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Abstract

We report the discovery of a bow-shock pulsar wind nebula (PWN), named Potoroo, and the detection of a young pulsar J1638—4713
that powers the nebula. We present a radio continuum study of the PWN based on 20-cm observations obtained from the Australian
Square Kilometre Array Pathfinder (ASKAP) and MeerKAT. PSR J1638—4713 was identified using Parkes radio telescope observations at
frequencies above 3 GHz. The pulsar has the second-highest dispersion measure of all known radio pulsars (1 553 pc cm~2), a spin period
of 65.74 ms and a spin-down luminosity of E = 6.1 x 10% ergs™!. The PWN has a cometary morphology and one of the greatest projected
lengths among all the observed pulsar radio tails, measuring over 21 pc for an assumed distance of 10 kpc. The remarkably long tail and
atypically steep radio spectral index are attributed to the interplay of a supernova reverse shock and the PWN. The originating supernova
remnant is not known so far. We estimated the pulsar kick velocity to be in the range of 1 000-2 000 km s~! for ages between 23 and 10 kyr.
The X-ray counterpart found in Chandra data, CXOU J163802.6—471358, shows the same tail morphology as the radio source but is shorter
by a factor of 10. The peak of the X-ray emission is offset from the peak of the radio total intensity (Stokes I) emission by approximately
4.7", but coincides well with circularly polarised (Stokes V) emission. No infrared counterpart was found.

Keywords: ISM: individual (Potoroo); pulsars: individual (PSR J1638-4713); radiation mechanism: non-thermal radio continuum: ISM;
stars: winds; outflows; X-rays: individual (CXOU J163802.6-471358)
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1. Introduction Reynolds et al., 2017). Within the PWN, the ultra-relativistic par-
ticles travel through the magnetic field and generate non-thermal
emission that can be observed across a wide range of frequencies,
from radio to y-rays (Filipovi¢ & Tothill, 2021).

PWNe produce strong radio emission through the synchrotron
process. This radiation has a flat spectrum and is often highly
linearly polarised due to the ordered magnetic field configura-
tion of the PWNe (see Kothes, 2017). The synchrotron spectrum
can extend to the X-ray band where it typically becomes steeper
than in the radio because of the synchrotron cooling effect (see
Kargaltsev & Pavlov, 2008). The X-ray luminosity is generated by
young and high-energy electrons, mainly depending on the cur-

The death of a massive star via a core-collapse supernova (SN)
explosion is a dramatic event that leaves behind a supernova rem-
nant (SNR) and, in some instances, a rapidly rotating neutron star
(NS) known as a pulsar. A large fraction of the pulsar rotational
energy is carried away by a constant wind of ultra-relativistic par-
ticles. When the pulsar wind interacts with the ambient medium
it abruptly slows down at the termination shock, beyond which
the shocked wind material inflates a bubble referred to as a pul-
sar wind nebula (PWN) (for reviews, see Gaensler & Slane, 2006;
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rent energy input from the pulsar. The radio luminosity, however,
is created from the older electrons, reflecting the integrated his-
tory of PWNe. Gamma-ray emission in the GeV and TeV ranges
has also been detected from PWNe (H.E.S.S. Collaboration et al.,
2018), attributed to inverse-Compton scattering. In addition to
non-thermal radiation, PWNe produce optical Ho emission when
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they ionise the neutral ambient medium (Bucciantini & Bandiera,
2001; Bucciantini, 2002).

Studying PWNe provides valuable insights into pulsars, the
power sources of nebulae, radiative efficiency, properties of the
surrounding medium, and the physics of the wind-medium inter-
action. It also contributes to understanding the distribution of the
natal kick velocities that NSs acquire during the SN implosions.

The general appearance of the PWNe depends on a balance
between a pulsar spin-down energy loss rate and the pressure of
the ambient medium. For the pulsars that are propelled through
the ambient medium at supersonic velocities, the resulting ram
pressure transforms the PWN into a bow-shock. This process
confines the pulsar wind in the opposite direction to that of the
pulsar motion, forming a cometary-like shaped tail (Kargaltsev
etal., 2017).

The evolution of PWNe can be divided into several phases
which determine the overall observational properties of these
objects (Blondin et al., 2001; van der Swaluw et al., 2004). Initially,
a pulsar is located near the centre of the freely expanding SNR
and is typically born with a kick velocity significantly higher than
the sound speed. Thus, the PWN expands and the pulsar drives
a shock supersonically into the cool ejecta. In the next phase,
the SNR shockwave sends a reverse shock back into the interior
(Truelove & McKee, 1999). The interaction between the inward
moving shock and the PWN is complex and causes the PWN to
oscillate and reverberate, possibly leading the pulsar to leave its
own PWN. The SNR reverse shock compresses the PWN by a large
factor accompanied by a sudden increase in the magnetic field,
which serves to burn off the highest energy electrons (Kennel &
Coroniti, 1984; Bucciantini et al., 2003; Reynolds, 2009). The pul-
sar continues to travel towards the edge of the SNR, through hot
ejecta now, and will eventually break out of its parent SNR bubble,
driving a shock into the interstellar medium (ISM).

Before the launch of the Chandra X-ray Observatory
(Weisskopf etal, 2000) only a handful of PWNe had been
detected, mainly because of the low angular resolution of avail-
able instruments. With improved capabilities, around 30 pulsars
showing indications of supersonic motion have been identified.
With the exception of the Small Magellanic Cloud DEM S5 PWN
(Alsaberi et al., 2019), all of PWNe with a bow-shock reside in our
galaxy and exhibit a large variety of morphologies (e.g. Pavan et al.,
2014b; Ng et al,, 2012; Kothes et al., 2020).

In this paper, we report our radio continuum discovery of a
bow-shock PWN (hereafter referred to as Potoroo®) and the detec-
tion of a pulsar J1638—4713 that powers the PWN. The source
field has been covered during the Chandra survey of the Norma
Galactic spiral arm region (Fornasini et al., 2014), and we found
an X-ray counterpart with galactic coordinates [ = 337°.4883 and
b= —0°.1453, catalogued as CXOU J163802.6—471358 (Jakobsen
etal., 2014).

The X-ray emission of CXOU J163802.6—471358 is charac-
terised by a cometary shape, with a point source and an elongated
tail extending approximately 40” (Jakobsen et al., 2014). A diffuse,
jet-like feature was detected perpendicular to the cometary tail that
spans 19.5” (see their Figure 1), but its significance is close to the
detection limit.

To estimate the distance to CXOU J]163802.6—471358,
Jakobsen etal. (2014) measured the hydrogen column density

*Potoroo is a small marsupial native to Australia. The species is considered a living fossil
due to its minimal changes over the past 10 million years.
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(Nyg =1.5x10%cm™?) using joint Chandra and XMM-Newton
(Jansen et al., 2001) observations. Comparison to another source
in the same area, PWN HESS J1640—465 (Lemiere et al., 2009),
with a slightly lower column density and distance of 10 kpc, led
the authors to adopt the same distance to the Potoroo X-ray coun-
terpart as a lower limit. They also reported the photon index of the
X-ray source as [=1.1"07.

Jakobsen etal. (2014) found no flux variation between the
Chandra and XMM-Newton observations, conducted five years
apart. They calculated the luminosity of the entire source to
be approximately 4.8 x 10%d?) ergs™', with the source distance
dyo = d/10 kpc. Although a pulsar search was attempted, the high
background noise and poor statistics prevented the pulsation
detection.

The Molonglo Galactic Plane Survey epoch-2 (MGPS-2) radio
observations (Murphy et al., 2007) revealed the counterpart to the
X-ray source, showing an extended tail that is aligned with the X-
ray emission. Jakobsen et al. (2014) reported an offset between the
X-ray and radio peaks of about 40", and no infrared counterpart.

Although Jakobsen etal. (2014) discussed other potential
source types, they suggested that the detected X-ray point source
was most likely a previously unknown pulsar and the extended
emission was a bow-shock tail created by ram pressure.

Our study takes advantage of large-scale radio continuum sur-
veys obtained by new-generation telescopes such as Australian
Square Kilometre Array Pathfinder (ASKAP) and MeerKAT.
These advanced instruments significantly enhance our ability to
detect and investigate low surface brightness objects with detail
greater than ever before. We also used the new Parkes Ultra-
Wideband Low (UWL) frequency receiver system (Hobbs et al.,
2020) to search for radio pulsations. The wide frequency coverage,
especially up to 4 GHz, enables us to avoid scattering and smearing
due to Potoroo’s large distance.

We organised the paper as follows: Section 2 details the
instruments and data used in our study; Section 3 presents our
observational results which are divided into five subsections:
Potoroo morphology (Subsection 3.1), radio spectrum (Subsection
3.2), polarisation analysis (Subsection 3.3), pulsar detection along
with its properties (Subsection 3.4) and the origin of Potoroo
(Subsection 3.5); in Section 4, we discuss the results; and finally,
in Section 5, we present our concluding remarks. Throughout the
paper, we use J2000 coordinates.

2. Observations and Data processing

Potoroo was detected in radio continuum surveys obtained from
ASKAP (Figure 1) and MeerKAT, as well as in the X-ray data
from the Chandra Observatory. High time-resolution, pulsar
search-mode observations were carried out using the Parkes UWL
receiver system. A summary of observations is given in Table 1.
The source field has also been covered by the infrared survey from
the Wide-field Infrared Survey Explorer (WISE). We make use of
this survey to better understand the surrounding ISM and probe
the origin of Potoroo.

2.1 The Australian Square Kilometre Array Pathfinder

ASKAP (Johnston et al., 2008; McConnell et al., 2016; Hotan et al.,
2021) observed Potoroo at two central frequencies: 944 MHz and 1
368 MHz, both with the full instantaneous bandwidth of 288 MHz
in continuum mode divided into 1 MHz wide frequency chan-
nels (288 channels across the whole band). Scheduling block (SB)
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Figure 1. Composite image of the Galactic plane region and Potoroo, with the red layer showing the ASKAP total intensity image at 1 368 MHz, and the green and blue layers
representing WISE infrared images at 12 wm and 22 pum, respectively. Known Galactic SNRs are indicated by red circles (Green, 2019, 2022), while known Galactic HIl regions are
marked by green circles (Anderson et al., 2014). The box highlights the section of deep interest. The inset is the ASKAP zoomed-in image showing Potoroo where a red cross marks
the position of the X-ray source, while a red dashed line is Potoroo’s axis of symmetry, which corresponds to the tail length studied in this paper.

identifications are 32043 and 37909, respectively. SB32043 was
obtained on 11 September 2021, as part of a pilot programme for
the Evolutionary Map of the Universe (EMU) survey (Norris et al.,
2019, 2021), using 34 out of 36 available ASKAP antennas. The sec-
ond block SB37909 was obtained on 5 March 2022, as a technical
test designed to demonstrate the capability of the telescope (Hotan
et al,, 2020). During that observation, 35 antennas were operating.
SB37909 has full polarisation data, while for SB32043, only Stokes
I and V maps are available.

Each ASKAP antenna is 12 m in diameter and is equipped with
a phased array feed (PAF) beam (Schinckel et al., 2012) mounted at
the primary focus, yielding about 30 deg? field of view (FoV). The
36 beams formed from the PAF elements had a hexagonal arrange-
ment, known as ‘closepack36’, with a footprint rotation of 45°. The
pitch angle, the spacing between beams, was set to 0.90° provid-
ing an approximately uniform sensitivity over the FoV without
interleaving (Norris et al., 2021).

The final 944 MHz mosaic image has a synthesised beam of
16.3"x13.3" at a position angle (PA) of 84.5° with a local root-
mean-square (rms) noise level of 131 pJy beam ™. The 1 368 MHz
mosaic image has a beam of 8.8”x7.4” at a PA of 84.5° with rms
noise 68 uJy beam™!. Both observations were performed with 10
hours of exposure time. Data calibration and imaging were carried
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out using the ASKAPsoft data processing pipeline (Guzman et al,,
2019), running at the Pawsey Supercomputing Research Centre.

2.2 MeerKAT

The MeerKAT array telescope is part of South Africa’s radio obser-
vatory (Jonas, 2009; Jonas & MeerKAT Team, 2016). The array
consists of 64 antennas, each having a 13.5 m diameter.

We used data taken on 26 August 2018 at a central frequency
of 1 284 MHz and bandwidth of 770 MHz (L-band receiver). The
observation is part of the MeerKAT Galactic Plane Survey (MGPS)
that surveys the entire southern Galactic Plane within the latitude
range £1.5° (Goedhart et al., 2023). Observations were made in a
hexagonal pattern with an offset between centres of 29.6' for rela-
tively uniform sensitivity. Each 8—10 hour session observed 7 or
8 pointings, cycling among them for improved uv coverage giving
roughly one hour on source for each pointing. Sixty-one antennas
were used for the observations contributing to the mosaic used in
this work.

Calibration and imaging of the pointing centres were as
described in Mauch et al. (2020). A linear mosaic of the point-
ing images was made as described in Brunthaler et al. (2021). The
resulting mosaic image has a synthesised beam of 8”x8” and the
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Table 1. Observational details of the Potoroo data used in this work.

Telescope Date Frequency [MHz] Band [MHz] Resolution ["x"]
ASKAP 2021 Sep 11 944 800 — 1088 16.3 x 13.3
ASKAP 2022 Mar 5 1368 1224 —1512 88 x 7.4
MeerKAT 2018 Aug 26 1284 900 — 1670 8x8
Parkes 2019 Sep 10 ~3 000 704 — 4032 468 x 468
Parkes 2022 Jul 12 ~3 000 704 — 4032 468 x 468
Parkes 2022 Oct 12 ~3 000 704 — 4032 468 x 468
Chandra 2011 Jun 13 — 28t 24x24

LChandra energy band is in units of keV.

rms noise is 56 |LJy beam™!. We utilised only a total-intensity
image throughout the paper.

2.3 Parkes Observatory

Parkes radio telescope, also known as Murriyang, is a 64-m
paraboloid single-dish antenna. On 10 September 2019, as part of
project P1019 (van Jaarsveld et al., 2019), Potoroo was observed
using the UWL receiver in conjunction with the Medusa back-
end in the pulsar search mode. The data were recorded with 2-bit
sampling every 64 us in each of the 0.125 MHz wide frequency
channels, resulting in a total of 26 624 channels covering from 704
to 4 032 MHz. The observations were carried out for a total inte-
gration time of 4 hours and only the total intensity was recorded.
We performed a periodicity search using the pulsar software pack-
age PRESTO" (Ransom, 2001) for every 512 MHz of bandwidth
and for a dispersion measure (DM) range from 0 to 2 000 pccm ™.
At frequencies above 3 GHz, we identified a pulsar candidate.

Follow-up observations were conducted on 12 July and 12
October 2022, using the coherently de-dispersed search mode. In
this mode, data were recorded with 2-bit sampling every 64 s
in each of the 1 MHz wide frequency channels (3 328 channels
across the entire band with Medusa). We recorded full Stokes
information for both follow-up observations. To calibrate these
observations, we observed a pulsed noise signal injected into the
signal path before the first-stage low-noise amplifiers before each
observation.

The pulsar candidate, PSR J1638—4713, was detected and con-
firmed in both observations with high significance. We deter-
mined the apparent spin period and DM for each observing
epoch and folded the data using the DSPSR (van Straten & Bailes,
2011) software package with a sub-integration length of 30's. Data
affected by narrow-band and impulsive radiofrequency interfer-
ence (RFI) were manually excised using the PSRCHIVE (Hotan
etal.,, 2004) software package. Polarisation and absolute flux cal-
ibrations of these search-mode observations were carried out
following steps described in Dai etal. (2019). Each observation
was then averaged in time to create sub-integrations with a length
of a few tens of minutes, and the pulse time of arrivals was mea-
sured for each integration using PSRCHIVE. The spin period of
PSR J1638—4713 at each observing epoch was then measured
using the Tempo?2 software package (Hobbs et al., 2006).

Phttps://github.com/scottransom/presto
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2.4 Chandra X-Ray Observatory

The extended X-ray source of Potoroo was serendipitously dis-
covered during the Chandra survey of the Norma region of the
Galactic spiral arms. The source was observed on 13 June 2011
with two exposures, 19.31 ks and 19.01 ks, with Observations
software (CIAO) 12519 and 12520, respectively. The data were
taken with the Advanced CCD Imaging Spectrometer using the
wide field chip (ACIS-I) operating in Very Faint (VFAINT) timed
exposure mode. The ACIS-I covers a 16.9'x16.9' FoV and has the
on-axis spatial resolution less than 0.5”, which increases off-axis.
Both observations had Potoroo positioned off-axis, less so in the
ObsID 12 519, with Potoroo located ~3.8" away from the optical
axis, compared to ~8.4" for the ObsID 12520.

The energy scale of the CCD chip is calibrated over the
range of approximately 0.3 — 10 keV. The ACIS-I has front-side-
illuminated CCDs where the instrumental background dominates
the spectrum for energies below 0.5 keV and above 7 — 8 keV
(Baganoff etal., 2003). The time resolution of the CCD chip,
determined by the readout time, was 3.2 s.

We downloaded the observations from the Chandra Data
Archive (CDA) and reduced the data using the Analysis of
Chandra Interactive Observations software (CIAO)¢ version 4.15
(Fruscione et al., 2006) with the most recently available Chandra
Calibration Database (CALDB) version 4.10.2. The standard
CHANDRA_REPRO tool was performed to reprocess both sets of
observations and MDCOPY to filter the event files from back-
ground noise. Since Potoroo has an extended structure, reducing
the background noise makes fine structures more prominent.
To increase the signal-to-noise ratio, utilising the MERGE_OBS
tool, the observations were reprojected and combined to create a
merged event file and exposure-corrected images. For the object’s
offset from the optical axis, we calculated the resolution of the
merged image to be 2.4” x2.4” using the default PSEMERGE set-
ting, based on the 90% point-spread function. Since no source
events below 2 keV were detected, the final image covers the
energy range of 2 — 8 keV.

We present the archival Chandra data only for the purpose of
comparing the X-ray imaging results to the new radio observations
of Potoroo. The exposure-corrected and merged image is addi-
tionally smoothed with a two-dimensional Gaussian kernel and
variance of o =2.5" to reduce the effect of statistical fluctuation
(Figure 2).

2.5 Wide-field Infrared Survey Explorer

The WISE satellite (Wright et al., 2010) performed all-sky mid-
infrared surveys in four photometric bands centred on 3.4 um,
4.6 wm, 12 um, and 22 pm with an angular resolution of 6.1”, 6.4”,
6.5”, and 12.0”, respectively. The higher two bands are sensitive to
stars, while 12 um and 22 pm maps contain a wealth of gas and
dust information. With high sensitivity, the satellite was able to
detect over 8 000 HII regions in the Galactic plane.

We used the WISE emission maps at 12 pm and 22 um and
the HII regions catalogue (Anderson etal.,, 2014) to search for
the Potoroo parent SNR. Synchrotron non-thermal emission, such
as from shell SNRs, should not correlate with the mid-infrared

“https://cxc.cfa.harvard.edu/ciao
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Figure 2. Radio and X-ray images of Potoroo. The left panel presents the ASKAP total intensity image at 1 368 MHz, with the beam size of 8.8”x7.4” shown in the bottom left
corner. In the middle panel, the Chandra image within the energy range of 2 — 8 keV is smoothed with a two-dimensional Gaussian where o = 2.5”. The green contours correspond
to ASKAP’s 1 368 MHz Stokes | image at the following levels: 0.2, 0.3, 0.8, 3, 5 mJy beam~. The red box highlights the area of the zoomed-in Chandra image in the right panels,
where the bottom right image has the same ASKAP contours as the middle image and the top right image is overlaid with red contours from ASKAP 944 MHz image of circular
polarisation. The significances of the red contours are 3, 4 and 50, where 16=24 |L.Jy beam™!. The white “x” marks the X-ray peak, while the yellow “x” marks the radio peak. The

red dashed lines denote the axis of symmetry of Potoroo.

thermal emission, which makes a powerful tool for distinguish-
ing SNRs from HII regions. However, in complex parts of the
ISM, such as the Potoroo’s surrounding environment, other emis-
sions may be present in the line of sight that could lead to the
misclassification of objects.

3. Results of Potoroo study

Combining ASKAP radio continuum data with the infrared maps
from the WISE survey (Figure 1) and Chandra X-ray image
(Figure 2), we can confidently classify Potoroo as a bow-shock
PWN positioned within the plane of our galaxy.

The distance to Potoroo was previously estimated by Jakobsen
etal. (2014) based on foreground HI absorption, suggesting a
lower bound of 10kpc. This places Potoroo in the Norma spi-
ral arm on the far side of the Galaxy (Norma II region). We also
consider another potential distance of 7.6 kpc, calculated from the
Potoroo pulsar’s DM, as discussed in Section 4.1.

Jakobsen et al. (2014) reported the X-ray source position coor-
dinates as RA(J2000) = 16"38™02.7°, Dec(J2000) = —47°13'58.4",
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peaking at an energy maximum of ~ 5 keV. The radio position
of Potoroo, estimated at the peak of radio brightness, has coordi-
nates: RA(J2000) = 16"38™02.6° and Dec(J2000) = —47°13/53.8".
We measured the flux densities for the entire object using the tech-
niques described in Filipovi¢ et al. (2022). After convolving images
to the same resolution as the lowest-resolution image, we deter-
mined total radio flux densities for the carefully selected 3-source
region, accounting for the local background. These measurements,
with a flux density measurement scale error of approximately 10%
of the overall flux density, are listed in Table 2.

The positional difference between the X-ray and radio peaks is
4.7", as shown at the bottom right panel of Figure 2 and Figure 3.
Given the uncertainty for the Chandra position of 0.36” (Fornasini
et al., 2014) and the astrometric precision for ASKAP of about 0.6”
(Giirkan et al., 2022) for both RA and Dec, the offset must be real.
Such an offset has already been seen in other bow-shock PWNe
like the Lighthouse nebula (Pavan et al., 2014a) and G319.9—0.7
(Ngetal., 2010).

Investigating the 944 MHz ASKAP circular polarisation (Stokes
V) image of Potoroo, we observe a similar positional difference
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Table 2. Peak flux densities Syeak and integrated flux densities S, of Potoroo
at three frequencies. The average polarised intensity P/ and fractional polari-
sation FP, as well as the peak of fractional polarisation FPpeax are quantified
only for 1368 MHz ASKAP data.

v Speak Sy PI* FP? FPpeak
[MHz]  [mJy beam™] [mJy] [mJy] [%] (%]
944 15.58 389+ 40 - - -
1284 10.91 293430 - - -
1368 9.51 238425 590+0.33 6.84+045 24

Lintegrated values are measured for the selected regions that match the 3o source sig-
nificance where o7 365 M. = 68 uJy beam~!. The polygonal contours are created with a
POLYGON and the values are calculated with the sTATISTICS package from Cube Analysis
and Rendering Tool for Astronomy (CARTA) (Comrie et al., 2021).

between the Stokes V peak and the peak of the total intensity image
(Stokes I). Additionally, the Stokes V peak aligns well with the
peak of the X-ray source. Both comparisons are shown in Figure 2,
right and Figure 3. The circularly polarised emission is detected
with a significance greater than 50, with a local rms noise of about
24 uJy beam™'. The fractional circular polarisation, expressed as
the V/I ratio, is slightly higher than 1%. Despite the weak cir-
cular polarisation, it cannot be attributed to leakage from Stokes
I, as the peak of the circularly polarised emission is offset from
the total intensity peak. Moreover, the leakage across the entire
ASKAP FoV is typically around 0.7%.

The circularly polarised emission is almost unique to stellar
objects (Dai et al., 2015; Lenc et al., 2018), although it is not uni-
versal among them (Gould & Lyne, 1998). However, circularly
polarised sources that lack clear optical or infrared association
are strong pulsar candidates. Motivated by this, together with the
far distance and potentially high dispersion of Potoroo’s pulsar,
we reprocessed the archival Parkes data, focusing on the high-
frequency band, rather than the L-band typically used for pulsar
detection. We identified and confirmed a periodic signal from the
pulsar ata DM of 1 553 pc cm > with a spin period of 65.74 ms. For
more details on the PSR J1638—4713 detection and its properties,
see Sections 3.4 and 4.4.

3.1 Potoroo morphology

The morphology of PWNe is mainly determined by the proper-
ties of the ambient medium and the characteristics of the pulsar
that powers the PWN. The striking cometary structure of Potoroo
is the typical shape of a PWN whose pulsar is moving supersoni-
cally through the ambient medium. In this case, the ram pressure
exerted by the oncoming medium confines and channels the pul-
sar wind in the opposite direction to the pulsar motion, as shown
in Figure 2, left.

Visual inspection of the radio total intensity images reveals
an extended morphological structure of Potoroo, characterised by
two distinct components: a compact and bright head followed by a
highly elongated tail. The X-ray source has a similar structure but
on a different length scale. In addition to the mismatch of the radio
and X-ray intensity peaks, Figure 3 shows that the radio emission
extends beyond the X-ray emission. This extension is attributed to
the synchrotron ageing effect of relativistic electrons, where low-
energy electrons lose energy at a slower rate, resulting in longer
lifetimes that allow them to travel farther from the pulsar.

Potoroo is roughly conical in shape. The radio source extends
approximately 7.2’ along the PA of 0°, equivalent to a physical size
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of 21 pc considering the distance of 10 kpc. After a dip in intensity
behind the head, the brightness increases, peaking at a distance of
about 0.8'. Following this peak, it rapidly dims and remains rela-
tively unchanged. The bright structure (hereafter the main body)
covers the first 1.9" of the object. The tail has a hazy termination
due to the complexity of the surrounding medium. Our estimation
of the source end is based on the morphological appearance and
loss of the tail shape (Figure 2). Additionally, this estimation aligns
with a significant increment in the slope of the brightness pro-
file influenced by ambient emission (Figure 3). However, we could
not exclude that the source is longer than that. In contrast, the
X-ray tail brightness fades to background levels at approximately
0.67" (2 pc for the distance of 10 kpc) from the pulsar.

The radio shape of the source is narrow overall, ranging from
18”— 24", until it abruptly widens by a factor of 3 at a distance
of about 4.4". The rapid change in tail width is likely due to an
ambient density discontinuity. As the ambient density increases
along a pulsar path, the ram pressure also increases, causing the
PWN to adopt a thinner shape (Yoon & Heinz, 2017). However, if
the ambient density remains unchanged over a sufficient distance,
the tail flattens again, as observed in other parts of Potoroo.

The Chandra observation of Potoroo has also detected a diffuse
feature perpendicular to the PWN axis, extending approximately
19” (see Figure 2, right). However, interpreting this feature is
challenging due to limited statistical data. Likewise, the radio emis-
sion data do not reveal any visible counterpart, similar to other
objects with more prominent X-ray misaligned outflows, such as
the Lighthouse (Pavan et al., 2014a; Klingler et al., 2022) or Guitar
nebula (Hui & Becker, 2007; de Vries et al., 2022).

3.2 Radio continuum spectrum of Potoroo

PWNe emit synchrotron radiation detectable across the electro-
magnetic spectrum, from radio to beyond the X-ray frequencies.
In the radio band, the synchrotron emission is characterised by
a power-law distribution of flux density, expressed as S, o v*.
PWNe typically have flat spectra with a spectral index in the
range of —0.3 <a < 0 (Weiler & Sramek, 1988; Kothes, 2017).
In rare cases, PWNe spectra can be steeper, with the index as
low as —0.7, as observed, for instance, in Dragonfly (a = —0.74,
Jin et al., 2023).

A spectral index map of Potoroo was created using Stokes
I images at 944, 1 284 and 1 368 MHz with the MIRIAD soft-
ware package (Sault et al., 1995). To maintain pixel consistency
across all bands, the ASKAP images were first regridded to match
the finest pixel grid, 1.5”x1.5”, of the MeerKAT 1 284 MHz
image. Then, all images were convolved to the lowest resolution
of the dataset, corresponding to the resolution of the ASKAP
944 MHz image with a beam size of 16.3”x 13.3”. The local 1o
rms noise levels of the individual images were measured using
the RMS STATISTICS tool in the CARTA software. These measure-
ments were performed on carefully selected regions, excluding
all obvious sources. The convolved images were combined, and
a spectrum was fitted using a simple weighted linear regression
algorithm. The algorithm modelled pixels with flux densities more
significant than 50 rms mask thresholds. The flux densities of
the same pixel for all bands were fitted, and the resulting slope
of the best line fit was stored in a new image. The distribu-
tion of these slopes forms the spectral index map of Potoroo,
as shown in Figure 4. Pixels with flux densities less than the 5¢
threshold at least one frequency have default NaN values, do not
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Figure 3. Profiles of Potoroo along the axis of symmetry as a function of the distance from the Stokes V peak. The Stokes | profile at 1 368 MHz is represented with a black solid
line, while the Stokes V profile at 944 MHz is represented with the red dotted line. Both profiles are given in [mJy beam~] units and correspond to the left y-axes, respectively. The
X-ray intensity profile in the 2 - 8 keV energy range is shown by the black dashed line and corresponds to the right y-axis. The grey box indicates the region of the zoomed-in plot
showing the peaks of the Stokes V, X-ray and Stokes | profiles, listed in order of appearance. The orange and red shaded boxes represent the pixel increment of the ASKAP and
Chandra data. The horisontal dashed blue line denotes the noise level, and the red “x” marks the end of the tail studied in this paper.

contribute to future calculations, and are represented as a white
background.

The average spectral index measured across Potoroo is —1.26,
with a standard deviation of 0.04. The measurement was obtained
using the spectral index map for the region marked with the black
dotted box in Figure 4. The average value is calculated using the
MEAN STATISTICS tool in the CARTA.

The overall spectral index we obtained is significantly lower
than the typical values for PWNe, but it aligns with our expec-
tations for the entire object, covering both the bright and diffuse
parts. The steepest section of the Potoroo spectral map corre-
sponds to the large, diffuse area of the tail (marked with the
blue box in Figure 4), with an average spectral index of —1.42
£ 0.04. Consequently, the overall spectral index steepens con-
siderably when the diffuse part is included. However, if we only
consider the main body (marked with the red box), the calculated
average spectral index is —0.214-0.02. This value is consistent with
most PWNe, including the Crab (o =-0.27, Storm & Greidanus,
1992), G319.9-0.7 (oo = -0.26, Ng et al., 2010) and the Boomerang
(a0 = -0.11, Kothes et al., 2006). In Section 4.3, we discuss these
radio spectrum results and provide a comparison with the X-ray
spectrum.

3.3 Polarisation analysis

The flat spectral index of PWNe is similar to optically thin ther-
mal emission from HII regions. However, unlike thermal emis-
sion, synchrotron radiation in PWNe is linearly polarised, with
the degree of polarisation ranging from a few per cent to more
than 30% (e.g. Mitchell & Gelfand, 2022). Typically, the magnetic
field within PWNe is assumed to be toroidal (van der Swaluw,
2003; Porth etal.,, 2017). To investigate the internal magnetic
field of PWNe, we need to separate internal Faraday rotation
from foreground effects. This process usually requires using three
frequencies for accurate measurements.
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Polarisation analysis of Potoroo was performed using ASKAP
1 368 MHz data only, as no Stokes Q and U data were available
at any other frequency. Due to low signal-to-noise ratios, the full
resolution polarisation Stokes Q and U images were convolved to
a common resolution of 10" x10”. The polarisation intensity, frac-
tional polarisation, and polarisation angle maps, along with their
errors, were calculated using the standard MIRIAD task IMPOL.
Only pixels exceeding 50 noise mask were considered. The result-
ing maps are presented in Figure 5, and the integrated polarisation
intensity, fractional polarisation, and peak fractional polarisation
are summarised in Table 2.

The left panel of Figure 5 shows that the linear polarised emis-
sion is strongest toward the head and bright features of Potoroo’s
tail. It is not surprising that the polarised intensity correlates with
the total intensity. There seems to be patches of polarised emis-
sion outside of the bright region of the PWN, associated with the
diffuse part of the tail. However, this emission is too faint to be
properly quantified.

The middle and right panels of Figure 5 display the fractional
polarisation map and polarisation vectors in the observed electric
field direction, overlaying the Stokes I image. The vector lengths
are left unscaled for clarity. Our analysis reveals that the polari-
sation fraction for the entire Potoroo object can reach up to 24%,
with an average value below 7%. Focusing solely on the main body,
the area with a high signal-to-noise ratio, we observe weak polar-
isation of approximately 2%, with a peak of about 6% and highly
ordered polarisation vectors. The overall lower fractional polari-
sation could be attributed to internal Faraday rotation, which can
cause significant depolarisation at lower frequencies (e.g. Kothes
et al., 2006).

The polarisation E-vectors observed in the vicinity of the place
of origin exhibit a parallel orientation relative to the Potoroo axis,
indicating magnetic field vectors running in the tangential direc-
tion. This magnetic field geometry is similar to the findings in
G319.9—0.7 (Ng et al., 2010) and Boomerang (Kothes et al., 2006).
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Figure 4. Spectral index map created using the ASKAP total intensity images at 944
and 1 368 MHz, and the MeerKAT image at 1 284 MHz. The map is overlaid with the
same radio contours as presented in Figure 2, middle panel. In the bottom left corner,
the synthesised beam size, 16.3”x13.3", is given by a grey ellipse. The boxes indicate
specific regions for which spectral indices are calculated: the main body (red box), the
diffuse region (blue box) and the entire object (black dotted box).

In contrast, for the Mouse (Yusef-Zadeh & Gaensler, 2005) and
G315.9—0.0 (the Frying Pan SNR, Ng et al., 2012), the magnetic
field shows a parallel alignment with the tail. The polarisation
vectors of Potoroo switch orientation with the distance from the
pulsar and become disordered, but some radial tendencies can
be seen. This change is also detected in G319.9—0.7 but not in
G315.9-0.0.

It is important to note that polarisation measurements should
be considered as indications only, as we used Stokes Q and U maps
at one frequency. Without additional data, a precise determination
of Faraday rotation and magnetic field properties is not possible.
The complete polarisation study will be presented in a subsequent

paper.
3.4 Detection of PSR J1638-4713

PSR J1638—4713 has a spin period of 65.74 ms and the second-
highest DM of all known radio pulsars. Its DM of 1 553 pccm™?
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is only exceded by the Galactic Centre magnetar (PSR J1745-
2900, Eatough et al., 2013). According to the YMW16¢ electron
density model (Yao etal., 2017), this gives a DM distance of
~7.6 kpc, although this could be highly uncertain considering the
complexity in the Galactic plane.

The large DM results in the strong scattering we observed
in PSR J1638—4713 and its pulse is completely scattered below
~2 500 MHz (Figure 6). This explains why this pulsar was not
discovered by previous pulsar surveys. We measured the scatter-
ing timescale to be 6.2 £ 0.7 ms at 3 700 MHz by fitting the pulse
profile with a Gaussian intrinsic pulse profile convolved with an
exponential tail (e.g. Bai et al., 2022). Assuming that the scattering
timescale scales as v, we estimated the scattering timescale to be
~70 ms at 2 GHz, which is longer than the pulsar spin period and
explains its non-detection at lower frequencies.

After averaging frequencies from 2 496 to 4 032 MHz, we mea-
sured a pulsar flux density of 226 + 5 pJy at 3 264 MHz. This is
much smaller than the continuum flux density of Potoroo (see
Table 2) and suggests that the observed radio continuum emission
is dominated by the PWN. No polarised signal has been detected
in the pulsed emission so far. Our current Parkes observations are
not sensitive enough to detect the circularly polarised emission of
~0.05 mJy, detected in continuum images.

In Figure 7, we show the measured spin period of the pulsar
J1638—4713 as a function of time. We can clearly see the gradual
spin-down of PSR J1638—4713 over the course of ~3 yr. To
estimate the spin-down rate of PSR J1638—4713, we fitted a con-
stant spin-down rate (i.e. P) to our measurements and obtained
P =4.407(8) x 1074, According to canonical pulsar spin-down
models (e.g. Lorimer & Kramer, 2004), we estimated the char-
acteristic pulsar age t=P/2P~ 24 000 yr, the characteristic
magnetic field B;~ 1.7 x 10'? G and spin-down luminosity of
E~6.1 x 10®ergs™!. These parameters indicate that PSR
J1638—4713 is a young pulsar with high spin-down luminosity,
which is consistent with our other observations about Potoroo.

3.5 Unknown origin of Potoroo

Pulsars are expected to originate from the explosion of a massive
star when its core undergoes a rapid implosion. The explosion can
give the NS a significant kick, causing it to move away from its
birthplace at high speeds (Lai, 2004). We often observe a pulsar’s
trailing emissions pointing back to its origin. However, in the case
of Potoroo, we were not able to associate the PWN with any known
SNR or detect any sign of a remnant nebula from the explosion of
the progenitor star. We also considered the possibility of an off-
centre explosion and asymmetries in the surrounding medium.
Nevertheless, this is not a unique case as similar examples, PWNe
without clear origins, have been observed, for example, G319.9-0.7
(Ng et al., 2010) and the Mouse (Klingler et al., 2018).

Figure 1 displays the mid-infrared view from WISE using the
ISM-sensitive bands (12 pm in green and 22 pm in blue image lay-
ers), alongside the radio continuum view (red layer) of the Galactic
plane region in the vicinity of Potoroo. Radio emission from
SNR is primarily synchrotron and should lack clear mid-infrared
counterparts. However, a large emission lump located behind the
Potoroo trail shows a strong correlation between infrared and
radio, indicating its thermal nature originating from HII regions.
Moreover, the superposition of the known HII regions (green cir-
cles) confirms the previous. No clear evidence has been found

dhttps://www.atnf.csiro.au/research/pulsar/ymw16
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Figure 5. Polarisation intensity (left) and fractional polarisation (middle) maps of Potoroo at 1 368 MHz are shown. The orange ellipses in the bottom left corner represent the
synthesised beam with the size of 10" x10”. Polarisation vectors in the observed electric field direction overlay the grey-scale Stokes | image (right). The plotted vectors are of
equal length and approximately half the beam size apart. Allimages have the same superimposed contours as used in the middle panel of Figure 2.

for a shell marking the location of the expanding SNR shockwave
outside the PWN.

The absence of an apparent parent SNR could be explained
by Potoroo’s position in the far Norma arm, known for its abun-
dance of dense molecular clouds, gas, and dust (Dame et al., 2001).
These components could potentially obscure emissions coming
from behind (Ball et al., 2023). In Section 4.1, we discuss further
the possible origins of Potoroo.

4, Discussion

Jakobsen et al. (2014) detected extended X-ray emission in the
Norma arm using Chandra survey data and tentatively classified
it as a bow-shock tail PWN. In addition to X-ray, the authors used
radio data of the same field with the highest available resolution
at that time, 60" x45” for the particular MGPS-2 mosaic image at
843 MHz, and found a radio trail coinciding with the X-ray peak
position (see Jakobsen et al., 2014, Figure 5). No radio structure
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could be resolved. With the recent development of radio telescopes
which offer superior sensitivity and high-resolution capabilities,
we are able to observe the complex structure of Potoroo in greater
detail. Based on the results from the previous section, we can con-
fidently classify Potoroo as a member of a small yet growing group
of supersonic pulsars driving a bow-shock through the ambient
medium.

4.1 How far has Potoroo travelled?

The distance to Potoroo was determined using two different tech-
niques. The first technique involved measuring atomic hydrogen
absorption from the spectral fit of the entire X-ray source and
comparing it to other objects in the same area. This method
suggests that Potoroo is located in a far Norma II region, with
a minimum distance of 10kpc. The second technique involved
using the YMW 16 model which calculates the density of Galactic
electrons and estimates the distance based on the pulsar’s DM. The
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Figure 7. Pulsar spin period as a function of time. The dot-dashed line shows a linear
fit, which gives a measure of the spin-down, P = 4.4 x 10%*s/s.

YMW16 model yielded a distance of 7.6 kpc with an uncertainty
of 20% (Yao et al., 2017). However, it’s important to note that our
understanding of the distribution of free electrons weakens at large
distances, particularly near the Galactic centre. The actual distance
to Potoroo may have a larger error than the estimated 20%.
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Table 3. Natal kick velocities V of the Potoroo pulsar derived as a function of
SNR age and travel lengths correspond to one, two, and three times the tail
sizes. The adopted distance to Potoroo is 10 kpc. The analysis also includes
the case of SNR G338.1+0.4 at a distance of 6.2 kpc. Reasonable values are
highlighted in bold.

t Viail Vtailx2 Vtailx3 V6338.1+0.4
[k year] [kms™1] [kms™1] [kms™1] [kms™1]
75 2732 5464 8196 11763
10 2049 4098 6 147 8822
15 1366 2732 4098 5881
20 1025 2049 3074 4411
24 854 1708 2561 3676
30 683 1366 2049 2941

Kothes & Dougherty (2007) calculated the kinematic distances
to the Galactic spiral arms using a value for the Galactic centre of
Rg =7.6kpc. Based on their calculations, the line of sight passes
through the Norma arm at distances of 4.9 and 11.5kpc with
uncertainties of approximately +1 kpc. Given this and considering
that distance estimates based on pulsar DM often underestimate
the true value, we adopt a distance to Potoroo of 10 kpc as a rea-
sonable assumption and scale all distance-dependent quantities
accordingly.

Potoroo is likely a mature nebula whose pulsar received enough
of a natal kick to travel away from the centre of its parent SN explo-
sion, and the well-defined outer edges of the nebula suggest that
Potoroo has interacted with the reverse shock of the SNR. The
duration for the reverse shock to reach maximum strength and
dissipate varies depending on factors such as the density of the
surrounding medium and the energy of the explosion. Previous
studies suggest that, in denser environments, the reverse front
can take around 10 000 years to make its way back to the centre
(Blondin et al., 2001; van der Swaluw et al., 2001; van der Swaluw,
2004). We have used this estimation as the minimum age for
Potoroo.

Although the Potoroo pulsar cannot be resolved in radio con-
tinuum images, the flat spectrum of the nebula close to the pulsar
suggests the presence of a young, energetic electron population.
The radio emission produced by these electrons indicates that the
current energy input from the pulsar is significant for the total
energy content of the nebula. According to Blondin et al. (2001),
the energy input from a pulsar becomes negligible when the neb-
ula’s age is comparable to the characteristic age of the pulsar. Since
the current characteristic age of the pulsar is approximately 23 000
years and the energy input is still significant, we can infer that
Potoroo is much younger than 24 000 years.

Table 3 presents various SNR ages, ranging from 7.5 to 30 kyr,
that were used to estimate the transverse velocities of the pulsar.
We also varied the travelled distances (one, two, and three times
the tail size) to examine the location of the parent SNR. Assuming
no inclination with respect to the plane of the sky, we calculated
the velocities using the formula V =2 d ¢t~ 'tan(0/2). As 6 < 1, the
relation simplifies to V =2 845.8 dy 0, £, ', where dy is the dis-
tance to Potoroo in units of 10 kpc, 6, corresponds to the angular
length for a given travelled distance in arcmin, and t, stores the
probing ages in kyr.

The study of Kargaltsev etal. (2017) provides a list of kick
velocities for bow-shock PWNe (see their Table 1), which varies
from 60kms™! to around 2 000 kms™!. The upper limit of this
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range for the projected velocity of Potoroo suggests that a mini-
mum age of 10 000 years is consistent with previous estimates.

We also investigated the pulsar velocity for the case of Potoroo
association with SNR G338.1+0.4 (Shaver & Goss, 1970; Whiteoak
& Green, 1996), since the trail emission appears to point towards
the SNR geometrical centre (Figure 1). Distances to G338.14-0.4
were reported as 6.4kpc (Shaver & Goss, 1970), 9.9 kpc (Case
& Bhattacharya, 1998), 11.9kpc (Stupar et al., 2007), and 6.2 kpc
(Pavlovic et al., 2014), all derived using the brightness-to-diameter
(2£-D) relation. Given the large angular separation of approxi-
mately 50', it is highly unlikely for G338.14-0.4 to be the parent
SNR of Potoroo even if they were as close as 6.2 kpc (Table 3).

Our analysis suggests that the progenitor star likely exploded
within a distance no greater than twice the size of the Potoroo
tail, with the natal kick velocity well exceeding 1 000 kms™'.
Identifying a parent candidate in the chosen area is challenging
due to the extreme density of HII regions. The high concentration
of thermal emission in these regions may hinder the detection of
any emission from the SNR, as discussed in Section 3.5. Therefore,
identifying the origin of Potoroo will require further observations
and analyses.

4.2 Potoroo’s tail lengths

The observed sizes of Potoroo in radio and X-ray data are approxi-
mately 7.2" and 0.67', respectively. The size difference is attributed
to the synchrotron ageing of relativistic particles generated by a
fast-moving pulsar. The X-ray-emitting particles have a shorter
lifespan and smaller spatial extent compared to the radio-emitting
particles. In contrast, the radio-emitting particles persist for a
longer time and form a larger, more diffuse structure that extends
further away from the X-ray emission region.

To estimate the physical length of Potoroo’s tails, we converted
the angular sizes to minimal lengths of 21 pc and 2 pc for radio
and X-ray sources, respectively. However, we believe that the tails
may be longer than these estimates. The X-ray emission is only
detectable above 2 keV likely due to the severe absorbing column
and the emission from a possibly longer tail is blended into the
background. On the other hand, the radio tail is well defined until
it reaches the complexity of the ISM, beyond which we cannot
confidently identify the Potoroo tail.

Among all the observed pulsar tails, Potoroo stands out with
a projected radio length of 21 pc, making it the longest observed
PWN. The PWN of PSR J1437—5959, associated with the Frying
Pan SNR, has a similar radio extent of over 20 pc (Camilo et al,,
2009), but is not visible in X-rays. The projected velocity of the
driving pulsar is ~1 000 km s™* (Ng et al., 2012). The Mouse PWN
is the next in size and has radio and X-ray tails spanning 17 and
1 pc, respectively (Gaensler et al., 2004), and a pulsar velocity of
300kms~! (Hales etal., 2009). The G319.9—0.7 PWN has the
longest X-ray tail of 7 pc, which is also relatively big compared
to its 10 pc radio tail (Ng et al., 2010). The velocity of the central
pulsar J1509—5850 is ~300kms™!. As noted earlier, the appear-
ance of PWN is strongly influenced by the physical properties
of their surrounding environment, such as density and magnetic
field. Hence, a weak correlation between the pulsar velocity and
the radio length is not unexpected.

4.3 Radio and X-Ray spectral analysis

The spectral map of Potoroo shows a flat radio continuum spec-
trum near the pulsar due to younger and more energetic electrons,
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Table 4. Spectral a and photon I indices of Potoroo. The spec-
tralindices are calculated from the spectral map generated using
data at 944, 1 284 and 1 368 MHz, as described in Section 3.2.
The photon index is derived by fitting combined Chandra and
XMM-Newton data within the energy range of 2 — 10 keV.

full source main body diffuse tail
o —1.2640.04 —0.2140.02 —1.4240.04
Txuibt+ Chandra L1£0.7" - -

LReference: Jakobsen et al. (2014).

while the spectrum becomes steeper as the distance from the pul-
sar increases, where synchrotron radiation originates from the
older electron population. To examine the spectral variations of
Potoroo, we obtained spectral indices from three different regions:
the main body, the diffuse part of the tail, and the entire source
area (see Figure 4 and Table 4).

While the main body of Potoroo exhibits a typical flat spec-
tral index of —0.21, its overall spectral index is much steeper than
that of any other observed PWN. The dominance of its diffuse tail
is evident, but its remarkable length coupled with the unusually
steep spectrum raises intriguing questions. Taken together, these
observed properties provide additional support for classifying
Potoroo as a mature PWN.

When a PWN interacts with the reverse shock of its par-
ent SNR, the relativistic particles within the nebula undergo re-
acceleration. This process significantly enhances the brightness of
the nebula, particularly at radio frequencies. Simultaneously, the
magnetic field of the PWN gets compressed by the shock. As syn-
chrotron radiation is emitted when charged particles spiral in a
magnetic field, the frequency of this radiation depends on both
the energy of particles and the strength of the magnetic field. A
stronger magnetic field results in higher frequency radiation lead-
ing to a rapid synchrotron burn-off and steepening of the spectral
index. The steepest spectral indices known are associated with
PWNe that have collided with the reverse shock. However, even
in these cases, the spectral indices do not exceed —0.7, & = -0.69
(G141.24+5+0, Kothes et al., 2014) and o = -0.62 (G76.9+1.0,
Landecker et al., 1993).

In the Chandra observations, Jakobsen et al. (2014) found a
similar trend of the spectrum softening with increasing distance
from the Potoroo pulsar (see their Figure 2). The authors divided
the X-ray source emission into three narrow bands with equal
counts. By comparing the softest image with the hardest, they
observed that the emission tends to clump towards the point-like
source for higher energies, thereby enhancing the prominence of
the point-like source and reducing the tail emission.

At X-ray energies and beyond, synchrotron emission is
commonly modelled as a power-law distribution of photons:
N oc E™T, where N is the number of photons with energies E and
I' =1 — a is the photon index. In the context of PWN, the typical
value for I' is around 2 (Gaensler & Slane, 2006), and the index
tends to increase (softens, steepens) with greater distances from
the pulsar.

The photon index of Potoroo of 1.1 is taken from the work
of Jakobsen et al. (2014), and also listed in Table 4. The authors
used data from XMM-Newton to supplement the limited photon
statistics of the Chandra data and refine constraints on the spec-
tral parameters. Due to the limited angular resolution of XMM-
Newton, the point source and extended emission of Potoroo could
not be resolved, so only the full source spectrum was fitted. The
calculated photon index of 1.1 is much harder than typical X-ray
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Figure 8. The spin period (P) versus the time derivative of the spin period (P) for known pulsars (the so-called ‘P-Pdot’ diagram). Different types of pulsars are shown with different
markers and PSR J1638—4713 (CXOU J163802.6—471358) is shown as a red triangle. We plot contours of characteristic ages, magnetic fields and spin-down luminosity based on

the canonical pulsar spin-down model (Lorimer & Kramer, 2004).

PWN spectra. This hardness is expected, given that the source is
detectable only above 2 keV and lacks any softening towards lower
energies.

The collision between PWN and the reverse shock leads to
the efficient blending of thermal and non-thermal gases (Blondin
etal, 2001), which is expected to produce thermal soft X-ray
emissions. Jakobsen et al. (2014) attempt to fit the Potoroo spec-
tra with a thermal model resulted in encountering unconstrained
parameters and unacceptable fit statistics.

The complete understanding of the Potoroo’s spectrum
remains open. Further investigations using higher frequency radio
bands, deeper X-ray data, and potential y detections are necessary
to determine its unique characteristics. However, due to the high
absorption in the line of sight towards the Norma spiral arm, it is
unlikely that searching for thermal X-ray emission or a bow-shock
in Ha will yield any significant results.

4.4 Properties of PSR J1638-4713

It is well known that NSs move at higher velocities than their pro-
genitor stars (Gunn & Ostriker, 1970). In fact, a significant number
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of isolated NS have velocities exceeding 1 000km s~ (e.g. Hobbs
etal., 2005; Deller et al., 2019). These high velocities are believed
to result from natal kicks that occur during the NSs’ formation.
The natal kicks could be caused by various mechanisms, including
asymmetric explosions triggered by hydrodynamical perturba-
tions in the SN core (e.g. Lai & Goldreich, 2000), or asymmetric
neutrino emission in the presence of super-strong magnetic fields
(B > 10" G) in the proto-neutron star (e.g. Arras & Lai, 1999a,b,
and references therein). Therefore, the discovery of fast-moving
pulsars might shed light on the physics of SN. As discussed in
Section 4.1, the transverse velocity of PSR J1638—4713 is likely
to be higher than 1 000 km s~!, which makes it among the fastest
moving NSs. The relatively strong radio continuum emission from
the PWN also opens up the opportunity to place constraints on
the proper motion and parallax of PSR J1638—4713 (Deller et al.,
2019). These measurements will be crucial for us to understand
the origin and properties of Potoroo.

The spin parameters of PSR J1638—4713 are consistent with
those of young, energetic pulsars. In Figure 8, we show the spin
period (P) and the time derivative of the spin period (P) for all
known pulsars listed in the ATNF Pulsar Catalogue (Manchester
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etal., 2005). PSR J1638—4713 is shown as a red triangle, and
it is located in a region where young pulsars with high energy
emissions are. Based on our current estimate of the P, the
spin-down luminosity of PSR J1638—4713 is estimated to be
~6.1 x 10° ergs™!, revealing an energy loss rate that is among
the highest for supersonic pulsars associated with PWN (Table 1,
Kargaltsev et al., 2017). We are currently regularly observing PSR
J1638—4713 with the Parkes telescope, and a longer pulsar timing
baseline will enable us to precisely measure the spin and astromet-
ric parameters of this pulsar. Better timing models of this pulsar
will also enable us to search for high-energy pulsation (e.g. X-ray
and y-ray) in the future.

5. Conclusion

We report the discovery of a bow-shock PWN, named Potoroo,
in the new radio continuum surveys obtained by ASKAP and
MeerKAT, and the detection of the associated PSR J1638—4713
using Parkes observations. We also compared our results with the
previous study of the X-ray source detected during the Norma spi-
ral arm Chandra survey. The object exhibits distinctive cometary
morphology in both radio and X-ray domains, suggesting pul-
sar leading the PWN and travelling supersonically through the
ambient medium. We estimated a large projected velocity of PSR
J1638—4713, well exceeding 1 000 kms™'. The pulsar was identi-
fied above 3 GHz at a very high DM of 1 553 pc cm™>. Potoroo’s
radio size is longer than its X-ray size by a factor of 10. With a
distance of at least 10kpc, the physical sizes are approximately
21 pc and 2 pc for radio and X-ray sources, respectively. This
makes Potoroo one of the longest observed radio PWN trail
to date.

Our analysis of Potoroo has revealed an unusually steep overall
radio spectrum (a = —1.27), which falls far below the typical val-
ues for PWNe. However, focusing only on the high signal-to-noise
ratio part of the nebula, we found that its a value is consistent
with the majority of PWNe. We attribute the steep overall spec-
tral index to the interaction of the parent SN reverse shock with
the PWN, which results in an increase of the magnetic field of
the PWN and severe synchrotron burn-off of the highest energy
electrons. This interaction also makes the radio nebula brighter,
and along with massive absorption of the surrounding medium,
explains the significant length difference observed between the
radio and X-ray sources.

Multi-frequency studies of Potoroo are essential to further
understand the physics of this remarkable object and its evolu-
tion in a very complex environment. In particular, our polari-
sation analysis revealed highly ordered polarisation vectors that
run parallel to the Potoroo’s tail orientation, but additional high-
frequency polarimetry is required to constrain the magnetic field.
Dedicated Chandra longer exposure observations are necessary
in order to investigate the nature of the misaligned outflow and
improve our image of the flow structure of the X-ray particles.
The parent SNR is not known so far, and to deeper investigate
the origin of Potoroo, we intend to study the distribution of the
ISM in the surrounding environment through molecular lines.
Based on the PSR J1638—4713 spin-down and characteristic age,
we anticipate detecting gamma-ray photons from Potoroo. If TeV
emission is detected, we can accurately measure the magnetic
field’s strength by jointly modelling the synchrotron and inverse
Compton scattering emission.
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