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ABSTRACT

Accreting 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 archival radio observations
going back 24 yr. The ~ 3 pc scale wide-angle radio and X-ray emitting caps found around Cir X—1 are identified
as synchrotron emitting shocks with significant proper 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
0.14c £ 0.03c at a propagation distance of 2 pc. We demonstrate that these shocks are likely powered by a hidden relativistic
(Z 0.3c) 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 required to produce the
observed synchrotron emission is ~ 0.1Lgq4q4, While the time-averaged power required for the kinetic energy of the shocks is
~ 40 (W) Lg4q4, 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 pnG. We show that the shocks are potential
PeVatrons, capable of accelerating electrons to ~ 0.7PeV and protons to ~ 20 PeV, and we estimate the injection and
energetic efficiencies of electron acceleration in the shocks. Finally, we predict that next generation gamma-ray 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.

1 INTRODUCTION

X-ray binaries (XRBs) are composed of a compact object, either
a black hole (BH) or a neutron star (NS), accreting from a com-
panion star. They offer a unique laboratory to study the physics
of accretion and jets due to their evolution on human accessible
time-scales. X-ray binaries can deposit large fractions of their ac-
cretion energy into the ambient medium, both through wind (e.g.
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
X-ray radiation (e.g. M. Jeon et al. 2014). Much like the feedback
from supermassive black holes, which is thought to play a cru-
cial role in regulating galactic-scale processes, e.g. star formation
(W. Ishibashi & A. C. Fabian 2012) and chemical enrichment
(M. Villar Martin et al. 2024), feedback from XRBs impacts the
surrounding ISM in a variety of important ways. The outflows
from XRBs reintroduce a fraction of the infalling gas (e.g. Z. Zuo
etal. 2025), energise the surrounding medium (e.g. R. Fender & T.
Muiioz-Darias 2016), impact its density and cause turbulence (K.
Savard et al. 2025), and drive the production of cosmic rays (e.g.
J. Wang, B. Reville & F. A. Aharonian 2025). These phenomena
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in turn can then induce local star formation (I. F. Mirabel et al.
2015), and may introduce seed magnetic fields into the ambient
medium which contribute to the magnetic fields observed in our
galaxy (S. Heinz et al. 2008). Studying the sites where outflows
interact with the ambient medium, where feedback occurs, sheds
light on the process of feedback, as well as poorly understood
fundamental properties of the outflows themselves, particularly
their composition and energetics.

Sites where outflows interact with the ambient medium on a
large (> 1pc) scale have only been observed in a handful of XRBs,
unlike in AGN. This is likely due to the different environments
which these objects inhabit (S. Heinz 2002), and the larger sam-
ple of AGN available. In the BH XRB Cygnus X-1 (Cyg X-1), a
relativistic collimated persistent jet has inflated a large (~ 5pc)
bubble in the ambient medium and is powering a bow shock
structure (E. Gallo et al. 2005; D. M. Russell et al. 2007; P. H.
Sell et al. 2015; P. Atri et al. 2025). This has allowed the energy
deposited into the ambient medium by this jet to be measured,
and hence provided constraints on the time-averaged power of
the jet. In the BH XRB GRS 19154105 a similar structure has
recently been discovered (A. J. Tetarenko et al. 2018; S. E. Motta
et al. 2025), alongside hotspot regions where strong shocks are
argued to accelerate particles (C. R. Kaiser et al. 2004). In both
of Cyg X-1 and GRS 1915, it is thought to be the collimated
hard state jet powering these structures, which is active for the
majority of the time (e.g. V. Grinberg et al. 2013). This has allowed
for models originally developed for AGN lobes to be applied to
understand these interaction sites and use them as calorimeters
for the overall jet power (C. R. Kaiser & P. Alexander 1997; C. R.
Kaiser et al. 2004). Hard state jets are also thought to power the
large scale (~ 4pc) lobes seen in GRS 1758-258 (R. Sunyaev et
al. 1991; J. Marti et al. 2002; A. J. Tetarenko et al. 2020; I. Mar-
iani et al. 2025), which appear to show hydrodynamic backflow
features (J. Marti et al. 2017), and the large scale (~ 2pc) lobes
in 1E 1740.7-2942 (R. Sunyaev et al. 1991; 1. F. Mirabel et al.
1992; P. L. Luque-Escamilla, J. Marti & J. Martinez-Aroza 2015).
A complex system showing an array of outflow interactions with
the ambient medium is SS 433 (B. Margon 1984). Outflows have
inflated bubbles in the nebula surrounding SS 433, thought to be
its natal supernova remnant (A. J. B. Downes, T. Pauls & C. J.
Salter 1986). Furthermore, radio filaments (P. T. Goodall, K. M.
Blundell & S. J. Bell Burnell 2011a), and X-ray knots on scales
> 30pc (S. Safi-Harb et al. 2022) may be be regions where the
precessing jet or another outflow in the system interacts with the
ambient medium.

Very large scale structures (> 100 pc) are also found in some
extragalactic XRBs, such as S26 in NGC 7793 (M. W. Pakull, R.
Soria & C. Motch 2010; R. Soria et al. 2010), LMC X-1 (E. A. Hyde
et al. 2017), and S10 in NGC 300 (R. Urquhart et al. 2019). Large
scale radio, X-ray and gamma ray structures have also been found
around V4641 Sgr (R. Alfaro et al. 2024; H. Suzuki et al. 2025; A.
Acharyya et al. 2026; Grollimund et al. 2026). Finally, resolved
gamma-ray structures have recently been found around a subset
of XRBs (LHAASO Collaboration 2025).

1.1 Circinus X-1

Circinus X-1 (Cir X-1) (B. Margon et al. 1971) is the only con-
firmed neutron star (A. F. Tennant, A. C. Fabian & R. A. Shafer
1986; M. Linares et al. 2010) X-ray binary (NSXB) to show sur-
rounding interaction-driven large scale structure. Early observa-
tions revealed a ~ 10 pc circular radio nebula (R. F. Haynes et al.

MNRAS 546, 1-21 (2026)

1986; V. Tudose et al. 2006), initially thought to be a cavity inflated
by the jets of this source. However, further X-ray observations
revealed the X-ray counterpart to this nebula as the natal super-
nova remnant (SNR) of Cir X—1 (S. Heinz et al. 2013), and higher
resolution radio observations revealed an edge brightened mor-
phology consistent with a young SNR (D. E. Calvelo et al. 2012).
These findings make Cir X—1 the youngest known XRB, with an
age of 2900 yr (< 5400 yr at 3-sigma; S. Heinz et al. 2013). Despite
the fact that the ~ 10pc radio nebula, known as the Africa nebula
(see Fig. 1), was not inflated by accretion powered outflows from
the source, improved observations showed the presence of ~ 3 pc
wide-angled radio and X-ray cap structures within the SNR, in
the NW and SE directions. These caps were inferred to be shocks
where an accretion powered outflow interacts with the ambient
medium (P. H. Sell et al. 2010). Furthermore, recent radio ob-
servations with MeerKAT revealed the presence of asymmetric
bubbles inflated in the SNR, and modelling indicates that these
were formed by a powerful collimated jet early in the evolution of
the system (K. V. S. Gasealahwe et al. 2025). Furthermore, higher
resolution MeerKAT observations have revealed a collimated pre-
cessing jet in the system which propagates out to at least ~ 1 pc
scales (F. J. Cowie et al. 2025).

Cir X—1 has been monitored and studied extensively across the
electromagnetic spectrum over the 50 + years since its discovery
(B. Margon et al. 1971). It famously shows a ~ 16.6 d period
lightcurve at radio, infrared, optical and X-ray wavelengths (D.
E. Calvelo et al. 2012; I. S. Glass 1978; H. M. Johnston, R. Soria &
J. Gibson 2016; M. Tominaga et al. 2023). This behaviour is best
explained by an eccentric binary model where the neutron star
accretes material from a companion star, where the emission is
modulated by a combination of variable mass transfer rate and
absorption along the line of sight (N. S. Schulz et al. 2020; M.
Tominaga et al. 2023; Z. L. Yu et al. 2024; M. Tsujimoto et al.
2025) throughout the eccentric orbit (P. Murdin et al. 1980; H.
M. Johnston, R. Fender & K. Wu 1999). However, the details of
this model, along with the nature of the companion star and the
orbital parameters of the system, remain uncertain (A. Moneti
1992). Observations point to either a high-mass companion (P.
G. Jonker, G. Nelemans & C. G. Bassa 2007; N. S. Schulz et al.
2020) or a non-standard low mass companion whose evolution
is affected by the supernova or binary evolution (H. M. Johnston
et al. 2016). The detection of Type I X-ray bursts confirmed the
neutron star nature of the compact object (A. F. Tennant et al.
1986; M. Linares et al. 2010; Z.-L. Yu et al. 2025). The X-ray
spectral and timing properties of Cir X—1 are sometimes similar
to low mass NSXBs, exhibiting both Z and Atoll behaviour (P.
Soleri et al. 2009), and QPOs (S. Boutloukos et al. 2006). Cir X—1
has also been observed to have an evolving X-ray polarization
angle over the 16.6 d orbit (J. Rankin et al. 2024). The distance
to the system is well constrained to be ~ 9.4kpc (see S. Heinz
et al. 2013 and references therein for a discussion on the distance
to the source). This distance measurement implies that Cir X—1
sometimes exceeds the Eddington limit for a 1.4 My neutron
star.

A transient relativistic jet is launched by Cir X—1 near peri-
astron (A. Moin et al. 2011), when the accretion rate is presum-
ably highest, and this leads to a radio flare consistent with an
expanding synchrotron-emitting plasma (H. van der Laan 1966;
R. F. Haynes et al. 1978; D. E. Calvelo et al. 2012). The radio flux
density of these flares has varied over several orders of magnitude
from sub-mlJy to multiple Jy (at ~ 1GHz) 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
areas where the outflows from Cir X—1 interact with the surrounding region are visible and labelled. Cir X—1 and its precessing jets on parsec scales are
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.
Roughly half way between Cir X—1 and the edge of the SNR the radio cap structures are seen to the north-west and south-east. An unlabelled version of

this plot is available in the online supplementary material.

(R. P. Armstrong et al. 2013). The jets of Cir X—1 have also been
resolved and studied for over 20 yr, on various scales. VLBI ob-
servations showed a well collimated jet in a NW-SE direction (J.
C. A. Miller-Jones et al. 2012). On larger scales the jets have been
observed to have different position angles with distance from the
core (M. Coriat et al. 2019). F. J. Cowie et al. (2025) showed the
jets had a position angle in May 2025 in a NE-SW direction, and
that the jets have a curved radio morphology on ~ 1pc scales.
Furthermore, Over 20 years the jet position angle has varied over
a range of > 110°. All of these observations are consistent with
precessing jets launched by Cir X—1. The presence of an unseen
ultrarelativistic flow has been inferred from core-lobe time-delays
in the SE direction (R. P. Fender, T. M. Belloni & E. Gallo 2004),
but the recurrent flaring of Cir X—1 potentially complicates this
interpretation. Finally, the presence of a powerful and variable
accretion disc wind has been inferred from P Cygni profiles in X-
ray spectra (W. N. Brandt & N. S. Schulz 2000; N. S. Schulz & W.
N. Brandt 2002).

Overall, while Cir X—1 remains a definitively peculiar XRB, it
is a unique laboratory to study the early stages of evolution of
XRBs. Its confirmation as a neutron star accretor and launching
of powerful observable outflows allow comparisons to BH XRBs
in order to understand differences between these objects. In our
case, the fact that it is the only confirmed neutron star XRB to
show large scale structures where outflows interact with the am-
bient medium makes it a truly invaluable object to study feedback
from an accreting neutron star.

In this work, we present observations spanning over two
decades of the large scale (> 1pc) structures surrounding Cir
X—1 within the Africa nebula, with the aim of studying their
time evolution. We focus on the evolution, nature, properties, and
energetics of the radio and X-ray cap features, discovered by P. H.
Sell et al. (2010). Section 2 describes the observations and the data
reduction process. Section 3 shows the results of the observations,
detailing the evolution of the radio/X-ray caps over two decades.
Section 4 discusses the implication of the observed evolution of
the caps. In particular, the nature of the caps (4.1), geometry of
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the powering outflow (4.2), energetics (4.3), and particle acceler-
ation properties (4.4), are analysed. Finally, Section 4.6 compares
the caps to other known large scale structures around XRBs and
Section 4.7 discusses the possible nature of the remarkable pow-
ering outflow.

2 OBSERVATIONS & DATA PROCESSING

In this work, we have used radio observations of Cir X—1 and its
caps, spanning 24 years, at several frequencies, with two different
connected element interferometers. This results in 5 epochs of
observation between 2001 and 2025. Below we detail our data
reduction, analysis and imaging procedure.

2.1 ATCA observations

For the data at earlier times (2011 and before) we reanalysed
archival observations from the Australia Telescope Compact Ar-
ray (ATCA). All of these data were obtained from the Australia
Telescope Online Archive. We used ~ 9 h of consecutive on
source time with ATCA at 1.4 and 2.5 GHz, with observations
starting on 03/08/2001. J1934—638 was observed for 17 min as
a primary calibrator and ~ 15 min observations of Cir X—1 were
sandwiched by 2 min observations of J1520—58 to use as a sec-
ondary calibrator. These observations were taken with the orig-
inal 2 x 128 MHz ATCA correlator and with the 1.5 A array
configuration. These data were originally presented in V. Tudose
et al. (2006) and taken under project code C917 (PI: Fender). We
also used ~ 19 h of consecutive on source time with ATCA at
2.1 GHz, with observations starting on 15/12/2011. J1934—638
was observed for 20 min as a primary calibrator and 20 minute
observations of Cir X—1 were sandwiched by 2 min observations
of J1511—55 to use as a secondary calibrator. These observations
were taken with a bandwidth of 2048 MHz using the Compact Ar-
ray Broad-band Backend (CABB; W. E. Wilson et al. 2011), and in
the 6A array configuration. These data were originally presented
in M. Coriat et al. (2019) and taken under project code C2597 (PI:
Calvelo).

Both the 2001 and 2011 ATCA data were flagged for radio
frequency interference (RFI) and calibrated using standard tech-
niques within CASA (CASA Team et al. 2022). The 2001 ATCA
data were then imaged using WSCLEAN (A. R. Offringa et al. 2014)
with a Briggs weighting of 0 (D. S. Briggs 1995).

Initial imaging of the 2011 ATCA data was done using 6
frequency channel multifrequency deconvolution in WSCLEAN.
From these initial images a deconvolution mask was made using
BREIZORRO (A. J. Ramaila, O. Smirnov & 1. Heywood 2023) and
used in a subsequent round of imaging with a deeper cleaning
threshold. The resulting improved sky model was then used for
a round of self calibration using CASA. Significant artefacts re-
mained after this process around Cir X—1 and bright sources
far 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-
cause the source is variable in flux density over the observa-
tion. We adopt the same approach as M. Coriat et al. (2019) to
deal with these artefacts, using the DDFACET (C. Tasse et al.
2018) imager combined with the KiLLMS (C. Tasse 2023) gain
solver to obtain and apply calibration solutions for seven differ-
ent tessels on the sky, the same tessels as used in M. Coriat et
al. (2019). A Briggs weighting of 0.5 was used throughout this
process.
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2.2 MeerKAT observations

For the later data (2018 and later), we used observations of Cir
X—1 and the surrounding field using the MeerKAT radio tele-
scope (J. Jonas & MeerKAT Team 2016). These observations were
taken as part of the ThunderKAT (R. Fender et al. 2016), and X-
KAT programmes (MeerKAT Proposal ID: SCI-20230907-RF-01).
We used a 45 min L-band (1.3 GHz central frequency, 856 MHz
bandwidwth) observation taken on 27/10/2018, a 240 min S2-
band (2.6 GHz, 875 MHz bandwidth, E. D. Barr 2018) observation
taken on 08/07/2023, and a 60 min S2-band observation taken on
the 31/05/2025. The length of the observation refers to the total on
source time, composed of scans up to 30 min long sandwiched by
2 min secondary calibrator (J1427-4206) scans. Each observation
began and ended with a 5-min scan of J1939-6342, the primary
and polarisation leakage calibrator, and included a 10 min obser-
vation of J13314-3030 to be used as a polarization angle calibrator.

All of the MeerKAT observational data were reduced using
the semi-automated pipeline POLKAT' (A. K. Hughes et al. 2025)
(based on the OXKAT software; I. Heywood 2020). The software
packages used in this pipeline were accessed using SINGULARITY
for software containerisation (G. M. Kurtzer, V. Sochat & M. W.
Bauer 2017). First generation calibration, including polarization
calibration (applying corrections from the primary, secondary,
and polarization calibrators, see I. Heywood et al. 2022) and it-
erative RFI flagging was done using cASA (CASA Team et al.
2022). The target field was flagged further using TRICOLOUR (B.
V. Hugo et al. 2022) and then imaged using WSCLEAN (A. R.
Offringa et al. 2014). A deconvolution mask was manually made
and iteratively improved through further imaging and use of the
mask making tool BREIZORRO (A. J. Ramaila et al. 2023), before
second generation calibration (phase and delay self calibration)
was performed using QUARTICAL (J. S. Kenyon et al. 2025). Joined
frequency channel and joined polarisation deconvolution using
8 channels and a Briggs weighting of 0.0 was performed. The
astrometry of the images as an ensemble was checked using a
selection of 10 background sources in the field of varying flux
density. No systematic offset or significant scatter (> 10 per cent
of the synthesized beam) was found.

3 RESULTS

3.1 Imaging and flux density measurements

Fig. 1 shows the result of the 2023 S2-band observation of Cir
X—1 and its natal SNR, known as the Africa nebula (K. V. S.
Gasealahwe et al. 2025). This is the most detailed image of Cir
X—1 and the Africa nebula to date with a resolution of 3.5 arc-
sec and a noise level of 4 uJy using a Briggs weighting of —0.3.
Showcased in the image are several striking features of the SNR
including the inflated bubbles and associated rings from previous
jet activity (K. V. S. Gasealahwe et al. 2025), the radio/X-ray caps
along the historic jet axis in the source (see F. J. Cowie et al. 2025
for a discussion on the variable jet axis), the double shock struc-
ture of the SNR shell (D. E. Calvelo et al. 2012), and the southern
extension to the nebula of unknown origin.

Fig. 2 shows the region of interest in the SNR for this work,
containing the radio/X-ray caps, at 3 different epochs. From left
to right, an ATCA image at 1.4 GHz from 2001 with a resolution

https://github.com/AKHughes1994/polkat
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Figure 2. Three 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 represent 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
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is provided in the online supplementary material.
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Figure 3. Image of Cir X—1 and the radio caps in 2023 with 6 and 12
o 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.

of 8.4 arcsec and a noise level of 120 pJy using a Briggs weighting
of 0; an ATCA image at 2.1 GHz from 2011 with a resolution of
5.3 arcsec and a noise level of 12 uJy using a Briggs weighting of
0.5; and the zoom in of the 2.6 GHz MeerKAT image shown in
Fig. 1 from 2023. The images all show a central radio source, Cir
X—1, of varying brightness, and are not flux matched due to the
different observing frequencies, noise levels, and uv-coverage. In
each observation the radio/X-ray caps are clearly detected above
the noise and the most important result of this work can be seen.
There is clear evolution in the morphology and position of the
caps over a time-scale of ~ 20 yr.

To better demonstrate this, Fig. 3 shows the 2023 MeerKAT
image, overlaid by contours at 6 and 12¢ levels for the 2001,
2011, and 2023 images. Contours from the region immediately
surrounding the central source, Cir X—1, have been removed for
clarity. Fig. 3 shows that both the north-west (NW) cap and the

south-east (SE) cap show proper motion away from Cir X—1 over
this time period. We note that the proper motion limit for Cir X—1
of < 5mas yr~! means that Cir X—1 itself will have no significant
proper motion in our observations over 24 yr (R. P. Mignani et
al. 2002). In the higher resolution images in particular, we ob-
serve that the caps do not have a completely smooth morphology,
instead there appears to be a single bright spot, or hotspot. We
observe that the position angle of this hotspot, measured from
the Cir X—1, changes over time, by at least 15°. This evolution
is most clear from 2001 to 2011 in the NW cap, and between
2011 and 2023 in the SE cap. We also observe that in general, the
hotspot structures in the NW and SE caps in a given epoch are not
symmetrical about the central source, Cir X—1. We measure the
half opening angle of each cap at each epoch from Cir X—1 and
find a tight range of values from 26° to 29°, within measurement
uncertainties, demonstrating the opening angle remains approx-
imately constant over time despite other evolution, and is the
same for the NW and SE caps.

While different interferometer sampling can cause apparent
differences in images of diffuse structure, we do not observe any
evidence that this is responsible for the proper motion or evolu-
tion of the shock structures in our observations. We find proper
motion even comparing observations with similar uv-coverage
(e.g. MeerKAT 2018 and MeerKAT 2025), and we find no sig-
nificant proper motion or evolution in other diffuse structures
(e.g. the shock at the edge of the SNR) throughout the Africa neb-
ula over our observations. Furthermore, while we are comparing
observations at different frequencies we see no evidence for any
significant frequency dependent morphology (over our observed
range of frequencies). For example observations taken closer to-
gether in time at different frequencies show similar morphology
(e.g. MeerKAT 2018 and MeerKAT 2023). Therefore, we are confi-
dent in the structural and positional changes in our observations.

We examine the surface brightness profile perpendicular to the
long axis of the NW cap, at a position angle of —48° E of N.
Fig. 4 shows the surface brightness profile across the NW cap
in the 2023 image, intersecting the hotspot, and over a different
region. The lines over which the profiles are measured are shown
in the inset of Fig. 4. The profiles are aligned relative to their
spatial maxima for easy comparison, and a negative displacement
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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.

corresponds to the direction towards Cir X—1. From Fig. 4, it is
apparent that the surface brightness profile of the caps perpen-
dicular to their long axis is asymmetric. They can be described
as having a slow rise to a maximum on the side closest to Cir
X—1, followed by a steep drop to the background emission level
on the side of the cap furthest from Cir X—1. This morphology
is present in both caps. From the profiles we measure the extent
of the caps in the direction towards Cir X—1 to be ~ 30", or a
projected distance of ~ 1.4 pc, where we have used the distance
to the source of 9.4kpc (S. Heinz et al. 2015), which is adopted
hereafter.

Measuring the total flux density of the caps is not straight-
forward given the presence of non-uniform background radio
emission from the SNR. Using the MeerKAT 2023 2.6 GHz im-
age we measure the flux density, integrated over an ellipsoidal
region encompassing the cap emission, to be 15 4+ 0.2 mJy and
17 + 0.2 mJy for the NW and SE cap, respectively. This ellipsoidal
region, which is the same size for the NW and SE caps, is shown
for the SE cap in the inset of Fig. 4. The measured flux density
however will include a significant contribution from the radio
emission from the SNR. To estimate the SNR contribution we
measure the flux density integrated over the same ellipsoidal
region at two positions in the SNR with no prominent features
and which are at the extreme ends of background emission. These
regions have integrated flux densities of 7 mJy and 11 mJy. By
subtracting this from the measured flux density of the caps, we
obtain values for the flux density of the caps of 6 + 2 mJy and
8 + 2 mJy for the NW and SE cap respectively, where the con-
servative uncertainty is dominated by the unknown background
contribution. The flux density of the caps is equal within these
uncertainties.
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Comparison to flux densities measured at previous epochs is
challenging to do accurately given the different observing fre-
quencies and instruments. We therefore do not attempt to make
any statement on the total flux density evolution between epochs
of the shocks. However, within each observation we find no ev-
idence for significant flux asymmetry between the two caps in
any epoch. We note that MeerKAT has a substantially improved
uv-coverage when compared to ATCA and is a core-dominated
array. Both of these factors make it more sensitive and capable for
measurements of extended emission and so we use the MeerKAT
measurements as reported above for further analysis in Section 4.

3.2 Polarization properties

In the 2023 MeerKAT image, we can also investigate the polari-
sation properties of the caps. We use 32-channel multifrequency,
joined polarisation deconvolution in WSCLEAN (A. R. Offringa
et al. 2014) to create images for all Stokes parameters, and for this
specific imaging run to investigate polarization we use an inner
Tukey taper from 0 to 10*A (where A is the observing wavelength)
to down-weight short baselines and limit background emission
from the nebula. This improves the noise level inside the SNR. We
then use the resolution homogenisation function of POLKAT to
ensure our channelized images for each Stokes parameter are ho-
mogeneous in resolution across the frequency range. RM-TOOLS
(C.R.Purcell etal. 2020) is then used to run a 3D rotation measure
synthesis (M. A. Brentjens & A. G. de Bruyn 2005) analysis on
the image. This produces a 3D polarisation intensity cube, with 2
spatial dimensions, and a 3rd dimension of Faraday depth. This
analysis reveals several areas with significant linear polarisation
in 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 parameters given 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.

Fig. Al in Appendix A. In particular, we find linear polarisation
emission from both the NW and SE caps. Linear polarisation
only appears in parts of the cap structures, preferentially towards
the edge of the caps, and is absent from the hotspot features,
down to a 50 limit on fractional polarisation of ~ 5 per cent. We
measure a linearly polarized flux density of up to 30 + 3 ulJy, a
100 detection. We measure linear polarisation fractions of up to
40 £ 4 per cent and 52 + 6 per cent in the NW and SE caps re-
spectively. Rotation measure measurements of the caps using the
polarized emission regions are consistent with 0 rad m 2, with an
uncertainty of ~ 100 rad m™2. No significant circular polarisation
is detected in any features in the image.

3.3 Proper motion measurements

Finally, we can measure the proper motion of the caps, which can
be seen by eye from Figs 2 and 3. Due to the complexity of the
cap geometry, we adopt two approaches to measure the positions
of the caps. For the first of these, we can find the maximum pixel
within the region of the cap (which will correspond to the hotspot
position) and measure the separation of this pixel from Cir X—1.
Secondly, we can exploit the asymmetric nature of the flux den-
sity profile of the caps, shown in Fig. 4, and find the steep ‘edge’
of each cap and use this to define the position of the shock. This is
done using a technique known as Canny edge detection (J. Canny
1986), implemented using the SCIKIT-IMAGE package (S. van der
Walt et al. 2014). First a Gaussian filter is applied to smooth the
image and reduce the impact of noise, in our case a smoothing
scale of 6 arcsec is used. The algorithm then finds the edges using
gradient based edge detection. We choose an upper and lower
threshold for the algorithm of 1 Jy pixel ! and 10 wJy pixel ™
respectively. We note that in general, the position of the edge
found for the cap is insensitive to changes in these parameters.
Finally, after inspecting the images to ascertain whether an edge
has been found corresponding to the each cap, we measure the
separation of the edge from Cir X—1 at a position angle of 128°,

chosen as this line intersects the centre of the both the NW and
SE caps. Uncertainties for each of these methods are taken to be
15 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
methods for all 5 of our observing epochs (2001, 2011, 2018, 2023,
2025) 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
detection method shows a greater separation at each time from
Cir X—1 than the hotspot position, as expected. There is a signifi-
cant asymmetry in the separation of the NW and SE caps from
Cir X—1, with the NW cap being further from Cir X—1 at all
times. The separation against time curves also reveal evidence of
deceleration in the proper motion of the caps. We can measure
the proper motion of the caps by fitting both a ballistic (constant
apparent velocity vp,) model, and a model of constant appar-
ent deceleration, a, to the data. The fit is performed using the
CURVE_FIT module of the SCIPY package (P. Virtanen et al. 2020)
and the hotspot and edge data for each cap is treated separately,
leading to a total of 4 datasets to be fit. Fig. 5 shows the decelera-
tion model fit to the edge positions of the caps.

The model fit degrees of freedom are 3 and 2 for the ballistic
and deceleration models respectively. The likelihood-ratio chi-
squared test (S. S. Wilks 1938) shows that in 3 of the 4 cases the
deceleration model is significantly favoured (p-value < 0.01) over
the ballistic model, with the exception being the hotspot positions
for the SE cap. The fit parameters for each case are shown in
Table 1. For the deceleration fits we provide the apparent veloc-
ity and time extrapolated to when the caps were co-spatial with
Cir X—1 (vy and £ gec), and also the apparent velocity and time
after they have travelled a distance of 2 pc (v and ty,c). The
uncertainties on the calculated time were found using a Monte
Carlo analysis and the uncertainties from the fitted parameters
which were: the apparent velocity at a reference time, the con-
stant apparent deceleration, and the position at a reference time.
The deceleration model is also especially preferred in modelling
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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
Vpal 0.067c = 0.006¢ 0.070c = 0.006¢ 0.085¢ = 0.006¢ 0.090c = 0.006¢
fo,pal (Y1) 1900 + 10 192247 1936 + 5 1953 +4
X7 al 3.3 5.3 43

Vo 0.29¢ = 0.06¢ 0.30c + 0.05¢ 0.30c % 0.04c 0.20c % 0.04c
fo,dec (1) 197243 1979 +3 1986 + 7 1976 + 4
a(x1073cm s™2) —49+1.8 —6.0+1.8 —6.8+18 -25+18
XPdec 11 0.4 5.5

V2 pe 0.14c + 0.03¢ 0.092c =+ 0.014¢ 0.14c + 0.02¢ 0.07¢ % 0.02¢
t2pe (y1) 2002 £ 1.4 2013 £2 2008 + 2 2025+ 5

the edge separation given the observed symmetry in the apparent
launch velocities and times for the caps. This is expected from
physical considerations but not enforced as the NW and SE caps
are fit separately.

In summary, from the deceleration models, we find that the
caps were likely ‘launched’ from Cir X—1 around 1975, remark-
ably ~ 5 yr after its discovery (B. Margon et al. 1971). The caps
were launched with a mildly relativistic apparent velocity of ~
0.3c and have since decelerated. After travelling 2 pc, there is an
asymmetry in the separation and apparent velocity of the NW and
SE caps, where the NW cap has travelled further and maintained
a higher apparent velocity than the SE cap. This is consistent with
the SE cap suffering from larger deceleration. At a distance of 2 pc
the apparent velocity of the caps has reduced to ~ 0.1c, and the
caps reached this distance in the early 2000s/2010s in the NW and
SE cases respectively.

4 DISCUSSION

Given the observational results presented in the previous section,
we can explore the physical nature of the caps, their relation to
Cir X—1, and measure their physical properties. Throughout, we
adopt centimetre-gram-second units.

4.1 Physical nature of the caps

P. H. Sell et al. (2010), who first discovered the cap structures,
postulated that they were related to Cir X—1 rather than features
of emission from the SNR. They argued this because of their
symmetry around Cir X—1, and their different X-ray colour when
compared to the emission from the SNR. We can now say these
features are certainly related to the central neutron star X-ray
binary rather than the SNR, given their inferred lifetime (the time
elapsed since they were co-spatial with Cir X—1) of < 100 yr,
compared to the ~ 2900 yr inferred age of the SNR (S. Heinz et
al. 2013).

P. H. Sell et al. (2010) also concluded that these cap features
are shock fronts powered by an outflow launched by Cir X—1
interacting with the ambient medium. This followed from the
observed limb brightened morphology in X-rays and a sharp drop
in surface brightness in both X-rays and radio on the sides of the
caps furthest from Cir X—1. This interpretation is confirmed by
the steep drop in surface brightness seen in our higher quality
radio data, shown in Fig. 4, and our observation of motion away
from Cir X—1, as expected for shocks powered by an outflow from
the binary system. Hereafter, we refer to the cap structures as
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shocks, and we will continue to find numerous pieces of evidence
which support this interpretation throughout our analysis.

The radio emission from the shocks is due to synchrotron ra-
diation from a population of ultrarelativistic electrons. This is
evident from the steep spectral index, « < —0.5 (where F,  v%),
in the shock regions (see fig. 6 in V. Tudose et al. 2006 and fig.
4 in (K. V. S. Gasealahwe et al. 2025), which is consistent with
optically thin synchrotron radiation. Furthermore, the detection
of a high degree of linear polarisation in the radio emission of
the shock region supports a synchrotron origin. Optically thin
synchrotron radiation is intrinsically polarized in a direction per-
pendicular to projection of the magnetic field onto the plane of
the sky (A. G. Pacholczyk 1970) (generally only in the absence
of bulk relativistic motion e.g. M. Lyutikov, V. I. Pariev & D. C.
Gabuzda 2005). For a power-law distribution of ultra-relativistic
particles, with power law exponent —p producing optically thin
synchrotron radiation, the maximum degree of linear polarisa-
tion produced is [Myax = ﬁ (V. L. Ginzburg & S. I. Syrovatskii

1965). For p ~ 2, as expected from shock acceleration of particles
(seeJ. H. Matthews, A. R. Bell & K. M. Blundell 2020 for a review),
this is ~ 70 per cent. As outlined in Section 3 linear polarisation
up to 52 £ 6 per cent is detected. This high level of linear polar-
ization implies the presence of a highly ordered magnetic field in
the emission region. In a simple model where the magnetic field
consists of a uniform component with strength B, and a random
component with strength Byang, then the observed polarisation
degree, I is given by:

B
B} + B2

rand

IMobs = Mimax ¢, (1)
where ¢ is some factor < 1 taking into account other depolarisa-
tion effects (B. J. Burn 1966). We find Bi—?m 2 1.7. This is consis-
tent with a shock model, where shock compression of an initially
turbulent magnetic field can leads to a more ordered field, in at
least 1 dimension (R. A. Laing 1980). The observed de-rotated
polarisation angle (known as the electric vector position angle or
EVPA), is not strictly parallel or perpendicular to the shock front
as seen in Appendix A, suggesting a more complex magnetic field
structure across the shock front than a simple compressed slab,
potentially indicating strong turbulence at the shock front.

The X-ray emission in the shock regions is co-spatial with the
radio emission, but P. H. Sell et al. (2010) note that both a ther-
mal and a synchrotron model can fit the X-ray spectrum equally
well. They disfavour the thermal model due to requiring a low
inclination in order to make the radio and X-ray emission appear
co-spatial. In the thermal emission scenario the X-ray emission
originates from the shocked ISM, expected to be pushed ahead of



the expanding radio outflow. For example, this is clearly demon-
strated in the case of the XRB S26 (R. Soria et al. 2010). P. H.
Sell et al. (2010) further disfavour the thermal model due to the
good correspondence of the measured power-law index of the
X-ray emission to the expectation, « = —1, for a population of
cooled synchrotron electrons with continuous injection of new
ultra-relativistic electrons with p ~ 2 (N. S. Kardashev 1962).

We now have further evidence against a thermal origin for the
X-ray emission. This is on the basis that if the thermal model
holds, P. H. Sell et al. (2010) found a shock electron temperature
of 6.6722 keV, which they used to calculate a shock velocity, us,
of 2.4 x 108cm s~! using:

3
kT = = umpu?, 2
16“ plU; 2

where p is the mean mass per particle (~ 0.6 for solar abun-
dances) and mp is the proton mass. This assumes a strong shock
(e.g. high Mach number), and thermal equilibrium between ion,
proton and electron species in the shocked plasma at a tempera-
ture T. This temperature is too low to be consistent with our mea-
sured apparent velocity of 3 x 10°cm s7! in the standard shock
heating scenario. Caveats to this argument which would result in
a lower electron temperature for our known shock velocity are
if the electrons and protons are not in thermal equilibrium, or if
the shock is heavily cosmic ray dominated (e.g. E. A. Helder et al.
2009). In principle, one or a combination of these effects could
explain the shock velocity and electron temperature observed
as they both act to reduce the observed electron temperature
for a given shock velocity. However, particle-in-cell simulations,
which include both non-equilibrium effects and cosmic rays, sug-
gest that in general the electron temperature is well predicted
to within an order of magnitude by equation (2) (e.g. S. Gupta,
D. Caprioli & A. Spitkovsky 2024), making a large reduction in
temperature from the mechanisms discussed above unlikely.

More evidence against the thermal model is found when we
consider that the low inclinations for the shocks required in this
case are incompatible with other aspects of our observations,
as discussed further below. Therefore overall, we significantly
favour a synchrotron origin for the radio and X-ray emission from
these shocks.

4.2 Geometry of the powering outflow

Given the emission mechanism of the shocks is known, we can
now investigate the geometry of the powering outflow. We iden-
tify 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
outflow is possible (see Section 4.7), but the choice does not effect
the analysis below.

In the case of i), a well-collimated straight (constant launch
direction) jet can produce an apparently wide shock structure
in two scenarios. Either, the jet is inclined sufficiently close to
the line of sight in so that the opening angle of the jet appears
larger, known as foreshortening, or the wide shock structure is
due instead to a jet heated cocoon/lobe of material driving a
wider bow shock structure into the surrounding medium (R. D.
Blandford & M. J. Rees 1974; C. R. Kaiser & P. Alexander 1997;
C. R. Kaiser et al. 2004). This is thought to be the case for the
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large scale shock structures seen in GRS 1915 (S. E. Motta et al.
2025) and Cyg X-1 (E. Gallo et al. 2005). We strongly disfavour the
latter of these scenarios due to the lack of significant curvature
in the shock structure, as is seen in the other known examples.
Furthermore, the hotspot, which in this cocoon model represents
the location of the jet termination shock, is observed to vary in
position angle between epochs for the shocks of Cir X—1. This is
directly counter to the expectation for a jet with constant direc-
tion. If we do attempt to use this model to estimate the power of
the jets (equation 10 in S. E. Motta et al. 2025), we obtain values of
the jet power which are many orders of magnitude larger than the
Eddington limit for a neutron star. This indicates that this model,
where the wide shock we see is a bow shock which is driven by
jet heated cocoon material, is not applicable in the case of Cir
X—1. Instead, given the large shock velocity, the shocks are the
direct site of interaction between the outflow from Cir X—1 and
the ambient medium.

A collimated straight jet may still produce apparently wide-
angled shocks if the inclination to the line of sight is sufficiently
low. However, constraints derived from the apparent flux symme-
try of the shocks, and their measured apparent velocities require
the inclination angle to the line of sight to be 2> 35°, ruling out this
scenario. In particular, the velocity of the shocks as a fraction of
¢, B, is given by the apparent velocity, Bapp, and the inclination to
the line of sight, i:

p= Lo ®

sini & Bapp cosi’

where the + refers to the approaching and receding shock re-
spectively. We expect the bulk velocity of the emitting material to
be approximately equal to the shock velocity in the strong shock
regime. From our observations we can constrain the ratio of flux
density between the two shocks to be < 3, and by considering
Doppler boosting, we can write:

.\ 3—a
(M) -3, @

1— Bcosi

where we take the spectral index of the emitting material, «, to
be —0.5. Solving this inequality by substituting in equation (3)
and our measured value of the apparent shock velocity at a 2 pc
projected distance (from Table 1) we arrive at the conclusion
that the inclination to the line of sight of the shocks and the
powering outflow is = 35°. We note this argument assumes that
the intrinsic radio luminosity of each shock is the same. If this is
not the case, due to an asymmetric outflow power, or asymmetric
environment, then the situation can be fine tuned so that signifi-
cant Doppler boosting is present (e.g. inequality 4 does not hold),
but is not observed as the approaching material is intrinsically
fainter. This scenario is unlikely, and in this case would require
significant asymmetry in the shock luminosity to invalidate our
inclination constraint above.

We also obtain a less constraining, but robust limit on the
inclination angle of > 9° from considering where 8 > 1 for the
receding case of equation (3). Given these constraints on inclina-
tion, and the measured apparent velocities in Table 1, we conser-
vatively take the de-projected speed of the shocks at a propgation
distance of 2 pc to be ~ 0.1c for calculations in Sections 4.3 and
4.4. Projection effects could lead to the true de-projected speed
being up to a factor of two greater than this.
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The true half opening angle of the shocks, v, is then given by
the observed opening angle v, and the inclination angle:

tan ¥ = I tan Yqps Sin i, (5)

where the factor of I', the bulk Lorentz factor, comes from con-
sidering time dilation effects (J. C. A. Miller-Jones, R. P. Fender &
E. Nakar 2006), but can be neglected in our case as I' ~ 1. The
limit on the inclination angle, combined with the observed half
opening angle of ~ 28°, constrains the true half opening angle
to be > 17°. Therefore, these shocks cannot be powered by a
collimated XRB jet which have half opening angles < 5° (J. C. A.
Miller-Jones et al. 2006) unless these jets change direction over
time.

It is then natural to consider case (ii), a collimated jet which
changes direction, through precession or some other mechanism,
as a cause of these wide opening angle shocks. Cir X—1 is known
to launch a collimated precessing relativistic jet (F. J. Cowie et
al. 2025). However, while past jet observations of Cir X—1 have
shown 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
observations (from late 2011 onwards) have shown a jet position
angle inconsistent with the shocks (M. Coriat et al. 2019; F. J.
Cowie et al. 2025). This implies at the very least that the precess-
ing jet of Cir X—1 is not continuously powering these shocks,
raising powering requirements, which are discussed further in
Section 4.3. Furthermore, the absence of similar shock structures
in the current direction of the precessing jet seems to raise the
possibility that the known precessing jets in this source are not re-
sponsible for powering the shocks, unless some recent (e.g. 2011
onwards) mode change in the precessing jet power has occurred.
Therefore, we disfavour a precessing jet powering mechanism for
the shocks, but given the complexity of the jet behaviour observed
from this source (see F. J. Cowie et al. 2025 for an overview), it
cannot be ruled out.

The only remaining scenario is (iii), a truly wide relativistic out-
flow launched from Cir X—1. Given the inferred launch velocities
of the shocks from Table 1, and the fact that the outflow velocity
is at least that of the shocks (J. M. Marti et al. 1997), this outflow
must have 8 > 0.3 and an opening angle > 17°. An outflow with
such properties is unprecedented in XRBs, perhaps to be expected
given the youth and peculiarity of Cir X—1. In order to better
understand this outflow we can use the shocks where it interacts
with the ambient medium to measure the power of this outflow.

4.3 Energetics of the shocks

We can estimate the energy and other physical parameters of the
shocks using the observed radio and X-ray synchrotron emission,
their geometric properties, and their velocity.

4.3.1 Internal energy from equipartition

It can be shown for a homogeneous synchrotron emitting plasma
of known volume, that the energy required to produce a given
synchrotron luminosity is a function of the magnetic field, and
has a minimum close to equipartition of energy between the
magnetic field and radiating particle population (G. R. Burbidge
1956; A. G. Pacholczyk 1970). It is assumed that the particle pop-
ulation is non-thermal, and described by a power law with a low
and high energy cut-off. This leads to a low and high frequency
cut-off in the synchrotron spectrum (Vpin and vm,). The equa-
tions for the required minimum energy and associated magnetic
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field strength, as a function of observable parameters are:

7 s 67\
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where V is the observed volume of emission and f is the filling
factor of the plasma in this volume. D is the distance to the
source, and F, is the flux density of the synchrotron emission
at some observation frequency vops. @ is the spectral index of the
synchrotron spectrum, 7 is the fraction of energy in non-thermal
protons relative to non-thermal electrons (assumed to be 0 for a
minimum energy estimate), and c;, ¢, are constants. A full deriva-
tion of these formulae, along with definitions of the constants
can be found in A. G. Pacholczyk (1970) and is also provided in
Appendix B. The above equations and those throughout this sec-
tion do not include potential corrections for Doppler boosting due
to bulk relativistic motion of the emitting material. As discussed
in Section 4.2 this is unlikely to be a significant effect for the
shocks of Cir X—1 so can be neglected. Once we have an energy
in non-thermal electrons, E,, and a magnetic field measurement,
B, regardless of whether these are the equipartition estimates, a
total number of non-thermal electrons can be obtained:

1420 3 3 (v,  —v%.
N.=E, 012 Bezq ( 1TZX TEZ (8)
20 2 2
(Vmax ~ Vhin )

In order to calculate the minimum energy of the shocks and
related parameters, we assume an ellipsoidal geometry for the
shocks with semi-axes in the plane of the sky of 1.3 and 0.9 pc,
corresponding to the region used in Section 3 to measure the
flux density, and the assumption that the semi-axis along the line
of sight is 1 pc. This results in a volume of 4.4 + 0.8 pc?, where
the uncertainty is dominated by the uncertainty on the known
distance of 9.4 & 1 kpc (S. Heinz et al. 2015). We assume a filling
factor of 1, and discuss this assumption later in this section. We
use our measured values of flux density at 2.6 GHz for the NW
shock, 8 + 2 mJy, and a spectral index of —0.6 &+ 0.2, where the
large uncertainty reflects the different values of @ which have
been measured for the shocks (P. H. Sell et al. 2010; K. V. S.
Gasealahwe et al. 2025). P. H. Sell et al. (2010) observed an X-ray
spectral index value indicating the X-ray emission at ~ keV ener-
gies is above the synchrotron cooling break. They estimated the
synchrotron cooling break to occur at a frequency veee = 2 x 106
Hz by extrapolating the radio and X-ray spectra. This indicates
that the energy spectrum of particles is not well modelled by
a single power law for electrons which radiate at frequencies
above v . For these estimates we conservatively take vy, to
be equal to v, effectively disregarding the energy contribution
from electrons radiating above the cooling break. A more strin-
gent treatment (see Section 4.4 for an example) would fully model
the particle injection and cooling. Our treatment here leads to a
slight underestimate (by a few %) of Epin and Beq given the weak
dependence on vy,y. Finally, vy, is not measured in any of our
observations, but can be constrained to be between 1 GHz, as we
do not observe the frequency break to a o = % expected below
Vmin, and 10 kHz. The lower bound is a result of the magnetic



field strength of ~ 100 G (P. H. Sell et al. 2010), leading to v, for
a synchrotron emitting plasma being always greater than 10 kHz
(see equation (B7)).

Given the large uncertainties on some of the parameters re-
quired to calculate Ep, and Beg, and the various strong and weak
dependencies in equations (6) to (8), we adopt a Monte Carlo sam-
pling approach to understand the uncertainties on our calculated
values of Emin, Beq , and N,. Overall we find that the sampled
distributions for each of our calculated parameters do not appear
to be well described by standard analytic forms, but are clearly
unimodal. Therefore, below we report the empirical confidence
interval defined as the range spanned by the central 68 per cent
of samples. This corresponds to the commonly used Gaussian-
equivalent 1o. The full sampled distributions and the 68 per cent,
95 per cent, and 99.7 per cent confidence intervals are presented
in Appendix B for completeness.

We find the minimum energy required to create the
synchrotron emission observed from one of the shocks
is  log,o(Emnlergs]) =46.1%03 and the magnetic field
corresponding to this minimum energy (equipartition) case
to be log,,(Beg[G]) = —4.53%015. These measurements are
similar to the estimates of 8 x 10* erg and ~ 50 uG made in P.
H. Sell et al. (2010). Finally, we find the number of non-thermal
electrons in the equipartition case to be log, (N,) = 48.732.
Using the most conservative (longest) estimate of the lifetime
of the shocks from the constant deceleration model of 50 + 5
yr, we therefore obtain an average power required simply to
create the synchrotron emitting particles and magnetic field
of 1og,,(Qmin[ergs~']) = 36.9103. We note this is almost two
orders of magnitude greater than the estimate in P. H. Sell et al.
(2010). They used the extrapolated cooling break frequency and
equipartition magnetic field to derive the synchrotron cooling
time-scale, which they took to be the time-scale of energy
delivery to the shocks.

4.3.2 Magnetic field estimate from cooling break

Given we now know the lifetime of the shocks from measure-
ments of their proper motion and have a constraint on the break
frequency veor ~ 2 x 10 Hz from P. H. Sell et al. (2010), we can
obtain an independent estimate of the magnetic field, without
assuming equipartition. We can find the required magnetic field
to cause significant synchrotron cooling of electrons radiating
at the break frequency over the lifetime of the shocks using the
equation for the synchrotron cooling time-scale:

1
20302
6rm;ccy

©

tsync =

—_— 1
oy(Bsin 9)% v

where o, is the Thomson cross-section and 6 is the angle between
the magnetic field and the electron velocity, where a value of
7 is assumed hereafter. Rearranging for B, we find given fyyne <
50yr and veoe < 1 x 10'7Hz, that B > 200 uG. This value for the
magnetic field strength is in tension at the ~ 50 level with the
equipartition field strength estimated from observations. This
tension could arise in a few scenarios.

First, we note that if another cooling mechanism contributes
significantly, namely inverse Compton losses, the synchrotron
cooling time could be longer than the lifetime of the shocks and
the frequency break could be due to inverse Compton cooling,
removing the tension in the magnetic field estimates. However,
as will be shown in Section 4.4, inverse Compton, and indeed
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all other cooling mechanisms, are sub-dominant to synchrotron
cooling for electrons radiating above the cooling break.

Secondly, the equipartition estimate of the magnetic field could
be raised to be in line with the constraint from the cooling
break. This can happen if either the filling factor is decreased,
or non-thermal protons introduced which do not contribute to
the observed synchrotron luminosity, but allow for equipartition
between non-thermal particles and the magnetic field at larger
magnetic field values. To raise the equipartition estimate of the
magnetic field to > 200 uG the filling factor would need to be
reduced to ~ 1073, This is unlikely given that a relativistic plasma
expanding at a fraction of the speed of light (~ 0.1c) would for a
scale size of ~ 1pc, expand to greater than this filling factor in
< 1yr, much shorter than the lifetime of the shock. To acheive
the same effect with the introduction of non-thermal protons
these protons would need to have a total energy n ~ 300 times
that in the non-thermal electrons. This fraction of energy in non-
thermal protons is slightly larger than the n ~ 10-100 expected
from some observations and particle-in-cell simulations (e.g. G.
Morlino & D. Caprioli 2012; S. Gupta et al. 2024), but is considered
plausible. We note that n ~ 300 increases the minimum energy
and minimum power estimates by over an order of magnitude.

Finally, equipartition may not hold for the system especially
given the fairly young age of the shocks and the associated
synchrotron plasma. This means the equipartition estimate for
the magnetic field may not be correct. However, the deviation
from equipartition needed for a magnetic field value consistent
with the cooling estimate would increase the energy in the syn-
chrotron plasma by an order of magnitude. Overall, it is likely
that a combination of several of these factors: slightly decreased
filling factor, presence of non-thermal protons, and a deviation
from equipartition, are responsible for the tension between the
equipartition and synchrotron cooling estimates of the magnetic
field. However, these changes will overall result in a net increase
to the calculated minimum energy in non-thermal particles and
the magnetic field, and therefore the power required to create the
shock structures.

4.3.3 Kinetic energy from swept up mass

We have now shown that the time-averaged power required to
supply only the non-thermal particle and magnetic field energy
of both shocks has a robust lower limit of ~ 10 per cent of the Ed-
dington luminosity of a 1.4Mg, neutron star (1.8 x 103%erg s™1).
We can also estimate the kinetic energy in the shocked volume,
by calculating the mass swept up by the shocks, and the kinetic
energy of this swept up material given the known shock speed.
The volume swept up by the shocks depends on the model of the
powering outflow, e.g. whether it is a wide conical outflow, or a
precessing jet. As discussed in Section 4.2, a conical outflow is
more likely, but a correction factor to the volume can be applied
for the precessing jet case. The volume swept out by a conical
outflow is:

obs

1 1
V= gnh3 tan? y = gnh3 tan? Yops(sini)~?, (10)

where hgs is the projected distance of the shocks from Cir X—1,
and the inclination dependence comes in part from equation (5).
Taking the point in time when h,s = 2 pc (see Table 1) we obtain
V = 2.8(sini) 'pc3. For the case of a precessing jet with a jet
opening angle, ¢, of 1-5° as is typical for XRB jets (J. C. A. Miller-
Jones et al. 2006), the volume swept out is a hollow cone, and
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equation (10) is adjusted by a factor of:

tan’ WYobs — tan’ (obs — @)
tan2 1//obs

We also require an estimate of the density of the ambient mate-
rial, pamb, Which is swept up by the shocks. Given the inclination
constraints on the shocks, they are still propagating within the
SNR environment of Cir X—1. Spectroscopy of the SNR X-ray
emission showed that the ISM number density outside the SNR is
~ 0.3cm~3 (S. Heinz et al. 2013). We can then turn to SNR evolu-
tion theory (R. A. Chevalier 1974; W. C. Straka 1974; D. L. Band &
E. P. Liang 1988), simulations of SNR (M. A. Villagran et al. 2020;
D. M. A. Meyer et al. 2024), and specific simulations of the Africa
nebula, which include the launch of a powerful collimated jet at
an early time in the SNR evolution (K. V. S. Gasealahwe et al.
2025). All of these suggest that a value for the density near the
centre of the SNR of 10~2cm™3 is conservatively low, given the
known parameters of the SNR (S. Heinz et al. 2013). We may also
consider the density profile of the SNR. This is not known for Cir
X—1 due to the faintness of the X-ray emission from the SNR.
However, its surface brightness in X-rays appears flat or slightly
centrally peaked, in contrast with the most common morphology
of SNRs where the X-ray emission has a shell morphology (e.g. F.
Acero, J. Ballet & A. Decourchelle 2007). This suggests that the
Africa nebula belongs to the mixed morphology class of SNRs (K.
S. Long et al. 1991; L. R. Jones, A. Smith & L. Angelini 1993; J.
Rho & R. Petre 1998; A. Chiotellis, E. Zapartas & D. M. A. Meyer
2024). Mixed morphology SNRs are thought to be formed when
the SNR interacts with a multi-phase ISM, in particular causing
gas evaporation from clouds which survive passage through the
SNR shock (L. L. Cowie, C. F. McKee & J. P. Ostriker 1981; R.
L. White & K. S. Long 1991). These mixed-morphology remnants
are notable in this case because simulations and models suggest a
higher central density than expected from typical SNR dynamics,
with densities within the SNR of ~ 1cm~3, and a flat density
profile. Given the uncertainty in the density profile within the
SNR, when estimating the mass swept up by the shocks of Cir
X—1 we assume a flat density profile using the conservative value
of 10~2cm~3, expected from typical SNR dynamics, while noting
that values of up to ~ 1cm~3 may be possible.

For the volume above and number density of 10~2cm ™3, assum-
ing a hydrogen composition, we calculate a total number of swept
up protons as 8 x 10°* and a swept up mass of 1 x 103°g. Given
that at 2pc the apparent shock velocity, is 0.14c £ 0.03c and at
smaller distances was greater than this due to the deceleration.
Furthermore, the true de-projected velocity will be close to or
larger than this (see equation 3 and Section 4.2). Therefore, we
can conservatively estimate that the bulk velocity of the shocked
material is ~ 0.1c. The kinetic energy of the shocked material can
then be calculated:

~ 0.08 to 0.35 for ¢ = 1° to 5°. (11)

1 7T Pamb
Ey = E,Oameug = gm hgbs

resulting in a total kinetic energy budget for one of the shocks
of at least 5 x 10*8erg. Over a lifetime of 50 yr, this requires a
time-averaged power of:

tan® YopsU; ops(SiN 1), (12)

Pin ~ 4 x 10% ( 2 ) ergs ' = 20Lgqq - (

n
10—2cm— 10—2¢cm—3 )

13)
This order of magnitude estimate for the kinetic energy of

the shocks reveals the extreme power required to create these
structures, and that the energy output of this accreting neutron
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star is apparently dominated by the wide-angle mildly relativistic
powering outflow.

4.4 Particle acceleration properties

Measuring the shock velocity and other properties not only allows
us to understand the macroscopic properties but also the details
of the particle acceleration occurring at the shocks, which creates
the non-thermal particle population responsible for the observed
synchrotron radiation (see J. H. Matthews et al. 2020 and refer-
ences therein for a review).

4.4.1 Maximum energy of accelerated particles

‘We begin by understanding the maximum energy which particles
can be accelerated to in the shocks. The confinement energy is
given by:

Econt = ZeBR, (14)

where Z is the particle charge in units of the electron charge, e,
and R is the scale size of the particle acceleration region, taken
to be the size of the downstream region of the shock, in our
case ~ 1pc. The shocks of Cir X—1 have a confinement energy,
for protons and electrons, of ~ 200 PeV. We can then consider
the Hillas energy (A. M. Hillas 1984), which can be interpreted,
among other ways, as the time-scale balance between the dynam-
ical time of the system and the acceleration time, assuming the
Bohm diffusion limit, of a particle undergoing diffusive shock
acceleration (DSA; A. R. Bell 1978). The dynamic time-scale is

R
tdyn = (15)
Us
where ug is the shock velocity. The acceleration time-scale of
DSA, with a diffusion coefficient of D = “¥, where r, is the
particle gyro-radius, is given by
D «kre  «kEc
uz  3u?  3ZeBul

s E B \ ! ju\2
—4x107% = (—) s.
Z \1PeV 1uG c

Then equating equations (15) and (16), and taking the Bohm
diffusion limit, « = 1 we find the Hillas energy:

—1o05ev( B (B \ (%
Ey =10 eV(lpe)(mG)(c)Z' (17)

For the shocks of Cir X—1, the shock velocity is at least 0.1c
(Section 4.2), the magnetic field is > 200 uG (Section 4.3.2) and
the scale size of the acceleration region is taken to be the size of
the downstream region of the shock, ~ 1pc. This gives a Hillas
energy of ~ 20 PeV, noting that this energy limit also applies for
acceleration mechanisms other than DSA. We can also examine
the constraint on the maximum particle energy from the power
provided by the central source, Cir X—1. The Hillas-Waxman-
Lovelace power limit (R. V. E. Lovelace 1976) is:

o E 2 Uy -1 _
Qumin = 10¥ ergs~te! <1PeV> (f) zZ2, (18)

face =

(16)

where € is a conversion efficiency of kinetic to magnetic energy,
and for DSA can be thought of as an efficiency of magnetic field
amplification at the shock, and a value of ~ 0.1 is often assumed
(J. H. Matthews et al. 2020). This leads to a required power of



~ 10%erg s~1, which is close to the estimated total power of the

outflow in Section 4.3.3. This indicates that the power of the
outflow may also be a limiting factor for particle acceleration
alongside the Hillas energy limit.

Finally, we can consider in more detail the loss versus accel-
eration time-scales for the case where the particles are being
accelerated through DSA, which seems likely given the shock
nature and polarisation properties. In particular, the detection of
high linear polarization fractions, implies the ordered and turbu-
lent magnetic fields are of roughly the same strength, which is
often referred to as the strong turbulence limit. This magnetized
turbulence may be driven by cosmic rays and is thought to be
a necessary condition for particle acceleration close to or at the
Bohm limit (e.g. x = 1) (A. R. Bell 2004).

For electrons, we examine the different loss time-scales to de-
termine which one is dominant. To do this we use the GAMERA
package (J. Hahn, C. Romoli & M. Breuhaus 2022) in PYTHON
to determine the loss time-scales for a population of electrons
in a 200 uG magnetic field, with an ambient medium density of
10~2cm~3, and a background radiation field made up of the CMB,
the interstellar radiation field (using the model presented in C.
C. Popescu et al. 2017), and the diluted radiation field from the
host star. We assume the host star to be a typical high mass O-
type star (10Ro, 4 x 10*K blackbody), in order to maximize the
radiation field, and hence losses due to inverse Compton, at a
distance of ~ 2 pc. Finally, we also add adiabatic cooling of the
electron population, assuming a 1 pc region expanding at 0.1c as
a maximal case. We find, for the high energy particles, > 10TeV
synchrotron losses dominate over all other loss mechanisms by
over an order of magnitude.

The loss time-scale for synchrotron cooling is given by

E 3mec?y,.8 E \1/ B \2
lsyne = =— = 37)/2‘32 =4 x 101 <7) <7) s,
Egync 4orcy;B 1 PeV 1uG

19)

where y, is the Lorentz factor of the electron. Equating this loss
time-scale with the acceleration time-scale for DSA from equa-
tion (16) we obtain a maximum energy achievable by electrons
for a 0.1c shock velocity, of ~ 0.7PeV. Given this predicted maxi-
mum energy to which electrons can be accelerated we can predict
an exponential cut-off in the the synchrotron spectrum above
~ 7MeV. This maximum predicted energy requires the electrons
to be undergoing particle acceleration in the Bohm limit. The
observation of X-ray synchrotron radiation up to a photon en-
ergy of 10keV requires electrons with an energy of least 30TeV
(in a 200 G magnetic field, using equation B7). This is direct
evidence of particle acceleration up to at least ~ 5 per cent of the
maximum energy in the idealized Bohm limit. We note that this
ratio between the maximum predicted energy in the Bohm limit
and the observed energy of the electrons is independent of the
assumed magnetic field.

We can also consider the loss time-scales for the proton
case, although inverse Compton and synchrotron losses are sub-
dominant due to the mass dependence of these mechanisms.
Therefore, we instead consider losses from inelastic collisions
with thermal protons, photo-meson production and pair produc-
tion (M. C. Begelman, B. Rudak & M. Sikora 1990). We find
for each of these cases, by comparison to the acceleration time-
scale, that the cooling time-scales do not limit particle accel-
eration to the PeV regime. This is expected for thermal proton
collisions (M. C. Begelman et al. 1990), and for the photo-meson
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and pair production the cooling time is long given the relatively
low energy density of the photon background. Therefore, the
limiting factor on the maximum energy protons can achieve
in the shocks is set by the Hillas condition. This makes these
shocks, powered by an accreting neutron star, potential sites
of acceleration of protons up to ~ 20 PeV. The population
of XRBs have been postulated to potentially explain cosmic rays
above the ‘knee’ (S. Heinz & R. Sunyaev 2002; R. P. Fender, T. J.
Maccarone & Z. van Kesteren 2005; A. J. Cooper et al. 2020; J.
Wang et al. 2025), and our analysis of this case shows that certain
large scale outflow interaction structures may provide the neces-
sary conditions for this particle acceleration to high energies to
occur.

Given our derived maximum energy cut-off and the assump-
tion that the energy in non-thermal protons is n ~ 100 times the
energy in the non-thermal electrons, we can use equation (6) to
estimate the total energy in cosmic rays (non-thermal protons).
We find Epin ~ 1.8 x 10*7erg of which 1 x 10*erg is in cosmic
rays (the rest of the energy being in the magnetic field, see Ap-
pendix B). Using the ~ 50 yr measured lifetime of the shocks this
gives a cosmic ray luminosity by the shocks of ~ 6 x 1037erg s™L.
Then, assuming a power law cosmic ray spectrum with energy
index of —2, a low energy cut-off of the proton rest mass, and
a high energy cut-off of 20PeV, we can estimate the cosmic ray
luminosity of Cir X—1 at energies between 10 TeV and 20PeV,
e.g. around the ‘knee’. We find a cosmic ray luminosity in this
energy range of ~ 5 x 10%erg s~!. This is not particularly sensi-
tive to the exact values of the energy index or cut-offs. The total
cosmic ray luminosity at Earth at these energies can be calculated
assuming a total luminosity of ~ 1 x 10*'erg s}, an energy index
of —2.7, and a low energy cut-off of the proton rest mass (see
I. A. Grenier, J. H. Black & A. W. Strong 2015 and references
therein). The choice of high energy cut-off has a negligible ef-
fect. The total cosmic ray luminosity at Earth between 10TeV
and 20PeV is then ~ 2 x 10%¥erg s~!. Therefore, with reasonable
assumptions on the fraction of energy contained within non-
thermal, the shocks of Cir X—1 could contribute a few per cent
of the observed cosmic ray luminosity at energies around the
‘knee’. The cosmic rays from the shocks of Cir X—1 will not have
reached Earth yet, and the measured cosmic ray luminosity is
averaged on a much longer time-scale than the lifetime of the
shocks due to diffusion of cosmic rays. However, considering
there are several powerful active X-ray binaries in our galaxy at
any given time, these sources, in particular those with large scale
structures, are possibly a dominant source of cosmic rays around
the ‘knee’. This has been suggested by both theoretical studies
e.g. A.J. Cooper et al. (2020) and possibly by recent observational
results e.g. LHAASO Collaboration (2025).

4.4.2 Efficiency of particle acceleration

As well as the maximum energy of accelerated particles, we can
use our estimates of the energy in non-thermal electrons and
our estimates of the shock kinetic energy to attempt to calculate
the injection and energetic efficiencies of the electron accelera-
tion mechanism. We define these as: the proportion of the cold
electron population swept up by the shock which is accelerated
to become non-thermal, and the proportion of the shock bulk
kinetic energy which is in non-thermal electrons, respectively:

Nent
Ne,sw

€inj = (20)
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where N, g and N, p; are the total number of swept up electrons
and non-thermal electrons respectively, E,, is the total energy in
non-thermal electrons, and Eyi, is the total bulk kinetic energy
of the shock (e.g. the bulk kinetic energy density of the initial
upstream flow in the shock frame), as calculated in Section 4.3.3.
This assumes an ionized hydrogen composition to the medium
swept up by the shock.

In order to calculate the efficiencies for the shock we assume
the particle acceleration is dominated by a forward shock prop-
agating into the ambient medium. This may not be the case if
instead a reverse shock propagating into the outflow material is
responsible for accelerating the majority of non-thermal particles
which produce the observed synchrotron radiation.

Our observations reveal only the presence of a single sharp
drop in surface brightness on the far side of the cap structure from
Cir X—1 (see Fig. 4). This could be taken to be either the site of
the forward shock, or the contact discontinuity. This depends on
whether the forward shock accelerates particles which produce
synchrotron emission. Other sharp changes in the surface bright-
ness profile may be hidden by back-flow or other projected struc-
tures which give rise to the slow decay of the surface brightness
profile towards Cir X—1 (see Fig. 4).

If the reverse shock is responsible for particle acceleration the
sharp drop in surface brightness we observe with proper mo-
tion is then the contact discontinuity. The number of particles
encountering the relevant shock front (in this case the reverse
shock) is then more uncertain, as we do not know the density
of the outflow through which it propagates. However, we can
somewhat constrain the density of the outflow material from
momentum balance at this working surface (contact discontinu-
ity) (J. M. Marti et al. 1997). We find that to produce the mildly
relativistic advance speed of the working surface, the outflow ma-
terial cannot be significantly more undersense than the ambient
medium without requiring highly relativistic outflow velocities.
Therefore, while the efficiencies calculated in this Section are
nominally for the case where the forward shock is responsible for
the majority of the particle acceleration, they are likely upper lim-
its in the reverse shock case given their scaling with the density
of the medium crossing the shock.

We emphasize, that outside of the efficiencies calculated in this
Section, all other physical quantities estimated, such as energet-
ics, are agnostic to whether a reverse or forward shock is respon-
sible for the majority of particle acceleration. For example, the
swept up mass calculation in Section 4.3.3 applies to the forward
shock regardless of whether it is responsible for the majority of
particle acceleration.

Beginning with ¢,, we use that the total energy in non-thermal
electrons, E,, is related to our minimum internal energy estimate

by E, = ;t’flfff), where 7 is the ratio of energy in non-thermal pro-

tons to non-thermal electrons. Then E, o« (n + 1)*%, as Epin
4 . .

(n+ 1)7. We can then estimate the energetic electron accelera-

tion efficiency to be

n -1
~3x107%. (1 *%-(7> , 2
€ ~3x 1 +n) 102em= (22)

where the scaling with average ambient number density, n, comes

from the shock bulk kinetic energy calculated in Section 4.3.3.
The electron injection efficiency estimate is more uncertain

given our order of magnitude uncertainties on the total number
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of non-thermal electrons, largely driven by the uncertainty on
the low energy cut-off to the electron energy spectrum (see Sec-
tion 4.3.1). Given we estimated the total number of swept up am-
bient protons (and hence electrons) to be § x 103 in Section 4.3.3,
then we can estimate the electron injection efficiency as:

- )71 : 23)

10~2cm—3

with approximately an order of magnitude uncertainty. The scal-
ing of N, ; with n is the same as that of E,. This means that ¢, and
€inj have the same scaling with 7 and n, allowing for the ratio to
be estimated as:

y~ 6 %10 (L4

RLIPUPIN 1073, (24)
€e
with approximately an order of magnitude uncertainty.

The shocks of Cir X—1 are now one of a handful of astro-
physical systems where these efficiencies have been estimated,
paving the way for better understanding of the physics of shocks
and particle acceleration. Other systems include S26, where an
electron energetic efficiency of ~ 103 was inferred (R. Soria et al.
2010), or the SNR Tycho, where an electron energetic efficiency of
~ 10~* was observed (G. Morlino & D. Caprioli 2012). These ob-
servationally derived efficiencies are consonant with numerical
particle-in-cell experiments (e.g. L. Sironi & A. Spitkovsky 2011;
J. Park, D. Caprioli & A. Spitkovsky 2015; S. Gupta et al. 2024).

4.5 SED modelling

Given the recent detections of very high energy (VHE), >
100TeV, emission from numerous X-ray binaries (e.g. LHAASO
Collaboration 2025; H. E. S. S. Collaboration 2024), including
from Cyg X-1, GRS 1915, and SS 433 which all show large scale
structure, we can attempt to predict the VHE emission for the
shocks of Cir X—1. We use the GAMERA package (J. Hahn et al.
2022) to model a single zone of electrons and a separate zone
of protons evolving in a time independent environment. We
take into account losses due to inverse Compton, synchrotron,
Bremsstrahlung, ionisation and adiabatic expansion for the elec-
trons, and losses from synchrotron, inverse Compton and pp in-
teractions for the protons. We assume a time and energy constant
escape time of u% = % for the electrons only, the same set of
background radiation fields for both zones as was assumed for
the cooling time calculations in Section 4.4, an ambient density
of 10~2cm~3 within the SNR, and a 1pc scale size with expansion
at 0.05c.

For the protons we do not consider an escape time, as protons
accelerated at the shock then diffuse out into the surrounding re-
gion. Using a value for the diffusion coefficient of 10*°cm?s~! for
1 PeV protons, which is consistent with estimates for escape time
from the Galaxy (J. Wang et al. 2025) we find that the protons will
have travelled 30 pc away from Cir X—1 over the lifetime of the
shocks. This opens up the possibility that the high energy protons
will encounter a dense molecular cloud region where they can
more efficiently interact and cool, leading to the production of
VHE emission. This is especially relevant given the position of Cir
X—1 atlow galactic latitude (I = 0.04°), where a higher density of
molecular clouds are expected (J. Ballesteros-Paredes et al. 2020).
We find that in order to obtain any substantial VHE emission
from the protons, a significantly higher density is required than
the assumed ambient density of 10~2cm~3 in the SNR. Therefore,
when calculating the VHE emission from protons we assume a
density of 10°cm~3, typical for any molecular cloud the protons
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Figure 6. Model SED of the emission related to the shocks of Cir X—1. At lower photon energies the synchrotron contribution with a cooling break
dominates. At higher photon energies, the dot-dashed lines show emission from inverse Compton of non-thermal electrons from various photon
backgrounds, and the solid line shows their sum. However, 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 gamma-ray regime. 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.

would interact with as they diffuse away from their acceleration
site (J. Ballesteros-Paredes et al. 2020).

We adopt an injection luminosity of electrons of
7 x 10%erg s7!, and a magnetic field of 200 1G, to be compatible
with our combined flux measurements of both shocks and an age
of 50 yr. We assume a low and high energy cut-off to the electron
injection spectrum of 10MeV and 0.7PeV. The low energy
cut-off is within our observational constraints as discussed in
Section 4.3, and changing it results in only minor changes to
the resulting SED. The high energy cut-off results from our
analysis in Section 4.4. The proton injection spectrum is set as
n ~ 100 times the luminosity of the electron injection spectrum.
This value is commonly used, motivated by observations (G.
Morlino & D. Caprioli 2012) and simulations (S. Gupta et al.
2024). We adopt a low and high energy cut-off to the proton
injection spectrum of 2GeV and 20PeV, where the low energy
cut-off comes from a requirement that the protons be relativistic,
and the high energy cut-off comes from the Hillas limit in
Section 4.4. We then use the resulting particle spectra after 50 yr
of evolution to calculate, the synchrotron, inverse Compton,
Bremsstrahlung and ionisation emission from the electrons, and
the hadronic emission from the protons. The outflow powering
the shocks may have been active for longer than the lifetime of
the currently observed shocks, or if the shocks were produced by
a more transient explosion, this may be a repeating event. These
scenarios are discussed further in Section 4.7, but in either case,

while the emission from the non-thermal electron population
is not expected to be affected due to synchrotron and adiabatic
cooling, the emission from the high energy protons, which do
not suffer such effects, may be altered. Assuming the same
constant injection luminosity of high energy protons over the
entire lifetime of Cir X—1 of ~ 2900 yr leads to a factor ~ 50
increase in the hadronic VHE flux.

The overall resulting SED at a distance of 9.4kpc, broken into
relevant components, is shown in Fig. 6. The two curves which
dominate at VHE energies represent the emission from a popu-
lation of protons generated over 50 yr (the shock lifetime) and
2900 yr (the system lifetime). The VHE emission from the protons
would lie in the shaded area between these two curves. We find
Bremsstrahlung and ionisation emission to be negligible com-
pared to synchrotron and inverse Compton. The radio and X-
ray measurements are shown over-plotted, alongside an integral
upper limit on the flux above 1TeV from Cir X—1 (H. E. S. S.
Collaboration et al. 2018). This upper limit is a point source upper
limit (at the ~ 0.07° resolution of H.E.S.S.) on emission from Cir
X—1 itself, and therefore does not constrain hadronic emission
from a nearby over dense region as assumed in our model, but
does applies to the leptonic VHE emission predicted from Cir
X—1. The result is that there are currently no constraints on
hadronic emission from Cir X—1 and further observations are
needed. We stress that this SED is not a fit of a model to the
available data, rather we have inferred the physical parameters
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as outlined in the preceding sections and used them to predict
the SED.

From this predicted SED, we see first that the radio and X-ray
fluxes are in good agreement with a synchrotron model. Secondly,
we note that in the VHE regime, hadronic emission from a molec-
ular cloud environment dominates over the inverse Compton
emission from the non-thermal electron population due to the
high magnetic field measured for the shocks. The majority of the
parameter space for the hadronic VHE flux is below the levels
detected in some other XRBs at similar distances. This is not un-
expected given the youth of the system compared to other XRBs,
meaning that perhaps a large population of high energy particles
has not had sufficient time to build up. In the more optimistic
cases where high energy protons have been accelerated for a sig-
nificant fraction of the lifetime of Cir X—1 then the predicted flux
may be detectable with next-generation gamma-ray observatories
under construction such as CTA South (B. S. Acharya et al. 2013;
K. Bernl6hr et al. 2013) or a similar instrument to LHAASO in the
southern hemisphere such as SWGO (Z. Cao et al. 2019; SWGO
Collaboration et al. 2025). This is demonstrated by the sensitivity
curves in Fig. 6. This highlights Cir X—1 as a promising candidate
for the detection of VHE emission, in particular hadronic emis-
sion, in the future.

4.6 Comparison to outflow interaction regions in other
XRBs

We can compare the large scale outflow interaction structure in
Cir X—1 to those found in other XRBs. In almost all other XRBs
the parsec scale structures observed seem to conform to the model
of a radio lobe plus bow shock, powered by expanding hot gas,
which is in turn heated by a steady collimated hard state jet (C.
R. Kaiser et al. 2004). A similar model is used to explain the lobes
of radio galaxies (C. R. Kaiser & P. Alexander 1997). This model
is consistent with observations of Cyg X-1 (E. Gallo et al. 2005; P.
Atri et al. 2025), GRS 1915 + 105 (S. E. Motta et al. 2025), GRS
1758-258 (I. Mariani et al. 2025), S26 (M. W. Pakull et al. 2010; R.
Soria et al. 2010) and S10 (R. Urquhart et al. 2019; A. F. McLeod
et al. 2019). In all of these cases, the inferred kinematics indicate
shock velocities of a few 100s of km s~ and lifetimes of > 10kyr.
Morphologically, the radio emission exhibits curved bow-shock
structures produced by synchrotron or bremsstrahlung processes,
and in some instances thermal X-ray emission is also detected;
however, 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
complete contrast to all of these. We measure a shock velocity
two orders of magnitude larger than in these other sources, the
lifetime of the shocks is also two orders of magnitude lower. No
curved bow shock structure is seen, instead the shocks appear
to have a constant opening angle and little curvature. Finally, X-
ray synchrotron emission coincident with the radio emission is
present, seen in no other sources. This reinforces that the shocks
seen in Cir X—1 are not the analogue of those seen in other
sources, and cannot be interpreted with the same model. Fur-
thermore, it is not surprising that given the high velocity, short
lifetime, and X-ray synchrotron emission, we calculate such large
power requirements for the shocks.

The only other XRB system which does not fit into the bow
shock plus lobe model is SS 433 (B. Margon 1984), which also
shares a remarkable number of other similarities with Cir X—1,
being a peculiar XRB, residing inside a natal SNR where outflows
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have inflated bubbles (A. J. B. Downes et al. 1986; P. T. Goodall,
F. Alouani-Bibi & K. M. Blundell 2011b; K. V. S. Gasealahwe et al.
2025), launching precessing jets (B. Margon 1984; F.J. Cowie et al.
2025), and having numerous features which could be identified
as sites of outflow interaction. However, proper motion searches
in both radio (P. T. Goodall et al. 2011a) and X-rays (N. Tsuji
et al. 2025) of these regions in SS 433 have revealed no significant
proper motion down to limits of ~ 0.03c. This demonstrates a
significant difference between the structures in Cir X—1 and in
SS 433, and perhaps arises due to the different ages of the systems
(~ 2 x 10*yr for SS 433 P. T. Goodall et al. 2011b and ~ 3 x 10%yr
for Cir X—1 S. Heinz et al. 2013).

Therefore, it is apparent from comparisons to outflow interac-
tion structures in other XRBs that the shocks of Cir X—1 have
several unique properties. Given the peculiarity of Cir X—1 as
the youngest known XRB, and its extreme properties across the
electromagnetic spectrum this is perhaps expected.

4.7 Nature of the powering outflow

Given that in the shocks of Cir X—1 show so many differences
when compared to other known XRB outflow interaction regions,
and have extreme energetic properties, we briefly explore the
possible nature and powering of the outflow responsible for these
shocks. In Section 4.2, we concluded that a wide conical outflow
with a velocity of at least ~ 0.3c was the most likely explanation
for shocks. Such an outflow has no immediate analogue with
known outflows in XRBs. It is not collimated enough to be a jet,
and too fast to be a typical wind. A potential explanation for the
shocks is that they are powered by an ultra-fast outflow (UFO).
These are fast (~ 0.05¢-0.3¢) outflows of highly ionized gas which
are not highly collimated. They are observed in around half of all
AGN (F. Tombesi et al. 2011), and some evidence has been found
for their presence in both black hole XRBs (M. Del Santo et al.
2023; J. M. Miller et al. 2025) and neutron star XRBs (J. van den
Eijnden et al. 2019), as well as in ultraluminous X-ray sources (C.
Pinto et al. 2017). The mechanism behind UFOs remains unde-
termined, and Cir X—1 may provide a site to study the interaction
properties of such an outflow with the surrounding medium.

It is also possible that the powering outflow of the shocks is
not continuous over their ~ 50 yr lifetime, and instead the shocks
were formed by a much more transient, explosive, event. Given
the long term secular variation in X-ray and radio luminosity
of Cir X—1 over several orders of magnitude since its discovery,
and the young age of the system, there is no a priori reason to
assume a steady state. However, reducing the energy injection
time-scale requires higher instantaneous power further above
the Eddington luminosity for a neutron star. Furthermore, if the
outflow power is significantly variable over the shock lifetime we
can imagine this may impact the speed of the shocks over time,
leading to variable shock speed over time. In the case where the
outflow is truly a transient event which occurred ~ 50 yr ago we
can imagine exotic scenarios where the neutron star undergoes a
large burst of hyper-Eddington accretion, e.g. accreting a large gas
cloud or exoplanet, which briefly powers an outflow of material.

Whether the outflow is continuous or transient, the analysis in
Section 4.3 reveals a vast amount of energy required to produce
the shocks of Cir X—1. We can compare this to the apparent
accretion and radio flare power of the source. While Cir X—1
does sometimes exceed the Eddington luminosity for a 1.4 Mg
neutron star in X-rays it appears to have spent the majority of
the past 50 yr at sub-Eddington luminosities (R. P. Armstrong



et al. 2013). The radio luminosity of Cir X—1 has varied by 3
orders of magnitude over 50 yr, and therefore so to do estimates
of the energy of these radio flares (R. Fender & J. Bright 2019;
Cowie & Fender in prep.). It is therefore not easy to explain an
outflow requiring a significantly super-Eddington power given
the accretion luminosity appears to be mostly sub-Eddington.
This could be reconciled by high degrees of obscuration limit-
ing the observed X-ray luminosity, making Cir X—1 an obscured
ULX. This scenario is also invoked to explain the powerful jets of
SS 433, where the observed X-ray luminosity of the XRB is also
insufficient (S. Fabrika et al. 2015).

5 CONCLUSIONS

By combining archival data going back 24 yr, with detailed new
observations of the neutron star XRB Cir X—1, we have revealed
dynamic shocks where a wide conical outflow, launched in the
mid-20th century, interacts with the surrounding medium. Mea-
suring the position over time of the shocks let us infer both their
velocity and lifetime, allowing for the investigation of a wide
variety of physics not typically possible in similar systems due to
a lack of information. The shocks of Cir X—1 now represent one
of the best studied examples of a parsec scale interaction region
between an XRB powered outflow and the ambient medium.

In Section 4.1 we have robustly shown the shock nature of the
structures and a synchrotron origin for the emission using their
surface brightness profiles, high linear polarisation fraction of up
to ~ 50 per cent, and the spectral index of the radio and X-ray
emission. In Section 4.2, we demonstrate that the outflow power-
ing the shocks must be inclined to the line of sight at > 35°, and
is likely a wide conical outflow with a half opening angle > 17°.
This wide outflow must be mildly relativistic with 8 2 0.3c, and
as discussed in Section 4.7 has no obvious analogue with typical
winds or jets in XRBs, instead potentially being better charac-
terized as an ultra-fast outflow. We examined the energetics of
this outflow in Section 4.3 where our measured lifetime of the
shocks of ~ 50 yr allowed for a determination of a robust lower
limit on the time-averaged power required to produce the ob-
served synchrotron radiation of ~ 10 per centLgqq. Furthermore,
using the synchrotron cooling break combined with our mea-
sured lifetime of the shocks we obtained an independent estimate
of the magnetic field in the shocks, higher than expected from
the equipartition estimate, and one explanation for this is the
presence of non-thermal protons. Our measured velocity for the
shocks also allowed us to estimate the large total kinetic energy
of the swept up material of 1 x 10*erg, requiring a time-averaged
power of 7 x 10¥erg s™! ~ 40Lg4q.

Using our detailed knowledge of the physical conditions of the
shocks we were then able to thoroughly investigate the particle
acceleration potential of this environment in Section 4.4. The
observation of synchrotron radiation up to X-rays in a ~ 200 pG
magnetic field already requires electrons of energies of > 30 TeV.
Knowledge of the shock velocity allowed us to calculate the ex-
pected acceleration time-scale in the DSA framework and balanc-
ing this with the synchrotron cooling time-scale we found elec-
trons should be accelerated up to ~ 0.7 PeV. The shock velocity
also allowed us to calculate the Hillas limit, demonstrating the
shocks are capable of accelerating protons up to ~ 20 PeV. Using
our energetic estimates for the shocks we are also able to estimate
the energetic and injection efficiencies of accelerated electrons.
Demonstrating that in future studies, XRBs and their outflows
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are a promising laboratory for studying particle acceleration in
mildly relativistic shocks.

Given the potential of the shocks to accelerate particles up to
10s of PeV, in Section 4.5 we modelled the full SED of the shocks
and examined the expected gamma-ray signature. We found that
the gamma ray signature from the shocks is only detectable if
there is a hadronic component arising from high energy protons
interacting with a molecular cloud or other dense region after
diffusing away from the acceleration site. Leptonic contributions
to the gamma-ray signal are suppressed due to the high-magnetic
field in the shock. The hadronic signature may be detectable
by next generation gamma-ray observatories allowing for unam-
biguous identification of gamma-rays from high energy protons.

Overall, it is clear that the shocks of Cir X—1 have extreme
properties that make them unique even among other XRB out-
flow interaction structures (Section 4.6). Detailed analysis of
them has allowed for insights into outflow geometry and power,
and the large impact outflows can have on the ambient medium.
Future studies of this unique object promise more insights into
XRB outflows and particle acceleration.
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Figure A1. Total intensity image of Cir X—1 and the surrounding shocks
at 2.6 GHz with contours of (40, 50, 70') for the maximum polarisation
intensity over all Faraday depth over-plotted. o = 3 pJy and polarisation
intensity values have been Ricean de-biased using P = | /PDZbs —2302.All
of the maximum polarisation intensities occur between Faraday depths
of 400 rad m~2 with mean Faraday depth of ~ 0rad m~—2. Overplotted
are vector arrows showing the de-rotated 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.
Fractional 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
tentatively detect a northern component. We also detect the northern and
southern components of the S-shaped precessing jet.

APPENDIX B: ESTIMATING PHYSICAL
PARAMETERS FROM SYNCHROTRON
RADIATION

The minimum energy contained within a synchrotron emitting
plasma of known volume, V f, can be determined (G. R. Bur-
bidge 1956) (where V is the observed volume of emission and
f is the filling factor of the plasma in this volume). We follow
the treatment outlined in A. G. Pacholczyk (1970) in order to do
this. Synchrotron emission is due to a population of non-thermal
electrons, assumed to follow a power-law distribution in energy,
with a low and high energy cut-off (Enin and Ep,y) as expected
from acceleration mechanisms (e.g. A. R. Bell 1978):

N(E) = NoE~P, (B1)

where N the density density of electrons (spatial density and ener-
getic density). E is the electron energy, and N, is a normalisation
with units depending on p. The energy in a synchrotron emitting
plasma is contained in these non-thermal particles:

Emax
= [ “END. (B2
Emin
and within the magnetic field, B:
BZ
Ep=fV_—. (B3)
8w

We can then relate the observed optically thin luminosity, L, of
the synchrotron emission (e.g. the intrinsic luminosity neglecting
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(self)absorption effects) to the energy in electrons by using the
radiated synchrotron power of an electron in a magnetic field:

dE
— — =,B*E?, B4
—=c (B4)
where c, is a constant given by:
2e*
= ——. B5
2= S (B5)

Calculating the synchrotron luminosity we obtain:

L

Emax
—fv [ 4 NE)E
T

min

Emin
fV Nyc,B? / E*PdE
Emax

NoCzB

(E3 L (B6)

max mm

=V

Comblnlng this with the equation for the characteristic emission
frequency of an electron of a given energy:

ver = ¢ BE?, (B7)
where c; is a constant given by:
3e
= —". B8
! 4rmic’ (B8)

We can eliminate N, using equations (B2) and (B6) to obtain:

_3
E, = c12(P, Vmin, Vmax)LB™ 2, (B9)

where c;; is a constant depending on given by:

2-p)/2 _ (2 p)/2
C12 = c;lci/z (P = 3) Vmax Vmin (B10)
G-p)/2 _ (3 p)/2’
(p—2)v Vimin

The total energy in the synchrotron plasma is then:

Ewt=Ez+ 1+ n)E, x B>+ B3, (B11)

where 7 is the ratio between energy stored in non-thermal pro-
tons and non-thermal electrons. For the purposes of a minimum
energy estimate, it is assumed the plasma only contains non-
thermal electrons, so n = 0. From equation (B11) we can see that
given a luminosity and emitting volume but unknown magnetic
field, there exists a minimum in the energy close to equipartition,
when:

3
Ep = Z(l + n)Ee, (B12)
or equivalently:
74+ 3n
min — e B13
301y B (B13)

We can use this, combined with equations (B3) and (B9) above in
order to find the minimum energy associated with a synchrotron
emitting plasma, and the associated equipartition magnetic field.
We calculate the optically thin luminosity of the synchrotron
emission using our observation of the flux density at a given
frequency, F, ., the spectral index of the emission, & = 32, the
distance to the source D, and the frequency range spanned by the
synchrotron emission, between vy, and vyax:

L= 4711)2/ F,dv
Vmin

patl votJrl
_ max min
47TD FVobs obs ( ) .

B14
a+1 ( )
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Figure Bl. Sampled distribution for Ey;, made of 10* 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.

Finally, the minimum energy and associated magnetic field are
given by:

2
6m(1+1) 7
Beq = ( C12L>

T
A+ 2] %
6m(1+ n 2c, Cy 5 _ 142¢ 1420
= Tm‘ml) F o Vobe (vm,,fx — Ve ) ,
(B15)
; =
Emin =21+ n)(cnL)7 (6”53;”))
3
4 - -7
=a+n7 (%)
4
zflcl% 5 o 1+22a %
1120: 4D Vobs 1)obs (vmax ~ Vmin ) ) (B16)

where we have made explicit the dependence on vy, and vy,x in
L and c;,. The total number of electrons can also be calculated by
integrating (B1):

o o
N, = iE ) 1+ 2a C%B% (vmax vmin)
e — min 2 1 1+2a 1420 \ °
o (U 20y 2 )

max min

7 (B17)
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Using our observed parameters, outline in Section 4.3, we run
Monte Carlo sampling on 10* samples from our observed param-
eter priors, to generate distributions for Enn, Beg, and N, shown
in Figs B1, B2, and B3.

1200
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Figure B2. Sampled distribution for Beq made of 10* 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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Figure B3. Sampled distribution for N, made of 10* 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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