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A B S T R A C T 

There is evidence that supersonic jet flows in astrophysics are accompanied by surrounding slow winds. This is analogous 
to the flow past jet engines when an aircraft is in flight. If the jet itself enters the medium under e xpanded, ther e will 
be a distinct flow pattern as the wind is deflected by the diverging jet. Her e, we e xplor e the general problem of such an 

overpr essur ed jet flow encompassed by a wind which is subsonic. We simulate the long-term adjustment by performing 
a series of hydrodynamic adiabatic gas experiments in two dimensions with cylindrical symmetry. The major result is 
that the oscillations in the jet induced by feedback ar e suppr essed once the wind has swept clean the initial jet overspill. 
Ther efor e, a slow ambient wind reduces the noise caused by the exhaust and may fully stabilize jet pr opag ation. The 
differences between the shock diamonds of regular reflection and Mach discs are elucidated. In particular, with a wind, a 
distinctiv e patt ern of repeat ed Mach shock discs occurs at high ov erpr essur es that r eplaces the turbulent plume. Secondly, 
the presence of a faster subsonic wind generates central enhanced pr essur e ar cs and knots within each diamond. These 
features could provide indirect evidence for winds and are briefly discussed in terms of potential consequences for star 
and galaxy formation. 

K ey words: h ydrodynamics – shock waves – stars: jets – ISM: jets and outflows – galaxies: jets. 
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 INTRODUCTION  

here is considerable renew ed int erest in the field of overpres-
ured jets. This is because the study of the continued release of 
igh-pr essur e g as fr om an orifice in a wall has implications for
uclear safety (J. Huang et al. 2025 ) and fuel injection (F. Duro-
io & A. Di Mascio 2025 ). How ev er, in astrophysics and aerody-
amics, the jet, rather than issuing from a solid boundary, may 
e encompassed by a wind blowing past the nozzle. This may be
nvisaged as a disc wind (M. N. Simon et al. 2016 ; C. J. R. Lynch &
. D. Smith 2020 ; A. Wang et al. 2023 ; I. Pascucci et al. 2025 ; C.
leugels et al. 2025 ) or a galactic wind (N. Roy et al. 2024 ). The
et originates from the vicinity of a protostar or active galactic 
ucleus. Hence, it is appropriate to investigate what signatures 
ould be attributed to the existence of an extended wind. In this
rst study, we e xplor e the effect of a wind that is subsonic running
arallel to the jet flow. This is akin to the flow downstream of a
et engine of an aircraft in subsonic flight. For orientation, the
eneric flow pattern we study here is illustrated in Fig. 1 . 
Observationally, wind–jet combinations are found within pro- 

 ost ellar cores (T. A. Movsessian et al. 2007 ) and active galaxies (S.
ilpa et al. 2021 ). Their interaction may help explain some prop-
rties of blue-shifted cold gas and shell excitation (M. Krause & 

. Camenzind 2004 ; T. Oosterloo et al. 2025 ) with a galactic
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ow pr esent befor e the jet drives through (L. Binette et al. 2000 ).
ow ev er, w e are motivat ed here t o sear ch for dir ect dynamical
ignatures. 
A variety of methods have been applied to study dual co-axial

et flows and dual winds. Since the experiments of J. Buckley
 1975 ), it has been recognized that, under a limited range of 
onditions, the location of the Mach disc in the overpr essur ed
xial jet is not sensitive to the speed of the outer flow. This is con-
radict ed by lat er results as summarized by K.-H. Lee et al. ( 2004 ).
n important general result is that a co-axial wind reduces the
et exhaust noise. For example, in the work of D. S. Dosanjh, J. C.
u & A. N. Abdelhamid ( 1971 ), the primary jet typically operated
t a design Mach number of 1.5, with primary-to-annular over- 
r essur e ratios of appr o ximately 4.7. We are thus motivated to ask
f the jet noise we found under general supersonic conditions of 
. D. Smith & C. Richards ( 2023 ) will persist or be suppressed by
n encompassing wind. 
Here, we perform a systematic study although we still have to

estrict the analysis. In t erms of physics, w e assume adiabatic
nviscid hydrodynamics. In terms of jet dynamics, we take a jet
ow from a circular nozzle. For the wind, we take an unbounded
tmosphere flowing past and being defined on the plane contain- 
ng the nozzle. Both jet and wind enter parallel to the symmetry
xis. 
The relatively high pressure of the exhausting gas from the 
ozzle causes the jet to expand, resulting in a diverging channel.
eing supersonic, the pr essur e on the axis does not immediately
all. How ev er, once the pr essur e at the channel boundary has
 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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M

Figure 1. Sketch of the flow pattern of a subsonic wind flowing past an 
under e xpanded jet including some common terminology used to describe 
the flow pattern when Mach discs are present. The radius of a Mach disc 
is denoted as height. Here, we are studying a cross-sectional profile and 
the triple point is actually a circle. Taken and heavily modified from T. 
Adamson & J. A. Nicholls ( 1959 ). 
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eached the ambient value, the axial pr essur e has overcompen-
ated and is now underpr essur ed. Ther efor e, the jet now reacts
y converging and the channel narr ows (e.g . R. Courant & K. O.
riedrichs 1948 ). 
If the jet overpr essur e is mild, oblique shocks are sufficient to
ediat e the conv erging jet. The channel is slender and pr essur e
umps are small. In this case, a repeating conical shock pattern
s generated that appears as a series of diamond-shaped pr essur e
nhancements along the axis (e.g. E. F r anquet et al. 2015 ; M. D.
mith & T. L. R. Keogh 2022 ). 
For high overpr essur es, the initial larg e diverg ence and fol-

owing convergence cannot be mediated near the axis by oblique
hocks alone. A Mach shock disc then intercepts the jet spine,
onnect ed t o incident and reflect ed shocks at the cir cumfer ence
f the disc, as sketched in Fig. 1 . 
Thus, the two classic flow patterns of shock diamonds and
ach shock discs are set up for low and high overpr essur es, r e-
pectively. The precise pattern depends on a critical overpr essur e
epending on factors such as the overpr essur e and Mach number
M. D. Smith & C. Richards 2023 ), as well as the specific heat ratio
nd opening angle of the nozzle (M. D. Smith et al. 2025 ). At high
ach numbers, we found the critical overpr essur e to be κcrit ∼

 . 44 M 

2 
jet where M jet is the jet Mach number at the nozzle (M. D.

mith & C. Richards 2023 ), with hybrid patterns and variations
ear the critical value. 
In the absence of a wind, oscillations are inherent in the shock
onfigurations due to a feedback loop in which the external
edium is inv olv ed (C. K. W. Tam 1995 ). The oscillat ory cy cle
egins with the stand-off shock moving downstream, disturb-
ng the adjacent ambient medium. The ambient medium then
ransmits a sound wave upstream which raises the pr essur e and,
n so doing, reduces the overpr essur e. However, in r educing the
verpr essur e, the stand-off shock shrinks back towards the nozzle
. D. Smith & T. L. R. Keogh ( 2022 ). Once the sound wave has
eakened, the jet stand-off shock moves out again. The non-
inear nature of the wave motions and the back-flow of waves
manating from subsequent shocks or from the turbulent plume
eads to the more random screeching noise of exhausts. This
NRAS 548, 1–13 (2026) 
tudy took a jet flow from a hole in a wall and will be advanced
ere by replacing the wall with a wind. 
Under what astrophysical conditions will a jet that is over-
r essur ed be relevant? Planetary and cometary fissures release
upersonic jets from a sub - surface reserv oir. How ev er, in galactic
nd st ellar environments, w e r equir e the jet to pr opag ate thr ough
arge pr essur e dr ops over small distances in order for a nozzle
ow to be applicable. 
A potential example is the Hercules A radio galaxy in which

 confined jet suddenly exits into a medium where it becomes
ighly overpr essur ed (D. L. Meier, A. C. Sadun & K. R. Lind 1991 ).
uch a configuration could arise when a jet exits from a galactic
ore into a circum-galactic medium or from a prot ost ellar core
nto a molecular cloud. The gravitationally confined core is then
eparated from the unbound surroundings at the Bondi radius (H.
ondi 1952 ; R. Edgar 2004 ). The jet is then subject to a sudden
 xternal pr essur e fall as it then enters a uniform medium. 
Ther e ar e two essential questions to be answer ed her e. First,
an a slow wind alter the flow pattern? Secondly, can the power
r ansmit t ed int o the ambient medium be suppressed? Resolving
hese issues can have broader consequences. If a wind encom-
asses the jet, one could expect the oscillatory motions, which
ead to the pr opag ation of e xhaust noise in general, to be sup-
ressed. This may prove to be important in astrophysics since
hese compression waves could be responsible for, or at least
ontribut e t o, both support against inflow of gas in galactic haloes
nd prot ost ellar cores, as w ell as inducing acceleration of star
ormation, and recycling metal-rich gas into the distant surround-
ngs. While we found the latter to be important under constant jet
onditions (M. D. Smith & C. Richards 2023 ), with the addition
f pulses into the overpr essur ed jet leads to the pr opag ation of 
ompression wav es int o the surroundings which take the form of 
oherent ripples (C. Richards & M. D. Smith 2024 ). 
F rom the observ ational perspective, there is evidence for co-
xial flows with fast spines and slow sheaths (F. Marin et al. 2024 ).
ere, a jet spine is the primary axial flow while a sheath is the
ow within a surrounding annulus. Disc winds are indeed found
o co - exist with jets in a variety of phenomena (A. R. Rodríguez-
amenetzky et al. 2022 ; S. Gavino et al. 2024 ; T. Kayanoki, J.
ao & Y. Fukazawa 2024 ; J. A. López-Vázquez et al. 2024 ; D.
ogantini et al. 2025 ). In one case, it was suggested that an over-
r essur ed shocked jet expands laterally and excites/ionizes the
ind (N. Roy et al. 2024 ). 
One may thus expect jets not to propagate naked through the
mbient medium or to be clothed in a self-produced cocoon, but
o be sweeping through a wind. The wind is likely to be relatively
low, dense and cool, and may be magnetically driven. Hence,
e are going to make the most basic study here in order to gain
nsight before later exploring more complex situations. We are
hus motivat ed t o find pot ential signatures which w ould identify
he existence of the wind. We also wish to gain insight into the
ransmission of energy and pr opag ation of noise when the jet is
rapped within a wind. 

 METHOD  

.1 Problem set-up 

or the jet, we take a uniform parallel flow out of a circular nozzle
nto a vast gas reservoir, which provided the basis for our first
omputational study (M. D. Smith & T. L. R. Keogh 2022 ). Both
edia are ideal adiabatic gasses. The jet drills through the envi-
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Table 1. The parameters defining the jet and wind. 

Parameter Pr essur e Density Specific haet ratio Sound speed Velocity Mach number 

Wind p wind ρwind γ c wind v wind M wind = v wind /c wind 
Jet p jet ρjet γ c jet v jet M jet = v jet /c jet 
Wind value 0.6 1 5 / 3 1 v wind M wind = v wind 
Jet. value 0 . 6 κ η 5 / 3 

√ 

κ/η v jet M jet = 

√ 

κ/η v jet 

r
w
fl  

M  

2
 

a  

t
p
t  

w  

m  

o  

s  

n

T  

t
w
t

2

T  

i  

p  

d  

p  

a  

B  

u

p
a  

c
 

t  

n
 

M  

a
 

a
h  

t
s  

i  

fi  

2

T
s

d
s  

a
i  

d  

p  

T  

c  

n
s
s

 

t  

n  

w  

m
j  

a  

o  

o  

p
s

 

l
s
f  

i  

a  

c  

n  

d
 

o  

i
d
a
t
t  

m
f
a
t

 

t  

i  

d  

m  

w
 

f  

1 http://plutocode.ph.unito.it/ 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/3/stag728/8659004 by guest on 11 June 2026
onment leaving behind the exhaust, the field near the nozzle, 
hich settles down to reach a final flow structure. The type of 
ow and shock pattern was then elucidated by also varying the
ach number, up to Mach 8 (F. Duronio, C. Villante & A. De Vita
023 ; M. D. Smith & C. Richards 2023 ). 
At the onset of the simulation, a slow subsonic wind blows
cross the grid with uniform density, pr essur e and speed in
he axial direction. The wind initially occupies the entire com- 
utational domain. The wind continues with these parame- 
 ers t o blow by setting the boundary condition at the plane
here the jet enters. Thus, a wind parallel to the jet is imple-
ent ed ov er the entire plane. The key point is that the jet is
verpr essur ed r elative to the wind and its immediate expan-
ion creates an obstacle for the wind adjacent to the jet to
egotiate. 
All media are adiabatic and inviscid hydrodynamics is applied. 
hese are generally well modelled by the finite volume code with
he viscous effects confined to a narrow boundary layer across 
hich high velocity gradients lead to numerical dissipation. A 

hin hot and low-density interface region results. 

.2 P arameter set -up 

he time unit, t u , is defined by the jet nozzle radius R jet and the
nitial wind sound speed, c wind : t u = R jet /c wind . The initial wind
r essur e is p wind = c 2 wind / (γ ρwind) where ρwind is the initial wind
ensity and γ is the fixed specific heat ratio. We generally state
aramet ers in t erms of these units with γ = 5 / 3 corresponding to
 monatomic gas. We normalize lengths to the jet radius R jet = 1 .
y fixing the initial ambient wind sound speed also to one, the
nit of time reduces to t u = 1 . 
The parameters are summarised in Table 1 . The equivalent 
arameters for the jet at the nozzle are as follows: p jet = κp wind 
nd ρjet = ηρwind . Thus, the jet sound speed squared is given by
 

2 
jet = (κ/η) c 2 wind . 
The initial condition includes a significant time, 10 t u , in which

he velocity is ramped up linearly to the final value, v jet . The Mach
umber is ther efor e M jet = v jet /c jet . 
The wind is initially set up with an axial speed of v wind and
ach number M wind = v wind /c wind and is maintained by inflow
t the plane containing the jet nozzle for all radii e x ceeding R jet . 
Values of κ and η e xplor ed her e ar e chosen in or der t o facilitat e

 direct comparison to the earlier wall nozzle study. Hence we 
ave chosen values of κ = 2 and κ = 8 , with η = 0 . 1 to analyse
hose found to generate different fundamental flow patterns of 
hock diamonds and Mach shock discs, respectiv ely. We hav e also
nv estigat ed both heavy jets, η = 10 , and very light jets, η = 0 . 01 ,
nding no trends of significance relative to the η = 0 . 1 case study.

.3 Computational set-up 

he astroph ysics code pl uto, incorporating Godunov -type 
hock-capturing schemes, was applied to the problem. It is freely- 
istributed (A. Mignone et al. 2007 ). 1 Having experimented with 
olvers and resolutions in previous papers in this series, we chose
 fast linear interpolation time-stepping Riemann solver with an 
mpr oved A dvection Upstr eam Splitting Method (AUSM + ) as
eveloped by M.-S. Liou ( 1996 ) that was found to cope best with
r essur e issues at the nozzle lip at the highest Mach numbers.
his is due to e xtr eme velocity shear across a zone at the wall that
an result in negative pressures at a single wall zone. Although
ot catastrophic, suitable choice of solver avoids this issue. Sub- 
equent comparison of simulations performed with alt ernativ e 
olv ers hav e ensured consist ency. 
We allow each simulation to evolve well beyond the time for

he flow pattern to fully settle down in the near-field region. The
ear-field of a jet is defined as the region close to the nozzle exit
here the flow is still strongly influenced by the initial pr essur e
ismatch as well as the nozzle geometry. Although an exiting 
et is subject to surface instabilities, linear wave features will be
dv ect ed out of the near-field before becoming prominent. On the
ther hand, the far-field is the developed flow which may consist
f a turbulent plume or a collimated jet. Nevertheless, a steady
attern is rarely achieved due to a combination of oscillations, 
urface waves and turbulence. 
The final near-field pattern is found by evolving the flow over

ong time-scales and taking an atmosphere of sufficient dimen- 
ions to ensure that pressure waves can propagate or dissipate 
reely without regard to a boundary. This is then effectively an
nfinit e reserv oir as seen by the jet. The tr ansient w aves are usu-
lly dispersed by 100 t u , but we allow all runs to go to 200 t u and
onsider oscillations over the final 10 t u to estimate the unsteady
ature of the final stat es. In addition, w e produce space-time
iagrams and movies to confirm the results. 
We pr esent her e e x clusiv ely tw o - dimensional simulations with
ur main analysis limited to the region near the nozzle. This
s not a constraining factor provided perturbations to the cylin- 
rical symmetry are not significant in this region before being 
dv ect ed downstream. This has been checked with exploratory 
hree-dimensional runs to be presented elsewhere. We will show 

hat a perturbed circular nozzle leads t o dist ort ed shock dia-
onds and asymmetrically warped Mach discs. Surface wave 
eatures attributable to Kelvin–Helmholz waves are rife at the jet- 
mbient interface but do not alter the fundamental structure in 
he near-field region. 
The wind is directed parallel to the jet axis and is present in

he environment before the jet is initiated at time t = 0 . Hence,
t can be described as co-axial but occupies the entire simulation
omain, with a uniform initial entry speed in the z - direction. It is
aintained from the boundary at z = 0 with the jet replacing the
ind for R ≤ R jet and t > 0 . 
Boundary conditions in the cylindrical coordinates ( r, z ) are as

ollows. Reflection at z = 0 is imposed at the wall, outside of the
MNRAS 548, 1–13 (2026) 
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Figur e 2. Final cr osscut snapshots of the physical paramet ers for the tw o e xtr eme cases discussed: wind Mach numbers of M wind = 0 (left 
panels) and M wind = 0 . 9 (right panels). The same low jet overpr essur e of κ = 2 , jet Mach number M jet = 2 , and and density ratio η = 0 . 1 are taken. 
The time t = 200 corresponds to the end of the run. The length-scale is in units of the jet radius. Upper-left sub-panel: density, upper-right sub-panel: 
axial velocity component; lower-left sub-panel: tracer for jet gas; lower-right sub-panel: pr essur e. The log(jet tracer) is mass weighted with a minimum 

set to −3. Note the reduced axial scaling used in all diagrams to both emphasize structure and compact display convenience. 
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ole from which the jet enters. Reflection is also implemented
t r = 0 on the Z-axis to ensure axial symmetry. At the outer
dges, we take a free outflow condition. We have found that this is
enerally not adequate in the long term since the ambient pres-
ure can build up uniformly to any level. Hence, we extend the
urroundings to such a degree that the original far-field material
emains pristine. Without this outer gas reservoir, the outflow
an gradually increase the atmospheric pr essur e over the long
uration of the simulations due to the nature of the outflow
oundary condition (e.g. M. D. Smith et al. 2025 ). In practice, this
ree outflow condition does not necessarily relieve a pressure rise
n the reservoir if there is insufficient pressure gradients to push
ut the gas. A large reservoir serves as space in which pr essur e
radients are effective. 
The inner uniform cylindrical grids consist of 200 radially dis-

ributed zones and 800 axial zones. This converts into 10 R jet and
0 × R jet , respectively, with 20 zones spanning the nozzle radius.
 much larger region of staggered zones consists of 100 radially
istributed zones and 200 axial zones. This conv erts int o 60 R jet 
nd 140 R jet , respectively. 
Underlying 1000-frame movies of density and pr essur e simu-

ations are available in the Zenodo repository, at https://zenodo.
rg/uploads/17701974 . 

 RESULTS:  LOW-DENSITY  JETS  OVERVIEW  

.1 Low overpr essur ed jets 

 chain of diamond-shaped knots of enhanced pr essur e ar e es-
ablished when a jet is intr oduced fr om a circular hole in a wall
NRAS 548, 1–13 (2026) 
ith a low ratio of overpr essur e to Mach number (M. D. Smith &
. L. R. Keogh 2022 ). This flow pattern approaches a station-
ry configuration in the near-field of the nozzle, termed regular
 eflection. We e xplicitly e xplor e this case with the jet pr essur e
ouble that of the ambient medium, κ = 2 , density ratio η = 0 . 1
nd Mach numbers M jet = 1.5, 2, 3, and 4. 
Exclusively subsonic wind Mach numbers are explored here.
he two e xtr emes in wind Mach numbers approached in this
tudy are displayed in Fig. 2 for a jet Mach number of 2. These
isplay cross-cuts of the physical parameters at the end of the
uns. 
First note that the vortices in the ambient medium, cre-
ted in the initial jet advancement, are prominent in the den-
ity and tracer panels in the absence of a wind. How ev er, the
 ortices hav e been complet ely remov ed by the fast subsonic
ind. This is consistent with the minimum axial velocity which
hows a significant difference on the scale bars shown (top
ight sub-panels). Thus, without a wind, the swirling vortices
hich have remained from the initial jet advance provide a
egativ e v elocity. When a wind is present, only positiv e speeds
emain. 
Note also the input speed is given by v jet = M jet × c jet =
 jet 

√ 

κ/η = 8 . 944 , which approaches a maximum close to 11.8 in
he subsequent expansion as energy is conv ert ed from enthalpy to
inetic. This is slightly e x ceeded in the absence of a wind. 
The second major difference is the separation of the diamond
nots (lower-right sub-panels). At the zero wind speed of M wind =
 , the diamonds are separated by ∼ 7 . 5 , while the separation is
9 . 0 for M wind = 0 . 9 . The increased separation is due to the wind
ow around the diverging sections. 

https://zenodo.org/uploads/17701974
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Figure 3. Final crosscut snapshots of the physical parameters for wind Mach numbers of M wind = 0 . 1 (left panel) and M wind = 0 . 3 (right 
panel). A low overpr essur e of κ = 2 , jet Mach number M jet = 4 and density ratio η = 0 . 1 are taken. The time t = 200 corresponds to the end of the run. 
The length-scale is in units of the jet radius. Upper-left sub -panels: density; upper-right sub -panel: axial velocity component; lower-left: tracer for jet gas; 
lower-right: pr essur e. N ot e the axial scaling used in all diagrams t o both emphasize structure and display conv enience. 
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As the wind subsequently converges towards the knots, the 
nots ar e compr essed and r each higher pr essur es. Mor eover, the
iamond pr essur e patt ern is now dominat ed by a distinct com-
act central zone. For the zero wind, the diamonds show no fine-
cale structure while a small crossing shock pattern dominates 
he internal structure of the diamonds for the high speed wind. 
Finally, the fast wind has fully evacuated the vortices which 
ad been produced and sustained from the original cocoon of jet 
aterial that in the initial jet advance and, later, within a back-
ow. Without the wind, the vortices are maintained and generate 
n e xtra pr essur e on the jet. This additional pr essur e r educes the
ean overpr essur e of the jet. This is responsible for the shorter
eparations which were found to be roughly proportional to the 
verpr essur e κ in our first study (M. D. Smith & T. L. R. Keogh
022 ). 
To measure how fast the vortices ar e clear ed, we show in
ig. 3 the equivalent states for M wind = 0 . 1 and M wind = 0 . 3 for
 M jet = 4 . Remarkably, the density and tracer panels show that
he lower wind speed has managed to evacuate a narr ow r egion
f ∼ 3 R jet while the higher speed M wind = 0 . 3 has cleared all the
ocoon structure out to ∼ 30 R jet . Hence, the wind has been able
o advance in the time 200 t u at a speed of 0 . 15 c wind . Although
omplex, to account for both results, this suggests an advance 
peed of ∼ 0 . 6 (M wind − 0 . 07) that suggests a back flow speed of 
0 . 07 c wind . 
Space–time diagrams corresponding to the two e xtr eme runs 
hown in Fig. 2 are provided in Fig. 4 . In these diagrams of the
volving axial pr essur e, the lower-right triangles corr espond to
he undisturbed wind ahead of the bow shock while the locations
f the shock diamonds ev olv e int o v ertical bars. The left panel
hows that some oscillations in the separations remain through- 
ut, consistent with the effect of the presence of the vortices.
ow ev er, if the wind is strong (right panel), the ambient medium
s uniform and all oscillations are suppressed. 
How the slow wind drives out the cocoon and fully stabilizes

he jet is best seen in the movies on the Zenodo repository. It is
llustrated here using three frames of the density at times 50 t u ,
20 t u , and 190 t u in Fig. 5 . At first, the cocoon is fully established.
nce the jet has advanced, the wind gradually pushes on the
ocoon, taking over and slowly setting all the vortices in motion
ownstream. 

.2 High overpr essur ed jets 

hen the jet enters with a high overpr essur e, a Mach shock disc
s r equir ed t o mediat e betw een the oblique incident and reflect ed
hocks. The shock fronts meet at a triple point in the planar case,
r triple ring for a cylindrical jet. 
We find that a new flow pattern arises when a subsonic wind

s present around a high-pressure jet. In the absence of a wind,
he stand-off shock is a Mach disc which is followed downstream 

y a turbulent plume as shown in Fig. 6 (left panels). The Mach
hock disc is subject to large oscillations as exhibited through the
orresponding space–time diagram (the left panel of Fig. 7 ). 
In contrast, when the wind sweeps the medium clean of the
eposited jet gas from the initial advance and back-flowing co- 
oon, the jet becomes w ell collimat ed and or der ed. The plume is
eplaced by a series of Mach shock discs. This is illustrated in the
ight panels of Fig. 6 for a wind speed of M wind = 0 . 5 . The chosen
ind speed has no bearing on the final pattern at t u = 200 being
teady once the wind has crossed the region. 
MNRAS 548, 1–13 (2026) 
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Figure 4. Space–time diagrams for wind Mach numbers of M wind = 0 (left panel) and M wind = 0 . 9 (right panel). These display the distribution 
of the pr essur e along the jet axis as a function of the time for an overpr essur e κ = 2 , density ratio η = 0 . 1 , and M jet = 2 . Length-scale is in units of the 
jet radius. 

Figure 5. Wind-cocoon evolution shown for the density cross-cuts at three times 50 t u , 120 t u and 190 t u of the M jet = 4 , κ = 2 run with a wind 
speed of v wind = M wind = 0 . 3 . Note the maximum and minimum displayed densities w ere normalized t o aid comparison. Ax es ar e in distance units of 
jet radii. 
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Note that the ambient wind has returned to its original uniform
tate. In addition, the turbulent plume is constrained into a spine-
heath channel with a prominent fast and dense sheath. After
he first strong shock has raised the spine pressure, the following
ach discs are weak, essentially sufficient to hold the pr essur e to
he uniform external wind. 
The wind also suppr esses pr essur e feedback and the oscilla-

ions in the location of the stand-off distance are absent. The right
anel of Fig. 7 shows that the subsonic wind stabilizes the jet
att ern aft er the initial impact in 40 t u . Since the wind is relatively
ense, it blows the gas away at roughly its wind speed. In the
xample, the wind speed is 0.5 ( ×c amb ) and so can be seen to even
ut the entire displayed jet in just over 80 t u . 
NRAS 548, 1–13 (2026) 
The jet- wind inter action is analysed by studying radial profiles
f the physical parameters at the nozzle (left panel) and at a
istance of 10 R jet downstream (right panel), as displayed in Fig. 8 .
he profiles are presented for the final time of t u = 200 and the jet
nd wind Mach numbers are M jet = 2 and M wind = 0 . 5 . Note the
ind speed of 0 . 5 c wind is reduced adjacent to the nozzle as the
 xpanding jet pr otrudes into the wind (blue dashed line) while
he density is significantly increased (black dotted). Downstream
right panel), the pr essur e and density have fallen to low values.
he radial velocity profile displays a converging sheath (red dot–
ashed line) outside of the expanding sheath. Overall, the profiles
t this late time confirms that a steady flow is achieved with only
 small perturbation to the wind. 
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Figure 6. High overpressure comparison for wind Mach numbers of M wind = 0 (left sub-panels) and M wind = 0 . 5 (right sub-panels). The 
distributions of physical parameters for a jet with M jet = 2 , overpr essur e κ = 8 and density ratio η = 0 . 1 . The time t = 200 corresponds to the end of the 
run. The length-scale is in units of the jet radius. Upper -left panel: density; upper -right panel: axial velocity component; lower-left panel: tracer for jet 
gas; lower-right panel: pressure. 
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.3 Jet Mach number 

he jet Mach number and overpr essur e together determine the
ow pattern as found in the context of jet flows from wall noz-
les. With the inclusion of the subsonic wind, how ev er, w e find
hat the jet remains collimated rather than degenerating into a 
urbulent plume. Remarkably, the jet now contains a series of 
ach discs. We can show that the spacing between the Mach 
hock discs increases with the jet Mach number, as indicated in
he four pr essur e cr oss-sections of Fig . 9 . In all cases, the spacing
f the stand-off shock from the nozzle is larger than that between 
he following pairs of shock fronts. 

 DISCUSSION  

.1 J et tr ends 

e have e xplor ed the generic pr oblem of co-axial wind-jet inter-
ctions in the case of an overpr essur ed jet and a subsonic wind.
his may be relevant to outflows from young stars where atomic 
ets ar e surr ounded by bipolar outflows, as well as to galactic-scale
ets where a galactic wind is present. In the case of protostars
nd y oung stars, w e can envisage a fast jet being launched into
 slow molecular wind (e.g. C. J. R. Lynch & M. D. Smith 2020 ).
t is not clear if similar situations arise within galactic nuclei al-
hough jet–wind systems have been proposed (Gopal-Krishna, P. 
. Wiita & S. Joshi 2007 ). In addition, models for the release of an
verpr essur ed jet and its subsequent recollimation is the theme of 
any interpretations on both scales. This is further discussed by 
. D. Smith et al. ( 2025 ) and some potential parameters tabulated
y M. D. Smith & T. L. R. Keogh ( 2022 ), where such overpr essur es
er e pr oposed to arise at the edges of galactic nuclei or galactic
alos where gravitationally bound and unbound gas meet at the 
ondi radius. 
A series of uniformly spaced shells within the prot ost ellar jet of 

RAS 15398–3359 has been w ell resolv ed with James Webb Spac e
elescope by Y. Okoda et al. ( 2025 ). A proposed model including
imulations of an under e xpanded jet was e xplor ed by T. Hanawa
t al. ( 2025 ). These simulations demonstrated that the stand-off
ach disc would be followed by a turbulent plume with a wealth
f structur e. We r emark her e that this jet is the most recent one
f several outflows, making a surrounding wind to be a distinct
ossibility. Ther efor e, the shells may correspond to the imme-
iate post-shock zones of repeated Mach shock discs within an 
verpr essur ed jet encompassed by an relic outflow. For the pro-
 ost ellar case in general, the wind may correspond to a molecular
utflow which is likely to be supersonic. In addition, if driven
r om an accr etion disc, magnetic and centrifug al for ces need to
e considered. On the other hand, once the jet has penetrated the
ub-parsec scale core, a wind may caress the jet leading to the
tability properties found here. 
In interpreting the jets of radio galaxies, the transport of energy

o Fanaroff& Riley FR II radio sources (B. L. Fanaroff& J. M. Riley
974 ) takes place with high efficiency. Here, we note that this
ould be enhanced by the presence of a wind which eliminates
scillations as demonstrated in Fig. 4 . We shall show in a follow-
p paper that a supersonic wind may go further in this respect by
ncasing the jet into a well-collimated channel in which shocks 
re absent. 
At high jet overpr essur es, we have found that a subsonic wind
uppresses turbulence but reinforces the shock pattern. This 
ould be a factor which contributes to the prominent jets of 
anaroff& Riley FR I sources. The jets driving these radio galaxies
xt end t o hundreds of kiloparsecs y et retain a bright emission
MNRAS 548, 1–13 (2026) 
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Figure 7. Space–time diagrams for wind Mach numbers of M wind = 0 (left panel) and M wind = 0 . 5 (right panel). The distribution of the 
pr essur e along the jet axis as a function of the time for a jet with M jet = 2 , overpr essur e κ = 8 and density ratio η = 0 . 1 . Length-scale is in units of the 
jet radius. 

Figure 8. Radial profiles of parameters for a light high overpr essur ed jet taken at the nozzle (left panel) and at an axial distance of 10 R jet from 

the nozzle (right panel). Physical parameters are shown as a function of the radial distance from the jet axis. A light jet with M jet = 2 , overpressure κ = 8 
and density ratio η = 0 . 1 is taken. Note that the jet axial speed and pressure are not displayed to their full magnitude in order to highlight the jet-wind 
interaction. 
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rail. On the other hand, the absence of a wind w ould leav e the jet
rone to oscillations and, at high overpr essur es, a subsonic plume
eyond the stand-off shock. This would be commensurate with
he Fanaroff& Riley Class 0 sources which may be associated with
isrupted jets (R. D. Baldi, A. Capetti & F. Massaro 2018 ). 
NRAS 548, 1–13 (2026) 
.2 Energy and environment 

t is of interest to study the lateral transport of energy from the
et in order t o evaluat e noise lev els thr ough atmospher es. In as-
rophysics, this energy flow would contribute to supporting the
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Figure 9. A series of Mach discs are found for high overpressure jets for a range of jet Mach numbers with other parameters fixed. The wind Mach 
number is M wind = 0 . 5 . The time is at the end of the simulations at t u = 200 after the surrounding wind has driven out the vortices and plume and the 
jets are transformed t o collimat ed st eady flows. The pr essur e distributions ar e display ed for the indicat ed jet Mach numbers. A light jet with ov erpr essur e 
ratio κ = 8 and density ratio η = 0 . 1 are taken. 
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mbient medium against cooling, gravitational collapse and star 
ormation. How ev er, jets drill fast and efficiently due to their high
omentum flux and so emerge from their cores, depositing most 
f their r esour ces beyond the cor e r egion. N evertheless, it has
een noted that the conversion of a few per cent of directed jet
ow er int o the core environment would be sufficient to alter their
volution. 
To approach these phenomena, w e illustrat e for low over- 
r essur ed jets in Fig. 10 the total fluxes of energy crossing
he uniform cylindrical grid for the entire duration of the sim-
lations. At each time, we sum up for each component of 
nergy the flux through a census cylindrical surface to yield 
he lateral flux, and through the cylinder’s end cap to pro-
ide the axial fluxes. The census cylindrical surface is taken to
e at 90 per cent of the uniform region. The int egrat ed pow-
rs are conv ert ed int o non-dimensional units as scaled by the
nit ρwind c 3 wind / 2 . Thus, the indicat ed lat eral pow ers are those
hrough the girth of the cylindrical surface while jet pow- 
rs are the total fluxes through the caps near the end of the
rid. 
MNRAS 548, 1–13 (2026) 
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Figure 10. Evolution of the lateral and forward escape of energy 
for jets encompassed by a subsonic wind. A comparison of relative 
jet densities, η = 0 . 1 (upper panel, light jet) and η = 10 (lower panel, 
heavy jet). The jet Mach number is 4, overpr essur e 2 and wind Mach 
number is 0.3 for both panels. The indicated energy fluxes are calculated 
by integrating the passage through a cylindrical sheath and circular cap, 
dr awn with r adius 180 zones and axial length 720 zones. Initially, the jet 
enters the grid and it takes ∼ 30 time units to cross to the cylinder cap 
which is at 90 per cent of the uniform grid length. These are the net power 
outflows in simulation units. 
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Figure 11. Evolution of the lateral and forward escape of energy 
for κ = 8 overpr essur ed jets encompassed by subsonic winds. A 

comparison of the effect of the wind Mach number with M wind = 0 . 1 
(upper panel) and M wind = 0 . 9 (lower panel). The jet Mach number is 4, 
overpr essur e 8 and density η = 0 . 1 for both panels. The indicated energy 
flux es ar e calculated by integrating the passage through a cylindrical 
sheath and circular cap, drawn with radius 180 zones and axial length 
720 zones. Initially, the jet enters the grid and it takes ∼ 30 time units to 
cross to the cylinder cap which is at 90 per cent of the uniform grid length. 
These are the net power outflows in simulation units. 
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A wide bow shock leads the initial jet advance which for a
hort time will markedly disrupt the environment. This impact
enerates the peaks in power components shown in Figs 10 and
1 . The bow first crosses the radial girth at ∼ 20 t u (red–dotted
ines), and reaches the cap at ∼ 20 t u − 40 t u (black-solid and blue-
ashed lines). How ev er, once the jet has exit ed the inner core
egion, the ambient medium recovers as the pressure within the
eservoir pushes back. Nevertheless, in the very long terms con-
ider ed her e some energy is still emit ted r adially in the absence of 
 wind as shown by C. K. W. Tam ( 1995 ) and M. D. Smith & T. L.
. Keogh ( 2022 ). This is due to the jet oscillations caused by the
verpr essur e and the resulting surface motions related to surface
 aves (non-linear w aves moving at the Kelvin–Helmholtz speed).
For the light jet in the upper panel of Fig. 10 the lateral power

eaches a peak at ∼ 20 t u , as shown by the red-dotted line in
NRAS 548, 1–13 (2026) 
ig. 10 . Thus, the impact of the jet is first felt on the shaft of 
he cylinder. Without a wind, a lateral energy flow is sustained
t the 5 per cent - 10 per cent level (see fig. 15 of M. D. Smith & C.
ichards 2023 ). How ev er with the wind, the subsequent lat eral
ow of energy then remains high at 20–30 per cent but only up to
 time ∼ 120 t u . Thereafter, there is no discernible flux. 
We thus find that the wind provides a prot ectiv e coating to

he far envir onment. B y quashing the jet oscillations, the jet is
ffectively silenced. On the other hand, for a long period the wind
s clashing with the cocoon, expelling mass and energy until the
ind is able to directly blow the cocoon out along the axis. We
ould have expected that the wind will be continuously deflected
y the diverging jet sections. This would then lead to a secondary
ource of radial outflow. How ev er, w e see no evidence for this:
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Figure 12. The distance to which vortices surrounding the jet are 
swept out by the wind as a function of time. In detail, the census 
is a line drawn at a radius of 5 R jet above the jet axis and is taken as the 
fzone where the jet tracer first exceeds 0.0032 along this line. Top panel: 
the weak dependence on indicated jet Mach number for a wind speed 
of 0 . 5 c wind , overpr essur e κ = 8 and density ratio η = 0 . 1 . Middle panel: 
the strong dependence on the wind speed as indicated by the wind Mach 
number 0.1, 0.5, and 0.9, denoted as W01, W05, and W09, for M jet = 4 , 
κ = 2 , and η = 0 . 1 . Lower panel: dependence on jet density for a relatively 
light η = 0 . 1 , equal η = 1 and heavy jet η = 10 . 
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he subsonic wind undulates over both converging and diverging 
ections without, on average, expelling energy. 
For a heavy jet, a large inw ard later al energy flow occurs after

he initial advance (the depression in the red-dotted line in the
ower panel of Fig. 10 ). Without a wind, a significant circulation
attern is set up in the ambient medium which results in the
adial inflow of the wind gas along the cylinder, balanced by 
ass-loss through the cap (see C. Richards & M. D. Smith ( 2024 )).
ere, how ev er, this is only temporary and once the jet channel
as reached a steady state, energy and mass is transported via the
ind through the cap as illustrated in Fig. 5 . 
The effect of a subsonic wind on the flow of energy for a high
verpr essur e jet is shown in Fig. 11 . We illustrate the difference
etween a low-speed (upper panel) and high-speed wind (lower 
anel). The high-speed wind quickly eliminates the turbulent 
lume, and a very steady axial energy flow ensues. On the other
and, some variation is retained in the axial flow for the low-
peed jet. The high-speed wind is also able t o eliminat e the effect
f the turbulent plume on the lateral flow associated with the
igh overpr essur e within a short time of ∼ 60 t u . The low-speed
ind acts gradually but still is able to reduce the radial flow
140 t u . 

.3 Sw eeping of v ortices by the wind 

he opposite lobes of classical radio g alaxies e xtend back towards
he galactic nucleus. In many cases, these back-flowing wakes 
orm an entire bridge such that there is no gap between the double
obes while in other case there is a distinct gap (P. Alexander & J.
. Leahy 1987 ; R. G. Strom et al. 1990 ; J. P. Leahy & R. A. Perley
991 ) with a sharp inneredge (Gopal-Krishna, et al. 2007 ). 
Our simulations show that debris jet material is deposited and 

emains adjacent to the jet well after the jet and associated bow
hock have advanced far beyond the field close to the nozzle. In
he present two - dimensional study, this gas occupies a turbulent
ocoon which degenerates into prominent vortices in the form of 
 ort ex rings. These are long-lived features and may appear as a
ide bridge between the advancing working surface and the jet 
rigin. The debris is well illustrated here in the left panels of Fig. 2
hen there is no wind. 
A subsonic wind is sufficient to gradually sweep away the 
ortices. The time taken to achieve this is e xplor ed her e. Fig .
2 presents the clearing distance as a function of time for three
ajor parameters. For this analysis, we examined the value of 
he jet tracer at a radial distance of 5 R jet above the jet axis.
e then applied a maximum tracer value of 0.003 to capture 
ssentially all jet debris. This generates a quite sharp division 
s confirmed in a space–time diagram for the jet tracer at this
adial distance. This is displayed in Fig. 13 . Note the lower-
ight dark areas corresponds to the undisturbed ambient medium 

hile the bright ridge corresponds to the cocoon. One can then
ee how this cocoon becomes turbulent before breaking up into 
ortices. 
The time taken to clear the debris is not sensitive to the Mach
umber. This is demonstrated in the top panel of Fig. 12 . After
 time lag of ∼ 10 t u , the widening cocoon appears as a spike
hich rapidly declines as the cocoon spreads lat erally. Thereaft er,
he left ov ers of the jet cocoon ar e swept downstr eam an appr o xi-
ately linear fashion with time. 
The wind speed is the crucial factor as might be expected. The
iddle panel of Fig. 13 again show mainly linear evolution with
ome variations as individual vortices become caught in the wind. 
he clearing speed varies with a value ε ∼ 0 . 5 − 0 . 7 of the wind
MNRAS 548, 1–13 (2026) 
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Figure 13. A tracer space–time diagram displaying the magnitude 
of the jet tracer in the surrounding medium which gradually gets 
blown away by the subsonic wind. The tracer is evaluated at a distance 
5 R jet above the jet axis. The jet Mach number is M jet = 4 , wind Mach 
umber is M wind = 0 . 3 , with κ = 2 and η = 0 . 1 . Tracer values below o 
0.001 are set to this minimum for display purposes. The lower-right areas 
r epr esents untouched wind material ahead of the jet while the top left is 
the section cleared by the wind. 
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peed. The speed is not only determined by the pr essur e as the
ubsonic wind becomes into contact with the debris but also the
eflection of the wind radially outwards. 
The jet density is a second factor to investigate. Light jets are

nefficient at penetrating the ambient medium, and so deposit
here energy into a wide back-flowing cocoon. On the other hand,
eavy jets eject gas into a narrow cocoon. Since they are heavy,
ow ev er, they can contribut e t o the tracer. Thus, the low er panel
f Fig. 13 shows that the heavy jet (red dashed line) remains clear
f the cocoon gas until the debris has spread radially at ∼ 27 t u . 

 CONCLUSIONS  

hat are the signatures that would specifically identify that an
verpr essur ed jet is enshrouded by a wind? We have found an-
wers but should note that, to begin, we have input a uniform
upersonic jet into a co-axial subsonic wind. We also e x clusively
nalyse hydrodynamic simulations with adiabatic gasses and
ject the jet from a circular nozzle. Our interest is in the near-
eld, studying the emerging shock patterns well after the jet has
acated a channel through the wind. In this near-field to the
ozzle, we can discount surface instabilities and employ two-
imensional simulations. 
Hence we study the fundamental flow patterns ignoring many
hysical processes including those due to magnetic fields, relativ-
NRAS 548, 1–13 (2026) 
ty, r otation, chemistry and cooling . This is a follow-up to recent
ystematic analyses on the effect of overpr essur e, Mach number,
ulsation and opening angle, all of which have a bearing on the
ow behaviour (M. D. Smith & T. L. R. Keogh 2022 ; M. D. Smith &
. Richards 2023 ; C. Richards & M. D. Smith 2024 ; M. D. Smith
t al. 2025 ). 
We find that the presence of a subsonic wind is sufficient to
lter the flow structure. At low overpr essur es, the wind drives out
he cocoon and vortices left behind by the jet. Internal to the jet,
t high subsonic speeds, the diamond shock pattern is dominated
y a sharp central zone of higher pr essur e. This is a potential
iagnostic for the existence of a wind when the jet emissivity is
elat ed t o the pr essur e, as would be e xpected. In addition, the
ocation of the stand-off shock is moderately increased, a differ-
nce that would generally be hard to detect especially due to un-
ertainties in the projection angle of the jet axis in astrophysical
ystems. 
Jets with high overpressure relativ e t o the wind become well
ollimated and contain multiple Mach shock discs once the wind
as driven out the turbulent plume which formed initially. The
iscs form in a wide spine while a fast narrow sheath separates
he spine from the wind. A multiple Mach disc pattern can also
ccur in low overpr essur e jets under certain limited conditions
nvolving a narrow range of wide opening angles [see case (d) of 
. D. Smith et al. ( 2025 )]. 
Ther e ar e no long -t erm disturbances t o the environment due

o the wind–jet interaction. The wind suppresses the oscillatory
otions in the overpr essur ed jet, r educing the e xhaust noise. It
ill be of interest to see the noise levels when the wind itself is
lso supersonic, analogous to supersonic flight. 
The subsonic wind would clear a gap between the double lobes
f a radio galaxy or a bipolar nebula. In the absence of a wind,
emnants of the jet overspill remain in the nozzle near-field as
ermanent features (see the left panels of Fig. 2 ). A wind, how-
v er, remov es these vortices at a rate proportional to the wind
peed. For the subsonic case studied her e, ther e is no shock pro-
uced in this interaction and so no obvious signature to search
or. 
We can evaluate the size of the gap in terms of the lobe length.
he int erface betw een the wind and lobe overspill advances at
 ∼ 0 . 5 − 0 . 7 of the wind speed (see Fig. 12 ). In the meantime, the
dvance of the jet head (i.e. the working surface) is estimated to
e U ∼ √ 

( η) v jet for a light jet (M. D. Smith & T. L. R. Keogh 2022 ).
his is written here as U ∼ √ 

( κ ) M jet . Hence the region cleared by
he wind is a fraction εM wind / ( 

√ 

( κ ) M jet ) of the total length of the
ource. 
The wind not only generates a gap but also stabilizes the inter-
al jet shock pattern while the jet pr opag ates thr ough the g ap. In
erms of bipolar lobes, this would reduce the bridge and generate
 sharp cut-off. How ev er, giv en expect ed high jet Mach numbers,
his may be a rare effect. One example is the radio galaxy 3C388
here both the visible jet and lobe gap are at the same distance
rom the nucleus (J. O. Burns & W. A. Christiansen 1980 ). As a
ind sweeps up and ejects the vortices, an inner edge of accumu-
ated gas and transverse magnetic field results. To observe this
ffect r equir es low radio fr equency observations at high resolu-
ion. The Low -F requency Arr ay (L OFAR) pr ovides this capability
nd examples akin to this phenomena are indeed apparent (V.
. Mahatma et al. 2023 ). New -gener ation instruments will im-
inently permit us to investigate whether more sources with the
ame characteristics exist. 
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The further potential link to observations is the appearance of 
 series of Mach shock discs. This implies an inefficient jet with
ultiple subsonic flow regions interspersed with mildly super- 
onic regions. As outlined in Section 4 , the molecular outflow
f IRAS 15398–3359, a Class 0 protostar, can be interpreted in
his manner (T. Hanawa et al. 2025 ). Other differences brought
bout by the wind ar e theor etically inter esting but observation-
lly small: the disappearance of shock oscillations, a high velocity 
hear along the boundary with a slow jet spine, and a somewhat
igher shock diamond separation. 
Will these r esults e xtend fr om the case of a subsonic wind to

 supersonic wind? A supersonic wind will not flow smoothly 
round the diverging jet. Shocks are inevitable as the wind gets
eflected. We thus anticipate new observational signatures. 
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A  T  A  AVAILABILITY  

o new observational data w ere generat ed or analysed in support
f this r esear ch. Simulation sour ce files ar e available on r equest.
he data underlying this article will be shared on reasonable 
equest to the corresponding author. 
Movies compiled from 1000-frame snapshots of a large selec- 

ion of simulations are available in the Zenodo repository, at http
://zenodo.org/uploads/17701974 or through DOI: 10.5281/zen- 
do.17701974. 
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