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A B S T R A C T 

A ccr eting systems can launch powerful outflows which interact with the surrounding medium. We combine new radio 

observations of the accreting neutron star X-ray binary (XRB) Circinus X-1 (Cir X−1) with archiv al r adio observ ations 
going back 24 yr. The ∼ 3 pc scale wide-angle radio and X-ray emitting caps found around Cir X−1 are identified 

as synchr otr on emitting shocks with significant pr oper motion and morphological evolution on decade time-scales. 
Proper motion measurements of the shocks reveal they are mildly relativistic and decelerating, with apparent velocity of 
0 . 14 c ± 0 . 03 c at a pr opag ation distance of 2 pc. We demonstrate that these shocks are likely powered by a hidden relativistic 
( � 0 . 3 c ) wide-angle conical outflow launched in 1972 ± 3 , in stark contrast to known structures around other XRBs 
formed by collimated jets over 1000s of years. The minimum time-averaged power of the outflow r equir ed to pr oduce the 
observed synchr otr on emission is ∼ 0 . 1 L Edd , while the time-av eraged pow er r equir ed for the kinetic energy of the shocks is 
∼ 40 

( n 
10 −2 cm 

−3 

)
L Edd , where n is the average ambient medium number density. This reveals the outflow powering the shocks 

is likely significantly super-Eddington. We measure significant linear polarisation up to 52 ± 6 per cent in the shocks 
demonstrating the presence of an ordered magnetic field of strength ∼ 200 μG . We show that the shocks are potential 
PeVatr ons, capable of accelerating electr ons to ∼ 0 . 7 PeV and pr ot ons t o ∼ 20 PeV , and w e estimat e the injection and 

energetic efficiencies of electron acceleration in the shocks. Finally, we predict that next gener ation gamma-r ay facilities 
may be able to detect hadronic signatures from the shocks. 

Key words: acceleration of particles – shock waves – stars: neutron – ISM: jets and outflows – X-rays: binaries – X-rays: 
individual: Cir X–1. 
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 INTRODUCTION  

-ray binaries (XRBs) are composed of a compact object, either 
 black hole (BH) or a neutron star (NS), accreting from a com-
anion star. They offer a unique laboratory to study the physics
f accretion and jets due to their evolution on human accessible 
ime-scales. X-ray binaries can deposit large fractions of their ac- 
retion energy into the ambient medium, both through wind (e.g. 
. Ponti et al. 2012 ; XRISM collaboration 2025 ) and jet outflows
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e.g. J. S. Bright et al. 2020 and S. E. Motta et al. 2025 ), and through
-r ay r adiation (e.g . M. J eon et al. 2014 ). Much like the feedback

rom supermassive black holes, which is thought to play a cru-
ial role in regulating galactic-scale processes, e.g. star formation 

W. Ishibashi & A. C. Fabian 2012 ) and chemical enrichment
M. Villar Martín et al. 2024 ), feedback from XRBs impacts the
urrounding ISM in a variety of important ways. The outflows 
rom XRBs reintroduce a fraction of the infalling gas (e.g. Z. Zuo
t al. 2025 ), energise the surrounding medium (e.g. R. Fender & T.
uñoz-Darias 2016 ), impact its density and cause turbulence (K. 

avard et al. 2025 ), and drive the production of cosmic rays (e.g.
. Wang, B. Reville & F. A. Aharonian 2025 ). These phenomena
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n turn can then induce local star formation (I. F. Mirabel et al.
015 ), and may introduce seed magnetic fields into the ambient
edium which contribute to the magnetic fields observed in our

alaxy (S. Heinz et al. 2008 ). Studying the sites where outflows
nteract with the ambient medium, where feedback occurs, sheds
ight on the process of feedback, as well as poorly understood
undamental properties of the outflows themselves, particularly
heir composition and energetics. 

Sites where outflows interact with the ambient medium on a
arge ( > 1 pc ) scale have only been observed in a handful of XRBs,
nlike in AGN. This is likely due to the different environments
hich these objects inhabit (S. Heinz 2002 ), and the larger sam-
le of AGN available. In the BH XRB Cygnus X–1 (Cyg X–1), a
elativistic collimated persistent jet has inflated a large ( ∼ 5 pc )
ubble in the ambient medium and is powering a bow shock
tructure (E. Gallo et al. 2005 ; D. M. Russell et al. 2007 ; P. H.
ell et al. 2015 ; P. Atri et al. 2025 ). This has allowed the energy
eposit ed int o the ambient medium by this jet t o be measured,
nd hence provided constraints on the time-av eraged pow er of 
he jet. In the BH XRB GRS 1915 + 105 a similar structure has
ecently been discovered (A. J. Tetarenko et al. 2018 ; S. E. Motta
t al. 2025 ), alongside hotspot r egions wher e str ong shocks ar e
rgued t o accelerat e particles (C. R. Kaiser et al. 2004 ). In both
f Cy g X –1 and GRS 1915, it is thought t o be the collimat ed
ard state jet powering these structures, which is active for the
ajority of the time (e.g. V. Grinberg et al. 2013 ). This has allowed

or models originally developed for AGN lobes to be applied to
nderstand these interaction sites and use them as calorimeters

or the overall jet power (C. R. Kaiser & P. Alexander 1997 ; C. R.
aiser et al. 2004 ). Har d state jets ar e also thought t o pow er the

arge scale ( ∼ 4 pc ) lobes seen in GRS 1758–258 (R. Sunyaev et
l. 1991 ; J. Martí et al. 2002 ; A. J. Tetarenko et al. 2020 ; I. Mar-
ani et al. 2025 ), which appear to show hydrodynamic backflow
eatures (J. Martí et al. 2017 ), and the large scale ( ∼ 2 pc ) lobes
n 1E 1740.7–2942 (R. Sunyaev et al. 1991 ; I. F. Mirabel et al.
992 ; P. L. Luque-Escamilla, J. Martí & J. Martínez-Aroza 2015 ).
 complex system showing an array of outflow interactions with

he ambient medium is SS 433 (B. Margon 1984 ). Outflows have
nflated bubbles in the nebula surrounding SS 433, thought to be
ts natal supernova remnant (A. J. B. Downes, T. Pauls & C. J.
alter 1986 ). Furthermore, radio filaments (P. T. Goodall, K. M.
lundell & S. J. Bell Burnell 2011a ), and X-ray knots on scales
 30 pc (S. Safi-Harb et al. 2022 ) may be be regions where the

recessing jet or another outflow in the system interacts with the
mbient medium. 

Very large scale structures ( > 100 pc ) are also found in some
 xtrag alactic XRBs, such as S26 in NGC 7793 (M. W. Pakull, R.
oria & C. Motch 2010 ; R. Soria et al. 2010 ), LMC X–1 (E. A. Hyde
t al. 2017 ), and S10 in NGC 300 (R. Urquhart et al. 2019 ). Large
cale r adio, X-r ay and gamma ray structures have also been found
round V4641 Sgr (R. Alfaro et al. 2024 ; H. Suzuki et al. 2025 ; A.
 charyya et al. 2026 ; Gr ollimund et al. 2026 ). Finally, r esolved
 amma-ray structur es have r ecently been found around a subset
f XRBs (LHAASO Collaboration 2025 ). 

.1 Cir cinus X –1 

ir cinus X –1 (Cir X –1) (B . Margon et al. 1971 ) is the only con-
rmed neutron star (A. F. Tennant, A. C. Fabian & R. A. Shafer
986 ; M. Linares et al. 2010 ) X-ray binary (NSXB) to show sur-
ounding int eraction-driv en large scale structure. Early observa-
ions revealed a ∼ 10 pc circular radio nebula (R. F. Haynes et al.
NRAS 546, 1–21 (2026) 
986 ; V. Tudose et al. 2006 ), initially thought to be a cavity inflated
y the jets of this source. How ev er, further X-ray observations
evealed the X-ray counterpart to this nebula as the natal super-
ova remnant (SNR) of Cir X−1 (S. Heinz et al. 2013 ), and higher
esolution r adio observ ations revealed an edge brightened mor-
hology consistent with a young SNR (D. E. Calvelo et al. 2012 ).
hese findings make Cir X−1 the youngest known XRB, with an
ge of 2900 yr ( < 5400 yr at 3-sigma; S. Heinz et al. 2013 ). Despite
he fact that the ∼ 10 pc radio nebula, known as the Africa nebula
see Fig. 1 ), was not inflated by accretion powered outflows from
he sour ce, impr ov ed observations show ed the presence of ∼ 3 pc
ide-angled radio and X-ray cap structures within the SNR, in

he NW and SE directions. These caps were inferred to be shocks
here an accretion powered outflow interacts with the ambient
edium (P. H. Sell et al. 2010 ). Furthermor e, r ecent radio ob-

ervations with MeerKAT revealed the presence of asymmetric
ubbles inflated in the SNR, and modelling indicates that these
ere formed by a powerful collimated jet early in the evolution of 

he system (K. V. S. Gasealahwe et al. 2025 ). Furthermore, higher
esolution MeerKAT observations have revealed a collimated pre-
essing jet in the system which pr opag ates out to at least ∼ 1 pc
cales (F. J. Cowie et al. 2025 ). 

Cir X−1 has been monitored and studied ext ensiv ely across the
lectromagnetic spectrum over the 50 + years since its discovery
B. Margon et al. 1971 ). It famously shows a ∼ 16 . 6 d period
ight curv e at r adio, infr ared, optical and X-r ay w avelengths (D.
. Calvelo et al. 2012 ; I. S. Glass 1978 ; H. M. Johnston, R. Soria &

. Gibson 2016 ; M. Tominaga et al. 2023 ). This behaviour is best
xplained by an eccentric binary model where the neutron star
ccret es mat erial from a companion star, where the emission is
odulated by a combination of variable mass transfer rate and

bsorption along the line of sight (N. S. Schulz et al. 2020 ; M.
ominaga et al. 2023 ; Z. L. Yu et al. 2024 ; M. Tsujimoto et al.
025 ) throughout the eccentric orbit (P. Murdin et al. 1980 ; H.
. Johnston, R. Fender & K. Wu 1999 ). How ev er, the details of 

his model, along with the nature of the companion star and the
rbital parameters of the system, remain uncertain (A. Moneti
992 ). Observations point to either a high-mass companion (P.
 . Jonker, G . Nelemans & C. G. Bassa 2007 ; N. S. Schulz et al.
020 ) or a non-standard low mass companion whose evolution
s affected by the supernova or binary evolution (H. M. Johnston
t al. 2016 ). The detection of Type I X-ray bursts confirmed the
eutr on star natur e of the compact object (A. F. Tennant et al.
986 ; M. Linares et al. 2010 ; Z.-L. Yu et al. 2025 ). The X-ray
pectral and timing properties of Cir X−1 are sometimes similar
o low mass NSXBs, exhibiting both Z and Atoll behaviour (P.
oleri et al. 2009 ), and QPOs (S. Boutloukos et al. 2006 ). Cir X−1
as also been observed to have an evolving X-ray polarization
ngle over the 16.6 d orbit (J. Rankin et al. 2024 ). The distance
 o the syst em is w ell constrained t o be ∼ 9 . 4 kpc (see S. Heinz
t al. 2013 and r efer ences ther ein for a discussion on the distance
o the source). This distance measurement implies that Cir X−1
ometimes e x ceeds the Eddington limit for a 1 . 4 M � neutron
tar. 

A transient relativistic jet is launched by Cir X−1 near peri-
stron (A. Moin et al. 2011 ), when the accretion rate is presum-
bly highest, and this leads to a radio flare consistent with an
 xpanding synchr otr on-emit ting plasma (H. v an der Laan 1966 ;
. F. Haynes et al. 1978 ; D. E. Calvelo et al. 2012 ). The radio flux
ensity of these flares has varied over several orders of magnitude
rom sub-mJy to multiple Jy (at ∼ 1 GHz ) over decade time-scales
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Figure 1. 2.6 GHz MeerKAT image in 2023 of Cir X−1 and its natal SNR, the Africa nebula . Structures of radio emission associated with the SNR and 
ar eas wher e the outflows fr om Cir X −1 interact with the surr ounding r egion ar e visible and labelled. Cir X −1 and its pr ecessing jets on parsec scales ar e 
seen as radio sources in the centre of the nebula. To the north–west and south–east asymmetric jet inflated bubbles are visible at the edge of the SNR. 
R oughly half w ay between Cir X−1 and the edge of the SNR the r adio cap structur es ar e seen t o the north-w est and south-east. An unlabelled version of 
this plot is available in the online supplementary material. 
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R. P. Armstrong et al. 2013 ). The jets of Cir X−1 have also been
esolved and studied for over 20 yr, on various scales. VLBI ob-
ervations showed a well collimated jet in a NW-SE direction (J.
. A. Miller-Jones et al. 2012 ). On larger scales the jets have been
bserv ed t o hav e differ ent position angles with distance fr om the
ore (M. Coriat et al. 2019 ). F. J. Cowie et al. ( 2025 ) showed the
ets had a position angle in May 2025 in a NE–SW direction, and
hat the jets have a curved radio morphology on ∼ 1 pc scales.
urthermore, Over 20 years the jet position angle has varied over 
 range of > 110 ◦. All of these observations are consistent with
recessing jets launched by Cir X −1. The pr esence of an unseen
ltrarelativistic flow has been inferred from core-lobe time-delays 

n the SE direction (R. P. Fender, T. M. Belloni & E. Gallo 2004 ),
ut the r ecurr ent flaring of Cir X −1 pot entially complicat es this

nterpr etation. Finally, the pr esence of a powerful and variable 
ccretion disc wind has been inferr ed fr om P Cy gni pr ofiles in X-
 ay spectr a (W. N. Br andt & N . S. Schulz 2000 ; N . S. Schulz & W.
. Brandt 2002 ). 
t

Overall, while Cir X−1 remains a definitively peculiar XRB, it 
s a unique laboratory to study the early stages of evolution of 
RBs. Its confirmation as a neutron star accretor and launching 
f powerful observable outflows allow comparisons to BH XRBs 
n order to understand differences between these objects. In our 
ase, the fact that it is the only confirmed neutron star XRB to
how large scale structur es wher e outflows interact with the am-
ient medium makes it a truly invaluable object to study feedback
rom an accreting neutron star. 

In this w ork, w e present observations spanning over two
ecades of the large scale ( > 1 pc ) structures surrounding Cir
−1 within the Africa nebula , with the aim of studying their

ime evolution. We focus on the evolution, nature, properties, and 

nergetics of the radio and X-ray cap featur es, discover ed by P. H.
ell et al. ( 2010 ). Section 2 describes the observations and the data
 eduction pr ocess. Section 3 shows the r esults of the observations,
etailing the evolution of the r adio/X-r ay caps ov er tw o decades.
ection 4 discusses the implication of the observ ed ev olution of 
he caps. In particular, the nature of the caps ( 4.1 ), geometry of 
MNRAS 546, 1–21 (2026) 
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1 https://github.com/AKHughes1994/polkat 
he powering outflow ( 4.2 ), energetics ( 4.3 ), and particle acceler-
tion pr operties ( 4.4 ), ar e analysed. Finally, Section 4.6 compar es
he caps to other known large scale structures around XRBs and
ection 4.7 discusses the possible nature of the remarkable pow-
ring outflow. 

 O B S E RVAT I O N S  &  DATA  P RO C E S S I N G  

n this work, we have used radio observations of Cir X−1 and its
aps, spanning 24 years, at several frequencies, with two different
onnected element interferometers. This results in 5 epochs of 
bservation between 2001 and 2025. Below we detail our data
eduction, analysis and imaging procedure. 

.1 ATCA observations 

or the data at earlier times (2011 and before) we reanalysed
rchiv al observ ations from the Australia Telescope Compact Ar-
ay (ATCA). All of these data were obtained from the Australia
elescope Online Archive. We used ∼ 9 h of consecutive on
ource time with ATCA at 1.4 and 2.5 GHz, with observations
tarting on 03/08/2001. J1934 −638 was observed for 17 min as
 primary calibrator and ∼ 15 min observations of Cir X−1 were
andwiched by 2 min observations of J1520 −58 to use as a sec-
ndary calibrator. These observations were taken with the orig-
nal 2 × 128 MHz AT CA corr elator and with the 1.5 A array
onfiguration. These data were originally presented in V. Tudose
t al. ( 2006 ) and taken under project code C917 (PI: Fender). We
lso used ∼ 19 h of consecutive on source time with ATCA at
.1 GHz, with observations starting on 15/12/2011. J1934 −638
as observed for 20 min as a primary calibrator and 20 minute
bservations of Cir X −1 wer e sandwiched by 2 min observations
f J1511 −55 to use as a secondary calibrator. These observations
ere taken with a bandwidth of 2048 MHz using the Compact Ar-

ay Broad-band Backend (CABB; W. E. Wilson et al. 2011 ), and in
he 6A arr ay configur ation. These data were originally presented
n M. Coriat et al. ( 2019 ) and taken under project code C2597 (PI:
alvelo). 
Both the 2001 and 2011 ATCA data were flagged for radio

r equency interfer ence (RFI) and calibrated using standar d tech-
iques within casa (CASA Team et al. 2022 ). The 2001 ATCA
ata were then imaged using wsclean (A. R. Offringa et al. 2014 )
ith a Briggs weighting of 0 (D. S. Briggs 1995 ). 
Initial imaging of the 2011 ATCA data was done using 6

requency channel multifrequency deconvolution in wsclean .
rom these initial images a deconvolution mask was made using
reizorro (A. J. Ramaila, O. Smirnov & I. Heywood 2023 ) and
sed in a subsequent round of imaging with a deeper cleaning

hr eshold. The r esulting impr oved sky model was then used for
 round of self calibration using cas a . Significant artefacts r e-
ained after this process around Cir X−1 and bright sources

ar from the primary beam centre, as noted by M. Coriat et al.
 2019 ). In the case of Cir X−1, these artefacts are likely be-
ause the source is variable in flux density over the observa-
ion. We adopt the same approach as M. Coriat et al. ( 2019 ) to
eal with these artefacts, using the DDFacet (C. Tasse et al.
018 ) imager combined with the killms (C. Tasse 2023 ) gain
olv er t o obtain and apply calibration solutions for sev en differ-
nt tessels on the sky, the same tessels as used in M. Coriat et
l. ( 2019 ). A Briggs weighting of 0.5 was used throughout this
rocess. 
NRAS 546, 1–21 (2026) 
.2 MeerKAT observations 

or the later data (2018 and later), we used observations of Cir
−1 and the surrounding field using the MeerKAT radio tele-

cope (J. Jonas & MeerKAT Team 2016 ). These observations were
aken as part of the ThunderKAT (R. Fender et al. 2016 ), and X-
A T programmes (MeerKA T Proposal ID: SCI-20230907-RF-01).
e used a 45 min L -band (1.3 GHz central frequency, 856 MHz

andwidwth) observation taken on 27/10/2018, a 240 min S2-
and (2.6 GHz, 875 MHz bandwidth, E. D. Barr 2018 ) observation
aken on 08/07/2023, and a 60 min S2-band observation taken on
he 31/05/2025. The length of the observation refers to the total on
ource time, composed of scans up to 30 min long sandwiched by
 min secondary calibrator (J1427–4206) scans. Each observation
egan and ended with a 5-min scan of J1939–6342, the primary
nd polarisation leakage calibrator, and included a 10 min obser-
ation of J1331 + 3030 to be used as a polarization angle calibrator.

All of the MeerKAT observational data were reduced using
he semi-aut omat ed pipeline polkat 

1 (A. K. Hughes et al. 2025 )
based on the oxkat software; I. Heywood 2020 ). The software
ackages used in this pipeline were accessed using singularity
or software containerisation (G. M. Kurtzer, V. Sochat & M. W.
auer 2017 ). First generation calibration, including polarization
alibration (applying corrections from the primary , secondary ,
nd polarization calibrators, see I. Heywood et al. 2022 ) and it-
rative RFI flagging was done using casa (CASA Team et al.
022 ). The target field was flagged further using tricolour (B.
. Hugo et al. 2022 ) and then imaged using wsclean (A. R.
ffringa et al. 2014 ). A deconvolution mask was manually made

nd it erativ ely improv ed through further imaging and use of the
ask making tool breizorro (A. J. Ramaila et al. 2023 ), before

econd gener ation calibr ation (phase and delay self calibr ation)
as performed using quartical (J. S. K en yon et al. 2025 ). Joined

requency channel and joined polarisation deconvolution using
 channels and a Briggs weighting of 0.0 was performed. The
strometry of the images as an ensemble was checked using a
election of 10 back gr ound sour ces in the field of varying flux
ensity. No systematic offset or significant scatter ( > 10 per cent
f the synthesized beam) was found. 

 R E S U LT S  

.1 Imaging and flux density measurements 

ig. 1 shows the result of the 2023 S2-band observation of Cir
−1 and its natal SNR, known as the Africa nebula (K. V. S.
asealahwe et al. 2025 ). This is the most detailed image of Cir
−1 and the Africa nebula to date with a resolution of 3.5 arc-

ec and a noise level of 4 μJy using a Briggs weighting of −0 . 3 .
howcased in the image are several striking features of the SNR
ncluding the inflated bubbles and associated rings from previous
et activity (K. V. S. Gasealahwe et al. 2025 ), the r adio/X-r ay caps
long the historic jet axis in the source (see F. J. Cowie et al. 2025
or a discussion on the variable jet axis), the double shock struc-
ure of the SNR shell (D. E. Calvelo et al. 2012 ), and the southern
xt ension t o the nebula of unknown origin. 

Fig. 2 shows the region of interest in the SNR for this work,
ontaining the r adio/X-r ay caps, at 3 differ ent epochs. Fr om left
o right, an ATCA image at 1.4 GHz from 2001 with a resolution

https://github.com/AKHughes1994/polkat
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Figur e 2. Thr ee images showing Cir X−1 and the radio caps in 2001 at 1.4 GHz, 2011 at 2.1 GHz, and 2023 at 2.6 GHz. Evolution in the morphology 
and position of the radio caps over the different epochs is evident. Despite this, the straight dashed lines r epr esent an opening angle of 29 ◦, illustrating 
the constant opening angle over the three epochs. Edges found by the gradient based edge detection algorithm described in text are shown, and the beam 

size is illustrated by an ellipse in the lower left. Despite the fact that different int erferomet er sampling can cause apparent differences in images of diffuse 
structur e we ar e confident in the structural and positional changes observ ed (see t e xt for mor e). A .gif showing the evolution of the caps over all 5 epochs 
is provided in the online supplementary material. 

Figure 3. Image of Cir X−1 and the radio caps in 2023 with 6 and 12 
σ contours from the 2001, 2011, and 2023 images overplotted, clearly 
showing the motion of the radio caps away from Cir X−1. The position 
angle of the brightest region in the caps, the hotspot, also varies over the 
3 epochs. The beams of all 3 observations are shown in the bottom left. 
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f 8 . 4 arcsec and a noise level of 120 μJy using a Briggs weighting
f 0; an ATCA image at 2.1 GHz from 2011 with a resolution of 
 . 3 arcsec and a noise level of 12 μJy using a Briggs weighting of 
.5; and the zoom in of the 2.6 GHz MeerKAT image shown in
ig . 1 fr om 2023. The images all show a centr al r adio source, Cir
 −1, of varying brightness, and ar e not flux mat ched due t o the
iffer ent observing fr equencies, noise levels, and uv-coverage. In 

ach observation the radio/X-ray caps are clearly det ect ed abov e
he noise and the most important result of this work can be seen.
here is clear evolution in the morphology and position of the
aps over a time-scale of ∼ 20 yr. 

To bet ter demonstr ate this, Fig. 3 shows the 2023 MeerKAT
mage, ov erlaid by cont ours at 6 and 12 σ levels for the 2001,
011, and 2023 images. Contours from the region immediately 
urrounding the central source, Cir X−1, have been removed for 
larity. Fig. 3 shows that both the north-west (NW) cap and the
outh-east (SE) cap show proper motion away from Cir X−1 over
his time period. We note that the proper motion limit for Cir X−1
f < 5 mas yr −1 means that Cir X−1 itself will have no significant
roper motion in our observations over 24 yr (R. P. Mignani et
l. 2002 ). In the higher resolution images in particular, we ob-
erve that the caps do not have a completely smooth morphology,
nstead there appears to be a single bright spot, or hotspot. We
bserve that the position angle of this hotspot, measured from 

he Cir X−1, changes over time, by at least 15 ◦. This evolution
s most clear from 2001 to 2011 in the NW cap, and between
011 and 2023 in the SE cap. We also observe that in general, the
otspot structures in the NW and SE caps in a given epoch are not
ymmetrical about the central source, Cir X−1. We measure the 
alf opening angle of each cap at each epoch fr om Cir X −1 and
nd a tight range of values from 26 ◦ to 29 ◦, within measurement
ncertainties, demonstrating the opening angle remains approx- 

mat ely constant ov er time despit e other ev olution, and is the
ame for the NW and SE caps. 

While different int erferomet er sampling can cause apparent 
ifferences in images of diffuse structure, we do not observe any
vidence that this is responsible for the proper motion or evolu-
ion of the shock structures in our observations. We find proper

otion even comparing observations with similar uv-coverage 
e.g. MeerKA T 2018 and MeerKA T 2025), and we find no sig-
ificant proper motion or evolution in other diffuse structures 
e.g. the shock at the edge of the SNR) throughout the Africa neb-
la over our observations. Furthermore, while we are comparing 
bservations at different frequencies we see no evidence for any 
ignificant frequency dependent morphology (over our observed 

ange of frequencies). For example observations taken closer to- 
ether in time at different frequencies show similar morphology 
e.g. MeerKAT 2018 and MeerKAT 2023). Ther efor e, we ar e confi-
ent in the structural and positional changes in our observations. 
We examine the surface brightness profile perpendicular to the 

ong axis of the NW cap, at a position angle of −48 ◦ E of N.
ig. 4 shows the surface brightness profile across the NW cap

n the 2023 image, intersecting the hotspot, and over a different
egion. The lines over which the profiles are measured are shown
n the inset of Fig. 4 . The pr ofiles ar e aligned r elativ e t o their
patial maxima for easy comparison, and a negative displacement 
MNRAS 546, 1–21 (2026) 
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Figure 4. Surface brightness profiles of the NW cap along a position angle of −48 ◦ E of N, perpendicular to the long axis of the caps. In one case the 
surface brightness profile crosses the hotspot and in the other case it does not. The lines along which the profiles are measured are shown in an inset 
in the top left in addition to an example of the ellipse used for flux density measurements discussed in text. The surface brightness profiles are aligned 
to their maximum for ease of comparison. An asymmetry in both profiles is apparent, with a sharp drop in surface brightness on the side of the cap 
furthest from Cir X−1, expected in the case of a shock. The shaded region represents the uncertainties on surface brightness measurements from the 
image noise. The size of the beam, the expected size scale of correlated image noise, is shown in the bottom left by the double headed arrow. 
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orresponds to the direction towards Cir X−1. From Fig. 4 , it is
pparent that the surface brightness profile of the caps perpen-
icular to their long axis is asymmetric. They can be described
s having a slow rise to a maximum on the side closest to Cir
−1, followed by a steep drop to the back gr ound emission level
n the side of the cap furthest from Cir X−1. This morphology
s present in both caps. From the profiles we measure the extent
f the caps in the direction towards Cir X−1 to be ∼ 30 ′′ , or a
rojected distance of ∼ 1 . 4 pc , where we have used the distance
o the source of 9 . 4 kpc (S. Heinz et al. 2015 ), which is adopted
ereafter. 
Measuring the total flux density of the caps is not straight-

orward given the presence of non-uniform background radio
mission from the SNR. Using the MeerKAT 2023 2.6 GHz im-
ge we measure the flux density, integrated over an ellipsoidal
egion encompassing the cap emission, to be 15 ± 0 . 2 mJy and
7 ± 0 . 2 mJy for the NW and SE cap, respectively. This ellipsoidal
egion, which is the same size for the NW and SE caps, is shown
or the SE cap in the inset of Fig. 4 . The measured flux density
ow ev er will include a significant contribution from the radio
mission from the SNR. To estimate the SNR contribution we
easure the flux density int egrat ed ov er the same ellipsoidal

egion at two positions in the SNR with no prominent features
nd which are at the e xtr eme ends of back gr ound emission. These
egions hav e int egrat ed flux densities of 7 mJy and 11 mJy . By
ubtracting this from the measured flux density of the caps, we
btain values for the flux density of the caps of 6 ± 2 mJy and
 ± 2 mJy for the NW and SE cap r espectively, wher e the con-
ervative uncertainty is dominated by the unknown back gr ound
ontribution. The flux density of the caps is equal within these
ncertainties. 
NRAS 546, 1–21 (2026) 

i  
Comparison to flux densities measured at previous epochs is
hallenging to do accurately given the different observing fre-
uencies and instruments. We ther efor e do not attempt to make
ny statement on the total flux density evolution between epochs
f the shocks. How ev er, within each observation we find no ev-
dence for significant flux asymmetry between the two caps in
ny epoch. We note that MeerKAT has a substantially improved
v-coverage when compared to ATCA and is a core-dominated
rray. Both of these factors make it more sensitive and capable for
easur ements of e xtended emission and so we use the MeerKAT
easur ements as r eport ed abov e for further analysis in Section 4 .

.2 Polarization properties 

n the 2023 MeerKAT image, we can also investigate the polari-
ation properties of the caps. We use 32-channel multifrequency,
oined polarisation deconvolution in wsclean (A. R. Offringa
t al. 2014 ) to create images for all Stokes parameters, and for this
pecific imaging run to investigate polarization we use an inner
ukey taper from 0 to 10 4 λ (where λ is the observing wavelength)
 o down-w eight short baselines and limit back gr ound emission
rom the nebula. This improves the noise level inside the SNR. We
hen use the resolution homogenisation function of polkat to
nsure our channelized images for each Stokes parameter are ho-
ogeneous in resolution across the frequency range. rm-tools

C. R. Purcell et al. 2020 ) is then used to run a 3D rotation measure
ynthesis (M. A. Brentjens & A. G. de Bruyn 2005 ) analysis on
he image. This produces a 3D polarisation intensity cube, with 2
patial dimensions, and a 3rd dimension of Faraday depth. This
nalysis reveals several areas with significant linear polarisation
n the Africa nebula . A full polarisation intensity map is shown in
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Figure 5. Separation of the caps from Cir X−1 as a function of time for the NW edge and hotspot (left), and the SE edge and hotspot (right). For the 
edge positions the best fit deceleration model is shown, with paramet ers giv en in Table 1 . An asymmetry in the separation from Cir X−1 between the 
NW and SE caps and evidence for deceleration in both cases is evident. 
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ig. A1 in Appendix A . In particular, we find linear polarisation
mission from both the NW and SE caps. Linear polarisation 

nly appears in parts of the cap structur es, pr efer entially towar ds
he edge of the caps, and is absent from the hotspot features,
own to a 5 σ limit on fractional polarisation of ∼ 5 per cent . We
easure a linearly polarized flux density of up to 30 ± 3 μJy , a

0 σ detection. We measure linear polarisation fractions of up to 
0 ± 4 per cent and 52 ± 6 per cent in the NW and SE caps re-
pectively. Rotation measur e measur ements of the caps using the
olarized emission r egions ar e consistent with 0 rad m 

−2 , with an
ncertainty of ∼ 100 rad m 

−2 . No significant circular polarisation 

s det ect ed in any features in the image. 

.3 Proper motion measurements 

inally, we can measure the proper motion of the caps, which can
e seen by eye from Figs 2 and 3 . Due to the complexity of the
ap geometry, we adopt two approaches to measure the positions 
f the caps. For the first of these, we can find the maximum pixel
ithin the region of the cap (which will correspond to the hotspot
osition) and measure the separation of this pixel from Cir X−1.
econdly, we can exploit the asymmetric nature of the flux den-
ity profile of the caps, shown in Fig. 4 , and find the steep ‘edge’
f each cap and use this to define the position of the shock. This is
one using a technique known as Canny edge detection (J. Canny 
986 ), implemented using the scikit-image package (S. van der 
alt et al. 2014 ). First a Gaussian filter is applied to smooth the

mage and reduce the impact of noise, in our case a smoothing
cale of 6 arcsec is used. The algorithm then finds the edges using
radient based edge detection. We choose an upper and lower 
hreshold for the algorithm of 1 μJy pixel −1 and 10 μJy pixel −1 

espectiv ely. We not e that in general, the position of the edge
ound for the cap is insensitive to changes in these parameters.
inally, after inspecting the images to ascertain whether an edge 
as been found corresponding to the each cap, we measure the
eparation of the edge from Cir X−1 at a position angle of 128 ◦,
hosen as this line intersects the centre of the both the NW and
E caps. Uncertainties for each of these methods are taken to be
5 per cent of the FWHM of the major axis of the restoring beam
F. J. Cowie et al. 2025 ). We use each of these two measurement

ethods for all 5 of our observing epochs (2001, 2011, 2018, 2023,
025) as described in Section 2 . 

Fig. 5 shows the separation of the NW (left panel) and SE
right panel) caps from Cir X−1 as a function of time. The edge
etection method shows a greater separation at each time from 

ir X−1 than the hotspot position, as expected. There is a signifi-
ant asymmetry in the separation of the NW and SE caps from
ir X−1, with the NW cap being further from Cir X−1 at all

imes. The separation against time curves also reveal evidence of 
eceleration in the proper motion of the caps. We can measure
he proper motion of the caps by fitting both a ballistic (constant
pparent velocity v bal ) model, and a model of constant appar-
nt deceleration, a , to the data. The fit is performed using the
urve_fit module of the scipy package (P. Virtanen et al. 2020 )
nd the hotspot and edge data for each cap is treated separately,
eading to a total of 4 datasets to be fit. Fig. 5 shows the decelera-
ion model fit to the edge positions of the caps. 

The model fit degrees of freedom are 3 and 2 for the ballistic
nd deceleration models respectively. The likelihood-ratio chi- 
quared test (S. S. Wilks 1938 ) shows that in 3 of the 4 cases the
eceleration model is significantly favoured ( p-value < 0.01) over 
he ballistic model, with the e x ception being the hotspot positions
or the SE cap. The fit parameters for each case are shown in
able 1 . For the deceleration fits we provide the apparent veloc-

ty and time extrapolated to when the caps were co - spatial with
ir X−1 ( v 0 and t 0 , dec ), and also the apparent velocity and time
fter they have travelled a distance of 2 pc ( v 2 pc and t 2 pc ). The
ncertainties on the calculated time were found using a Monte 
arlo analysis and the uncertainties from the fitted parameters 
hich wer e: the appar ent velocity at a r efer ence time, the con-

tant apparent deceleration, and the position at a r efer ence time.
he deceleration model is also especially pr eferr ed in modelling
MNRAS 546, 1–21 (2026) 
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Table 1. Fit parameters for the ballistic and constant deceleration models for both the NW and SE cap edges and 
hotspots. 

Parameter NW Edge SE Edge NW Hotspot SE Hotspot 

v bal 0 . 067 c ± 0 . 006 c 0 . 070 c ± 0 . 006 c 0 . 085 c ± 0 . 006 c 0 . 090 c ± 0 . 006 c 
t 0 , bal (yr) 1900 ± 10 1922 ± 7 1936 ± 5 1953 ± 4 
χ2 

r, bal 3.3 7.7 5.3 4.3 
v 0 0 . 29 c ± 0 . 06 c 0 . 30 c ± 0 . 05 c 0 . 30 c ± 0 . 04 c 0 . 20 c ± 0 . 04 c 
t 0 , dec (yr) 1972 ± 3 1979 ± 3 1986 ± 7 1976 ± 4 
a 

(×10 −3 cm s −2 ) −4 . 9 ± 1 . 8 −6 . 0 ± 1 . 8 −6 . 8 ± 1 . 8 −2 . 5 ± 1 . 8 
χ2 

r, dec 1.1 5.7 0.4 5.5 
v 2 pc 0 . 14 c ± 0 . 03 c 0 . 092 c ± 0 . 014 c 0 . 14 c ± 0 . 02 c 0 . 07 c ± 0 . 02 c 
t 2 pc (yr) 2002 ± 1 . 4 2013 ± 2 2008 ± 2 2025 ± 5 
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he edge separation given the observed symmetry in the apparent
aunch velocities and times for the caps. This is expected from
hysical considerations but not enforced as the NW and SE caps
re fit separately. 

In summary, from the deceleration models, we find that the
aps were likely ‘launched’ from Cir X−1 around 1975, remark-
bly ∼ 5 yr after its discovery (B. Margon et al. 1971 ). The caps
ere launched with a mildly relativistic apparent velocity of ∼
 . 3 c and have since decelerated. After travelling 2 pc, there is an
symmetry in the separation and apparent velocity of the NW and
E caps, where the NW cap has travelled further and maintained
 higher apparent velocity than the SE cap. This is consistent with
he SE cap suffering from larger deceler ation. A t a distance of 2 pc
he apparent velocity of the caps has reduced to ∼ 0 . 1 c , and the
aps reached this distance in the early 2000s/2010s in the NW and
E cases respectively. 

 DISCUSSION  

iven the observational results presented in the previous section,
e can e xplor e the physical natur e of the caps, their relation to
ir X−1, and measure their physical properties. Throughout, we
dopt centimetre- gram- second units. 

.1 Physical nature of the caps 

. H. Sell et al. ( 2010 ), who first discovered the cap structures,
ostulated that they wer e r elated to Cir X−1 rather than features
f emission from the SNR. They argued this because of their
ymmetry around Cir X−1, and their different X-ray colour when
ompared to the emission from the SNR. We can now say these
eatur es ar e certainly r elat ed t o the centr al neutron star X-r ay
inary rather than the SNR, given their inferred lifetime (the time
lapsed since they were co - spatial with Cir X−1) of � 100 yr,
ompared to the ∼ 2900 yr inferred age of the SNR (S. Heinz et
l. 2013 ). 

P. H. Sell et al. ( 2010 ) also concluded that these cap features
r e shock fr onts power ed by an outflow launched by Cir X−1
nteracting with the ambient medium. This followed from the
bserv ed limb bright ened morphology in X-rays and a sharp drop
n surface brightness in both X-rays and radio on the sides of the
aps furthest from Cir X−1. This interpretation is confirmed by
he steep drop in surface brightness seen in our higher quality
adio data, shown in Fig. 4 , and our observation of motion away
rom Cir X−1, as expected for shocks powered by an outflow from
he binary syst em. Hereaft er, w e refer t o the cap structures as
NRAS 546, 1–21 (2026) 
hocks, and we will continue to find numerous pieces of evidence
hich support this interpretation throughout our analysis. 
The radio emission from the shocks is due to synchrotron ra-

iation from a population of ultrarelativistic electrons. This is
vident from the steep spectral index, α < −0 . 5 (where F ν ∝ να),
n the shock regions (see fig. 6 in V. Tudose et al. 2006 and fig.
 in (K. V. S. Gasealahwe et al. 2025 ), which is consistent with
ptically thin synchr otr on radiation. Furthermor e, the detection
f a high degree of linear polarisation in the radio emission of 
he shock region supports a synchr otr on origin. Optically thin
ynchr otr on radiation is intrinsically polarized in a direction per-
endicular to projection of the magnetic field onto the plane of 
he sky (A. G. Pacholczyk 1970 ) (generally only in the absence
f bulk relativistic motion e.g. M. Lyutikov, V. I. Pariev & D. C.
abuzda 2005 ). For a power -la w distribution of ultra-relativistic
articles, with power law exponent −p producing optically thin
ynchr otr on radiation, the maximum degree of linear polarisa-
ion produced is �max = 

p+1 
p+ 

7 
3 

(V. L. Ginzburg & S. I. Syrovatskii
965 ). For p ≈ 2 , as expected from shock acceleration of particles
see J. H. Matthews, A. R. Bell & K. M. Blundell 2020 for a review),
his is ∼ 70 per cent . As outlined in Section 3 linear polarisation
p to 52 ± 6 per cent is det ect ed. This high lev el of linear polar-

zation implies the presence of a highly ordered magnetic field in
he emission region. In a simple model where the magnetic field
onsists of a uniform component with strength B 0 and a random
omponent with strength B rand , then the observed polarisation
egree, �obs is given by: 

obs = �max 
B 

2 
0 

B 

2 
0 + B 

2 
rand 

ζ , (1) 

here ζ is some factor < 1 taking into account other depolarisa-
ion effects (B. J. Burn 1966 ). We find 

B 0 
B rand 

� 1 . 7 . This is consis-
ent with a shock model, where shock compression of an initially
urbulent magnetic field can leads to a more ordered field, in at
east 1 dimension (R. A. Laing 1980 ). The observed de-rotated
olarisation angle (known as the electric v ect or position angle or
VPA), is not strictly parallel or perpendicular to the shock front
s seen in Appendix A , suggesting a mor e comple x magnetic field
tructur e acr oss the shock fr ont than a simple compr essed slab,
otentially indicating strong turbulence at the shock front. 
The X-ray emission in the shock regions is co - spatial with the

adio emission, but P. H. Sell et al. ( 2010 ) note that both a ther-
al and a synchr otr on model can fit the X-ray spectrum equally
 ell. They disfav our the thermal model due to requiring a low

nclination in order to make the radio and X-ray emission appear
o - spatial. In the thermal emission scenario the X-ray emission
riginates from the shocked ISM, expected to be pushed ahead of 
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b

he expanding radio outflow. For example, this is clearly demon- 
trated in the case of the XRB S26 (R. Soria et al. 2010 ). P. H.
ell et al. ( 2010 ) further disfavour the thermal model due to the
ood correspondence of the measured power -la w index of the
-ray emission to the expectation, α = −1 , for a population of 
ooled synchr otr on electr ons with continuous injection of new 

ltra-r elativistic electr ons with p ≈ 2 (N. S. Kar dashev 1962 ). 
We now have further evidence against a thermal origin for the

-ray emission. This is on the basis that if the thermal model
olds, P. H. Sell et al. ( 2010 ) found a shock electron temperature
f 6 . 6 +2 . 2 

−1 . 8 keV, which they used to calculate a shock velocity, u s ,
f 2 . 4 × 10 8 cm s −1 using: 

T = 

3 
16 

μm P u 

2 
s , (2) 

here μ is the mean mass per particle ( ∼ 0 . 6 for solar abun-
ances) and m P is the proton mass. This assumes a strong shock
e.g. high Mach number), and thermal equilibrium between ion, 
roton and electron species in the shocked plasma at a tempera-
ure T . This temperature is too low to be consistent with our mea-
ur ed appar ent velocity of 3 × 10 9 cm s −1 in the standard shock
eating scenario. Caveats to this argument which would result in 

 lower electron temperature for our known shock velocity are 
f the electrons and protons are not in thermal equilibrium, or if 
he shock is heavily cosmic ray dominated (e.g. E. A. Helder et al.
009 ). In principle, one or a combination of these effects could
xplain the shock velocity and electron temperature observed 

s they both act to reduce the observed electron temperature 
or a given shock velocity. However, particle-in-cell simulations, 
hich include both non-equilibrium effects and cosmic rays, sug- 

est that in general the electron temperature is well predicted 

o within an order of magnitude by equation ( 2 ) (e.g. S. Gupta,
. Caprioli & A. Spitkovsky 2024 ), making a large reduction in

emperatur e fr om the mechanisms discussed above unlikely. 
Mor e evidence ag ainst the thermal model is found when we

onsider that the low inclinations for the shocks r equir ed in this
ase are incompatible with other aspects of our observations, 
s discussed further below. Ther efor e ov erall, w e significantly
avour a synchr otr on origin for the radio and X-ray emission from
hese shocks. 

.2 Geometry of the powering outflow 

iven the emission mechanism of the shocks is known, we can 

ow inv estigat e the geometry of the powering outflow. We iden-
ify 3 distinct possibilities: 

(i) A collimated straight jet 
(ii) A collimated precessing jet 
(iii) A wide-angle conical outflow 

In each of the 3 cases both a transient or continuously powered
utflow is possible (see Section 4.7 ), but the choice does not effect
he analysis below. 

In the case of i), a w ell-collimat ed straight (constant launch
irection) jet can produce an apparently wide shock structure 

n two scenarios. Either, the jet is inclined sufficiently close to
he line of sight in so that the opening angle of the jet appears
arger, known as foreshortening, or the wide shock structure is 
ue inst ead t o a jet heat ed cocoon/lobe of mat erial driving a
ider bow shock structure into the surrounding medium (R. D. 
landford & M. J. Rees 1974 ; C. R. Kaiser & P. Alexander 1997 ;
. R. Kaiser et al. 2004 ). This is thought to be the case for the
arge scale shock structures seen in GRS 1915 (S. E. Motta et al.
025 ) and Cyg X-1 (E. Gallo et al. 2005 ). We strongly disfavour the
atter of these scenarios due to the lack of significant curvature
n the shock structure, as is seen in the other known examples.
urthermore, the hotspot, which in this cocoon model r epr esents

he location of the jet termination shock, is observed to vary in
osition angle between epochs for the shocks of Cir X−1. This is
irectly count er t o the expectation for a jet with constant direc-
ion. If w e do att empt t o use this model to estimate the power of 
he jets (equation 10 in S. E. Motta et al. 2025 ), we obtain values of 
he jet power which are many orders of magnitude larger than the
ddington limit for a neutron star. This indicates that this model,
here the wide shock we see is a bow shock which is driven by

et heated cocoon material, is not applicable in the case of Cir
−1. Inst ead, giv en the large shock velocity, the shocks are the
irect site of interaction between the outflow from Cir X−1 and
he ambient medium. 

A collimated straight jet may still produce apparently wide- 
ngled shocks if the inclination to the line of sight is sufficiently
ow. How ev er, constraints deriv ed fr om the appar ent flux symme-
ry of the shocks, and their measured apparent velocities require 
he inclination angle to the line of sight to be � 35 ◦, ruling out this
cenario. In particular, the velocity of the shocks as a fraction of 
 , β, is given by the apparent velocity, βapp , and the inclination to
he line of sight, i : 

= 

βapp 

sin i ± βapp cos i 
, (3) 

here the ± refers to the approaching and receding shock re- 
pectively. We expect the bulk velocity of the emitting material to
e appr o ximat ely equal t o the shock v elocity in the strong shock
 egime. Fr om our observations we can constrain the ratio of flux
ensity between the two shocks to be < 3 , and by considering
oppler boosting, we can write: 

(
1 + β cos i 
1 − β cos i 

)3 −α

< 3 , (4) 

here we take the spectral index of the emitting mat erial, α, t o
e −0 . 5 . Solving this inequality by substituting in equation ( 3 )
nd our measured value of the apparent shock velocity at a 2 pc
r ojected distance (fr om Table 1 ) we arrive at the conclusion
hat the inclination to the line of sight of the shocks and the
owering outflow is � 35 ◦. We note this argument assumes that
he intrinsic radio luminosity of each shock is the same. If this is
ot the case, due to an asymmetric outflow power, or asymmetric
nvironment, then the situation can be fine tuned so that signifi-
ant Doppler boosting is present (e.g. inequality 4 does not hold),
ut is not observed as the approaching material is intrinsically 
ainter. This scenario is unlikely, and in this case would r equir e
ignificant asymmetry in the shock luminosity t o invalidat e our
nclination constraint above. 

We also obtain a less constraining, but robust limit on the
nclination angle of > 9 ◦ from considering where β > 1 for the
eceding case of equation ( 3 ). Given these constraints on inclina-
ion, and the measured apparent velocities in Table 1 , we conser-
atively take the de-projected speed of the shocks at a pr opg ation
istance of 2 pc to be ≈ 0 . 1 c for calculations in Sections 4.3 and
.4 . Projection effects could lead to the true de-projected speed
eing up to a factor of two greater than this. 
MNRAS 546, 1–21 (2026) 
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The true half opening angle of the shocks, ψ , is then given by
he observed opening angle ψ obs and the inclination angle: 

tan ψ = � tan ψ obs sin i, (5) 

here the factor of �, the bulk Lorentz factor, comes from con-
idering time dilation effects (J. C. A. Miller-Jones, R. P. Fender &
. Nakar 2006 ), but can be neglected in our case as � ∼ 1 . The

imit on the inclination angle, combined with the observed half 
pening angle of ∼ 28 ◦, constrains the true half opening angle
o be > 17 ◦. Ther efor e, these shocks cannot be powered by a
ollimated XRB jet which have half opening angles � 5 ◦ (J. C. A.
iller-Jones et al. 2006 ) unless these jets change direction over

ime. 
It is then natural to consider case (ii), a collimated jet which

hanges dir ection, thr ough pr ecession or some other mechanism,
s a cause of these wide opening angle shocks. Cir X−1 is known
o launch a collimated precessing relativistic jet (F. J. Cowie et
l. 2025 ). How ev er, while past jet observations of Cir X−1 have
hown a jet angle consistent with the direction of the shocks
e.g. V. Tudose et al. 2008 ; J. C. A. Miller-Jones et al. 2012 ), other
bservations (from late 2011 on wards) ha ve shown a jet position
ngle inconsistent with the shocks (M. Coriat et al. 2019 ; F. J.
owie et al. 2025 ). This implies at the very least that the precess-

ng jet of Cir X−1 is not continuously powering these shocks,
aising powering r equir ements, which ar e discussed further in
ection 4.3 . Furthermore, the absence of similar shock structures
n the current direction of the precessing jet seems to raise the
ossibility that the known precessing jets in this source are not re-
ponsible for powering the shocks, unless some recent (e.g. 2011
nwards) mode change in the precessing jet power has occurred.
her efor e, w e disfav our a precessing jet pow ering mechanism for

he shocks, but given the complexity of the jet behaviour observed
rom this source (see F. J. Cowie et al. 2025 for an overview), it
annot be ruled out. 

The only remaining scenario is (iii), a truly wide relativistic out-
ow launched from Cir X−1. Given the inferred launch velocities
f the shocks from Table 1 , and the fact that the outflow velocity
s at least that of the shocks (J. M. Martí et al. 1997 ), this outflow

ust have β � 0 . 3 and an opening angle > 17 ◦. An outflow with
uch properties is unprecedented in XRBs, perhaps to be expected
iv en the y outh and peculiarity of Cir X −1. In or der t o bett er
nderstand this outflow we can use the shocks where it interacts
ith the ambient medium to measure the power of this outflow. 

.3 Energetics of the shocks 

e can estimate the energy and other physical parameters of the
hocks using the observed radio and X-ray synchr otr on emission,
heir geometric properties, and their velocity. 

.3.1 Internal energy from equipartition 

t can be shown for a homogeneous synchr otr on emitting plasma
f known volume, that the energy r equir ed to produce a given
ynchr otr on luminosity is a function of the magnetic field, and
as a minimum close to equipartition of energy between the
agnetic field and radiating particle population (G. R. Burbidge

956 ; A. G. Pacholczyk 1970 ). It is assumed that the particle pop-
lation is non-thermal, and described by a power law with a low
nd high energy cut-off. This leads to a low and high frequency
ut-off in the synchr otr on spectrum ( νmin and νmax ). The equa-
ions for the r equir ed minimum energy and associated magnetic
NRAS 546, 1–21 (2026) 
eld strength, as a function of observable parameters are: 

 min = 

7 
4 

(1 + η) 
4 
7 

(
6 π
f V 

)− 3 
7 

·
( 

2 c −1 
2 c 

1 
2 
1 

1 + 2 α
4 πD 

2 F νobs ν
−α
obs 

(
ν

1+2 α
2 

max − ν
1+2 α

2 
min 

)) 

4 
7 

, (6) 

 eq = 

( 

6 π (1+ η) 
fV 

2 c −1 
2 c 

1 
2 

1 
1+2 α 4 πD 

2 F νobs ν
−α
obs 

(
ν

1+2 α
2 

max − ν
1+2 α

2 
min 

)) 

2 
7 

, (7) 

here V is the observed volume of emission and f is the filling
actor of the plasma in this volume. D is the distance to the
ource, and F νobs is the flux density of the synchrotron emission
t some observation frequency νobs . α is the spectral index of the
ynchr otr on spectrum, η is the fraction of energy in non-thermal
r otons r elative to non-thermal electrons (assumed to be 0 for a
inimum energy estimate), and c 1 , c 2 are constants. A full deriva-

ion of these formulae, along with definitions of the constants
an be found in A. G. Pacholczyk ( 1970 ) and is also provided in
ppendix B . The above equations and those throughout this sec-

ion do not include potential corrections for Doppler boosting due
o bulk relativistic motion of the emitting material. As discussed
n Section 4.2 this is unlikely to be a significant effect for the
hocks of Cir X−1 so can be neglected. Once we have an energy
n non-thermal electrons, E e , and a magnetic field measurement,
 , r eg ar dless of whether these are the equipartition estimates, a

otal number of non-thermal electrons can be obtained: 

 e = E e 
1 + 2 α

2 α
c 

3 
2 
1 B 

3 
2 
eq 

(
να

max − να
min 

)
(
ν

1+2 α
2 

max − ν
1+2 α

2 
min 

) (8) 

n order to calculate the minimum energy of the shocks and
elat ed paramet ers, w e assume an ellipsoidal geometry for the
hocks with semi-axes in the plane of the sky of 1.3 and 0.9 pc,
orresponding to the region used in Section 3 to measure the
ux density, and the assumption that the semi-axis along the line
f sight is 1 pc. This results in a volume of 4 . 4 ± 0 . 8 pc 3 , where
he uncertainty is dominated by the uncertainty on the known
istance of 9 . 4 ± 1 kpc (S. Heinz et al. 2015 ). We assume a filling
actor of 1, and discuss this assumption later in this section. We
se our measured values of flux density at 2.6 GHz for the NW
hock, 8 ± 2 mJy, and a spectral index of −0 . 6 ± 0 . 2 , where the
arge uncertainty reflects the different values of α which have
een measured for the shocks (P. H. Sell et al. 2010 ; K. V. S.
asealahwe et al. 2025 ). P. H. Sell et al. ( 2010 ) observed an X-ray

pectr al index v alue indicating the X-r ay emission at ∼ keV ener-
ies is above the synchr otr on cooling br eak. They estimated the
ynchr otr on cooling br eak to occur at a frequency νcool = 2 × 10 16 

z by extrapolating the radio and X-ray spectra. This indicates
hat the energy spectrum of particles is not well modelled by
 single power law for electrons which radiate at frequencies
bove νcool . For these estimates we conservatively take νmax to
e equal to νcool , effectively disr eg ar ding the energy contribution
r om electr ons radiating above the cooling br eak. A mor e strin-
ent treatment (see Section 4.4 for an example) would fully model
he particle injection and cooling. Our treatment here leads to a
light underestimate (by a few %) of E min and B eq given the weak
ependence on νmax . Finally, νmin is not measured in any of our
bservations, but can be constrained to be between 1 GHz, as we
o not observe the frequency break to a α = 

1 
3 expected below

min , and 10 kHz. The lower bound is a result of the magnetic



The shocks of Cir X−1 11 

fi  

a  

(

q  

d  

p
v  

d
t
u
i  

o
e  

9  

i
 

s
i  

c
t  

s  

H  

e  

U
o
y  

c
o  

o  

(
e  

t
d

4

G  

m  

f  

o
a
t  

a  

e

t

w
t

 

5  

m  

e
t

 

s
c  

t
r  

a  

a  

c

b  

b  

o
t
b
m
m  

r  

e  

s  

<  

t
t  

t  

t
f
M  

p
a

g  

s
t  

f
w  

c  

t
fi
f  

e
fi  

t  

t  

s

4

W  

s
o  

d  

W  

b  

e  

T  

p  

p  

m  

f  

o

V

w  

a  

T  

V  

o  

J  
eld strength of ∼ 100 μG (P. H. Sell et al. 2010 ), leading to νcr for
 synchr otr on emitting plasma being always greater than 10 kHz
see equation ( B7 )). 

Given the large uncertainties on some of the parameters re- 
uired t o calculat e E min and B eq , and the various strong and weak
ependencies in equations ( 6 ) to ( 8 ), we adopt a Monte Carlo sam-
ling approach to understand the uncertainties on our calculated 

alues of E min , B eq , and N e . Ov erall w e find that the sampled
istributions for each of our calculated parameters do not appear 
o be well described by standard analytic forms, but are clearly 
nimodal. Ther efor e, below we report the empirical confidence 

nterval defined as the range spanned by the central 68 per cent
f samples. This corresponds to the commonly used Gaussian- 
quivalent 1 σ . The full sampled distributions and the 68 per cent,
5 per cent, and 99.7 per cent confidence intervals are presented
n Appendix B for completeness. 

We find the minimum energy r equir ed to cr eate the
ynchr otr on emission observed from one of the shocks 
s log 10 (E min [ ergs ]) = 46 . 1 +0 . 3 

−0 . 2 and the magnetic field
orresponding to this minimum energy (equipartition) case 
o be log 10 (B eq [ G ]) = −4 . 53 +0 . 16 

−0 . 12 . These measur ements ar e
imilar to the estimates of 8 × 10 45 erg and ∼ 50 μG made in P.
. Sell et al. ( 2010 ). Finally, we find the number of non-thermal

lectrons in the equipartition case to be log 10 (N e ) = 48 . 7 +1 . 2 
−0 . 9 .

sing the most conservative (longest) estimate of the lifetime 
f the shocks from the constant deceleration model of 50 ± 5 
r, we ther efor e obtain an av erage pow er r equir ed simply to
r eate the synchr otr on emitting particles and magnetic field 

f log 10 (Q min [ erg s −1 ]) = 36 . 9 +0 . 3 
−0 . 2 . We note this is almost two

rders of magnitude greater than the estimate in P. H. Sell et al.
 2010 ). They used the extrapolated cooling break frequency and 

quipartition magnetic field t o deriv e the synchr otr on cooling
ime-scale, which they took to be the time-scale of energy 
eliv ery t o the shocks. 

.3.2 Magnetic field estimate from cooling break 

iv en w e now know the lifetime of the shocks fr om measur e-
ents of their proper motion and have a constraint on the break

requency νcool ∼ 2 × 10 16 Hz from P. H. Sell et al. ( 2010 ), we can
btain an independent estimate of the magnetic field, without 
ssuming equipartition. We can find the r equir ed magnetic field 

o cause significant synchr otr on cooling of electr ons radiating
t the break frequency over the lifetime of the shocks using the
quation for the synchr otr on cooling time-scale: 

 sync = 

6 πm 

2 
e c 3 c 

1 
2 
1 

σt (B sin θ ) 3 2 ν
1 
2 

cool 

, (9) 

here σt is the Thomson cross-section and θ is the angle between 

he magnetic field and the electron velocity, where a value of 
π
2 is assumed hereafter. R earr anging for B , we find given t sync <

0 yr and νcool < 1 × 10 17 Hz , that B > 200 μG . This value for the
agnetic field strength is in tension at the ∼ 5 σ level with the

quipartition field strength estimated from observations. This 
ension could arise in a few scenarios. 

First, w e not e that if another cooling mechanism contributes
ignificantly, namely inverse Compton losses, the synchr otr on 

ooling time could be longer than the lifetime of the shocks and
he frequency break could be due to inverse Compton cooling, 
emoving the tension in the magnetic field estimat es. How ev er,
s will be shown in Section 4.4 , inverse Compton, and indeed
ll other cooling mechanisms, are sub - dominant to synchr otr on
ooling for electrons radiating above the cooling break. 

Secondly, the equipartition estimate of the magnetic field could 

e raised to be in line with the constraint from the cooling
reak. This can happen if either the filling factor is decreased,
r non-thermal protons introduced which do not contribute to 
he observed synchr otr on luminosity, but allow for equipartition 

etween non-thermal particles and the magnetic field at larger 
agnetic field values. To raise the equipartition estimate of the 
agnetic field to > 200 μG the filling factor would need to be

educed to ∼ 10 −3 . This is unlikely given that a relativistic plasma
xpanding at a fraction of the speed of light ( ∼ 0 . 1 c ) would for a
cale size of ∼ 1 pc , expand to greater than this filling factor in
 1 yr , much shorter than the lifetime of the shock. To acheive

he same effect with the introduction of non-thermal protons 
hese protons would need to have a total energy η ∼ 300 times
hat in the non-thermal electrons. This fraction of energy in non-
hermal protons is slightly larger than the η ∼ 10 - 100 expected 

rom some observations and particle-in-cell simulations (e.g. G. 
orlino & D. Caprioli 2012 ; S. Gupta et al. 2024 ), but is considered

lausible. We note that η ∼ 300 increases the minimum energy 
nd minimum power estimates by over an order of magnitude. 

Finally, equipartition may not hold for the system especially 
iven the fairly young age of the shocks and the associated
ynchr otr on plasma. This means the equipartition estimate for 
he magnetic field may not be correct. How ev er, the deviation
rom equipartition needed for a magnetic field value consistent 
ith the cooling estimate would increase the energy in the syn-

hr otr on plasma by an order of magnitude. Overall, it is likely
hat a combination of several of these factors: slightly decreased 

lling factor, presence of non-thermal protons, and a deviation 

r om equipartition, ar e r esponsible for the t ension betw een the
quipartition and synchr otr on cooling estimates of the magnetic 
eld. How ev er, these changes will overall result in a net increase
 o the calculat ed minimum energy in non-thermal particles and
he magnetic field, and ther efor e the power r equir ed to cr eate the
hock structures. 

.3.3 Kinetic energy from swept up mass 

e have now shown that the time-av eraged pow er r equir ed to
upply only the non-thermal particle and magnetic field energy 
f both shocks has a robust lower limit of ∼ 10 per cent of the Ed-
ington luminosity of a 1 . 4 M � neutron star ( 1 . 8 × 10 38 erg s −1 ).
e can also estimate the kinetic energy in the shocked volume,

y calculating the mass swept up by the shocks, and the kinetic
nergy of this swept up material given the known shock speed.
he v olume sw ept up by the shocks depends on the model of the
owering outflow, e.g. whether it is a wide conical outflow, or a
recessing jet. As discussed in Section 4.2 , a conical outflow is
ore likely, but a correction fact or t o the v olume can be applied

or the precessing jet case. The volume swept out by a conical
utflow is: 

 = 

1 
3 
πh 

3 tan 

2 ψ = 

1 
3 
πh 

3 
obs tan 

2 ψ obs ( sin i ) −1 , (10) 

here h obs is the projected distance of the shocks from Cir X−1,
nd the inclination dependence comes in part from equation ( 5 ).
aking the point in time when h obs = 2 pc (see Table 1 ) we obtain
 = 2 . 8( sin i ) −1 pc 3 . For the case of a precessing jet with a jet
pening angle, φ, of 1 - 5 ◦ as is typical for XRB jets (J. C. A. Miller-
ones et al. 2006 ), the v olume sw ept out is a hollow cone, and
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quation ( 10 ) is adjusted by a factor of: 

tan 

2 ψ obs − tan 

2 (ψ obs − φ) 
tan 

2 ψ obs 
∼ 0 . 08 to 0 . 35 for φ = 1 ◦ to 5 ◦. (11) 

e also r equir e an estimate of the density of the ambient mate-
ial, ρamb , which is swept up by the shocks. Given the inclination
onstraints on the shocks, they are still propagating within the
NR environment of Cir X−1. Spectroscopy of the SNR X-ray
mission showed that the ISM number density outside the SNR is

0 . 3 cm 

−3 (S. Heinz et al. 2013 ). We can then turn t o SNR ev olu-
ion theory (R. A. Chevalier 1974 ; W. C. Straka 1974 ; D. L. Band &
. P. Liang 1988 ), simulations of SNR (M. A. Villagran et al. 2020 ;
. M. A. Meyer et al. 2024 ), and specific simulations of the Africa
ebula , which include the launch of a powerful collimated jet at
n early time in the SNR evolution (K. V. S. Gasealahwe et al.
025 ). All of these suggest that a value for the density near the
entre of the SNR of 10 −2 cm 

−3 is conservatively low, given the
nown parameters of the SNR (S. Heinz et al. 2013 ). We may also
onsider the density profile of the SNR. This is not known for Cir
−1 due to the faintness of the X-ray emission from the SNR.
ow ev er, its surface brightness in X-rays appears flat or slightly

entr ally peaked, in contr ast with the most common morphology
f SNRs where the X-ray emission has a shell morphology (e.g. F.
 cer o, J. Ballet & A. Decourchelle 2007 ). This suggests that the
frica nebula belongs to the mixed morphology class of SNRs (K.
. Long et al. 1991 ; L. R. Jones, A. Smith & L. Angelini 1993 ; J.
ho & R. Petre 1998 ; A. Chiotellis, E. Zapartas & D. M. A. Meyer
024 ). Mixed morphology SNRs are thought to be formed when
he SNR interacts with a multi-phase ISM, in particular causing
as ev apor ation from clouds which survive passage through the
NR shock (L. L. Cowie, C. F. McKee & J. P. Ostriker 1981 ; R.
. White & K. S. Long 1991 ). These mixed-morphology remnants
re notable in this case because simulations and models suggest a
igher central density than expected from typical SNR dynamics,
ith densities within the SNR of ∼ 1 cm 

−3 , and a flat density
rofile. Given the uncertainty in the density profile within the
NR, when estimating the mass swept up by the shocks of Cir
−1 we assume a flat density profile using the conservative value
f 10 −2 cm 

−3 , e xpected fr om typical SNR dynamics, while noting
hat values of up to ∼ 1 cm 

−3 may be possible. 
For the volume above and number density of 10 −2 cm 

−3 , assum-
ng a hy drogen composition, w e calculat e a t otal number of sw ept
p protons as 8 × 10 53 and a swept up mass of 1 × 10 30 g . Given

hat at 2 pc the apparent shock velocity, is 0 . 14 c ± 0 . 03 c and at
maller distances was greater than this due to the deceleration.
urthermor e, the true de-pr oject ed v elocity will be close t o or

arger than this (see equation 3 and Section 4.2 ). Ther efor e, we
an conservatively estimate that the bulk velocity of the shocked
aterial is ∼ 0 . 1 c . The kinetic energy of the shocked material can

hen be calculated: 

 k = 

1 
2 
ρamb V u 

2 
s = 

πρamb 

6 
h 

3 
obs tan 

2 ψ obs u 

2 
s, obs ( sin i ) −3 , (12) 

esulting in a total kinetic energy budget for one of the shocks
f at least 5 × 10 48 erg . Over a lifetime of 50 yr, this r equir es a
ime-av eraged pow er of: 

 kin ≈ 4 × 10 39 
( n 

10 −2 cm 

−3 

)
erg s −1 = 20L Edd ·

( n 

10 −2 cm 

−3 

)
(13) 

This order of magnitude estimate for the kinetic energy of 
he shocks reveals the extreme power required to create these
tructures, and that the energy output of this accreting neutron
NRAS 546, 1–21 (2026) 
tar is apparently dominated by the wide-angle mildly relativistic
owering outflow. 

.4 Particle acceleration properties 

easuring the shock velocity and other properties not only allows
s to understand the macr oscopic pr operties but also the details
f the particle acceleration occurring at the shocks, which creates
he non-thermal particle population responsible for the observed
ynchr otr on radiation (see J. H. Matthews et al. 2020 and refer-
nces therein for a review). 

.4.1 Maximum energy of ac c elerated particles 

e begin by understanding the maximum energy which particles
an be accelerated to in the shocks. The confinement energy is
iven by: 

 conf = ZeBR, (14) 

here Z is the particle charge in units of the electron charge, e ,
nd R is the scale size of the particle acceleration region, taken
o be the size of the downstream region of the shock, in our
ase ∼ 1 pc . The shocks of Cir X−1 have a confinement energy,
or protons and electrons, of ∼ 200 PeV . We can then consider
he Hillas energy (A. M. Hillas 1984 ), which can be int erpret ed,
mong other ways, as the time-scale balance between the dynam-
cal time of the system and the acceleration time, assuming the
ohm diffusion limit, of a particle undergoing diffusive shock
cceleration (DSA; A. R. Bell 1978 ). The dynamic time-scale is 

 dyn = 

R 

u s 
, (15) 

here u s is the shock velocity. The acceleration time-scale of 
SA, with a diffusion coefficient of D = 

κr g c 
3 , where r g is the

article gyro-radius, is given by 

t acc = 

D 

u 

2 
s 

= 

κr g c 
3 u 

2 
s 

= 

κEc 
3 ZeBu 

2 
s 

= 4 × 10 7 
κ

Z 

(
E 

1 PeV 

) (
B 

1 μG 

)−1 (u s 

c 

)−2 
s . 

(16) 

hen equating equations ( 15 ) and ( 16 ), and taking the Bohm
iffusion limit, κ = 1 we find the Hillas energy: 

 H 

= 10 15 eV 

(
R 

1 pc 

)(
B 

1 μG 

)(u s 

c 

)
Z. (17) 

or the shocks of Cir X−1, the shock velocity is at least 0 . 1 c
Section 4.2 ), the magnetic field is > 200 μG (Section 4.3.2 ) and
he scale size of the acceleration region is taken to be the size of 
he downstr eam r egion of the shock, ∼ 1 pc . This gives a Hillas
nergy of ∼ 20 PeV , noting that this energy limit also applies for
cceleration mechanisms other than DSA. We can also examine
he constraint on the maximum particle energy from the power
rovided by the central sour ce, Cir X −1. The Hillas–Waxman–
ov elace pow er limit (R. V. E. Lov elace 1976 ) is: 

 k , min = 10 35 erg s −1 ε−1 
(

E 

1 PeV 

)2 (u s 

c 

)−1 
Z 

−2 , (18) 

here ε is a conversion efficiency of kinetic to magnetic energy,
nd for DSA can be thought of as an efficiency of magnetic field
mplification at the shock, and a value of ∼ 0 . 1 is often assumed
J. H. Matthews et al. 2020 ). This leads to a r equir ed power of 
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10 39 erg s −1 , which is close to the estimated total power of the
utflow in Section 4.3.3 . This indicates that the power of the
utflow may also be a limiting factor for particle acceleration 

longside the Hillas energy limit. 
Finally, we can consider in more detail the loss versus accel- 

ration time-scales for the case where the particles are being 
ccelerated through DSA, which seems likely given the shock 

ature and polarisation properties. In particular, the detection of 
igh linear polarization fractions, implies the or der ed and turbu-

ent magnetic fields ar e of r oughly the same str ength, which is
ften r eferr ed to as the str ong turbulence limit. This magnetized
urbulence may be driven by cosmic rays and is thought to be
 necessary condition for particle acceleration close to or at the
ohm limit (e.g. κ = 1 ) (A. R. Bell 2004 ). 
For electr ons, we e xamine the differ ent loss time-scales to de-

ermine which one is dominant. To do this we use the gamera
ackage (J. Hahn, C. Romoli & M. Breuhaus 2022 ) in python
 o det ermine the loss time-scales for a population of electrons
n a 200 μG magnetic field, with an ambient medium density of 
0 −2 cm 

−3 , and a back gr ound radiation field made up of the CMB,
he int erst ellar radiation field (using the model presented in C.
. Popescu et al. 2017 ), and the diluted radiation field from the
ost star . W e assume the host star to be a typical high mass O-

ype star ( 10 R �, 4 × 10 4 K blackbody), in order to maximize the
adiation field, and hence losses due t o inv erse Compt on, at a
istance of ∼ 2 pc . Finally, we also add adiabatic cooling of the
lectron population, assuming a 1 pc region expanding at 0 . 1 c as
 maximal case. We find, for the high energy particles, > 10 TeV
ynchr otr on losses dominate over all other loss mechanisms by 
ver an order of magnitude. 

The loss time-scale for synchr otr on cooling is given by 

t sync = 

E 

˙ E sync 
= 

3 m e c 2 γe 8 π
4 σT cγ 2 

e B 

2 = 4 × 10 11 
(

E 

1 PeV 

)−1 ( B 

1 μG 

)−2 
s , 

(19) 

here γe is the Lorentz factor of the electron. Equating this loss
ime-scale with the acceleration time-scale for DSA from equa- 
ion ( 16 ) we obtain a maximum energy achievable by electrons
or a 0 . 1 c shock v elocity, of ∼ 0 . 7 PeV . Giv en this predicted maxi-

um energy to which electrons can be accelerated we can predict
n exponential cut-off in the the synchr otr on spectrum above 

7 MeV . This maximum predicted energy requires the electrons 
o be undergoing particle acceleration in the Bohm limit. The 
bserv ation of X-r ay synchr otr on radiation up to a photon en-
rgy of 10 keV r equir es electr ons with an energy of least 30 TeV
in a 200 μG magnetic field, using equation B7 ). This is direct
vidence of particle acceleration up to at least ∼ 5 per cent of the
aximum energy in the idealized Bohm limit. We note that this

atio between the maximum predicted energy in the Bohm limit 
nd the observed energy of the electrons is independent of the
ssumed magnetic field. 

We can also consider the loss time-scales for the proton 

ase, although inv erse Compt on and synchr otr on losses ar e sub-
ominant due to the mass dependence of these mechanisms. 
her efor e, w e inst ead consider losses from inelastic collisions
ith thermal prot ons, phot o-meson production and pair produc- 

ion (M. C. Begelman, B. Rudak & M. Sikora 1990 ). We find
or each of these cases, by comparison to the acceleration time-
cale, that the cooling time-scales do not limit particle accel- 
ration to the PeV regime. This is expected for thermal proton
ollisions (M. C. Begelman et al. 1990 ), and for the photo-meson
nd pair production the cooling time is long given the relatively
ow energy density of the photon back gr ound. Ther efor e, the
imiting factor on the maximum energy protons can achieve 
n the shocks is set by the Hillas condition. This makes these
hocks, powered by an accreting neutron star, potential sites 
f acceleration of prot ons up t o ∼ 20 PeV . The population
f XRBs have been postulated to potentially explain cosmic rays 
bove the ‘knee’ (S. Heinz & R. Sunyaev 2002 ; R. P. Fender, T. J.
accarone & Z. van Kesteren 2005 ; A. J. Cooper et al. 2020 ; J.
ang et al. 2025 ), and our analysis of this case shows that certain

arge scale outflow interaction structures may provide the neces- 
ary conditions for this particle acceleration to high energies to 
ccur. 

Given our derived maximum energy cut-off and the assump- 
ion that the energy in non-thermal protons is η ∼ 100 times the
nergy in the non-thermal electrons, we can use equation ( 6 ) to
stimat e the t otal energy in cosmic rays (non-thermal protons).
e find E min ∼ 1 . 8 × 10 47 erg of which 1 × 10 47 erg is in cosmic

ays (the rest of the energy being in the magnetic field, see Ap-
endix B ). Using the ∼ 50 yr measured lifetime of the shocks this
ives a cosmic ray luminosity by the shocks of ∼ 6 × 10 37 erg s −1 .
hen, assuming a power law cosmic ray spectrum with energy 

ndex of −2 , a low energy cut-off of the proton rest mass, and
 high energy cut-off of 20 PeV , we can estimate the cosmic ray
uminosity of Cir X−1 at energies between 10 TeV and 20 PeV ,
.g . ar ound the ‘knee’. We find a cosmic ray luminosity in this
nergy range of ∼ 5 × 10 36 erg s −1 . This is not particularly sensi-
iv e t o the e xact values of the energy inde x or cut-offs. The total
osmic ray luminosity at Earth at these energies can be calculated
ssuming a total luminosity of ∼ 1 × 10 41 erg s −1 , an energy index
f −2 . 7 , and a low energy cut-off of the proton rest mass (see
. A. Grenier, J. H. Black & A. W. Strong 2015 and references
herein). The choice of high energy cut-off has a negligible ef- 
ect. The total cosmic ray luminosity at Earth between 10 TeV
nd 20 PeV is then ∼ 2 × 10 38 erg s −1 . Ther efor e, with r easonable
ssumptions on the fraction of energy contained within non- 
hermal, the shocks of Cir X−1 could contribute a few per cent
f the observed cosmic ray luminosity at energies around the 

knee’. The cosmic rays from the shocks of Cir X−1 will not have
eached Earth yet, and the measured cosmic ray luminosity is 
veraged on a much longer time-scale than the lifetime of the
hocks due to diffusion of cosmic rays. How ev er, considering
her e ar e sev eral pow erful activ e X-ray binaries in our galaxy at
ny given time, these sources, in particular those with large scale
tructur es, ar e possibly a dominant source of cosmic rays around
he ‘knee’. This has been suggested by both theoretical studies 
.g. A. J. Cooper et al. ( 2020 ) and possibly by recent observational
 esults e.g . LHAASO Collaboration ( 2025 ). 

.4.2 Efficiency of particle ac c eleration 

s well as the maximum energy of accelerated particles, we can
se our estimates of the energy in non-thermal electrons and 

ur estimates of the shock kinetic energy to attempt to calculate
he injection and energetic efficiencies of the electron accelera- 
ion mechanism. We define these as: the proportion of the cold
lectron population swept up by the shock which is accelerated 

o become non-thermal, and the proportion of the shock bulk 

inetic energy which is in non-thermal electrons, respectively: 

inj = 

N e, nt 

N e, sw 

(20) 
MNRAS 546, 1–21 (2026) 
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, (21) 

here N e, sw 

and N e, nt are the total number of swept up electrons
nd non-thermal electrons respectively, E e , is the total energy in
on-thermal electrons, and E kin is the total bulk kinetic energy
f the shock (e.g. the bulk kinetic energy density of the initial
pstream flow in the shock frame), as calculated in Section 4.3.3 .
his assumes an ionized hydrogen composition to the medium
wept up by the shock. 

In order to calculate the efficiencies for the shock we assume
he particle acceleration is dominated by a forward shock prop-
gating into the ambient medium. This may not be the case if 
nstead a reverse shock pr opag ating into the outflow material is
esponsible for accelerating the majority of non-thermal particles
hich produce the observed synchrotron radiation. 
Our observations reveal only the presence of a single sharp

rop in surface brightness on the far side of the cap structure from
ir X−1 (see Fig. 4 ). This could be taken to be either the site of 

he forward shock, or the contact discontinuity. This depends on
hether the forward shock accelerates particles which produce

ynchr otr on emission. Other sharp changes in the surface bright-
ess profile may be hidden by back-flow or other projected struc-

ures which give rise to the slow decay of the surface brightness
r ofile towar ds Cir X −1 (see Fig . 4 ). 
If the reverse shock is responsible for particle acceleration the

harp drop in surface brightness w e observ e with proper mo-
ion is then the contact discontinuity. The number of particles
ncountering the relevant shock front (in this case the reverse
hock) is then more uncertain, as we do not know the density
f the outflow through which it pr opag at es. How ev er, w e can
omewhat constrain the density of the outflow material from
omentum balance at this working surface (contact discontinu-

ty) (J. M. Martí et al. 1997 ). We find that to produce the mildly
elativistic advance speed of the working surface, the outflow ma-
erial cannot be significantly more undersense than the ambient

edium without requiring highly relativistic outflow velocities.
her efor e, while the efficiencies calculated in this Section are
ominally for the case where the forward shock is responsible for

he majority of the particle acceleration, they are likely upper lim-
ts in the reverse shock case given their scaling with the density
f the medium crossing the shock. 

We emphasize, that outside of the efficiencies calculated in this
ection, all other physical quantities estimated, such as energet-
cs, are agnostic to whether a reverse or forward shock is respon-
ible for the majority of particle acceleration. For example, the
wept up mass calculation in Section 4.3.3 applies to the forward
hock r eg ar dless of whether it is r esponsible for the majority of 
article acceleration. 
Beginning with εe , we use that the total energy in non-thermal

lectr ons, E e , is r elat ed t o our minimum int ernal energy estimat e
y E e = 

4 E min 
7(η+1) , where η is the ratio of energy in non-thermal pro-

 ons t o non-thermal electrons. Then E e ∝ (η + 1) − 3 
7 , as E min ∝

(η + 1) 4 7 . We can then estimate the energetic electron accelera-
ion efficiency to be 

e ≈ 3 × 10 −3 · (1 + η) −
3 
7 ·

( n 

10 −2 cm 

−3 

)−1 
, (22) 

here the scaling with average ambient number density, n , comes
rom the shock bulk kinetic energy calculated in Section 4.3.3 . 

The electron injection efficiency estimate is more uncertain
iven our order of magnitude uncertainties on the total number
NRAS 546, 1–21 (2026) 
f non-thermal electrons, largely driven by the uncertainty on
he low energy cut-off to the electron energy spectrum (see Sec-
ion 4.3.1 ). Given we estimated the total number of swept up am-
ient protons (and hence electrons) to be 8 × 10 53 in Section 4.3.3 ,
hen we can estimate the electron injection efficiency as: 

inj ∼ 6 × 10 −6 · (1 + η) −
3 
7 ·

( n 

10 −2 cm 

−3 

)−1 
, (23) 

ith appr o ximately an or der of magnitude uncertainty. The scal-
ng of N e, nt with η is the same as that of E e . This means that εe and
inj have the same scaling with η and n , allowing for the ratio to
e estimated as: 

εinj 

εe 
≈ 2 × 10 −3 , (24) 

ith appr o ximately an or der of magnitude uncertainty. 
The shocks of Cir X −1 ar e now one of a handful of astro-

hysical systems where these efficiencies have been estimated,
aving the way for better understanding of the physics of shocks
nd particle acceleration. Other systems include S26, where an
lectron energetic efficiency of ∼ 10 −3 was inferred (R. Soria et al.
010 ), or the SNR Tycho, where an electron energetic efficiency of 

10 −4 was observed (G. Morlino & D. Caprioli 2012 ). These ob-
ervationally derived efficiencies are consonant with numerical
article-in-cell e xperiments (e.g . L. Sir oni & A. Spitkovsky 2011 ;
. Park, D. Caprioli & A. Spitkovsky 2015 ; S. Gupta et al. 2024 ). 

.5 SED modelling 

iven the recent detections of very high energy (VHE), >

00 TeV , emission from numerous X-ray binaries (e.g. LHAASO
ollaboration 2025 ; H. E. S. S. Collaboration 2024 ), including

r om Cy g X-1, GRS 1915, and SS 433 which all show large scale
tructure, w e can att empt t o predict the VHE emission for the
hocks of Cir X−1. We use the gamera package (J. Hahn et al.
022 ) to model a single zone of electrons and a separate zone
f prot ons ev olving in a time independent environment. We
ake into account losses due t o inv erse Compt on, synchr otr on,
remsstrahlung, ionisation and adiabatic expansion for the elec-

rons, and losses from synchrotron, inverse Compton and pp in-
eractions for the protons. We assume a time and energy constant
scape time of R 

u s 
= 

2 pc 
0 . 1 c for the electrons only, the same set of 

ack gr ound radiation fields for both zones as was assumed for
he cooling time calculations in Section 4.4 , an ambient density
f 10 −2 cm 

−3 within the SNR, and a 1 pc scale size with expansion
t 0 . 05 c . 

For the protons we do not consider an escape time, as protons
ccelerated at the shock then diffuse out into the surrounding re-
ion. Using a value for the diffusion coefficient of 10 30 cm 

2 s −1 for
 PeV protons, which is consistent with estimates for escape time
rom the Galaxy (J. Wang et al. 2025 ) we find that the protons will
a ve tra velled 30 pc away from Cir X−1 over the lifetime of the
hocks. This opens up the possibility that the high energy protons
ill encounter a dense molecular cloud region where they can
ore efficiently interact and cool, leading to the production of 
HE emission. This is especially relevant given the position of Cir
−1 at low galactic latitude ( l = 0 . 04 ◦), where a higher density of 
olecular clouds are expected (J. Ballester os-Par edes et al. 2020 ).
e find that in order to obtain any substantial VHE emission

rom the protons, a significantly higher density is required than
he assumed ambient density of 10 −2 cm 

−3 in the SNR. Ther efor e,
hen calculating the VHE emission from protons we assume a
ensity of 10 2 cm 

−3 , typical for any molecular cloud the protons
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Figure 6. Model SED of the emission relat ed t o the shocks of Cir X−1. At lower photon energies the synchr otr on contribution with a cooling break 
dominat es. At higher phot on energies, the dot-dashed lines show emission from inv erse Compt on of non-thermal electr ons fr om various photon 
back gr ounds, and the solid line shows their sum. How ev er, in this model, in gamma-rays the flux is dominated by a hadronic component, which depends 
on the how long acceleration of high energy protons has been ongoing in the source. The shaded region is bounded by curves showing the 2 limiting 
cases, the lifetime of the shocks (50 yr) and the system (2900 yr). Also plotted are the MeerKAT and Chandra observed fluxes for the shocks, and an 
observed H.E.S.S. integral upper limit in the g amma-ray r egime. The H.E.S.S. upper limit is for a point source at 0 . 07 ◦ resolution, so does not constrain 
the proton VHE emission which will come from a nearby area on the sky. We show the LHAASO 1 year sensitivity and predicted CTAO South 50 h 
sensitivity curves as dashed lines. 
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 ould int er act with as they diffuse aw ay from their acceler ation
ite (J. Ballester os-Par edes et al. 2020 ). 

We adopt an injection luminosity of electrons of 
 × 10 35 erg s −1 , and a magnetic field of 200 μG , to be compatible
ith our combined flux measurements of both shocks and an age 

f 50 yr . We assume a low and high energy cut-off to the electron
njection spectrum of 10 MeV and 0 . 7 PeV . The low energy
ut-off is within our observ ational constr aints as discussed in 

ection 4.3 , and changing it results in only minor changes to
he resulting SED. The high energy cut-off r esults fr om our
nalysis in Section 4.4 . The proton injection spectrum is set as
∼ 100 times the luminosity of the electron injection spectrum. 
his value is commonly used, motivated by observations (G. 
orlino & D. Caprioli 2012 ) and simulations (S. Gupta et al.

024 ). We adopt a low and high energy cut-off to the proton
njection spectrum of 2 GeV and 20 PeV , where the low energy 
ut-off comes from a requirement that the protons be relativistic, 
nd the high energy cut-off comes from the Hillas limit in 

ection 4.4 . We then use the resulting particle spectra after 50 yr
f ev olution t o calculat e, the synchr otr on, inv erse Compt on,
remsstrahlung and ionisation emission from the electrons, and 

he hadronic emission from the protons. The outflow powering 
he shocks may have been active for longer than the lifetime of 
he currently observed shocks, or if the shocks were produced by 
 more transient explosion, this may be a repeating event. These
cenarios are discussed further in Section 4.7 , but in either case,
hile the emission from the non-thermal electron population 

s not expected to be affected due to synchr otr on and adiabatic
ooling, the emission from the high energy protons, which do 
ot suffer such effects, may be altered. Assuming the same 
onstant injection luminosity of high energy protons over the 
ntire lifetime of Cir X−1 of ∼ 2900 yr leads to a factor ∼ 50
ncrease in the hadronic VHE flux. 

The overall resulting SED at a distance of 9 . 4 kpc , broken into
elevant components, is shown in Fig. 6 . The tw o curv es which
ominate at VHE energies r epr esent the emission fr om a popu-

ation of protons generated over 50 yr (the shock lifetime) and
900 yr (the system lifetime). The VHE emission from the protons
ould lie in the shaded area between these two curves. We find
remsstrahlung and ionisation emission to be negligible com- 
ar ed to synchr otr on and inv erse Compt on. The radio and X-
ay measur ements ar e shown ov er-plott ed, alongside an int egral
pper limit on the flux above 1 TeV from Cir X−1 (H. E. S. S.
ollaboration et al. 2018 ). This upper limit is a point source upper

imit (at the ∼ 0 . 07 ◦ resolution of H.E.S.S.) on emission from Cir
 −1 itself, and ther efor e does not constrain hadr onic emission

rom a nearby over dense region as assumed in our model, but
oes applies to the leptonic VHE emission predicted from Cir 
 −1. The r esult is that ther e ar e curr ently no constraints on
adronic emission from Cir X−1 and further observations are 
eeded. We stress that this SED is not a fit of a model to the
v ailable data, r ather w e hav e inferred the physical paramet ers
MNRAS 546, 1–21 (2026) 
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s outlined in the preceding sections and used them to predict
he SED. 

From this predicted SED, we see first that the radio and X-ray
ux es ar e in good agr eement with a synchr otr on model. Secondly,
 e not e that in the VHE r egime, hadr onic emission fr om a molec-
lar cloud environment dominat es ov er the inv erse Compt on
mission from the non-thermal electron population due to the
igh magnetic field measured for the shocks. The majority of the
arameter space for the hadronic VHE flux is below the levels
et ect ed in some other XRBs at similar distances. This is not un-
xpect ed giv en the y outh of the syst em compared t o other XRBs,
eaning that perhaps a large population of high energy particles

as not had sufficient time to build up. In the more optimistic
ases where high energy protons have been accelerated for a sig-
ificant fraction of the lifetime of Cir X−1 then the predicted flux
ay be detectable with ne xt-generation g amma-r ay observ atories

nder construction such as CTA South (B. S. Acharya et al. 2013 ;
. Bernlöhr et al. 2013 ) or a similar instrument to LHAASO in the

outhern hemisphere such as SWGO (Z. Cao et al. 2019 ; SWGO
ollaboration et al. 2025 ). This is demonstrated by the sensitivity
urves in Fig. 6 . This highlights Cir X−1 as a promising candidate
or the detection of VHE emission, in particular hadronic emis-
ion, in the future. 

.6 Comparison to outflow interaction regions in other 
RBs 

e can compare the large scale outflow interaction structure in
ir X−1 to those found in other XRBs. In almost all other XRBs

he parsec scale structures observed seem to conform to the model
f a radio lobe plus bow shock, powered by expanding hot gas,
hich is in turn heated by a steady collimated hard state jet (C.
. Kaiser et al. 2004 ). A similar model is used to explain the lobes
f radio galaxies (C. R. Kaiser & P. Alexander 1997 ). This model
s consistent with observations of Cyg X-1 (E. Gallo et al. 2005 ; P.
tri et al. 2025 ), GRS 1915 + 105 (S. E. Motta et al. 2025 ), GRS
758–258 (I. Mariani et al. 2025 ), S26 (M. W. Pakull et al. 2010 ; R.
oria et al. 2010 ) and S10 (R. Urquhart et al. 2019 ; A. F. McLeod
t al. 2019 ). In all of these cases, the inferred kinematics indicate
hock velocities of a few 100s of km s −1 and lifetimes of � 10 kyr .

orphologically, the radio emission exhibits curved bow-shock
tructur es pr oduced by synchr otr on or br emsstrahlung pr ocesses,
nd in some instances thermal X-ray emission is also det ect ed;
ow ev er, it is not spatially coincident with the radio structures
see R. Soria et al. 2010 for a discussion of its origin). 

The properties of the large scale shocks in Cir X−1 are in
omplet e contrast t o all of these. We measure a shock velocity
wo orders of magnitude larger than in these other sources, the
ifetime of the shocks is also two orders of magnitude lower. No
urved bow shock structure is seen, instead the shocks appear
 o hav e a constant opening angle and lit tle curv ature. Finally, X-
ay synchr otr on emission coincident with the radio emission is
resent, seen in no other sources. This reinforces that the shocks
een in Cir X −1 ar e not the analogue of those seen in other
ources, and cannot be int erpret ed with the same model. Fur-
hermore, it is not surprising that given the high velocity, short
ifetime, and X-ray synchr otr on emission, w e calculat e such large
ower r equir ements for the shocks. 
The only other XRB system which does not fit into the bow

hock plus lobe model is SS 433 (B. Margon 1984 ), which also
hares a remarkable number of other similarities with Cir X−1,
eing a peculiar XRB, residing inside a natal SNR where outflows
NRAS 546, 1–21 (2026) 
av e inflat ed bubbles (A. J. B. Downes et al. 1986 ; P. T. Goodall,
. Alouani-Bibi & K. M. Blundell 2011b ; K. V. S. Gasealahwe et al.
025 ), launching precessing jets (B. Margon 1984 ; F. J. Cowie et al.
025 ), and having numerous features which could be identified
s sites of outflow interaction. However, proper motion searches
n both radio (P. T. Goodall et al. 2011a ) and X-rays (N. Tsuji
t al. 2025 ) of these regions in SS 433 hav e rev ealed no significant
roper motion down to limits of ∼ 0 . 03 c . This demonstrates a
ignificant difference between the structures in Cir X−1 and in
S 433, and perhaps arises due to the different ages of the systems
 ∼ 2 × 10 4 yr for SS 433 P. T. Goodall et al. 2011b and ∼ 3 × 10 3 yr
or Cir X−1 S. Heinz et al. 2013 ). 

Ther efor e, it is appar ent fr om comparisons to outflow interac-
ion structures in other XRBs that the shocks of Cir X−1 have
everal unique properties. Given the peculiarity of Cir X−1 as
he youngest known XRB, and its e xtr eme pr operties acr oss the
lectromagnetic spectrum this is perhaps expected. 

.7 N atur e of the powering outflow 

iven that in the shocks of Cir X−1 show so many differences
hen compared to other known XRB outflow interaction regions,

nd have e xtr eme energetic pr operties, we briefly e xplor e the
ossible nature and powering of the outflow responsible for these
hocks. In Section 4.2 , we concluded that a wide conical outflow
ith a velocity of at least ∼ 0 . 3 c was the most likely explanation

or shocks. Such an outflow has no immediate analogue with
nown outflows in XRBs. It is not collimated enough to be a jet,
nd too fast to be a typical wind. A potential explanation for the
hocks is that they are powered by an ultra-fast outflow (UFO).
hese are fast ( ∼ 0 . 05 c - 0 . 3 c ) outflows of highly ionized gas which
re not highly collimated. They are observed in around half of all
GN (F. Tombesi et al. 2011 ), and some evidence has been found

or their presence in both black hole XRBs (M. Del Santo et al.
023 ; J. M. Miller et al. 2025 ) and neutron star XRBs (J. van den
ijnden et al. 2019 ), as well as in ultraluminous X-ray sources (C.
into et al. 2017 ). The mechanism behind UFOs remains unde-

ermined, and Cir X−1 may provide a sit e t o study the interaction
roperties of such an outflow with the surrounding medium. 
It is also possible that the powering outflow of the shocks is

ot continuous over their ∼ 50 yr lifetime, and instead the shocks
ere formed by a much more transient, explosive, event. Given

he long term secular variation in X-ray and radio luminosity
f Cir X−1 over several orders of magnitude since its discovery,
nd the young age of the system, there is no a priori reason to
ssume a steady state. However, reducing the energy injection
ime-scale r equir es higher instantaneous power further above
he Eddington luminosity for a neutr on star. Furthermor e, if the
utflow power is significantly variable over the shock lifetime we
an imagine this may impact the speed of the shocks over time,
eading to variable shock speed over time. In the case where the
utflow is truly a transient event which occurred ∼ 50 yr ago we
an imagine e x otic scenarios wher e the neutr on star undergoes a
arge burst of hyper-Eddington accr etion, e.g . accr eting a large gas
loud or e x oplanet, which briefly powers an outflow of material. 

Whether the outflow is continuous or transient, the analysis in
ection 4.3 reveals a vast amount of energy required to produce
he shocks of Cir X−1. We can compare this to the apparent
ccretion and radio flare power of the source. While Cir X−1
oes sometimes e x ceed the Eddington luminosity for a 1 . 4 M �
eutron star in X-rays it appears to have spent the majority of 

he past 50 yr at sub-Eddington luminosities (R. P. Armstrong
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t al. 2013 ). The radio luminosity of Cir X−1 has varied by 3
rders of magnitude over 50 yr, and therefore so to do estimates
f the energy of these radio flares (R. Fender & J. Bright 2019 ;
owie & Fender in prep.). It is therefore not easy to explain an
utflow requiring a significantly super-Eddington power given 

he accretion luminosity appears to be mostly sub-Eddington. 
his could be reconciled by high degrees of obscuration limit- 

ng the observed X-ray luminosity, making Cir X−1 an obscured 

LX. This scenario is also in vok ed to explain the powerful jets of 
S 433, where the observed X-ray luminosity of the XRB is also
nsufficient (S. Fabrika et al. 2015 ). 

 CONCLUSIONS  

 y combining ar chival data going back 24 yr, with detailed new
bservations of the neutron star XRB Cir X−1, w e hav e rev ealed
ynamic shocks where a wide conical outflow, launched in the 
id-20th century, interacts with the surrounding medium. Mea- 

uring the position over time of the shocks let us infer both their
elocity and lifetime, allowing for the investigation of a wide 
ariety of physics not typically possible in similar systems due to
 lack of information. The shocks of Cir X−1 now represent one
f the best studied examples of a parsec scale interaction region
etween an XRB powered outflow and the ambient medium. 

In Section 4.1 we have robustly shown the shock nature of the
tructures and a synchrotron origin for the emission using their 
urface brightness profiles, high linear polarisation fraction of up 

o ∼ 50 per cent , and the spectral index of the radio and X-ray
mission. In Section 4.2 , we demonstrate that the outflow power- 
ng the shocks must be inclined to the line of sight at � 35 ◦, and
s likely a wide conical outflow with a half opening angle > 17 ◦.
his wide outflow must be mildly relativistic with β � 0 . 3 c , and
s discussed in Section 4.7 has no obvious analogue with typical 
inds or jets in XRBs, inst ead pot entially being bett er charac-

erized as an ultra-fast outflow. We examined the energetics of 
his outflow in Section 4.3 where our measured lifetime of the
hocks of ∼ 50 yr allowed for a determination of a robust lower
imit on the time-av eraged pow er r equir ed to pr oduce the ob-
erved synchr otr on radiation of ∼ 10 per cent L Edd . Furthermor e,
sing the synchr otr on cooling br eak combined with our mea-
ured lifetime of the shocks we obtained an independent estimate 
f the magnetic field in the shocks, higher than expected from
he equipartition estimate, and one explanation for this is the 
resence of non-thermal protons. Our measured velocity for the 
hocks also allowed us to estimate the large total kinetic energy 
f the swept up material of 1 × 10 49 erg , requiring a time-averaged
ower of 7 × 10 39 erg s −1 ≈ 40 L Edd . 
Using our detailed knowledge of the physical conditions of the 

hocks we were then able to thor oughly investig ate the particle
cceleration potential of this environment in Section 4.4 . The 
bservation of synchr otr on radiation up to X-rays in a ∼ 200 μG
agnetic field already requires electrons of energies of � 30 TeV . 
nowledge of the shock v elocity allow ed us to calculate the ex-
ected acceleration time-scale in the DSA framework and balanc- 

ng this with the synchr otr on cooling time-scale we found elec-
rons should be accelerated up to ∼ 0 . 7 PeV . The shock velocity
lso allowed us to calculate the Hillas limit, demonstrating the 
hocks are capable of accelerating protons up to ∼ 20 PeV . Using
ur energetic estimates for the shocks we are also able to estimate
he energetic and injection efficiencies of accelerated electrons. 
emonstrating that in future studies, XRBs and their outflows 
r e a pr omising laboratory for studying particle acceleration in
ildly relativistic shocks. 
Giv en the pot ential of the shocks t o accelerat e particles up t o

0s of PeV, in Section 4.5 we modelled the full SED of the shocks
nd examined the expected gamma-ray signature. We found that 
he gamma ray signature from the shocks is only detectable if 
here is a hadronic component arising from high energy protons 
nteracting with a molecular cloud or other dense region after 
iffusing away from the acceleration sit e. Lept onic contributions 
o the gamma-ray signal are suppressed due to the high-magnetic 
eld in the shock. The hadr onic signatur e may be detectable
y next generation gamma-r ay observ atories allowing for unam- 
iguous identification of gamma-rays from high energy protons. 

Overall, it is clear that the shocks of Cir X−1 have e xtr eme
roperties that make them unique even among other XRB out- 
ow interaction structures (Section 4.6 ). Detailed analysis of 

hem has allowed for insights into outflow geometry and power, 
nd the large impact outflows can have on the ambient medium.
uture studies of this unique object promise more insights into 
RB outflows and particle acceleration. 
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M

Figure A1. Total intensity image of Cir X−1 and the surrounding shocks 
at 2.6 GHz with contours of (4 σ, 5 σ, 7 σ ) for the maximum polarisation 
int ensity ov er all Faraday depth ov er-plott ed. σ = 3 μJy and polarisation 
intensity values have been Ricean de-biased using P = 

√ 

P 2 obs − 2 . 3 σ 2 . All 
of the maximum polarisation intensities occur between Faraday depths 
of ±400 rad m 

−2 with mean Faraday depth of ∼ 0 rad m 

−2 . Ov erplott ed 
are v ect or arr ows showing the de-r otated polarisation angle or EVPA. 
The dashed ellipses mark regions where the highest levels of fractional 
linear polarisation were observed and measured as reported in Section 3 . 
F r actional linear polarisation was measured over a solid angle the size 
of the beam (shown as an ellipse in the bottom left), so as to avoid any 
resolution effects. As well as the shocks, in linear polarisation we detect 
the southern component of the north-south jet close to the core, and 
t entativ ely det ect a northern component. We also detect the northern and 
southern components of the S-shaped precessing jet. 
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P P E N D I X  B :  E ST I M AT I N G  P H Y S I C A L  

ARAMETERS  FROM  S Y N C H ROT RON  

ADIATION  

he minimum energy contained within a synchr otr on emitting
lasma of known volume, V f , can be determined (G. R. Bur-
idge 1956 ) (where V is the observed volume of emission and

f is the filling factor of the plasma in this volume). We follow
he treatment outlined in A. G. Pacholczyk ( 1970 ) in order to do
his. S ynchr otr on emission is due to a population of non-thermal
lectrons, assumed to follow a power -la w distribution in energy,
ith a low and high energy cut-off ( E min and E max ) as expected

rom acceleration mechanisms (e.g. A. R. Bell 1978 ): 

(E ) = N 0 E 

−p , (B1) 

here N the density density of electrons (spatial density and ener-
etic density). E is the electron energy, and N 0 is a normalisation
ith units depending on p. The energy in a synchr otr on emitting
lasma is contained in these non-thermal particles: 

 e = f V 

∫ E max 

E min 

E N(E )d E = f V 

N 0 

2 − p 
(E 

2 −p 
max − E 

2 −p 
min ) , (B2) 

nd within the magnetic field, B : 

 B = f V 

B 

2 

8 π
. (B3) 

e can then relate the observed optically thin luminosity, L , of 
he synchr otr on emission (e.g . the intrinsic luminosity neglecting
NRAS 546, 1–21 (2026) 
self)absorption effects) to the energy in electrons by using the
adiated synchr otr on power of an electr on in a magnetic field: 

− d E 

d t 
= c 2 B 

2 E 

2 , (B4) 

here c 2 is a constant given by: 

 2 = 

2 e 4 

3 m 

4 
e c 7 

. (B5) 

alculating the synchr otr on luminosity we obtain: 

 = − f V 

∫ E max 

E min 

d E 

d t 
N(E )d E 

= f V N 0 c 2 B 

2 
∫ E min 

E max 

E 

2 −p d E 

= f V 

N 0 c 2 B 

2 

3 − p 
(E 

3 −p 
max − E 

3 −p 
min ) . (B6) 

ombining this with the equation for the characteristic emission
requency of an electron of a given energy: 

cr = c 1 BE 

2 , (B7) 

here c 1 is a constant given by: 

 1 = 

3 e 
4 πm 

3 
e c 5 

. (B8) 

e can eliminate N 0 using equations ( B2 ) and ( B6 ) to obtain: 

 e = c 12 (p, νmin , νmax ) LB 

− 3 
2 , (B9) 

here c 12 is a constant depending on given by: 

 12 = c −1 
2 c 1 / 2 1 

(p − 3) 
(p − 2) 

ν
(2 −p) / 2 
max − ν

(2 −p) / 2 
min 

ν
(3 −p) / 2 
max − ν

(3 −p) / 2 
min 

. (B10) 

he total energy in the synchr otr on plasma is then: 

 tot = E B + (1 + η) E e ∝ B 

2 + B 

− 3 
2 , (B11) 

here η is the ratio between energy stored in non-thermal pro-
ons and non-thermal electrons. For the purposes of a minimum
nergy estimate, it is assumed the plasma only contains non-
hermal electr ons, so η = 0 . Fr om equation ( B11 ) we can see that
iven a luminosity and emitting volume but unknown magnetic
eld, ther e e xists a minimum in the energy close to equipartition,
hen: 

 B = 

3 
4 

(1 + η) E e , (B12) 

r equivalently: 

 min = 

7 + 3 η
3(1 + η) 

E B (B eq ) . (B13) 

e can use this, combined with equations ( B3 ) and ( B9 ) above in
rder to find the minimum energy associated with a synchr otr on
mitting plasma, and the associated equipartition magnetic field.
e calculate the optically thin luminosity of the synchr otr on

mission using our observation of the flux density at a given
requency, F νobs , the spectral index of the emission, α = 

1 −p 
2 , the

istance to the source D , and the frequency range spanned by the
ynchr otr on emission, between νmin and νmax : 

 = 4 πD 

2 
∫ νmax 

νmin 

F νdν

= 4 πD 

2 F νobs ν
−α
obs 

(
να+1 

max − να+1 
min 

α + 1 

)
. (B14) 
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Using our observed parameters, outline in Section 4.3 , we run 

Monte Carlo sampling on 10 4 samples from our observed param- 
et er priors, t o generat e distributions for E min , B eq , and N e , shown 

in Figs B1 , B2 , and B3 . 

Figure B2. Sampled distribution for B eq made of 10 4 samples. The in- 
tervals in which 68 per cent, 95 per cent, and 99.7 per cent of the samples 
lie are shown in the top left of the figure. 

Figure B3. Sampled distribution for N e made of 10 4 samples. The in- 
tervals in which 68 per cent, 95 per cent, and 99.7 per cent of the samples 
lie are shown in the top left of the figure. 
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igure B1. Sampled distribution for E min made of 10 4 samples. The in-
ervals in which 68 per cent, 95 per cent, and 99.7 per cent of the samples
ie are shown in the top left of the figure. 

inally, the minimum energy and associated magnetic field are 
iven by: 

 eq = 

(
6 π (1 + η) 

f V 

c 12 L 

) 2 
7 

= 

( 

6 π (1 + η) 
f V 

2 c −1 
2 c 

1 
2 
1 

1 + 2 α
4 πD 

2 F νobs ν
−α
obs 

(
ν

1+2 α
2 

max − ν
1+2 α

2 
min 

)) 

2 
7 

, 

(B15) 

 min = 

7 
4 (1 + η)(c 12 L ) 4 7 

(
6 π (1+ η) 

fV 

)− 3 
7 

= 

7 
4 (1 + η) 4 7 

(
6 π
fV 

)− 3 
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·
( 

2 c −1 
2 c 

1 
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1 
1+2 α 4 πD 

2 F νobs ν
−α
obs 

(
ν

1+2 α
2 

max − ν
1+2 α

2 
min 

)) 

4 
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, (B16) 

here w e hav e made explicit the dependence on νmin and νmax in
 and c 12 . The total number of electrons can also be calculated by

ntegrating ( B1 ): 

 e = 

4 
7 

E min 
1 + 2 α

2 α
c 

3 
2 
1 B 

3 
2 

(
να

max − να
min 

)
(
ν

1+2 α
2 

max − ν
1+2 α

2 
min 

) . (B17) 
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