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A B S T R A C T 

A magnetic field is generally present within astrophysical jets. Constraining the field properties just as the jet emerges may 
help to understand the principles behind jet propagation and jet feedback into their surroundings. Taking an adiabatic, 
supermagnetosonic flow in which the field is frozen-in provides a set-up in which the flow characteristics depend mainly 
on the jet pressure, Mach number and relative magnetic field strength. To perform numerical simulations we also take a 
uniform density and implement a toroidal field. We distinguish conditions which generate Mach shock discs rather than a 
diamond pattern of oblique regular reflections. Some diagnostics that were explored included the shock pattern, the flow 

pattern, shock stand-off distance from the nozzle, velocity sheath, and oscillations in shock positions. Rapid oscillations 
occur in the divergent-convergent pattern through a feedback/hysteresis effect promoted by the ambient medium only for 
a passive field. Slow, high-amplitude variations are promoted by back-flow in a variable cocoon flow. We also study the 
energy transferred into the environment. Overpressured jets may contribute to noise and sound wave generation through 

screeching and droning. However, these oscillations that are due to the near-field are shown to be sufficiently unlikely to 
regulate star and galaxy formation. Overall, the major consequence reported here is that a toroidal field alters the shape 
of jet knots from diamonds to elongated prolate lenses. 

Key words: magnetohydrodynamics – shock waves – stars: jets. 
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 INTRODUCTION  

agnetic fields can be responsible for propelling and collimating 
strophysical jets from protostars and galactic nuclei (R. E. Pu- 
ritz, M. J. Hardcastle & D. C. Gabuzda 2012 ; M. D. Smith 2012 )
s well as being utilized for gas acceleration in rocket engines
V. Pulatov 2001 ). The observed jets themselves are collimated 
egions of high energy transport in which strong shocks and 
ther dynamical processes can be studied. High pressures may 
e encountered and in some cases the jets may be overpressured
enerating shocks (S. Mandal, P. C. Duffell & Y. Li 2022 ; V. Velović
t al. 2022 ). Ideally, we can analyse these observations and deter-
ine the precise role played by the magnetic field. However, to
o so we need to get familiar with the differences encountered 
etween purely hydrodynamic (HD) models and their magneto- 
ydrodynamic (MHD) counterparts. 
Here we systematically search for the signatures which we can 
ttribute to MHD flows in the region where an overpressured jet 
ow expands and contracts on leaving a circular nozzle. Two spe-
ific patterns of shock waves are predicted when overpressured, 
upersonic jets are released from a nozzle. A diamond pattern, 
 E-mail: m.d.smith@kent.ac.uk (MDS); tsb24@kent.ac.uk (TSB) 
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lso termed regular reflection, is a series of oblique shocks at low
verpressures (R. Bonito et al. 2011 ). At the opposite extreme,
 strong perpendicular shock front called a Mach shock disc or
ach disc, intercepts the flow for high overpressures. The flow 

attern is also referred to as Mach reflection. In this case an
ncident oblique shock meets and reflects off the Mach disc at a
riple point or circle above the jet axis (E. Franquet et al. 2015 ; M.
. Smith & T. L. R. Keogh 2022 ; T. Hanawa et al. 2025 ). 
Three basic non-dimensional numbers are involved. The rela- 

ive magnetic field strength, represented here by the parameter 
, is one such number. M. D. Smith & C. Richards ( 2023 ) demon-
trated that there are just two primary parameters that specify the
ow pattern in the HD case. These are the jet Mach number, Mjet ,
nd overpressure, κ , with a division at roughly κ ∝ Mjet at high
jet with overpressures above this value more likely to involve 
ach discs. Our goal here is to explore these three dimensionless
umbers. However, it should be noted that there is no precise
ivision and several hybrid possibilities and oscillatory flows can 
ccur. 
This line of research is complementary to the latest high- 

esolution observations which confirm the detections of station- 
ry shock configurations (T. G. Arshakian et al. 2024 ; Y.-R. Chou
t al. 2025 ). This suggests scenarios in which the jets diverge
nd converge as a reaction and over-reaction to the pressure
This is an Open Access article distributed under the terms of the
/by/4.0/), which permits unrestricted reuse, distribution, and
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ismatch. If true, we can learn from the recollimation not only
bout the physics of jets but also the properties of the driving
ource and the nature of the environment. 
Laboratory experiments have been mainly motivated by astro-
hysical jets. A Biermann batttery-induced field was created by
. Fu et al. ( 2015 ) with a field energy of 10−4 of the thermal
nergy. Hence, the field has little effect on the dynamics. Here,
e include this model with a similar strength passive field. A
lethora of experiments have followed although there is no sys-
ematic development. For example, Z. Lei et al. ( 2024 ) demon-
trated that a static toroidal field would confine a jet. It is clear
hat a systematic approach is needed to assess the relevance in
erms of flow and shock patterns. A second major issue to con-
end with is the jet driving mechanism. As with the outflow
roduction of F. Suzuki-Vidal et al. ( 2011 ), the set-up is not force
ree, leading to the generation of current reconnection events,
ultiple magnetic cavities and an unstable jet. 
The alternative approach is through simulations in which the

njected jet and field can be manipulated. As will also be stud-
ed in this work, we can simulate MHD jets based on adiabatic
on-relativistic flows with imposed axisymmetry. A preliminary
umerical study took a dominant toroidal field (D. A. Clarke,
. L. Norman & J. O. Burns 1986 ). This field increased linearly
rom zero on the axis with a value of the plasma β = 0 . 2 at the
oundary corresponding to a constant current density. The jet
hermal pressure matched the ambient thermal pressure with
 Mach number of 6.0. In contrast, this implies that there was
n inherent force imbalance due to the magnetic tension which
esulted in pinching and internal shocks. 
An approach in which a jet begins in a force-free configuration
ay provide more insight. This was achieved by K. R. Lind et al.

 1989 ) taking a thermal pressure gradient to balance the magnetic
orces in the core of the jet. This inner jet was taken with a uni-
orm speed and current density. The result was a linearly increas-
ng magnetic field in the radial direction. Secondly, a coaxial outer
et of constant thermal pressure was used where no current was
dded. Hence, the magnetic field falls inversely with the radius
uch that the magnetic tension and magnetic pressure are in bal-
nce. Finally, the field drops to zero across the jet boundary which
s the location of the back-flowing current. This profile has subse-
uently been adopted by many others including E. C. Hansen, A.
rank & P. Hartigan ( 2015 ) and Y. Mizuno et al. ( 2015 ). The anal-
ses usually assume a pressure equilibrium across the interface
aking into account the additional magnetic pressure difference
xerted across it. Here we apply an overpressure commensurate
ith our HD results by setting the overpressure as the ratio of the
et to ambient thermal pressures across the interface. 
Overpressured magnetized jets have already received attention.
. Mizuno et al. ( 2015 ) fixed the overpressure to 1.5 and thus stud-
ed non-equilibrium jets at low overpressure. They found that
n axial field effectively adds to the overpressure amplifying the
hock pattern while a toroidal field weakens the shocks consistent
ith the lack of an outer counterpressure. J. M. Martí, M. Perucho
 J. L. Gómez ( 2016 ) also used a low overpressure which limited
he shock strengths in models dominated by the kinetic energy.
n this case, high internal energies were needed to create a rich
nd variable jet structure. 
Now we investigate a wide range in overpressures. High over-
ressures would also lead to rich internal shock structures and
hus we need other signatures to differentiate between HD
nd MHD models. We do however limit this initial study to
NRAS 548, 1–19 (2026)
on-relativistic jets containing a toroidal field. We also do not
onsider opening angles and rotation among other model vari-
tions which would affect the shock structure and variability.
inally, we eliminate the possible contribution of normal or tor-
ional Alfvén waves propagating along the jet (M. H. Cohen et al.
015 ) by the lack of a poloidal field component. 
The jet thermal pressure and sound speed is no longer constant
ver the cross-section and so we have to pay attention to the
efinition of jet Mach number. As a replacement for this Mach
umber, we employ the jet speed and the jet sound speed on the
et axis. With a toroidal field, the field strength is zero on this axis
nd therefore the magnetosonic and sound speeds are equal. By
xing this value to 2.0, we can compare directly to results for HD
ets as per M. D. Smith & T. L. R. Keogh ( 2022 , hereafter referred
o as SK22 ). 
In the near field, while still axisymmetric, we assume that
ylindrical symmetry is appropriate. Further downstream, fluid
nd MHD instabilities need to be discussed and 3D simulations
ventually become necessary. 
Besides the origin of the jet, we are interested in how it interacts
ith the environment to provide positive or negative feedback
hat could be ultimately related to many evolutionary scenarios
nvolving regulation and triggering (S. Rawlings & M. J. Jarvis
004 ; S. Hillel, R. Schreier & N. Soker 2022 ). We therefore wish
o determine how much energy continues to be poured into the
urroundings in the form of noise, turbulence and heat. 
This study builds on the HD case where Mjet = 2 . 0 as in the
nalysis of SK22 . The injected jet was uniform and circular with
onstant density and speed. The gas was adiabatic with specific
eat ratio of γ = 5 / 3 and the jet began as perfectly collimated.
hemistry, cooling, gravity and relativistic effects were not in-
luded thus additional physics as well as dynamics such as pulses,
ursts, spray, precession and shear were not considered. Major
esults that we wish to extend here include the following: 
1. The flow pattern near the nozzle settles towards a quasi-
teady configuration in the long term. This was confirmed
hrough space-time diagrams which show the initial period in
hich the jet working surface advances far downstream. 
2. High-density jets generate quite steady channels and shock
atterns with slow oscillations. Light jets also settle down except
or high overpressures which continue to oscillate with high am-
litude. 
3. Two extremes to the flow patterns were discussed. At low
verpressures, a diamond shock pattern which involves intersect-
ng oblique shocks occurs. At high overpressures, a normal Mach
isc intercepts the oblique shocks due to the wide divergent-
onvergent structure. 
4. At intermediate overpressures, a series of Mach discs can
ccur downstream of the stand-off shock while at high overpres-
ures a turbulent plume is predicted. 
5. The oscillations drive sound waves into the ambient
edium. A lateral dispersion of energy occurs in some cases.
owever, a major effect of this sloshing is to promote the advec-
ion of ambient gas away from the nozzle and draw more material
owards the jet axis. 
This paper leads on from these results with the added toroidal
agnetic field. Other spin-offs have now included a study of the
ependence on Mach number (M. D. Smith & C. Richards 2023 ),
elocity pulses of various frequencies (C. Richards & M. D. Smith
024 ) and the transition from regular to Mach reflection as the jet
pening angle increases (M. D. Smith et al. 2025 ). 
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Table 1. The parameters defining the jet and ambient medium. 

Parameter Pressure Density Specific heat ratio Sound speed Velocity Mach number Toroidal field 

Ambient medium pamb ρamb γ camb vamb Mamb = vamb /camb Bamb 
Ambient medium value 0.6 1 5 / 3 1 0 0 0 
Jet ( r = Rm ) pjet = κ × pamb ρjet = η × ρamb γ cjet vjet Mjet = vjet /cjet Bm 
Jet ( r = 0 ) pjet = κ × pamb + B2 m ρjet = η × ρamb γ cs,axis vjet Mjet = vjet /cs,axis 0 
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 METHOD  

.1 The code and boundary conditions 

he simulations were performed with PLUTO , a grid-based code 
ncorporating Godunov-type shock-capturing schemes. This code 
s freely-distributed (A. Mignone et al. 2007 ) . 1 
The MHD equations of ideal gases are evolved. Two- 
imensional (2D) axial symmetry is taken with radial and axial 
elocity components. The flow enters from a circular hole in a 
all. The other boundaries are those of free outflow as is always
aken for jet and radio galaxy simulations to avoid reflection of 
ound and shock waves. 
The application of ideal MHD to a jet problem requires justi-
cation. The transition from the kinetic scale in which a variety 
f plasma processes are important to the MHD scale is crucial at
hock fronts and shear layers in jets. That is where a particle-in-
ell (PIC) code (e.g. B. Cerutti & G. Giacinti 2023 ) performs better.
ere, we follow an ideal MHD treatment noting that this assumes
ll viscous effects are confined to narrow boundary layers and 
hock fronts. We also ensure MHD equilibrium as the jet exits
he nozzle. The toroidal field would pinch the jet if there was
o counter thermal pressure gradient introduced to balance the 
nward net magnetic force. As the jet gas propagates downstream, 
t cannot remain force free due to the overpressure. However, 
he field remains toroidal in axisymmetric simulations and the 
urrent remains poloidal. 
We choose only toroidal magnetic fields and also restrict the 
nalysis to the inner jet where kink instabilities (e.g. J. Davelaar 
t al. 2020 ) would remain in the linear regime. 
The primitive form of the MHD equations, neglecting diffusion 

erms, are given by 

∂ ρ

∂ t 
+ v·∇ρ + ρ∇ · v = 0 , (1) 

∂ v 
∂ t 

+ v · ∇v + 1 
ρ
B × (∇ × B ) + 1 

ρ
∇ p = −∇ 	 + g, (2) 

∂ B 
∂ t 

+ B (∇ · v ) − (B · ∇ ) v + (v · ∇ ) B = v (∇ · B ) , (3) 
∂ ρ

∂ t 
+ v · ∇p + ρc2 s ∇ · v = 0 , (4) 

here ρ is the density, v is the velocity, B is the magnetic field
trength, p is the pressure, 	 represents the gravitational poten- 
ial, g is the gravitational acceleration, and cs denotes the sound 
peed. 
After doing some tests, we found optimal results for simula- 

ions using a Courant–Friedrichs–Lewy value of 0.4 and a simple 
otal Variable Diminishing Lax–Friedrichs (TVDLF) Riemann 
olver for computing fluxes. 
Simulations were run up to 200 time units allowing enough 

ime for the system to settle down and display any underlying
 http://plutocode.ph.unito.it/ B
hock patterns. Here we define a time unit in terms of the jet ra-
ius, Rjet , and the ambient sound speed, camb , as per tu = Rjet /camb .
The simulations were performed on uniform cylindrical grids 
f 200 radially distributed zones and 200 Mjet zones along the 
et axis where Mjet is the jet Mach number. This converts into
0 Rjet and 20 Mjet Rjet , respectively. Hence, the length of the grid
s proportional to the Mach number, anticipating that the flow 

attern will be stretched to some extent. 
In addition, a vast reservoir is required to allow the pressure
isturbances to freely propagate outwards without being influ- 
nced by the domain boundary. This must hold for the long dura-
ion of these experiments. Therefore, extended regions of zones 
tretched in a geometric series of number 100 × 200 were added
n the radial and axial directions to take the full grid domain to
0 Rjet radially and (100 + 10 Mjet ) Rjet on the jet axis. 
To display and analyse the results, we use idl software pro-
rammes. Images display cross-sections, reflected about the jet 
xis to aid interpretation. Only the uniform sections are shown 
nless stated otherwise. 

.2 The scaling 

he simulations are dimensionless and so can be scaled for any
diabatic inviscid gas. Table 1 defines physical parameters with 
he two major HD ones being the pressure and density ratios
cross the jet, boundary at the nozzle: 

= pjet 
pamb 

, (5) 

= ρjet 

ρamb 
. (6) 

We set up our units in terms of the jet radius, Rjet = 1 , and the
mbient sound speed, camb = 1 . Hence, the unit of time is tu = 1 .
Taking the ambient density ρamb = 1 then fixes the ambient 
ressure as 

pamb = ρamb c2 amb 
γ

. (7) 

This yields a pressure pamb = 1 /γ = 0 . 6 and internal energy
er unit volume uamb = 0 . 9 for the specific heat ratio of γ = 5 / 3
ince 

amb = pamb 
γ − 1 

. (8) 

The jet enters from the lower- z boundary from a circular noz-
le of radius Rjet and carries a constant poloidal field Bz and a
radially-varying) toroidal component Bφ (r) . 
The flow variables are prescribed as 
ρ(r) = ρjet 
vz (r) = vjet 
Bz (r) = Bz, 0 (const) . 

φ (r) =
{−Bm r/Rm for r < Rm , 
−Bm Rm /r for r > Rm , 

(9) 
MNRAS 548, 1–19 (2026)
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ollowing K. R. Lind et al. ( 1989 ). In the formulae below, we sub-
titute Rm /Rjet = a for the magnetization radius which is where
he field reaches a peak value of Bm for the toroidal field compo-
ent. 
The pressure across the entering jet is assumed to have evolved

o achieve a force-free distribution. It is found by solving the
adial momentum balance between centrifugal, magnetic and
hermal forces that 

d p 
d R 

= ρv2 φ
R 

− 1 
2 

[ 

1 
R2 

d(R2 B2 φ ) 
d R 

+ d B2 z 
d R 

] 

. (10) 

In this initial study we take vφ = 0 and Bz = 0 . Note also that
r = Br = 0 . These profiles are similar to the ones used previously
O. Teş ileanu, A. Mignone & S. Massaglia 2008 ). 
It follows that, neglecting rotation and assuming Bz to be con-
tant, the solution to the radial momentum balance becomes 

p(r) = κpa + B2 m 

[
1 −min 

(
r2 

R2 m 
, 1

)]
, (11) 

hich corresponds to a constant pressure outside the magne-
ization radius where the forces due to magnetic pressure and
agnetic tension cancel each other out. 
The jet on-axis pressure increases for increasing toroidal field
s 

p(r = 0) ≡ pj = κ × pamb + B2 m (12) 

here pamb is the ambient pressure and κ is the thermal overpres-
ure at Rjet . 
The relative field is defined by the poloidal magnetization, σz ,
nd the toroidal magnetization, σφ . These magnetization param-
ters are defined as 

z =
B2 z, 0 
2 pamb 

, (13) 

φ = < B2 φ > 

2 κpamb 
. (14) 

Here, the axial field is defined, as in previous studies, in terms
f the ambient pressure. However, the azimuthal component is
ow modified to be relative to the jet pressure. As seen below, this
ases an analysis in terms of the relative magnetic field within the
et. 
On setting a = Rm /Rjet this yields 

2 
m =

2 σφ

a2 (0 . 5 − 2 ln a ) 
pjet . (15) 

Here, the average value of B2 φ is simply found as 

< B2 φ > =
∫ 1 
0 B

2 
φR d R ∫ 1 

0 R d R 

= B2 m a
2 
(
1 
2 

− 2 ln a
)

. (16) 

We can fully define a flow pattern in terms of seven non-
imensional numbers. In this work, five of these are fixed as
rstly we take a = 0 . 8 remembering that γ = 5 / 3 . We also take
he magnetic field to be purely toroidal, setting σz = 0 . This is
n assumption often made more out of interest than expectation
r observation (D. A. Clarke et al. 1986 ) with toroidal magnetic
onfinement in fusion technology being a long-standing problem.
owever, simple flux-freezing arguments within a uniform jet
ould suggest that the toroidal field would become dominant on
arge scales in the absence of shear or turbulence (M. D. Smith
012 ). 
NRAS 548, 1–19 (2026)
We also take a light jet with η = 0 . 1 noting that the chosen
ensity ratio is not significant provided a steady flow pattern is
chieved in which only the pressure across the interface deter-
ines the flow. However, the density should also be considered
hen feedback and surface waves disturb the flow. 
Finally, we remind ourselves that the Mach number of the jet
n the axis is Mjet = 2 . 0 . This is set in order to make all our results
irectly comparable to the purely HD results of SK22 . 
Two parameters remain: the overpressure and the relative mag-
etic field strength within the jet. These are used to determine the
orrect value for vjet using a conversion of 

jet = Mjet × cs , axis = 2 . 0 ×
√ 

κ (1 . 0 + 3 . 30238 σφ ) 
η

(17) 

n substituting the above parameters, where cs , axis is the sound
peed on the jet axis and σφ is a parameter used to initialise the
oroidal field component. 
In order to generate a toroidal field we used asymmetrical
ylindrical geometry with a uniform ambient medium at rest. As
he jet enters the stationary medium from the nozzle, it carries a
adially-varying toroidal field. Therefore Bm is defined as 

m =
√ 

1 . 2 σφκ

a2 (0 . 5 − 2 ln a ) 
(18) 

ith a = 0 . 8 Rjet being a scale length and κ = pjet /pamb is the jet-
mbient medium pressure ratio. Given that the sound speed on
he jet axis is cs , axis =

√ 

(κ + γB2 m ) /η where η = ρjet /ρamb is the
et-ambient medium density ratio. Thus, when we combine these
ith equation ( 18 ) we arrive at equation ( 17 ) defining the jet
peed as before. 
In summary, four parameters are needed to fully run a simula-

ion. These are the pressure ratio, κ , density ratio, η, jet velocity
adiabatic set-up), vjet , and the toroidal magnetic field compo-
ent, σφ . In our study, we take the case of light, overpressured
nd supersonic jets (η = 0 . 1 , Mjet = 2) with a range of pressure
atios, κ , as well as toroidal field strengths, σφ , as per Table 2 . 
Six quantities are recorded to file at each of 1000 data dumps

eparated by 0 . 2 tu allowing evolution over 200 tu . The quantities
re the density, ρ, pressure, p, two velocity components, vz (axial
elocity) and vr (radial velocity), mass-weighted jet tracer, χ , and
he toroidal field strength, Bφ . 
Note that the tracer records the relative amount of gas in each
one that entered from the nozzle and may now lie in the jet,
ocoon, or stagnant vortices. 
To provide insight into the set-up of the boundary conditions,
e present radial profiles of the physical parameters at the plane
ontaining the nozzle and wall at z = 0 . Figs 1 and 2 demonstrate
he profiles for a highly overpressured jet. 
The upper panel of Fig. 1 confirms the weak azimuthal (i.e.

oroidal) magnetic field distribution in the jet with no induced
oloidal components evident. The lower panel shows that the
hermal pressure has reached equilibrium (solid line) with the
assive field, as in the purely HD flow. However the external gas
as been heated with the density reduced from the initial ambient
alue of unity. 
Imposing a strong azimuthal field, the field distribution re-
ains unaltered as confirmed in the upper panel of Fig. 2 . How-
ver, the thermal pressure is now strongly centrally peaked (solid
ine in lower panel). Hence, the sound speed in the jet reaches a
aximum on the axis where the field is absent. External to the
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Table 2. The range of values taken for vjet given a range in κ and σφ to initialise a simulation. These values are 
calculated to 3sf using equation ( 17 ) with a Mach number of 2.0 on the jet axis where the magnetic field is absent. 
All quantities are in simulation units. Blank entries are where no simulation was run. 

σφ = 10−4 σφ = 0 . 125 σφ = 0 . 25 σφ = 0 . 5 σφ = 0 . 75 σφ = 1 σφ = 2 σφ = 4 

κ = 2 8.95 10.6 12.1 14.6 16.7 18.6 24.7 33.7 
κ = 4 12.7 15.0 17.1 20.6 23.6 26.2 34.9 47.9 
κ = 6 15.5 18.4 20.9 25.2 28.9 32.1 42.7 58.4 
κ = 8 17.9 21.3 24.2 29.1 33.4 37.1 49.3 67.4 
κ = 10 20.0 23.8 27.0 32.6 37.3 41.5 55.2 75.4 
κ = 12 21.9 26.0 29.6 35.7 40.9 45.4 60.4 82.6 
κ = 14 44.1 49.1 65.3 89.2 
κ = 16 47.2 52.5 69.8 95.4 
κ = 18 50.0 55.7 74.0 101.1 
κ = 20 52.7 58.7 78.0 106.6 

Figure 1. Inflow boundary: passive toroidal field with high over- 
pressure. The physical and magnetic field parameters across the inflow 

boundary at the end of the simulation with a time of t = 200 tu for σφ = 

10−4 and κ = 10 . The velocities are normalized to the maximum velocity 
of vmax = 20 . 003 to 3dp for ease of display. 

Figure 2. Inflow boundary: moderate toroidal field with high over- 
pressure. The physical and magnetic field parameters across the inflow 

boundary at the end of the simulation with a time of t = 200 tu for σφ = 

0 . 25 and κ = 10 . The velocities are normalized to the maximum velocity 
of vmax = 27 . 023 to 3dp for ease of display. 
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et, a backflow of jet gas in the cocoon has filled a stagnant layer
f warm gas adjacent to the wall. 

 NEAR-PASSIVE  MAGNETIC  FIELD  

e first demonstrate the flow patterns revealed when a very low
agnetic field is incorporated. The left-hand side panels of Fig. 3
isplay the toroidal field and physical parameters for σφ = 10−4 .
uch a field is termed ‘passive’ since it will have negligible influ-
nce on the HD shock patterns in the absence of a toroidal field
s presented by SK22 . 
Fig. 3 displays the structure for a mild overpressure, κ = 2 ,
here the sub-panels are appropriate for the analysis of this
atter. In particular, the lower-right panel displays the pressure
ross-section which best highlights the shock fronts. The tracer
n the lower-left panel follows the mass-weighted gas where jet
aterial is allotted the value of 1.0 while the ambient material
s 0.0. For display purposes, a minimum of 10−3 is shown in the
og-tracer panel. 
The distribution of the toroidal field does not directly follow

he physical parameters but appears similar to that of the density.
ne notices that the field can be higher within a vortex ring of jet
aterial that has been trapped in the ambient medium. Given the
oroidal field with axial symmetry, there is no gas flow along field
ines and so the magnetic field is proportional to the density of 
as originating from the jet. 
For a moderate overpressure, the distributions are quite differ-
nt. The left side of Fig. 4 shows that a Mach disc arises when
= 4 . This stand-off shock front pattern replaces the regular
eflection of Fig. 3 that occurs at low overpressures. This follows
ur expectations from HD simulations since the magnetic field
s dynamically passive. We then expect a transition from regular
eflection to a Mach disc to occur at κ = 3 . 5 ( SK22 ). However, at
his intermediate stage, the Mach disc is confined to a spine while
 fast sheath is sustained. 
Sharp spikes are prominent in the magnetic field, emanating

rom the stand-offMach disc, into the fast jet sheath. The passive
agnetic field in Fig. 4 displays the spikes corresponding to jet
ensity enhancements at the oblique reflected shocks. This may
rove to be a significant diagnostic with a high thermal pressure
lso coincident (lower right sub-panel). 
At high overpressures, as shown on the left-side panels of 
ig. 5 , the Mach disc cuts across the jet but the subsequent flow
s dominated by a high pressure slow spine with a narrow fast
heath. Fig. 5 is for an overpressure of κ = 8 . It demonstrates that
he thermal pressure can jump by almost two orders of magnitude
t a Mach disc but the magnetic field follows the density which
ncreases by at most ∼ 4 for a specific heat ratio of 5/3. 
In addition, the jet has a greater effect on the surroundings
lowing out much of the ambient medium. The jet is still mainly
ncompassed by ambient gas, as evidenced by the tracer, but it
s at a low density and high temperature. A smooth field distri-
ution is present instead of the vortex rings. At even higher κ , a
urbulent plume ensues which requires three-dimensional (3D)
alculations to accurately simulate. 
In summary, the field follows the density distribution. This is
learly seen in the κ = 4 simulations. Close inspection yields that
his structure is present in the density distribution also. Hence,
he interpretation is that the frozen-in field is compressed within
he flow in proportion to the density and so does not experi-
nce the same entropy/pressure jumps associated with the gas
hocks. 
 STRONG  MAGNETIC  FIELD  

.1 Flow patterns 

n the case of a strong field, the equivalent final flow configura-
ions are displayed on the right-hand side of Figs 3 – 5 . In order to
nsure that the inflow speed remains supermagnetosonic across
he entire jet, we have chosen to hold the axial Mach number
o lie well within the supersonic regime. We do not set it too
igh in order to better explore the flow patterns. We expect to be
ble to extrapolate to high Mach numbers as was achieved in the
nalysis of M. D. Smith & C. Richards ( 2023 ). Setting Mjet = 2 . 0
n equation ( 17 ) then yields the jet inflow speed. These values are
isted in Table 2 . 
The first shock on the axis downstream of the nozzle, the stand-
ff shock, can be classified as either a regular reflection or a Mach
isc. In the case of passive fields, the repetitive diamond pattern
f regular reflection occurs only for overpressures below ∼ 3 . 5 .
e show here that raising the magnetic field while holding the ax-
al Mach number constant, results in regular reflection to higher
verpressures. Note that the overpressure is that of the initial
et thermal pressure across the boundary with the undisturbed
mbient medium. The axial pressure is much higher so to counter
he squeezing due to the magnetic tension. The toroidal field also
estrains the jet divergence which permits oblique shocks to be
dequate to reflect the converging flow. 
As simulations were performed with dynamically active mag-
etic fields we find that Mach discs still occur but require high
hermal overpressures. Precise transition parameters are difficult
o ascertain and, as shown below, are likely to be time dependent.
aving run simulations in steps of κ of 2, Mach discs (MD) are
istinct at and above the following values: 
κ > κMD with 
κMD = 4 for σφ = 10−4 , 
κMD = 6 for σφ = 0 . 125 , 
κMD = 10 for σφ = 0 . 25 , 
κMD = 12 for σφ = 0 . 5 , 
κMD = 14 for σφ = 0 . 75 . 
Observationally, we can usually detect a jet as a chain of bright
nots superimposed on a noisy background. It is therefore of 
nterest to classify the chains here according to the shock pattern.
e leave the full production of emissivity and surface brightness
istributions to a following work. 
Six chain patterns can be identified in simulations. These are
enoted (a) to (f) and tabulated in Table 3 and are as follows: 

(i) Regular diamond reflection chain, 
(ii) Regular ovoid oblique chain, 
(iii) Regular ovoid followed by Mach disc chain, 
(iv) Series of Mach discs, 
(v) Mach disc followed by sheath, and 
(vi) Mach disc followed by turbulent plume. 

These patterns were illustrated by M. D. Smith et al. ( 2025 )
aving been identified in simulations in which the jet opening
ngle was the parameter varied. As the nozzle opening angle was
ncreased, the flow pattern shifted from (a) towards (f). Here,
rom Table 3 it is evident that a toroidal field has the reverse effect.
s the relative field strength is increased, the flow pattern alters
rom (f) to (a) for fixed κ . 
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Figure 3. Passive (left) and active (right) fields at a low jet overpressure. The distributions of toroidal magnetic field (top panels) and physical 
parameters (lower sub-panels) for κ = 2 and a passive field with σφ = 10−4 as well as a strong field with σφ = 1 . The time corresponds to the end of 
the simulation at t = 200 tu . The length scale is in units of the jet radius. Upper-left sub-panel: density, upper-right sub-panel: axial velocity, lower-left 
sub-panel: tracer for jet gas and lower-right sub-panel: pressure. 
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.2 New structure 

rominent short arcs of toroidal fields are generated within the 
ings of the well collimated jets shown on the right-hand side
f Figs 3 –5 . The arcs are in the jet but associated external to the
iamond structure of the thermal pressure adding to the pinching 
ffect already present without a strong field. 
More striking is the disappearance of the vortex rings in the
urrounding medium. The vortices are absent in the density, 
racer and magnetic field. Instead, a weak diffuse field encom- 
asses the jet. The origin of this is surmized from the jet tracer to
e the leftover overspill from the original jet advancement on to
he grid. 
MNRAS 548, 1–19 (2026)
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M

Figure 4. Passive (left) and active (right) fields at an intermediate jet overpressure. The distributions of toroidal magnetic field (top panels) 
and physical parameters (lower sub-panels) for κ = 4 and a passive field with σφ = 10−4 as well as a strong field with σφ = 1 . The time corresponds to 
the end of the simulation at t = 200 tu . The length scale is in units of the jet radius. Upper-left sub-panel: density, upper-right sub-panel: axial velocity, 
lower-left sub-panel: tracer for jet gas and lower-right sub-panel: pressure. 
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The shock diamonds are now less sharp and extend much fur-
her along the axis. They are thus better described as elongated or
rolate structures rather than diamonds. 
At high overpressures, the strong magnetic field causes a dra-
atic pattern change with a Mach disc being eliminated. The
ight-hand panels of Fig. 5 show that the jet is now highly
NRAS 548, 1–19 (2026)
ollimated as seen in comparing the lower-left tracer sub-panels.
he streamlined jet and oblique fronts negate the need for a Mach
isc altogether. It is replaced by an elongated prolate structure. 
To understand this change in structure, we inspect the pressure
nd field within the entire reservoir. Fig. 6 displays the pressure
top) and field (bottom) for both the uniform grid (left) and the
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Figure 5. Passive (left) and active (right) fields at a high jet overpressure. The distributions of toroidal magnetic field (top panels) and physical 
parameters (lower sub-panels) for κ = 8 and a passive field with σφ = 10−4 as well as a strong field with σφ = 1 . The time corresponds to the end of 
the simulation at t = 200 tu . The length scale is in units of the jet radius. Upper-left sub-panel: density, upper-right sub-panel: axial velocity, lower-left 
sub-panel: tracer for jet gas and lower-right sub-panel: pressure. 
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ntire region simulated (right) at the end of the run. Note that the
mbient thermal pressure has been maintained far from the jet, 
 required condition for our simulations to retain their integrity. 
owever, the jet is surrounded by a wide cocoon of ejected jet gas
ontaining the toroidal field. 
The thermal pressure is now high adjacent to the jet, but falls
adially (i.e. dark blue in the top panels). The outward force is
alanced by the magnetic tension in the cocoon which stretches 
ut to ∼ 10 Rjet . At the boundary between the cocoon and ambient
edium, the thermal pressure has fallen such that the combined 
MNRAS 548, 1–19 (2026)
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Table 3. The distinct flow patterns at the end of each simulation given a range in κ and σφ . These patterns are 
derived using the classification outlined in fig. 2 of M. D. Smith et al. ( 2025 ). Blank entries are where no simulation 
was run and NA represents no distinct flow pattern. 

σφ = 10−4 σφ = 0 . 125 σφ = 0 . 25 σφ = 0 . 5 σφ = 0 . 75 σφ = 1 σφ = 2 σφ = 4 

κ = 2 a a a b b b b b 
κ = 4 d b b b b c b NA 

κ = 6 d d b b c b b b 
κ = 8 e d f c c d b NA 

κ = 10 f d f c c c b b 
κ = 12 f f f e c c NA NA 

κ = 14 f c b d 
κ = 16 f c NA d 
κ = 18 c c NA NA 

κ = 20 NA c NA b 

Figure 6. Pressure and magnetic field distributions. The distribu- 
tions of pressure (upper) and toroidal magnetic field (lower panels) across 
the uniform grid section (left) and the entire simulated domain (right 
panels). This is for σφ = 1 , κ = 8 and at time t = 200 tu which is the end 
of the simulation. 
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hermal and magnetic pressures balance the ambient thermal
ressure. Hence, the development of the cocoon of jet overspilled
as reduces the effective overpressure on the jet itself, ultimately
ue to the magnetic tension in the cocoon. 
The cocoon’s low density yet high pressure means this gas

s hot. It is sufficient to inhibit the diverging jet by raising the
hermal pressure from the original value of 0.6 to ∼ 3 . Thus it is
he raised ambient pressure which reduces the overpressure to a
evel where regular reflection is sufficient. 
A Mach disc could be present instead within an alternative
cenario. If the ambient medium is a slow wind which encom-
asses the jet, this blows the adjacent gas clean of jet overflow gas
Jyothy et al., 2026). We suspect that the result is a flow pattern
imilar to the passive field case. 
At the intermediate overpressure, illustrated in Fig. 4 , the
pine-sheath structure is not present when the field is strong.
 cocoon still enshrouds the jet but the jet diverges as it exits.
n such a case, the flow structure can be prone to oscillations
hich increase the pressure adjacent to the jet. However, these
scillations are completely suppressed by the magnetic field (see
elow). 
In summary, the effects of the field are as follows: at low over-
ressures we note that the jet diverges more as it exits. It then
emains wider and converges further downstream. For high over-
ressures, the jet has generated a cocoon of sufficient pressure
o counteract the overpressure and so better collimating the jet.
hus much depends on how the jet is set up and the maintenance
f an encompassing cocoon in that process. 

.3 Time-dependent behaviour 

o analyse the time-dependent properties, we can explore movies
nd space-time diagrams. The latter displays a physical param-
ter of a 1D distribution as a function of time. The pressure
istribution along the jet axis is taken as the x -coordinate while
he vertical axis shows how this distribution changes with time.
n particular, the distance between the nozzle and the stand-off
hock is a defining measure of variability. 
To this point, the general characteristics have been analysed

hrough inspection of the cross-sectional snapshots of pres-
ure. However, steady shock configurations are not the rule at
igh overpressures even in the absence of the magnetic field.
 feedback loop between the jet and ambient medium sup-
orts oscillations that send sound waves laterally, generating the
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Figure 7. Space-time diagrams for jets with a strong magnetic field with 
κ = 10 . The upper panel corresponds to σφ = 10−4 and the lower panel 
to σφ = 0 . 125 . The distribution of the pressure along the jet axis ( x -axis) 
is shown as a function of the time ( y -axis). Length scale is in units of the 
jet radius. 
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ell-known noise or high-pitched screeching from exhausts. A 

assive field yields results consistent with the absence of a field.
uasi-stationary shock configurations are found for κ < 4 al- 
hough small amplitude oscillations are discernable. However, 
or high κ , large rapid oscillations occur as shown in the top panel
f Fig. 7 . 
Remarkably, even a low magnetic field is sufficient to suppress

he oscillatory spikes after an initial period of adaption. The lower
anel of Fig. 7 demonstrates this for σφ = 0 . 125 where we take the
ame κ value as in the passive case of the upper panel. Note that
egular reflection occurs even with this weak field, as evidenced 
y the second distinct shock appearing at ∼ 16 Rjet following the 
tand-off at ∼ 8 Rjet . The suppression of high-frequency oscilla- 
ions continues as higher toroidal magnetic fields are applied. 
However, a new low-frequency mode appears as per Fig. 8 
here the toroidal field is dominant. This mode has high ampli-
udes and affects all high κ simulations and dominates for κ = 6
nd above for σφ = 1 . 
We find these high-frequency oscillations to arise for all κ > 4

or a passive toroidal field (e.g. the upper panel of Fig. 7 ). How-
ver, with σφ ≥ 0 . 125 , high-frequency noise is only present dur-
ng the initial jet settling phases (e.g. the lower panel of Fig. 7 ). 
Major low-frequency oscillations occur in the jet cocoon that 

eed back on to the jet. The result is that the location of the stand-
ff shock in the jet is subject to large variations (see Fig. 8 ). We
nd that these large amplitude variations only occur for σφ ≥ 0 . 5
nd κ ≥ 6 for both σφ = 0 . 5 and σφ = 0 . 75 . It occurs at lower κ
or σφ ≥ 1 . 0 and κ = 2 for σφ = 4 . 
A cocoon around the jet was first noted by M. L. Norman
t al. ( 1982 ) in 2D HD simulations. For a light jet, there is a
ast back-flow in the cocoon due to the strong shock heating and
am pressure at the working surface. The flow into the cocoon is
ccelerated. Moreover, the back-flow is dominated by oscillations 
f the working surface which feed vortices into the cocoon gen-
rating large-scale waves in the cocoon (M. D. Smith et al. 1985 ;
. R. Lind et al. 1989 ). The vortex shedding from the working
urface will be amplified in the present case due to the diverging-
onverging nature of the overpressured jet. 
At very early times, the thermal pressure in the cocoon is high
nd self-similar solutions for the jet evolution are attainable. After
his early phase, the cocoon expands so that pressure equilib- 
ium with the ambient medium is maintained. In the MHD case
owever, the magnetic tension in the cocoon alters the effective 
et overpressure. This not only alters the flow pattern but also
ntroduces large oscillations. 

.4 Stand-off distance 

he stand-off distance is a significant diagnostic in the analysis 
f observations, simulations and laboratory experiments. Consis- 
ent with previous works, we take the stand-off shock distance, d, 
s the distance from the nozzle to the first rise in pressure along
he axis. 
The distance d increases with κ as shown in the top-right panel
f Fig. 9 for the passive field. This is in keeping with the HD case
here we confirmed in SK22 that the stand-off distance of the 
egular reflection is ∝ κ and for Mach discs is ∝ √ 

κ . 
For a passive field, we find that the position of the stand-off
hock varies stochastically for κ > 6 with a short time-scale of up
o (2–5) tu . In this regime, pressure disturbances occur in the jet
hich feed back into the ambient medium. In turn, the ambient
MNRAS 548, 1–19 (2026)
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Figure 8. Space–time diagrams for jets with a strong magnetic field with 
κ = 10 . The upper panel corresponds to σφ = 0 . 5 and the lower panel to 
σφ = 1 . The distribution of the pressure along the jet axis ( x -axis) is shown 
as a function of the time ( y -axis). Length scale is in units of the jet radius. 

Figure 9. Stand-off distance of the first shock for weak fields. The 
shock front distances, d, of the shocks along the jet axis as a function of 
the simulation overpressure, κ , in units of the jet radius. Upper panel: the 
passive field, middle panel: σφ = 0 . 125 and lower panel: σφ = 0 . 25 . This 
is our standard set up with Mjet = 2 . 0 and η = 0 . 1 . The stand-off shock 
locations are designated with square symbols and the outer shocks, where 
found, with diamonds. 
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Figure 10. Stand-off distance of the first shock for strong fields. 
The shock front distances, d, of the shocks along the jet axis as a function 
of the simulation overpressure, κ , in units of the jet radius. Upper panel: 
σφ = 0 . 5 , middle panel: σφ = 1 and lower panel: σφ = 2 . This is for our 
standard set up with Mjet = 2 . 0 and η = 0 . 1 . The stand-off shock locations 
are designated with square symbols and the outer shocks, where found, 
with diamonds. 

Figure 11. Early nose cone development. The production of a nose 
cone in the initial advancement onto the grid by showing the distributions 
of physical parameters for κ = 1 and a strong field with σφ = 1 . The time 
corresponds to t = 8 tu . The length scale is in units of the jet radius. Upper- 
left sub-panel: density, upper-right sub-panel: axial velocity, lower-left 
sub-panel: tracer for jet gas and lower-right sub-panel: pressure. 
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edium transmits the pressure variations upstream (C. K. W. 
am 1995 ). This alters the overpressure and the stand-off shock 
ocation adjusts, completing the hysteresis loop. It should be re- 
arked that the transition between flow patterns is not fixed and
he variations can lead to Mach discs temporarily appearing or 
isappearing as the shock position moves. Here, we superimpose 
ertical bars which represent root-mean-square deviations in d 
ver the final 2 tu . 
The stand-off distance remains in the range ∼ (4–12) Rjet de- 
pite the wide ranges in κ and σφ . The effect of high overpressures
ppears to be largely offset by the associated magnetic tension in
he adjacent cocoon. 

 PRESSURE-MATCHED  AND  OVERDENSE  

ETS  

he means to distinguish between pressure-matched jets and 
verpressured jets is established below. 
Pressure-matched jets with strong toroidal fields have long 
een known to promptly develop nose cones (K. R. Lind et al.
989 ). A nose cone is a high pressure cylindrical extension along
he jet axis, formed of a portion of the shocked gas which is not
jected radially. This is also reproduced here in Fig. 11 , where we
ake κ = 1 and σφ = 1 . The nose cone is generated as a result of 
he tension in the toroidal field generating a force towards the jet
xis. The nose cone is prominent in the pressure distribution as
hown in Fig. 11 . 
MNRAS 548, 1–19 (2026)
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M

Figure 12. The smooth final toroidal field distribution in a 
pressure-matched jet. The distribution of toroidal magnetic field for 
κ = 1 and a strong field with σφ = 1 . The time corresponds to the end of 
the simulation at t = 200 tu . The length scale is in units of the jet radius. 

 

T  

i  

c
 

p  

M  

c  

p  

t
s  

a  

g  

t  

b  

o
 

i  

fi  

fl  

F
 

d  

t  

n  

i  

a  

a  

s  

t  

Figure 13. Inflow boundary: pressure-matched jet. The physical 
and magnetic field parameters across the inflow boundary at the end 
of the simulation with a time of t = 200 tu for σφ = 1 and κ = 1 . The 
velocities are normalized to the maximum velocity of vmax = 13 . 112 to 
3dp for ease of display. 
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However, a radial expulsion of gas into the cocoon still prevails.
he upper-right panel of Fig. 11 elucidates the complex dynam-
cs: the entire nose cone is indeed moving forward but the wide
ocoon of back-flowing gas stems from the termination shock. 
Similarly even with our equilibrium jets in which thermal
ressure provides a counter-balancing force, nose cones develop.
oreover, the overpressure does not alter this flow pattern as
an be seen in the movies. However, the nose cones are only
resent in the initial advancement which has been simulated to
imes of up to 10 tu in previous simulations. In our present set of 
imulations, we find that nose cones do indeed develop for σφ = 1
t all overpressures during the initial advance on to the uniform
rid which we display in Fig. 11 . The nose cone is evident in
he pressure and axial velocity snapshots. On the other hand the
ack-flow is clearly developing with a high negative speed, filling
ut a bloated cocoon. 
Given sufficient time, the pressure-matched jet settles down

nto a steady state in the nozzle near-field. Going to 200 tu , we
nd that the cocoon has developed around the jet and a back-
ow carries a smooth toroidal field with it, as well illustrated in
ig. 12 . 
The equilibrium reached is elucidated in Fig. 13 in which ra-
ial profiles along the nozzle entry plane are shown. Internal
o the jet, the thermal pressure gradient balances inward mag-
etic forces. In particular, a strong magnetic pressure gradient
s present. In the cocoon, however, which is a mixture of hot
mbient material and shocked jet gas, the toroidal field tension
nd thermal pressure gradient combine to create a smooth steady
hroud to the jet. The magnetic field itself is relatively constant in
he cocoon whereas the thermal pressure rises above the reservoir
NRAS 548, 1–19 (2026)
alue of 0.6 to a value of 1.0 at the inner interface with the jet,
alancing the magnetic tension force. 
In summary, high-amplitude low-frequency oscillations are a

eature of overpressured jets with high magnetic fields but are
bsent from pressure-matched jets. They are caused by variations
n feedback through the jet overspill into a back-flowing cocoon
hich is triggered by the jet’s reaction to the overpressure. 
Cocoons do not accompany dense jets and so we expect them
ot to be prone to the long-period instability. To confirm the above
nalysis, we simulate a high density jet with η = 10 . 0 . In this
ase, we expect no cocoon to develop since the gas which spills
ver from the rapidly advancing working surface does not flow
ack ( SK22 ). This is borne out as seen in Fig. 14 which shows
hat there is no significant cocoon for σφ = 1 . Moreover, a Mach
isc is present. Thus the flow pattern changing due to the strong
oroidal field is almost entirely attributable to the presence of a
ocoon rather than internal effects within the jet. 
Space–time diagrams for the simulations analysed in this sec-

ion are provided in Fig. 15 and show the stability of these jets
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Figure 14. High density and strong toroidal field. The distributions 
of toroidal magnetic field (top panel) and physical parameters (lower sub- 
panels) for a jet with a relative density of η = 10 , κ = 8 and a strong field 
with σφ = 1 . The time corresponds to the end of the simulation at t = 

200 tu . The length scale is in units of the jet radius. Upper-left sub-panel: 
density, upper-right sub-panel: axial velocity, lower-left sub-panel: tracer 
for jet gas and lower-right sub-panel: pressure. 

Figure 15. Space–time diagrams for jets with a strong magnetic field 
with κ = 1 , η = 0 . 1 (upper panel) and κ = 8 , η = 10 (lower panel) cor- 
responding to σφ = 1 . The distribution of the pressure along the jet axis 
( x -axis) is shown as a function of the time ( y -axis). Length scale is in units 
of the jet radius. 
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n the near-field. The upper panel demonstrates that the shock
attern disappears once the turbulence in the cocoon has decayed
fter tu ∼ 50 . The lower panel shows that the absence of a cocoon
o enshroud a high density jet leads to a steady flow pattern.
ence, a strong magnetic field in a high high-density jet stabilizes
 Mach disc. 

 DISCUSSION  

.1 Main results 

he following results apply to the near-field of overpressured
ets well after the constant outflow from a circular nozzle has
enetrated far beyond a giant reservoir surrounding the region
f interest. By holding the axial Mach number constant, we are
ble to reveal the full set of flow patterns for entire ranges of 
verpressure and magnetic field: 

(i) Simulations with a near-passive magnetic field confirm that
he flow patterns and shock configurations are identical to those
ound with the purely HD version of the pluto code by SK22 . 
(ii) However, remarkably the field is strongest within large
ortices occupying the cocoon adjacent to the jet. These field-
ominated vortices are reflected in the jet tracer distributions
hich correspond to hot, low density gas spilled over from the
dvancing jet. 
(iii) The field within the jet itself traces that imposed at the
ozzle with small oblique arc-shaped field enhancements within
 sheath. Thus the strong pressure jumps at Mach discs for high
verpressures, or at shock diamonds for low overpressures, are
ot significantly altered when a weak field is present. 
(iv) A strong toroidal field converts shock diamonds into filled
longated high-pressure prolate features. The tension of the sur-
ounding jet magnetic field is high at the widest point of the
rolate minor axes. 
(v) A strong toroidal field does not eliminate Mach discs which
till arise for combinations of high overpressures and moderate
agnetic fields. 
(vi) Exploring the entire chain of shocks in the near-field of the
ozzle, we find that all six shock chain configurations identified
y M. D. Smith et al. ( 2025 ) are found in the σφ–κ phase space. 
(vii) The distance to the stand-off shock increases with the
verpressure for low σφ but does not significantly depend on
ither the overpressure or the relative field strength at high over-
ressures. 
(viii) High-frequency oscillations generate exhaust noise
ithin gas jets. Here, we find that the toroidal field suppresses
hese oscillations. Instead, a low-frequency high-amplitude
scillation occurs with a strong field provided the diverging-
onverging jet has pumped gas into a cocoon. This pump sets up
 cocoon in which magnetic tension is balanced by a negative
adial pressure gradient. 
(ix) It is thus concluded that a cocoon is responsible for mod-
rating the shock configuration and causing the large oscillations
n the overpressured jet. 
(x) The density ratio effects the high-frequency noise but not

he flow pattern. However, a heavy jet does not form a back-
ow within a cocoon and the long period variations are absent.
 cocoon also does not occur in other scenarios. For example, a
urrounding co-axial wind can blow the cocoon away as found in
he HD case. 
NRAS 548, 1–19 (2026)
The distinctive signature of strong toroidal fields is the chain
f elongated pressure features. Observationally, it is tempting to
ssociate these to knots in radio galaxy and protostellar jets which
isplay elongation (e.g. V. Velović et al. 2022 ). However, this re-
uires further analysis which we undertake in a following work.
e note here that the strong field lies external to the knots of 
hocked gas where particle acceleration may boost the relativistic
lectron population in the spine. 
Non-thermal emission from jets driven by massive stars are
ttributable to synchrotron radiation (W. O. Obonyo et al. 2019 ).
n the present model context, we suggest that a field component
ould provide a more plausible means of generating synchrotron
rom the shocks which dominate close to the jet spine (e.g. A.
uentes et al. 2021 ). This will be explored in a companion study.
e can also consider whether the magnetized cocoon can gener-
te a diffuse synchrotron cloak around a jet. 
The important effect of a variable cocoon on overpressured

ets has been previously brought to our attention by F. Rubini
t al. ( 2007 ). They simulated axisymmetric HD jets with radia-
ive cooling. In the early stages, the stationary shock pattern is
et up. However, the surrounding cocoon loses pressure through
ooling. The inner shocks then move out due to the increased
verpressure giving rise to proper motions. The proper motions
hus found are exclusively away from the source but are limited
o speeds far below the jet speed. Dependent on the change in
hape of the channel, the shock positions are not given by the jet
ynamical time but the appropriate Kelvin–Helmholtz time-scale
s defined by the surface wave speed and the displacement of the
tand-off shock ( SK22 ). In the present MHD simulations without
ocoon cooling, the changes in the jet shock configuration are
oth away and towards the jet source, as well as very slow, as
llustrated in the space–time diagrams. Note that high sustained
roper motions are feasible in overpressured jets by invoking a
ong-term restarting jet (F. Rubini et al. 2007 ) or prolonged bursts
Richards & Smith, 2026). 

.2 Power diagrams: the transport of energy 

he question of dynamical feedback from within a galactic nu-
leus or protostellar core through an outflow has been posed
e.g. J. Silk & M. J. Rees 1998 ; C. J. Davis et al. 2007 ). In the
resent context, we can calculate the flux of energy transmitted
nto the environment. To do so, we determine the integrated
ower through the girth and cap of a cylindrical surface situated
t 90 per cent of the radial and axial distance displayed in the
bove figures as a function of time. The initial advance of the
ow shock is rapid as evident in the top panel of Fig. 16 where
he power lateral to the jet rises after just a few tine units (black
ash–dotted line) and it takes only 20 tu to cross the grid (red
ashed line). 
With a passive field, there are two cases of interest. At low
verpressures, once a jet has advanced beyond the near field a
teady jet has minimal effect on the adjacent surroundings (see
he top panel of Fig. 16 ). On the other hand, the high-frequency
xhaust noise associated with higher overpressures transmits a
ignificant flux laterally, as illustrated in the lower panel of Fig.
6 . 
In the active field case, the high-frequency noise is absent.

nstead, with a sufficient overpressure, the large-amplitude low-
requency modes take over. As shown in Fig. 17 (top panel), these
ause dips in the total power exiting the grid. The dips correspond
o spikes in the lateral energy flow as shown in the lower panel
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Figure 16. Evolution of the lateral and forward escape of energy for 
a passive field, σφ = 10 −4 , with overpressures κ = 2 (upper panel) and 
κ = 10 (lower panel) for light jets ( η = 0 . 1 ). The energy flux is out of 
a cylindrical surface drawn with radius 180 zones and axial length 710 
zones. Initially, the jet enters the grid and it takes ∼ 30 tu to cross to the 
cylinder cap which is at 90 per cent of the uniform grid length. The power 
is expressed in simulation units of ρamb c3 amb R

2 
jet . 
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Figure 17. Evolution of the lateral and forward escape of energy for an 
active field, σφ = 1 , with overpressures κ = 10 showing all the powers 
(upper panel) and zooming in (lower panel) for light jets ( η = 0 . 1 ). The 
energy flux is out of a cylindrical surface drawn with radius 180 zones and 
axial length 710 zones. Initially, the jet enters the grid and it takes ∼ 30 tu 
to cross to the cylinder cap which is at 90 per cent of the uniform grid 
length. The power is expressed in simulation units of ρamb c3 amb R
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f Fig. 17 which zooms in on the lower power range. The lateral
ower can reach values of up to ∼ 8 per cent of the jet power 
or 10 per cent of the time. This is a means to transmit ripples
f well-spaced energy waves that deserve further attention in 
erms of observational signatures although the long-term influ- 
nce on the energy budget of the ambient medium would be 
inimal. 
Thus the cocoon back-flow triggers long-term jet variability. 
hile the field damps all the high-frequency noise, the cocoon- 

riggered motions can be seen to affect the radial energy flux
hile high-frequency oscillations occur for κ = 8 and above. 
ven a weak field damps the high-pitched noise in the case stud-
ed here up to κ = 12 . 
However, the noise is not replaced by the low-frequency 
odes. These modes are absent in our weak-field cases, σφ = 

 / 4 and below, for all the overpressures covered here, κ ≤ 12 ,
nd begin for overpressures in excess of the following critical 
alues: 
σφ = 1 / 2 for κ ≥ 8 , 
σφ = 3 / 4 for κ ≥ 6 , 
and 
σφ = 1 for κ ≥ 4 . 
We should also expect kinetic energy to be dissipated across 

he interface between the supersonic jet flow and the cocoon 
here a high-velocity gradient occurs. The growth of surface 
nstabilities, in the form of Kelvin–Helmholtz pinch, helical and 
uting modes, have been investigated in the MHD context (A. 
errari, S. Massaglia & E. Trussoni 1982 ). The fastest growing are
D reflection modes while 3D modes become significant further 
ownstream. Hence, we can assume here that surface instabili- 
ies do not affect the region in proximity to the nozzle. Heating,
article acceleration and magnetic field amplification take place 
MNRAS 548, 1–19 (2026)
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cross the boundary shear layer where kinetic energy is dissipated
E. P. Alves et al. 2014 ; J.-S. Wang et al. 2023 ). In the present case,
n the absence of a radial magnetic field and narrow shear layer,
he inviscid flow is globally valid. 

 CONCLUSIONS  

e have performed prolonged jet simulations in order to ascer-
ain the final state of evolution of an overpressured MHD jet with
 toroidal magnetic field. The set-up is crucial to the resulting
roperties and needs to be clearly expressed. 
The jet enters from a circular nozzle and maintains axial sym-
etry. The gasses are adiabatic and the initial ambient medium
s an extremely large uniform reservoir in order to avoid any
umerical boundary effects. In addition, the injected jet is in
adial force balance such that no internal shocks or pinching
ccurs when the jet is not overpressured. This requires a high jet
ressure along the axis to counter magnetic tension. We may thus
xplore the properties purely due to two parameters: the degree
f overpressure and the relative field strength. 
Previous work exploring this scenario was able to generate

he nose cone and a back-flowing cocoon D. Kossl, E. Muller &
. Hillebrandt ( 1990 ) for a light (underdense) jet. This is re-
roduced here as shown in Fig. 11 . However, allowing for a
rolonged development, the back-flow becomes prominent. The
arying cocoon pressure associated with this back-flow causes the
iverging-converging jet shape to experience oscillations. This
anifests itself in both the locations of the shocks and the strong
ursts of energy into the ambient medium. The variation time-
cale is (20 − 50) tu . 
Among the many results listed in Section 6.1 , perhaps the
ost significant theoretically is the division of flow patterns into
hree regimes. Steady flow patterns involving a chain of high-
ressure knots are associated with low overpressures and weak
elds. High-frequency oscillations are associated with Mach discs
t high overpressures. 
Strong fields generate chains of prolate high-pressure knots.
arge-amplitude long-period variations appear superimposed
hen a significant overpressure above a critical value is present.
his critical overpressure is reduced as the field strength in-
reases. 
Observationally, the main result is the change in shape of 

he jet knots from diamonds to long pointed lenses. The long
eriod variations may possess identifiable characteristics within
imulated spectroscopic or snapshot images. Simulated images
re now planned. We note here the lack of Mach discs when
he toroidal field is strong. We also expect synchrotron distribu-
ions to contrast with those where the emissivity depends only
n the thermal state and thus radio jets originating from AGN
nd protostars would be fundamentally different. In this respect,
t is essential to perform a similar study with the inclusion of a
oloidal magnetic field. 
We note the limitations of the present study. Axisymmetric
imulations do not allow for disturbances to the circular noz-
le cross-section or for general inhomogeneities in the ambient
edium. Symmetry can be broken by a number of processes
ncluding surface instabilities. Helical or kink instabilities may
ot be significant in the near-field to the nozzle but would be pro-
oted if a small jet wiggle or precession would be superimposed.
his is now being studied by us in terms of overpressured jets.
NRAS 548, 1–19 (2026)
his research will require 3D RMHD simulations to confirm the
ontents in this report. 

ATA  AVAILABILITY  

o new observational data was generated or analysed in support
f this research. Simulation source files are available on request.
he data underlying this article will be shared on reasonable
equest to the corresponding author. 
Underlying 1000-frame movies of a selection of simulations are
vailable on the Zenodo repository at https://zenodo.org/records
19047891 or DOI 10.5281/zenodo.19047891. 
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