulation in which a galaxy-scale potential is included, and a
et is injected with a power equivalent to that of ‘ Case B ’. Owing
o the significantly different spatial scales and ambient density
onditions, certain parameters are adjusted accordingly; how-
ver, we ensure that they remain as consistent as possible with
hose adopted in ‘ Case A ’ or ‘ B ’ (Table 1 ). The corresponding
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Figure B1. x−y slice ( z = 0 ) of the density distribution for the ‘ Case B: Gr_center ’ simulation, where the jet is injected from the centre of the galaxy 
group profile (contours at log ρ ≡ −5 , −4 ). The resultant morphology demonstrates a spatio-temporal evolution broadly similar to that of ‘ Case B ’, 
reinforcing the modest influence of poor galaxy group environments on the propagation of high-power jets. The well-collimated large-scale structure 
strongly indicates the potential for even larger scale jet evolution within plausible radio-galaxy lifetimes. 
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mbient density profile, based on equation ( B1 ), together with
he jet parameters chosen to reproduce the same jet power as in
 Case B ’ (using equation ( 3 )), is summarized in Table B1 . These
hoices are consistent with previous studies of jet propagation in 
alactic environments (e.g. P. Rossi et al. 2017 ; G. Giri et al. 2022 ).
his additional simulation is referred to as ‘ Case A/B: El_galaxy ’,
s the adopted setup results in an elliptical galaxy-like environ- 
ent with a triaxial core, where the major axis is aligned along
he y -direction and the jet is injected and propagated along this
xis. The choice of an elliptical galaxy configuration is consistent 
ith observational inferences for GRG host systems (G. Giri et al. 
026b ), including even the most extended sources (A. G. Willis
t al. 1974 ; M. S. S. L. Oei et al. 2022 , 2024a ), where host galaxy
orphologies are often found to be relevant to ‘massive’ ellipti- 
als (galaxy mass � 1011 . 5 M�). 
The resultant evolution at a dynamical time of 0.65 Myr is
resented in Fig. B2 , where the jet already reaches spatial ex-
ents comparable to the typical extent of emission-line nebulae 
etectable in jetted elliptical galaxies. The rapid forward prop- 
gation of the jet is particularly noticeable, indicating that the 
alactic potential only weakly hinders the jet flow at such high
et powers (here, 2 . 3 × 1046 erg s−1 ). This behaviour therefore
rovides additional support for our choice of directly launch- 
ng the jets into the group-scale environment in the primary 
imulations, especially also considering the substantial compu- 
ational challenges associated with resolving jet propagation self- 
onsistently across galactic-group-to-void scales. This result is 
lso qualitatively consistent with the discussions presented in 
. J. Potter & G. Cotter ( 2015 ) and R. Blandford, D. Meier & A.
eadhead ( 2019 ), where it was argued that jets with mechani-
al powers exceeding ∼ 5 × 1045 erg s−1 are expected to be only 
inimally influenced by the host galaxy environment. In this 
ontext, G. Giri et al. ( 2026b ) demonstrated that jets with powers
f order ∼ 3 × 1044 erg s−1 can still be significantly affected by the 
alactic potential, whereas the jets considered in the present work 
re substantially more powerful. We further emphasize that the 
resent numerical exercise should be regarded only as a prelimi- 
The Author(s) 2026. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open 
 https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, a
ary investigation of the problem (jet propagation across spatio- 
emporal and multi-phase domain). A more rigorous exploration 
f jet evolution across galactic and group environments would 
equire several additional dedicated simulations, similar in spirit 
o studies such as those of P. M. Yates-Jones, S. S. Shabala & M.
. H. Krause ( 2021 ) and G. Giri et al. ( 2026b ), which we have
lanned as a natural extension of the current work. 

igure B2. Demonstration of jet propagation through a galactic en- 
ironment, presented via x−y density slice ( z = 0 ) for the ‘ Case A/B:
l_galaxy ’ simulation. The contours correspond to log ρ ≡ −1 . 3 , −1 . The
gure highlights the rapid propagation of the powerful jet even along the
ajor axis of the elliptical galaxy, representing the direction of maximum
nvironmental hindrance to the jet flow. 
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