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A B S T R A C T 

The young neutron star X-ray binary, Cir X-1, resides within its natal supernova remnant and experiences ongoing outbursts 
every 16.5 d, likely due to periastron passage in an eccentric orbit. We present the deepest ever radio image of the field, which 

reveals relativistic jet-punched bubbles that are aligned with the mean axis of the smaller scale jets observed close to the X-ray 

binary core. We are able to measure the minimum energy for the bubble, which is around Emin = 1045 erg. The nature and 

morphological structure of the source were investigated through spectral index mapping and numerical simulations. The spectral 
index map reveals a large fraction of the nebula’s radio continuum has a steep slope, associated with optically thin synchrotron 

emission, although there are distinct regions with flatter spectra. Our data are not sensitive enough to measure the spectral 
index of the protruding bubbles. We used the PLUTO code to run relativistic hydrodynamic simulations to try and qualitatively 

reproduce the observations with a combined supernova-plus-jet system. We are able to do so using a simplified model in which 

the asymmetrical bubbles are best represented by supernova explosion which is closely followed (within 100 yr) by a phase of 
very powerful jets lasting less than 1000 yr. These are the first observations revealing the initial breakout of neutron star jets 
from their natal supernova remnant, and further support the scenario in which Cir X-1 is a younger relation of the archetypal jet 
source SS433. 
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 I N T RO D U C T I O N  

ircinus X-1 (hereafter Cir X-1) is a X-ray binary (XRB) that has
ince its discovery in 1971 (Margon et al. 1971 ) shown conflicting
haracteristics. The discovery of X-ray bursts from the European 
-ray Observatory Satellite (EXOSAT) (de Korte et al. 1981 ; Taylor 

t al. 1981 ) observations taken in 1984 suggested a neutron star
NS) accretor with possible Type I bursts, however, Type II bursts
ould not be ruled out (Tennant, Fabian & Shafer 1986 ). Later,
inares et al. ( 2010 ) confirmed that the bursts are Type I using the
bservations from the Rossi X-ray Timing Explorer (RXTE) (Bradt, 
othschild & Swank 1993 ) and Neil Gehrels Swift telescope (XRT)
 Swift ; Burrows et al. 2005 ), confirming the compact object is a
S. Moreover, the binary system is probably in an elliptical orbit of
eriod 16.6 d (Kaluzienski et al. 1976 ). 
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The source appears to show mildly relativistic jets (Fender et al.
998 ) which may be precessing close to the plane of the sky (Coriat
t al. 2019 ) as well as evidence for ultrarelativistic jets with an angle
lose to the line of sight (Fender et al. 2004 ). The X-ray behaviour
f Cir X-1 has been studied in detail during outbursts, yielding
haracteristics from the hardness intensity (HID) and colour–colour 
CD) diagrams of both Z -sources and Atoll sources (Oosterbroek 
t al. 1995 ; Shirey, Bradt & Levine 1999 ). Z -source/Atoll sources
re low mass–low -magnetic field NS star systems, distinguished 
y the characteristic patterns they trace in HIDs and CCDs during
utbursts (Hasinger & van der Klis 1989 ). van der Klis ( 1994 )
redicted that Cir X-1 may be an Atoll that shows Z -source behaviour
uring outbursts but Shirey et al. ( 1999 ) confirmed complete Z -track
ehaviour. Therefore, Cir X-1 exhibits properties consistent with 
oth Z and Atoll sources, indicating it is likely a low-mass X-ray
inary. And, although the Type I bursts observed from Cir X-1 are
onsistent with accretion from an H/He enriched companion, the 
ge and nature of the binary system has been a puzzling factor
ue to the association with the extended nebulae in the region of

ource. 
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Figure 1. The MeerKAT L band image of the Cir X-1, Africa nebula and surrounding wide field with a primary beam full width at half-maximum (FWHM) 
∼66 arcmin (1.1◦), constructed with 30 epochs of data, we label Cir X-1 and the formally assumed supernova remnant (SNR) of origin G321.9 −0.3. 

 

w  

F  

t  

b  

fi  

b  

t  

S  

T  

t  

e  

o  

(  

w
 

t  

T  

a  

r  

a  

v  

l  

2  

(  

w  

o  

b  

e  

n  

m  

m  

r  

w  

(  

M  

t  

S  

‘  

f  

a  

e  

t  

d  

o
 

t  

w  

s  

k

2

M  

t  

T  

(  

t  

a  

X  

u  

t  

c
(  

u  

b  

2  

1 For more details see, https://github.com/IanHeywood/oxkat. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/541/4/4011/8211002 by The Librarian user on 03 O
ctober 2025
Clark, Parkinson & Caswell ( 1975 ) suggested that the X-ray binary
as born in the nearby supernova (SN) remnant G321.9 −0.3 (see
ig. 1 ) moving away from it at high speed due to a large kick in

he natal supernova explosion. Later, distance and age estimates for
oth were shown to be broadly consistent. Haynes et al. ( 1986 )
rst reported the smaller diffuse radio nebula centred on the X-ray
inary itself and speculated that the southern extension of this nebula
owards G 321.9–0.3 supported the hypothesis of Clark et al. ( 1975 ).
tewart et al. ( 1993 ) reported radio imaging from the Australia
elescope Compact Array (ATCA) of the Cir X-1 nebula and argued

hat apparently swept-back radio jets further supported the Clark
t al. ( 1975 ) hypothesis. During the 1990s further detailed radio
bservations revealed a smaller jet-like structures within the nebula
e.g. Fender et al. 1998 ), and the association with G321.9 −0.3 was
idely accepted. 
However, Mignani et al. ( 2002 ) reported strong upper limits on

he proper motion of the optical counterpart using Hubble Space
elescope ( HST ) observations separated by over 8 yr, ruling out
n association between G321.9 −0.3 and the X-ray binary. Focus
eturned to understanding the nature of the Cir X-1 nebula itself and
ssociated jets, with increasingly detailed radio images presented
ariously in Tudose et al. ( 2008 ) (which also presented proper motion
imits on the core consistent with the HST results of Mignani et al.
002 ), Calvelo et al. ( 2012 ) and Coriat et al. ( 2019 ). Coriat et al.
 2019 ) reported the first detailed study into whether or not the jets
ere precessing, as hinted at in previous more sparse comparisons
f jet images. In the meantime, our understanding of the relationship
etween the X-ray binary and the nebula had also changed. Heinz
t al. ( 2013 ) used Chandra observations to confirm that the Cir X-1
ebula is the natal supernova remnant of Cir X-1. The authors deter-
ined a maximum age of 4600 yr for the supernova remnant, thus
aking Cir X-1 the youngest known XRB. The high-resolution X-

ay imaging available with Chandra also revealed X-ray structures,
ithin the outer shell of the nebula and aligned with the radio jets

Soleri et al. 2009 ; Sell et al. 2010 ). Therefore, prior to the new
NRAS 541, 4011–4024 (2025)
eerKAT imaging and analysis presented here, the consensus was
hat Cir X-1 was a very young neutron star X-ray binary. Johnston,
oria & Gibson ( 2016 ) propose that the companion is an unusual
puffed up’ star as a result of heating and the deposition of energy
rom the supernova explosion. Furthermore, Heinz et al. ( 2013 ) argue
 likely high-mass companion following a core collapse supernova
xplosion. However, the Z -source/Atoll nature of the source supports
he alternative evolved low-mass companion scenario the authors
iscuss. Heinz et al. ( 2015 ) determined the position to be at a distance
f 9 . 4+ 0 . 8 

−1 . 0 kpc. 
In this paper, we present new deep imaging of Cir X-1 with

he MeerKAT radio telescope. Due to the striking resemblance,
e named the nebula the ‘Africa nebula’. The imaging results are

upported by detailed numerical simulations, which demonstrate our
nowledge of the source was yet an incomplete picture. 

 M E E R K AT  O B S E RVAT I O N S  

eerKAT hosted a large monitoring campaign for Cir X-1, observing
he source daily for 34 epochs at a central frequency of 1.28 GHz.
his was done through the ThunderKAT Large Survey Programme

Fender et al. 2016 ). Although our MeerKAT data were collected
o monitor outbursts over time, we do not present the time-series
nalysis and focus instead on the deep broad-band radio image of Cir
-1 and the surrounding field. A total of 8.5 h was spent observing,
sing an average of 61 dishes for each observation. J1939–6342 was
he primary calibrator (flux, bandpass) and the secondary (phase)
alibrator was J1424–4913. The semi-automated pipeline, OXKAT 1 

Heywood 2020 ) was used to reduce the data. Each epoch was imaged
sing a modified OXKAT recipe for this field because of the multiple
right large-scale structures within the field. The 1GC, Flag-only,
GC-multiscale, and 3GC peeling scripts were used in succession

https://github.com/IanHeywood/oxkat
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Figure 2. The zoomed-in version of Fig. 1 . Highlighting Cir X-1, the Africa nebula and the newly revealed jet-punched bubbles (labelled NW and SE Bubble). 
We identify and label the core, XRB, the jet shock fronts, rings, pockets (more distinguishable as the spectrally flat regions in line with the core seen in the 
spectral index map of Fig. 4 ). We further separate the nebula into the shell region and name the extension the southern tip. 
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o image each observation (see Heywood et al. 2022 for a detailed
escription of the calibration and imaging procedures). In order to 
mprove the image, two of the bright background sources were peeled 
 > 3 Jy in the North and South region of the field). To create the
eep image we made a clean mask with a pixel threshold of 0.002,
umming the 30 epochs (total of 7.5 h) of the best images (such that
he epochs 4, 11, 14, 15, were excluded due to bad artefacts). We
hen ran a WSCLEAN job with the new mask on the 30 measurements
ets, with multiscale parameters 0, 3, 9, 18, 36, weighted Briggs of
0.3 and a circular beam to create the final image. 

 RESULTS  A N D  ANALYSES  

n Fig. 1 , we present our deep 7.5 h radio image of the Cir X-1,
frica Nebula, and surrounding field, with a 3 σ background rms 
f 38.37μJy beam−1 . In Figs 2 , 3 , and 8 , are zoom-in versions of
he deep image highlighting Cir X-1 and the surrounding Africa 
ebula. Fig. 2 has detailed labelling. We label the central source as
Core, XRB’ and the surrounding structure of the nebula as ‘shell’.

ithin the shell we identify ‘jets/shock’ which we label ‘NW/SE 

hock’ (previously referred to as ‘caps’; Sell et al. 2010 ). These are
resumably the now slow precessing jets opposed to the fast fixed- 
xis jets assumed in Section 4.2 . The region of space perpendicular to
he jets is named the ‘pockets’ (identifying the spectrally flat regions 
erpendicular to the jets which are seen in Fig. 4 ) and south of the
hell is an extension we label the ‘southern tip’. Although, these 
eatures are visible in the previous radio images (Coriat et al. 2019 ),
e present an exceptionally resolved nebula. Improving the visibility 
f the asymmetric structures we call ‘rings’ and revealing previously 
nobserved features such as those labelled ‘bubbles’, extending from 

he base of the rings. In the following, we analyse our observational
esults through a sub-band intensity map, a spectral index map and 
etermine the minimum energy present in the NW bubble and the 
ebula (only the region within the shell). Subsequently, we simulate 
he structure of the nebula and investigate the jet parameters that may
ave formed the bubbles we observe in the radio image (see Section 4
nd 5 ). 

.1 Sub-band intensity map 

n order to illustrate the features of the nebula with some indication
f which frequencies dominate at which location, we constructed the 
omposite image displayed in Fig. 3 . Although the full frequency
ange of the radio continuum observation consists of eight sub- 
ands, we only selected the three sub-band FITS files (without primary 
eam correction; 1.016, 1.230, and 1.444 GHz) that were the least
mpacted by striations in their background noise levels. Using the 
ARTA visualization software, 2 we adjusted the intensities of these 
ata using limits on the histogram of values along with logarithmic
nd non-linear stretches. The greyscale output png files were input 
nto the Gnu Image Manipulation Package (GIMP). 3 

Investigation of the primary beam corrected sub-bands showed that 
he NW bubble appears intermittently between bands, depending on 
he signal-to-noise ratio. This bubble is delineated most strongly in 
he sub-band centred at 1.016 GHz. To highlight this information, we
uplicated a segment of this sub-band image capturing the bubble 
nd blended this bubble image with the 1.016 GHz field of view. 

We subsequently assigned colours: the bubble-enhanced sub-band 
entred at 1.016 GHz was assigned rose, the sub-band at 1.230 GHz
ellow-green, and 1.444 GHz blue-green. These colour images were 
ntensity adjusted and combined, as described in English ( 2017 ),
nto a resultant colour ‘combined sub-band’ image. Next the total 
ntensity, full-frequency (i.e. wide-band) image was assigned red. 
hen the inner region of the full-length of the nebula was masked in
MNRAS 541, 4011–4024 (2025)
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Figure 3. Sub-band intensity information. Colour was assigned to three sub-bands of the radio continuum observations, which were subsequently combined and 
adjusted as described in English ( 2017 ). The total intensity wide-band image was assigned red. The central region of the nebula was masked in the wide-band 
image in order to expose the colour combined sub-band image when their layers in GIMP are blended. See the text for more detail. 

Figure 4. Left panel: Spectral index map: values more positive than −0.1 are conventionally referred to as flat, though these values may also be generated 
by noise. Values more negative than −0.8, where this colour map has a greyish divergent point, are conventionally referred to as steep. Values more negative 
than −1.5 are assigned yellow. The perception-based colour tables used in these maps, along with tutorials for applying them, were produced by English et al. 
( 2024 ) (find at https://github.com/mlarichardson/CosmosCanvas ). Right panel: Spectral index error map: grey is associated with low error. Most regions in the 
left panel around the edge of the nebula are purpleish due to this. However, there are dark cyan through purple regions interior to the nebula with low noise that 
therefore have flat spectral slopes. Note that the uncertainty on the alpha values of the central point source and jet-lobes is low. 
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he wide-band image using GIMP’s ‘layer mask’ functionality. This 
xposed the coloured combined-sub-band image (described above) 
hen the layers containing the wide-band and sub-band images were 

n turn combined. Finally, masks were also employed to adjust the 
olour and darkness of the surrounding, non-nebular region as well 
s the white balance of the point sources. 

.2 Spectral index map 

e measure the global spectral index in the shell of the nebula to be
0.49 + / −0.19. However, as seen in left panel of Fig. 4 (the spectral

ndex map), the shell mainly consists of values more negative than 
0.8 but the global value is affected by some regions that are much

ess negative. Perception-based colour schemes (English et al. 2024 ), 
sed in left panel of Fig. 4 , distinguish the conventionally ‘steep’
lopes (spectral index more negative than −0.8) in the spectral energy 
istribution (SED) from ‘flat’ slopes and/or noise (spectral index 
ore positive than −0.1). The edges of the full nebula, including 

dges of the southern tip, are flat, which could be due to the larger
ncertainties in these regions of the map (see spectral index error map
n right panel of Fig. 4 ). The centres of the shell’s pocket regions are
lso flat, and, the uncertainty is lower in these regions (particularly 
he SW pocket). The bubbles, including the upper edge of the NW
ubble are too faint to have measurable spectral indices. We propose 
hat this low luminosity is because they are less dense regions. In the
pectral index map (Fig. 4 left panel), the jet emission (in shock in
ig. 2 ) appears to be steep (more negative than −0.8). Even steeper
re the regions beyond the centres of the pockets contained within 
he shell (spectral index −1.0 to −1.5). As with other synchrotron 
ebula from supernova remnants to radio galaxies, the steep spectra 
re indicative of optically thin synchrotron emission from electrons 
hich may have diffused from their acceleration sites. The flatter 

egions are likely closer to the sites of particle acceleration and/or 
ave some optical depth. 

.3 Minimum energy 

e determine the minimum energy for the protruding NW bubble 
nd the nebula. The measured lengths are 1.68′ for the NW bubble 
nd 5.83′ for the nebula. Using a distance of 9.4 kpc, we determine the
ource size R: 7.09 ×1018 cm for the NW bubble and 2.46 ×1019 cm
or the nebula. The minimum energy equipartition equation 4 is used 
hen the luminosity and the size of the source are measurable. 
herefore, invoking equation ( 1 ), where η is the energy associated 
ith the protons that accompany the electron and is assumed 1 for the
inimum energy condition. The filling factor (f) is assumed to be 1

nd the luminosity L is given by equation ( 2 ) for MeerKAT frequency
ange 909 MHz–1.65 GHz. For the NW bubble L = 1 × 1030 erg
−1 and for the nebula L = 7 × 1031 erg s−1 , we also determine
12 = 3 × 107 . 

min = 0 . 92 η
4 
7 c

4 
7 
12 f

3 
7 R

9 
7 L

4 
7 (1) 

 = 4 πD2 Fν( ν2 − ν1 ) . (2) 

he minimum energy that is measured is therefore 4 ×1045 erg and 
 ×1047 erg for the NW bubble and the nebula, respectively. These 
alues are compared to the energy estimates determined from the 
umerical simulations in Section 4.2 . 
 See more detail in https://github.com/robfender/ThunderBooks . 

t  

t  

t

 N U M E R I C A L  SI MULATI ON  O F  T H E  C I R  X-1  

N D  AFRI CA  NEBU LA  SYSTEM  

he deep radio images presented in this work unveil previously 
nseen features in this system, most notably a large and small bubble
we label NW and SE bubble, respectively) symmetrically protruding 
ut of the nebula along the axis of the known jets. The coincidence of
hese bubbles along the jet axis suggests that past jet activity could
ndeed be responsible for or at least linked with the formation of
hese bubbles. We hypothesize that these bubbles are punctures in 
he supernova remnant caused by the jet launched by Cir X-1: the jet
s launched some time post-SN explosion, the jets catch up with the
N remnant, and then they interact with the remnant such that they
low the observed bubbles which we see today. 
Although jet activity is visible in this image (presented and dis-

ussed in detail in Coriat et al. 2019 and Cowie et al. in preparation),
he apparent precession angle of these jets simply gauged from the
idth of their termination shocks appears too wide to be responsible

or the comparatively narrow puncture at the base of the bubbles.
dditionally, the jets appear to produce termination shocks within 

he nebula (labelled as shocks in Fig. 2 ), rather than at the surface
f the nebula. We therefore propose that there exists at least two jet
odes in Cir X-1. Cowie et al. (2025, in preparation) propose that

he jets responsible for the inner shocks visible in the radio image
re relatively slow ( vjet ∼ 0 . 3c), while we propose a set of fixed-axis
ast jets ( vjet ∼ c) launched at an earlier time are responsible for the
adio bubbles we see today. 

To test this hypothesis, as a proof of concept, we run numerical
imulations representative of the basic components we observe in the 
ystem (a supernova explosion, and a set of symmetric jets launched
rom the core) to try to reproduce the observed morphology. 

.1 Numerical methods 

he simulations in this paper are relativistic hydrodynamic (RHD) 
imulations run using the PLUTO code (Mignone et al. 2007b ).
he code computes the numerical solutions to the RHD system of
quations, evolving the conservative set of variables 

 = ( D, m1 , m2 , m3 , E t )T 

ith laboratory mass density D, momenta m1 , 2 , 3 , and total energy Et 

ensities, according to the conservation equations 

∂ 

∂ t 

⎛ 

⎝ 

D 

m 

Et 

⎞ 

⎠ + ∇ ·
⎛ 

⎝ 

Dv 

mv + P I 
m 

⎞ 

⎠ 

T 

=
⎛ 

⎝ 

0 
0 
0 

⎞ 

⎠ 

ith velocity v , thermal pressure P , and identity matrix I. 
At each time-step, the code converts these conservative variables 

o primitive variables in the lab-frame (rest-mass density ρ, three- 
elocity v , and pressure p) which make up the outputs of the
imulation, as well as the initial and boundary conditions. Lastly, we
mploy the Taub–Matthews equation of state (Taub 1948 ; Mignone & 

cKinney 2007 ) which describes a relativistic perfect gas as a
unction of temperature, and is therefore flexible to both relativistic 
nd non-relativistic regimes. 

We assume a 2D cylindrical geometry in the simulations, which 
ends itself well to the observed geometry of the nebula shell and
ubbles, neglecting the southern tip feature which we are not aiming
o reproduce in the scope of this work. The simulation is aligned such
hat the jet runs along the axisymmetric axis of the simulations, and
he core is in the centre of the simulation. 
MNRAS 541, 4011–4024 (2025)
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The domain is a static grid split into 1500 × 3000 computational
ells. This constitutes the 2D grid which is rotated completely
bout its longest axis, making each cell square toroidal in shape
nd occupying a pseudo-3D volume. The boundaries are set to be
utflowing, with the exception of the axisymmetric boundary the
imulation is rotated about. 

The simulation runs in non-dimensional ‘code’ units which are
ranslated to physical units with time and length scales appro-
riate for the system. These scaling units are defined as: unit
ensity ρ0 = 1 . 673 × 10−24 g cm 

−3 , unit length L0 = 3 × 1016 cm,
nd unit velocity v0 = c, making units of time t0 = 3 . 173 × 10−2 

r, or 1 . 001 × 106 s. Each simulation computational cell is one
ode unit across, meaning the domain has a physical resolution
f 15 × 30 × 1018 cm. The resolution was selected such that the
orphology of the simulations remained consistent if the resolution
as increased, but did not pose excessive computational costs. 
In terms of numerical integration, the code offers several choices

or spatial reconstruction and time-stepping algorithms. We use a
inear reconstruction of primitive variables as the spatial order of
ntegration, and a second-order total variation diminishing (TVD)
unge–Kutta scheme to evolve time-steps. To compute the flux
etween cells, we use the Harten–Lax–van Leer contact (HLLC)
iemann solver (Mignone & Bodo 2005 ), along with the least diffu-

ive flux limiter available in PLUTO (monotized central difference).
astly, we enable additional dissipation in the proximity of strong
hocks (‘shock-flattening’) with a multidimensional strategy. 

.2 Simulation set-up 

e construct a simulation to reproduce a basic supernova explosion,
nd a relativistic jet launched from the position of the core. We do so
ith methods similar to those presented in Goodall, Alouani-Bibi &
lundell ( 2011 ), a similar study of an ‘older-sibling’ analogous

ystem, SS433. 
The HMXRB SS433 exhibits remarkably similar properties to Cir

-1, most notably its positioning within its assumed natal supernova
emnant (the W50 nebula) which also shows asymmetric bubble-like
eatures along its jet axes. Although SS433 is a comparatively older
xample of this phenomenon (Likely 104 to < 105 yr old), many
f the initial simulation conditions that Goodall et al. ( 2011 ) used
o explore the effects of the inner jets on the morphology of the
urrounding nebula translate well to this work. We do not, however,
odel a precessing jet like in Goodall et al. ( 2011 ) but instead launch

he jet along a fixed axis, which we expect for reasons outlined at the
eginning of this section. 

.2.1 Supernova explosion 

o model the initial natal supernova explosion, we simulate a Sedov–
aylor (Taylor 1950 ; Sedov 1958 ) spherical blast wave at the centre
f the simulation volume. This Sedov expansion is a standard
pproximation of a supernova explosion once the swept up mass
xceeds the initial supernova ejecta mass, immediately following the
nitial kinetic ‘free-expansion’ phase during which the ejecta moves
t a constant ejection velocity and expands more quickly than the
ubsequent Sedov phase. The properties of the emitting gas in the
upernova remnant are consistent with a type IIP supernova explosion
ith progenitor mass ranging from ∼ 8 to ∼ 25 M� (Chevalier
005 ), and thus we make a conservative estimate of about 5 M�
f ejected mass. With this mass, the radius at which the Sedov phase
f expansion begins is ∼ 3 . 6 pc for a spherical explosion. The current
NRAS 541, 4011–4024 (2025)
adius of Cir X-1 at 9.4 kpc is roughly 8 pc across and thus is likely
urrently in the Sedov phase, and was only dominated by the free-
xpansion phase for the first several hundred years of its evolution, a
raction of this simulation time. Simulating the free-expansion phase
ould accelerate the growth of the supernova, as it is more rapid in

his phase, and would produce a more realistic mass distribution, but
ould require a much higher resolution simulation that is beyond the

cope of this investigation. 
To simulate the supernova explosion, we initiate a sphere with

ressure 

SN = ( γ − 1) ESN 

V 

, (3) 

here ESN = 3 . 0 × 1050 erg, we assume a non-relativistic adiabatic
ndex γ = 5 / 3, and V is the volume of the initial explosion which we
et to be spherical with radius RSN = 3 simulation pixels, equivalent
o 9 × 1016 cm ( ∼0.03 pc). Inside the explosion radius, we set the
ensity to be equal to the ambient density. 

.2.2 Interstellar medium and galactic density profile 

utside of the explosion radius, the pressure is set as 

0 =
c2 
s, 0 ρ0 

γ
, (4) 

here the sound speed in the ambient medium is cs, 0 = 9 ×
05 cm s−1 , the density is set at ρ0 = 1 . 673 × 10−24 g cm 

−3 , equiv-
lent to n0 = 1 cm 

−3 for a fluid of protons. This pressure is constant
verywhere outside of the explosion radius to ensure stability in the
urrounding interstellar medium (ISM). 

The density in the surrounding ISM is not constant, however, as
ir X-1 sits very close to the Galactic plane and therefore likely sits

n a region of high density gradient (again, much like its counterpart
S433). To simulate this, we again adopt methods from Goodall et al.
 2011 ) and employ an exponential density profile of the Galactic
lane as described by Dehnen & Binney ( 1998 ), adopted for the
osition of Cir X-1 with respect to the galactic plane and normalized
uch that the number density at the centre of the simulation (the
osition of the XRB) is unity. We measure the position of Cir X-
 relative to the Galactic centre as R� = 5 . 8 kpc and z� = 6 . 15
c. The jet axis, which we infer to be aligned with the bubbles
n either side of the nebula, is perpendicular to the galactic plane,
n advantageous feature as it therefore allows us to maintain an
xisymmetric geometry in our simulation. Lastly, we inject random
aussian perturbations in the surrounding ISM of the scale 10−4 . 

.2.3 Jet injection 

he jet in this simulation is launched after the initial supernova
xplosion from the centre of the simulation volume and explosion
picentre. We inject the jet as a relativistic flow through a nozzle
hich is set as an internal boundary, meaning the cells which inject

he jet are not evolved according to the fluid equations along with the
est of the grid. Symmetric jets are injected along the z -axis in the
ositive and negative direction. The jet nozzle spans 3 pixels in the
 -direction and 1 pixel in the z -direction, and therefore the injection
adius is 9 × 1016 cm – this being the smallest area for a numerically
table jet, although we note that this is much larger than the orbital
eparation of the binary system ∼ 1012 cm (Tauris et al. 1999 ). We
et the pressure in the jet as 7 . 5 × 10−10 g cm 

−1 s−2 , such that the jet
s hot with respect to the ISM, but depending on the pressure within
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Table 1. Jet parameter values adopted in test simulations. A non- 
comprehensive number of permutations were tested. 

Parameter Values Description 

	jet 3, 5, 7, 10 Lorentz factor of the jet 
njet 7 . 7 × 10−5 , 10−6 Jet density (cm−3 ) 

tjet 500, 550, 800, 1000, 1500 Jet duration (years) 
tjet 50, 100, 400, 1000, 2000, 2500, 

3000 
Jet initial launch time 
(years) 
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he supernova at the time that the jet is launched, is at times slightly
ooler than its surrounding fluid. Jet pressure is kept constant in all
imulations as an independent variable. 

The main goal of the simulation is to reproduce the morphology 
f the jet–nebula interaction. As such, we choose to only vary 
he parameters of the jet, as we assume that this has the largest
nfluence on the resultant morphology, and they are currently poorly 
nderstood. The main jet parameters we vary are: 

(i) Pjet : the jet power, mainly through varying the jet Lorentz factor 
, although in some simulations we test two jet densities ρjet , 
(ii) tjet : the jet initial launch time, measured in years since 

upernova, and 
(iii) 
tjet : the jet injection duration, which contributes to the total 

njected energy Ejet . 

These all have a significant effect on the final morphology of the
et–nebula interaction site, and varying these allows us to understand 
ow certain morphological features of Cir X-1 may have arisen. 

.3 Simulation analysis 

o compare the simulation directly with the radio data presented here 
n this work, we estimate a pseudo-emissivity from the simulation 
ata which serves to replicate optically thin synchrotron emission 
ollowing the prescription outlined by Hardcastle & Krause ( 2013 ). 
ased on the assumption of minimum energy, where there is 
quipartition between the energy in magnetic fields and electrons, 
he comoving 5 synchrotron emissivity can be expressed as 

′ 
ν′ = A ( p, ν ′ , γ, η)( κP )( p+ 5) / 4 (5) 

here P is the pressure in the simulation, p is the spectral index,
 ( p, ν ′ , γ1 , 2 , η) is the constant prefactor for all simulation cells

see Hardcastle & Krause 2013 ) which depends on the spectral 
ndex, the comoving observing frequency ν ′ , the minimum and 

axium Lorentz factors of the electron distribution γ1 = 10 and 
2 = 105 , and η = 0 . 75 is the partitioning factor between energy in
he magnetic fields and electrons. This is related to equation ( 1 ) used
o calculate the minimum energy from the observed emission, but 
ncludes an extra term κ . This term provides a simplistic treatment for
article acceleration, delegating how much of the internal pressure is 
tored in relativistic electrons and magnetic fields. We set κ = 0 . 1,
hich roughly translates to a particle acceleration efficiency of 
5 per cent . This is a reasonable estimate, as we know roughly 

0 per cent of shock power from supernova remnants is thought to
e funnelled into cosmic ray acceleration (Helder et al. 2009 ; Bell
013 ; Morlino et al. 2013 ). 
The emissivity in equation ( 5 ) is a comoving quantity, and

elativistic effects should be incorporated when calculating the flux 
n the frame of the observer. This flux is given as 

ν = δ2 −α

d2 
L 

∫ 
j ′ 
νd V , (6) 

here V is the lab-frame volume 6 over which the emission is
ntegrated, α (defined as p in equation 5 ) is the spectral index. While
e measure a global spectral index of α ∼ −0 . 5 (Section 3.2 ), this

s affected by optically thicker pockets. Since we are interested in 
 We denote all comoving quantities with the prime ′ notation. 
 The PLUTO code returns primitive variables (in the comoving frame) but the 
rid is defined in the lab frame, hence why we integrate over the lab frame 
olume. 

c
 

i  

w  

j  

i  
imulating the optically thin emission, we adopt a spectral index of
= −1, which is representative of this emission in the shell (Fig. 4 ).

L is the distance to the source, and ν = 1 . 28GHz is the lab-frame
bserving frequency. The Doppler factor δ is given as 

= 	−1 (1 − β cos θ )−1 , (7) 

here θ is the angle of the velocity vector to the line of sight, β is
he speed of the fluid in units of c, and 	 is the Lorentz factor. 

We note that when calculating the minimum energy of the nebula
nd bubbles from the radio data in Section 1 we do not make any
elativistic corrections. This is predominantly because we do not 
now the velocities present in the system and therefore can not
orrect for them, and secondly, as we infer and discuss later given
he simulation results, we deem it unlikely that there is a presently
ctive jet producing the bubbles and therefore the Lorentz factor of
he observed fluid today is likely not relativistic. 

Lastly, if we assume that the emission is optically thin, we are able
o make maps of the integrated emission across the 3D volume. To do
his, we rotate the 2D cylindrical simulation frames about their z -axis
nd interpolate them on to a 3D Cartesian grid. These data are then
ntegrated along the line of sight using an in-house the ray-tracing
lgorithm DART to produce images which we then use to compare to
he real radio image. 

 SI MULATI ON  RESULTS  

e ran several test simulations, varying jet power and duty cycle
ithin a confined parameter space, in order to gauge how the jet–
ebula morphology changes as a result. These simulations non- 
omprehensively spanned the parameters listed in Table 1 . Although 
e did not test all permutations, simulations were run in batches
ith control and independent variables, after which several test 

imulations of interest were pursued. As a result of this process,
e present a fiducial simulation, presented in Figs 5 , 6 , and 7 , which

s best able to reproduce the features observed in the radio image
ig. 2 . The fiducial simulation parameters are shown in Table 2 , as
ell as the parameters for two select comparison simulations which 
e present in Fig. 7 . 

.1 A fiducial simulation 

e are successfully able to reproduce a supernova remnant of the
orrect size within the age estimate, along with a set of inflated
ubbles along the jet axis. The formation of these bubbles, due to the
nteraction between the jet and the supernova remnant, can be seen
learly in Fig. 5 . 

The supernova nebula in the simulation prior to the jet launching
s initially spherical. At 50 yr, the jet is launched, and shortly after
e begin to see protrusions on either side of the nebula where the

et has propagated past the supernova shock radius. While the jet
s still on (see panels at 182, 397, and 555 yr in Fig. 5 ) the jet
MNRAS 541, 4011–4024 (2025)
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M

Figure 5. Various time-steps of the fiducial simulation, with the time elapsed since initial supernova indicated in the top-left. Each panel shows the log of the 
number density on the left-hand side, and the log of the pressure on the right. Each row shares the same colourbar axes on the left (number density; lower densities 
assigned darkest colours, e.g. purple) and right (pressure; lower pressures assigned darkest colours, e.g. blue and purple) of the row. In the final time-step, we 
indicate the measured radius of the Cir X-1 supernova remnant as well as the angular scale of the simulation at the same distance as Cir X-1. We indicate in the 
top-right corner of each panel if the jet is active during that time-step, where the jet is launched between 50 and 600 yr in this simulation. 
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roduces a pointed, conical feature as it drives into the ISM. At
his time, these features are in rough pressure equilibrium with
he nebula. After the jet turns off at 600 yr, the jet is no longer
riving the bubble features into the ISM and instead they begin to
xpand and cool – this results in the previously conical bubbles
ecoming more rounded at their tip and expanding outwards (see,
NRAS 541, 4011–4024 (2025)
n particular, the progression from 555–1190 yr along the middle
ow in Fig. 5 ). We also begin the see the bubbles become cooler
han the inner nebula over this time. The bubbles continue to expand
diabatically, as well as with the supernova explosion itself, and the
ase of the bubble where the jet had essentially punched a hole into
he remnant widens with the expansion of the supernova, resulting
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Figure 6. Lab-frame flux of the fiducial simulation compared to the observed radio flux. The 2D axisymmetric simulation (left) is rotated about its axis and 
the emissivity is integrated along a 60◦ angle to the line of sight using the in-house ray-tracing software DART to produce the optically thin flux image (centre). 
We compare this morphology to the real radio image of Cir X-1 (right). Flux is displayed in log-space, the colour scales of the images are individually and 
arbitrarily scaled for visual comparison, and the length scales are equal in all panels. We indicate in the central panel the angular scale of the simulation at the 
same distance as Cir X-1, which also spatially corresponds to 1 arcmin in the real radio image on the right. 

Figure 7. Comparison between the fiducial simulation (centre), a simulation where the jet is launched later in time and for slightly longer (left), and the same 
simulation but the jet is launched for a longer period of time (right) but starts at the same time as the fiducial. Each simulation is shown at 3966 yr old. We 
indicate the measured radius of the Cir X-1 supernova remnant for comparison, as well as the angular scale of the simulation at the same distance as Cir X-1. 
Each map is showing the log of the comoving emissivity j ′ 

ν′ per pixel. The scale on the left of the image is the radius of the bubble with respect to the centre of 
the supernova in parsecs. Simulation parameters are specified in Table 2 . 

Table 2. Simulation parameters of the fiducial simulation, as well as two 
select comparison simulations which we present in Fig. 7 . 

Simulation name 	jet 
tjet tjet njet 

Fiducial simulation 7 550 yr 50 yr 7 . 7 × 10−5 cm−3 

Increase tjet 7 800 yr 2500 yr 7 . 7 × 10−5 cm−3 

Increase 
tjet 7 1500 yr 50 yr 7 . 7 × 10−5 cm−3 
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n the flattened morphology of the bubble we see at the end of the
imulation. 

This fiducial simulation presents a scenario where a powerful jet, 
pproximately ∼ 35 LEdd for a 1 . 4 M� NS, is launched early in the
volution of the supernova over a relatively short amount of time.
his is consistent with the fact that we do not observe any other

eatures evidencing a recently active powerful jet. Additionally, we 
bserve what seems to be a slower precessing jet unimpeded by any
MNRAS 541, 4011–4024 (2025)
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ther faster jet activity, such that the slow jet must be launched after
he fast jet (or at the very least along another axis). 

In addition to the simulated jet producing a pair of bubbles,
atching those observed in the data, we are also able to reproduce

everal other key features present in the radio image. Here, we
ompare the ray-traced flux as seen in Fig. 6 with the Cir X-1 radio
mage. 

First, the region where the inflated radio bubbles meet the edge of
he supernova remnant in Cir X-1 is slightly enhanced in brightness,
roducing a ring-shaped base to the bubble – we also reproduce
his in the fiducial simulation. Secondly, the tip of the radio bubble
s slightly brighter compared to the rest of the bubble which is
niformly illuminated, which we also observe in the simulation,
ost apparent in the emissivity map of the fiducial simulation

n the central panel of Fig. 7 . Lastly, in the radio image, the
ubble itself has a strikingly smooth and round shape, especially
n contrast to the complex structure seen inside of the supernova
emnant. This smooth shape in the bubble is reproduced in the
ducial simulations, although we do not see the same amount of
tructure in the nebula itself (this is likely due to our simplistic
reatment of the supernova explosion, although we do see some
tructure appear in other simulations which we discuss further in
ection 5.2 ). 

.2 Relations between jet parameters and radio features 

ith the fiducial simulation we show as a proof of concept a plausible
cenario for the formation of these bubbles. However, there are
ertain features in the radio image which are not reproduced well
n the fiducial simulation, but are present in other test simulations
although at the expense of other key features). By running these
est simulations, we are able to broadly infer which jet parameters
re responsible for various features and in general make statements
bout how these jets affect their natal supernovae. 

Here, we enumerate radio features present in the data which we
ave aimed to reproduce in simulations, and qualitatively discuss
ow the jet parameters affect the emergence of these features. 

.2.1 Size and brightness of the bubble rings 

he ring formed by the intersection of the bubble and the supernova
emnant is a prominent feature for both bubbles (NW and SE) in the
adio image – the ring is not only slightly brighter than the adjacent
mission from the nebula, it is also narrow, in that it occupies a
elatively small surface area of the nebula. Comparing the radio
mage to the fiducial simulation, the rings in the simulation are wider
nd are slightly less edge-brightened. 

Addressing the size of the ring, this is mainly because the jet
n the simulation is launched relatively early in the evolution of
he supernova. A hole is punched by the jet into the edge of the
xpanding supernova remnant shortly after launch, as seen in Fig. 5 .
s the remnant expands, the puncture also expands with it, producing
 wide-radius ring at the end of the simulation evolution. The rings
roduced by jets launched at late times are narrower, but produce
uch smaller bubbles for the same power jet, see the left panel in
ig. 7 . These late-launch simulations also show marginally more
dge-brightening, but we found this varied inconsistently across
imulations and likely relies on more complex interplay between
he jet/nebula hydrodynamics. 
NRAS 541, 4011–4024 (2025)
.2.2 Height and shape of the bubble 

ne of the most striking features of the Cir X-1 bubbles is how
rominent the northern bubble is: its height along the axis of the jet
s almost equal to the radius of the nebula itself ( ∼80 per cent of
adius). In addition to this, the bubble appears to be widest at halfway
etween the nebula puncture and its tip, giving it the distinctive
bubble-like’ appearance. We were unable to produce a simulation
ithin our explored parameter space with this ‘bubble-like’ shape,

nd all bubbles produced were instead widest at their base. Recently
ctive jets (as seen at t = 55 and 793 yr in Fig. 5 ) produce bubbles
hich are triangular in shape, and after the jet is turned off the
ubbles expand adiabatically to produce more rounded structures.
his suggests that the jets in Cir X-1 have been switched off, or at

east operating at substantially lower power, for enough time for this
xpansion to have taken place, as we do not observe a triangular
orphology in the radio image. We also note that the jet requires

ess power to puncture the expanding supernova shell and produce a
ubble of sufficient height when launched early, as opposed to late.
owever, even with a jet power equivalent to ∼ 35 LEdd launched
nly 50 yr after supernova (as adopted in the fiducial simulation,
t the very high end of what we would expect regarding jet power
rom an NS), the bubble produced is still too short. Jets which were
ustained for a longer 
tjet produced bubbles which were taller, but
lso slightly wider at their base and overall less rounded, as evident
n the right panel of Fig. 7 . 

.2.3 Bubble asymmetry 

nother remarkable feature of the radio bubbles observed in Cir
-1 is their apparent asymmetry. To reproduce this asymmetry, we

nclude a model of the galactic density profile in some of our tests.
his profile results in the southern bubble growing in a denser local
nvironment compared to the northern bubble, resulting in a reduced
ize and a flatter profile in the southern bubble. However, the extent to
hich they are asymmetric is not reproduced, and the simple galactic
rofile is not sufficient to explain the observed asymmetry. 

.2.4 Ratio of bubble and supernova remnant flux density 

lthough Cir X-1 is relatively well studied, the bubbles were not
etected until now due to their low surface brightness. This feature,
lthough somewhat frustrating for earlier observers, is particularly
elling of their history. In simulations, the bubbles are bright com-
ared to the expanding nebula when formed, in particular the tip of
he bubble which is the working surface of the jet. Only after hundreds
f years of cooling do they reach such low surface brightness. We
ee this in Fig. 7 between the fiducial simulation and the simulation
n the right launched over a longer 
tjet , where the latter has not
ad enough time to cool. This adds to the mounting evidence that the
ets were launched early in the history of the remnant. Additionally
 longer cooling time limits the total energy injected by the jet into
he bubble and therefore implies a shorter 
tjet . 

.2.5 Features inside the supernova remnant 

he emissivity inside of the nebula in the fiducial simulation is
ery uniform due to the smooth pressure profile of the Sedov–
aylor expansion, and the absence of internal shocks from the jet

njection. This is not the case, however, for simulations where the
et is launched later in the supernova evolution, see an example in
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Figure 8. Combined spectral index and intensity. The spectral index was mapped with colours that have the same value (see equilumance mapping at 
https://github.com/mlarichardson/CosmosCanvas .) This map was blended with a greyscale rendition of intensity using the multiplication mode in GIMP. 
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he left panel of Fig. 7 . In these simulations, the interior of the
upernova has cooled and the sound speed has decreased, enabling 
he jet to inflate a cocoon of reheated material which produces 
 secondary shock within the nebula itself. This secondary shock 
ropagates outwards and fills the space inside the nebula, creating 
 turbulent spherical structure brighter than the outer remnant. In 
he radio images, we could interpret some of the inner structure to
e of similar morphology, and possibly be caused by jet activity. 
owever, supernova remnants without jet activity have inherently 

omplex turbulent internal structures, and it is likely that a more 
ealistic treatment of the supernova explosion could also produce 
tructures akin to those seen in Cir X-1. 

 DISCUSSION/SUMMARY  

he jets of Cir X-1 have been identified through radio imaging over
he past decades (Stewart et al. 1993 ; Fender et al. 1998 ; Tudose
t al. 2006 ; Moin et al. 2011 ; Calvelo et al. 2012 ; Coriat et al. 2019 ).
n Stewart et al. ( 1993 ) and Tudose et al. ( 2006 ) the emissivity and
urved structures of the jets are detailed, while Coriat et al. ( 2019 )
urther revealed additional features in the nebula. Our deep MeerKAT 

 -band image shows these features in much greater detail, such as
he rings and bright lines in the southern tip and shell structures.
n this work, we make note of new structures in the nebula, such
s the diffuse jet-punched bubbles protruding from the position of 
he rings. These bubbles are positioned in line with the jets of the
ystem. To understand the morphology and physical mechanisms 
esponsible in the object, the spectral index maps were determined 
nd the formation of the bubbles simulated. 

.1 The spectral index and how it compares to the simulation 

esults 

t the position of the binary system the core is steep with a spectral
ndex around −0.8 in Fig. 4 and light pink-purple in Fig. 8 . The
ore along with the shock fronts of the jet also have the least error
ccording to the spectral index error map (right panel of Fig. 4 ).
he spectral index appears to steepen as one moves from the core to

he rest of the nebula (shell). The region between the core and the
hock fronts are optically thin, thus emitting synchrotron radiation, 
ndicating loss of energy and deceleration of the electrons. Once the
articles/electrons are confronted by the shock front, some distance 
way from the core, they experience a surge of energy as they move
hrough the currently observed jets. The shock fronts and the jets
herefore appear to have a similar spectral index that is slightly
teeper than the core as seen in Fig. 8 in pink. These features remain
MNRAS 541, 4011–4024 (2025)

https://github.com/mlarichardson/CosmosCanvas
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dentifiable as flatter than the space around them, which is gold in
ig. 8 . Perpendicular to the jets, are much flatter regions with a
pectral index more positive than −0.8, blues in Fig. 8 . The SW
pocket’ is larger and the spectral index is flatter as the shell in its
ntirety appears to flatten from the north eastern end to the south
estern end. A portion of the NW ring at the edge of the nebula
as a spectral index more positive than −0.8 (around −0.1; Fig. 4 ),
ndicating a flatter region compared to the core whereas the SE ring
as a spectral index similar to the core. The error in the NW ring
pectral index is also quite significant compared to the error of the
E ring. Therefore, the SE ring may be more indicative of the actual
pectral index at the rings. 

In the fiducial simulation, once the fast fixed-axis jets turn off
nd no longer drive the bubbles, it is seen that the bubbles are
ooler than the inner nebula. This cooler nature, along with the
ow surface brightness and density of the bubbles may be the reason
here is no spectral index measurement of the bubbles. The simulation
vidence of the fast fixed-axis jets being launched early on, during the
upernova explosion, and having since turned off (with only the slow
ess-powerful precessing jets remaining), is consistent with the steep
pectral index observed in the radio image over the majority of the
ebula (shell). Although the simulations suggest the fast fixed-axis
ets being off and there are no longer active jets, regular outbursts
ould feed into slower precessing jets. This is supported by the
pectral index being slightly flatter for the shock fronts and the slower
recessing jets compared to the region of space between the core and
he jets/shock-fronts. Furthermore, the simulations (both fiducial and
thers) reproduce the bright rings observed in the radio image and
he bright features (rings, core) consistently show a flatter spectral
ndex compared to the shell of the nebula outside the pockets. For
he rings, this may be due to the interaction when the jets punched at
he edge of the supernova remnant and subsequent ISM interaction. 

.2 The minimum energy 

he integrated energy of the jet over its lifetime is 1 . 1 × 1050 erg,
uch higher than the minimum energy of 4 × 1045 erg inferred

rom the NW bubble in the radio image. In addition, the initial
imulated supernova energy is 3 × 1050 erg, also much higher than
he inferred 2 × 1047 erg minimum energy of the nebula. This is
omewhat expected, as both the remnant and bubbles have had time
o cool since the energy was injected in the simulation. However, we
ight expect that the ratio of energies would be the same between the

nergy injected in the simulation and the minimum energy inferred
rom the radio image, which currently differ by about a factor of 10.

We choose not to directly compare the integrated flux of the
imulated ray-traced image to the observed radio image, but instead
ompare the ratio of the supernova nebula flux to the bubble flux,
hich we believe to be a more reliable comparison as it is less
ependent on scaling freedoms in the flux calculation and assuming
hat the supernova flux is reliable. We are able to reproduce this
ontrast, meaning that the discrepancy between the injected and
nferred energies comes from either the jet energy being lost at a
aster rate than the supernova energy, or the jet emission partially
ontributing to the nebula flux. In Fig. 7 , jets launched early (fiducial
nd ‘increase 
tjet ’ simulations) slightly overinflate the supernova
ebula in the north and south compared to the late-launched jet
‘increase tjet ’ simulation). This could be due to some of the jet
nergy being dissipated within the nebula itself at early times, thus
equiring a larger jet energy to reproduce the nebula-bubble flux
atio. At late times, this energy is still dissipated inside of the nebula
ut instead inflates a hot inner cocoon as seen in Fig. 7 , independent
NRAS 541, 4011–4024 (2025)
rom the outer supernova shock, whereas the jet is able to inflate the
ebula itself when launched early. 
Overall, by reproducing the flux contrast between the nebula and

ubble, we are showing that adiabatic cooling, in addition to the jet
nergy redistributing into the inner nebula, is sufficient to explain
he discrepancy between the calculated minimum energy and the jet
njected energy. 

.3 Jet properties: considerations and caveats 

he fiducial simulation presented in this work which best reproduces
ur observations implies the existence of a powerful jet launched
arly in the evolution of the SN. The power of the jet in the simulation
s ∼ 35 Ledd , which is particularly high for a typical NS XRB.
owever, it has been speculated that SS433, albeit a BH XRB,

s a hyper-Eddington ultra-luminous X-ray source which appears
omparatively faint due to inclination and collimation (Begelman,
ing & Pringle 2006 ). We can therefore postulate that perhaps Cir
-1 is a less evolved sibling of SS433 and is showing analogous

uper-Eddington behaviour. However, we caution that the exact jet
ower implemented in the simulation is not a ‘fit’ to data, so to speak,
nd the results simply indicate that a high jet power ( ∼tens of Ledd )
s a plausible explanation for the radio morphology. 

There are also several effects which we have not incorporated in
his simulation. Most obviously, although we assume the presence
f magnetic fields through synchrotron radiation, we do not invoke
hem in the simulation. It is possible that large-scale magnetic fields
oth in the jet itself and the SN nebula could affect the morphology
nd growth of the bubbles, notably their confinement at the base of
he bubble. 

In addition, the galactic density profile which we incorporate is
 basic model and does not account for local inhomogeneities in
he field which, as apparent in our wide-field image (Fig. 1 ), are
omplex and abundant. These local density fluctuations, in particular
 possible underdense region to the north of the nebula and/or an
verdense region south to the south, could explain the observed
symmetry in the bubbles. 

Lastly, we have only explored one formation scenario: a ‘two-
ode’ jet model where a fast fixed-axis jet is launched in contrast to

he present-day slow precessing jet. Although we find that this seems
o explain much of our observations, we can not rule out all other jet
istories. For example, one possibility is that jet activity before or
uring the SN explosion could be responsible for the morphology,
erhaps from a gamma-ray burst (GRB). However, a GRB jet seems
nlikely to explain the observed morphology. We require that the
et remains collimated to large scales in order to produce the bubble
eight, whereas GRBs are estimated to only remain collimated up
ntil maximally the Sedov length ( ∼ 1017 cm), and in reality are
ikely to undergo lateral spreading much earlier than this (Granot &
iran 2012 ; Duffell & Laskar 2018 ; Matthews et al. 2025 ). Indeed,

n the simulations of Zhang & MacFadyen ( 2009 ) it is estimated that
nly after 150 yr of evolution the outflow is almost spherical with
 radius already about half the size of the final supernova nebula.
e note that Shishkin, Kaye & Soker ( 2024 ) and Soker & Shishkin

 2024 ) have explored the possibility of bubble formation in other
NRs through alternative jittering jet SN mechanisms. 

 C O N C L U S I O N S  

e produced a deep-field radio image of Cir X-1 using data acquired
ith the MeerKAT telescope. The image was constructed with a

tack of 30 epochs (a total of 7.5 h) such that two full outburst cycles
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f Cir X-1 were included. The deep radio image revealed a never
efore seen set of asymmetric jet-punched bubbles. Illustrating a 
reakout of the jets at the edge of the supernova remnant, similarly
een in the older source, SS433 with supernova remnant W50. We 
nvestigate the physical nature of the object from the observational 
esults and simulate the morphological structure to determine the 
nfluence of the jets in producing what we observe. We determine 
hat the spectral index map suggests the jets and remnant are largely
ptically thin. We measure the spectral index of the core presents as
lightly flatter than the jets due to the outbursting activity and the
pocket’ areas perpendicular to the jets are even flatter (with slightly
arger error in these regions compared to the core and shock front/jets
ombination). 

We ran relativistic hydrodynamic simulations of a simplistic 
upernova explosion, after which we injected a fixed-axis jet which 
nteracts with the expanding SN shell, and explored jet parameters 
o try to match the observed radio morphology. 

Our results suggest that a powerful jet was launched within the 
rst hundred years post-supernova, and that this jet was particularly 
owerful, on the order of tens of LEdd . We can also conclude that the
et was likely short-lived and constant in power, with respect to the
ime-scales of the remnant evolution. We are unable to reproduce 
wo main features: the height of the bubble and the narrowness 
f the base of the bubble i.e. the ring. The bubble height could
ikely be increased by a locally underdense region at the north of
he nebula, also providing the extra asymmetry that we observe 
n the radio image. This kind of low-density region could be a
atural result of the complex density field found in the galactic 
lane. 
The narrowness of the ring observed was not reproduced by any 

est simulation – this could be due to limitations of the simulation set-
p itself. Due to the range of scales involved in the system, the width
f the jet (although only a few pixels across) is much larger than the
idth of the binary system and this could potentially contribute to a

arger puncture in the nebula at early times, but we did not test this
nd thus the effects are unknown. 

Overall, we are able to reconstruct a simplified morphology of 
ir X-1 with an early-launched powerful fast fixed-axis jet which 
roduced energies as high as 1050 erg. This modelling indicates that 
he MeerKAT observations are the first to reveal an initial breakout 
f neutron star jets from their natal supernova remnant, and further
upport the scenario in which Cir X-1 is a younger relation of the
rchetypal jet source SS433. The detail of the internal structure of
he nebula may be investigated in future works. Additionally, the 
mproved telescope facilities like the new MeerKAT S band (1.75–
.5 GHz) allows for analysis into the jets of the system and their
recession (Cowie et al., in preparation) which may help explain the 
etailed features within the nebula. 
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