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ABSTRACT

The Snake is a remarkable Galactic Centre radio filament with a morphology characterized by two kinks along its ~20 arcmin
extent. The major and minor kinks are located where the filament is most distorted from a linear magnetized structure running
perpendicular to the Galactic plane. We present Chandra, VLA, and MeerKAT data and report the detection of an X-ray and
radio source at the location of the major kink. High-resolution radio images of the major kink reveal a compact source with a
steep spectrum with spectral index o ~ —2.7 surrounded by extended emission. The radio luminosity and steep spectrum of the
compact source are consistent with a pulsar. We also show flattening of the spectrum and enhanced synchrotron emissivity away
from the position of the major kink along the Snake, which suggests injection of relativistic particles along the Snake. We argue
that the major kink is created by a fast-moving (~500-1000 km s~') object punching into the Snake, distorting its magnetic
structure, and producing X-ray emission. X-ray emission pinpoints an active acceleration site where the interaction is taking

place. A secondary kink is argued to be induced by the impact of the high-velocity object producing the major kink.
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1 INTRODUCTION

It has been close to 40 yr since the discovery of the non-thermal
radio filaments (NRFs) associated with the Radio Arc in the Galactic
Centre (Yusef-Zadeh, Morris & Chance 1984). NRFs with similar
characteristics have been discovered in the intervening years with a
range of morphology. Recently, radio continuum MeerKAT images
of the inner 3.5° x 2.5° of the Galactic Centre at 20 cm revealed
an order of magnitude increase in their number (Heywood et al.
2019). NRFs appear as single filaments or groups of parallel filaments
with mean angular spacing ~16 arcsec (Yusef-Zadeh et al. 2022a).
The mean spectral index of all the filaments [« ~ —0.83, where
o = d(log F,)/d(log v)] is steeper than that of supernova remnants
(¢ = —0.62). The equipartition magnetic field strengths along the
filaments range from ~100 to 0.4 mG depending on the assumed ratio
of cosmic-ray protons to electrons. NRFs run mainly perpendicular
to the Galactic plane. The intrinsic polarization observed from
these filaments shows that their internal magnetic fields are directed
along the filaments (Yusef-Zadeh, Wardle & Parastaran 1997; Paré
et al. 2019). The mechanisms responsible for accelerating particles
to relativistic energies and for creating the elongated filamentary
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geometry are still mysterious. Some authors have examined how
the filaments might arise from their interaction with molecular and
ionized clouds or with mass-losing stars (Rosner & Bodo 1996;
Shore & LaRosa 1999; Bicknell & Li 2001; Yusef-Zadeh & Wardle
2019). Although numerous other models have been proposed to
explain the origin of the filaments, there is no consensus how these
filaments are produced (Nicholls & Le Strange 1995; Rosner &
Bodo 1996; Shore & LaRosa 1999; Bicknell & Li 2001; Dahlburg
et al. 2002; Yusef-Zadeh 2003; Boldyrev & Yusef-Zadeh 2006;
Ferriere 2009; Yusef-Zadeh & Wardle 2019; Sofue 2020; Thomas,
Pfrommer & EnBlin 2020; Coughlin, Nixon & Ginsburg 2021;
Gopal-Krishna & Biermann 2024). Broadly speaking non-thermal
filament (NTF) models invoke either a single energetic event at
the Galactic Centre, a compact source accelerating cosmic rays to
high energies, or a process that involves the turbulent environment
of the Galactic Centre hosting a high cosmic-ray flux. A similar
mystery to the origin of the filaments is the recent discovery of long
structures in radio galaxies (Rudnick et al. 2022). Recent comparison
of the populations of magnetized filaments in the Galactic Centre and
radio galaxies in the intercluster medium suggests that that they are
analogous to each other as might be anticipated based on their similar
morphologies, in spite of vastly different physical properties, such
as lengths, widths, and magnetic field strengths (Yusef-Zadeh et al.
2022b).
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Table 1. Log of VLA X-band uv data sets.
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Field ID Array Band v Av At Obs. time Epoch
(GHz) (GHz) (s) (min) (date)
1 (2) 3) (€] (5) (6) @) (3)
Project-ID: 21A-000
F04: G359.12-0.27 C xt 10 4 3 23 2021 July 31
F15: G359.12-0.27 C X 10 4 3 23 2021 Aug 16
F16: G359.13-0.20 C X 10 4 3 23 2021 Aug 16
F17: G359.21-0.10 C X 10 4 3 23 2021 Aug 16
F18: G359.22-0.14 C X 10 4 3 23 2021 Aug 16
F19: G359.22-0.19 C X 10 4 3 23 2021 Aug 16

Notes. For UV data — (1) The poining ID of the survey fields. (2) The VLA array configuration code. C array corresponds to the maximum baseline of
3 km. (3) The VLA band code; ‘X’ stand for the VLA bands in the ranges of 8—12 GHz (https://science.nrao.edu/facilities/vla/docs/manuals/oss2013B/
performance/bands). (4) The observing frequencies at the observing band centre. (5) The total bandwidth. (6) The integration time. (7) The total

on-source observing time. (8) The observing date.

T Correlator set-up: 64 channels in each of 32 subbands with channel width of 2 MHz for RR, RL, LR, and LL.

The Snake is one of the longest, ~30 arcmin (~70 pc), brightest,
and most spectacular filaments in the Galactic Centre distinguishing
itself by the presence of two kinks along its length (Gray et al.
1991, 1995). H1 absorption line studies imply that the Snake is
located at the 8 kpc distance of the Galactic Centre (Uchida et al.
1992). This filament is narrow (<10 arcsec or <0.4 pc in width)
and runs perpendicular to the Galactic plane (Heywood et al.
2019). Like numerous other filaments in the Galactic Centre, the
Snake shows no obvious external powering source. Most Galactic
Centre filaments exhibit smooth curvature, but the Snake shows two
distorted kinks, north (major kink) and south (minor kink), and three
different curvatures along its length (Gray et al. 1995; Yusef-Zadeh
et al. 2022a). It was also reported that two compact radio sources,
G359.132-0.200 and G359.120-0.265, are located to the west of the
major and minor kinks, respectively. The equipartition magnetic field
of the Snake is strongest, ~0.15 mG, to its north as it decreases to its
south (Yusef-Zadeh et al. 2022a). Faraday rotation measures (RMs)
of 5500 and 1400 rad m~2 have been reported to be due to an external
and internal medium, respectively (Gray et al. 1995).

Chandra, XMM, and NuStar have detected X-ray emission from a
handful of radio filaments with X-ray spectral indices consistent with
synchrotron emission. The X-ray spectral index and normalization
is consistent with a broken power-law spectrum (Lu, Wang & Lang
2003; Sakano et al. 2003; Yusef-Zadeh et al. 2005, 2021; Zhang
et al. 2014; Ponti et al. 2015). Here, we report the detection of X-
ray emission from a source adjacent to the Snake, near the location
of the major kink. There is a compact radio counterpart to the X-
ray source at 6 and 1.2 GHz with a steep spectrum. Both radio and
X-ray emission appear to show extended structure pointing in the
direction of the Snake. We suggest a picture in which the major and
minor kinks are created, likely by a fast-moving pulsar, running into
the Snake, and distorting the magnetic structure of the Snake. This
interaction picture is supported by the following measurements: a
spectral change in the radio along the filament, a change in the
morphology, and X-ray emission.

2 OBSERVATIONS

2.1 Radio VLA data

2.1.1 X-band (wide) data

As part of a targeted survey of the central few degrees of the Galactic
Centre, six overlapping fields were observed towards the Snake

using the VLA X-band (wide) receiver at 10 GHz in the C-array
configuration on 2021 July 31 and August 16. The correlator was
configured for 64 channels in each of 32 sub-bands with a channel
width of 2 MHz, producing producing all four Stokes parameters
(RR, RL, LR, and LL) with a total bandwidth of 4 GHz covering
a frequency range from 8 to 12 GHz. 3C 286, NRAO 530, and
J1744-3116 were interleaved in the the survey observing runs for
calibrations of complex gains, bandpass, and flux density scales. The
initial calibrations were carried out using a VLA pipeline program.
The residual corrections were further conducted using a model of
J1744-3116 including both the core and extended structure. Table 1
summarizes the observations of the six mosaic fields and lists the
images produced from the observations of the Snake. Polarization
analysis of the Snake, providing the intrinsic direction of the magnetic
field and the RM distribution, will be given elsewhere.

Total intensity images are constructed using CASA (CASA Team
et al. 2022) task tClean with gridding options of mosaic, utilizing
the multifrequency synthesis (MFS) algorithm for the first Taylor
expansion term (tt0) with R = 0.6 for robustness visibility weighting
(Briggs 1995). The sidelobes were cleaned with the multiterm MFS
algorithm (Conway, Cornwell & Wilkinson 1990; Rau & Cornwell
2011), mtmfs, a deconvolution option in tClean of CASA. The rms
noise is 4 pJy beam™! and full width at half-maximum (FWHM)
= 4.0 arcsec x 3.5 arcsec (PA=—14°, the angle of the major axis
of the beam, measured east of north in celestial coordinates). To
determine the flux densities of the compact radio sources in the
vicinity of the Snake at 10 GHz, with less contamination from the
extended emission, we imaged two pointing fields taken in the C-
array configuration survey at X band, X2F16 and X2F19, with R =
—0.6 and a filter rejecting the shorter baseline visibility data. The two
images (X2F16.1.R-0.6.tt0 and X2F19.1.R-0.6.tt0) were convolved to
a beam of 3.2 arcsec x 1.6 arcsec (PA=—14°).

2.1.2 L-band data

The Snake was also observed with the VLA on 2021 March 6 and
8 in the A-array configuration with a correlator set-up configuring
128 channels in each of 12 subbands with channel width of 1 MHz
for RR, RL, LR, and LL correlations. A data calibration procedure
similar to that for the X-band data was followed concerning pipeline
reduction and residual-error corrections.

Other archival VLA observations were also obtained towards Sgr
C centred at (J2000 17144™3550, —29°29’ 000) having a field of view
that included the Snake. These A-array measurements were carried
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out at L band (1—2 GHz) on 2015 August 20. The initial flagging and
reference calibration was performed using the VLA casa pipeline8
and processed with the wsclean multiscale clean algorithm with a
resolution of ~1 arcsec x 2.5 arcsec. Further details on the use of
the VLA data can be found in Heywood et al. (2022).

2.1.3 C-band data

The Snake was also observed at 6 GHz in the VLA A-array
configuration on 2020 July 12 with a wideband correlator set-up
similar to the X-band survey described in Table 1, i.e. with 64
channels in each of 32 sub-bands with a channel width of 2 MHz
for RR, RL, LR, and LL correlations. The C-band data were initially
calibrated using a VLA pipeline program. The residual errors were
corrected using the J1744-03116 data and a non-point source model
developed following the procedure described in Zhao, Morris & Goss
(2019).

The effective total bandwidth of 4 GHz was used, centred at 6 GHz.
By synthesizing a 4 GHz bandwidth of the wideband spectral data,
we made a high-resolution image with a robustness parameter of 0
for visibility weighting (Briggs 1995) to have an FWHM beam of
0.69 arcsec x 0.28 arcsec. A compact radio source G359.13142-
0.20005 was detected with a flux density 0.20 £ 0.01 mJy at 6 GHz,
located near the X-ray source. In order to determine the spectrum
of the compact radio source, a continuum spectral image cube was
constructed by averaging every four sub-band data sequentially along
the frequency axis. Then, the sidelobes of the image cube were
cleaned with the mtmfs algorithm in tClean of CASA. Thus, in addition
to the 4-GHz bandwidth synthesized image at 6 GHz, we have eight
more spectral images at 4.23, 4.74, 5.35, 5.76, 6.23, 6.74, 7.25, and
7.76 GHz across the C band. A range of rms from 0.014 to 0.025
mly beam™! was achieved for the C-band spectral images.

2.2 Radio MeerKAT data

Details of MeerKAT L-band observations, mosaicking of multiple
fields, and in-band spectral index measurements based on unfiltered
and filtered images are found in Heywood et al. (2019, 2022) and
Yusef-Zadeh et al. (2022a). Briefly, the L band (856-1712 MHz)
centred at 1.28 GHz system was used, with the correlator configured
to deliver 4096 frequency channels, which were averaged by a factor
of 4 prior to processing and was imaged with an angular resolution
of 4 arcsec. The MeerKAT image was spatially filtered to remove
large scale backgrounds (Yusef-Zadeh et al. 2022a). Point sources in
the filtered image correspond to the spatial resolution having FWHM
~6.4 arcsec. An in-band spectral index mosaic was produced with
a resolution of 8 arcsec x 8 arcsec. The in-band spectral index is
determined using cubes of 16 filtered frequency channels. To improve
the signal-to-noise ratio (S/N), the median spectral index of each
filament is determined from the median of the pixel spectral indices
along its length. The statistical uncertainty of the mean spectral index
is typically ~0.1, but can drop as low as 0.01 for long bright filaments.

2.3 X-ray data

The Snake’s major kink is covered by archival Chandra ACIS-I
ObsIDs 658, 2278, 2286, 18332, and 18645; and by archival Chandra
HRC-I ObsID 2714. We retrieve the level = 2 event files from the
Chandra Data Archive. We merge these ACIS-I observations using
the CIAO reproject-obs command, and restrict the energy range for
the output image to 2-8 keV. X-ray analysis of these images are
discussed in Section 3.2.1.

MNRAS 530, 254-263 (2024)

3 RESULTS

We first describe the spectral index distribution along the Snake
followed by morphological details of the kinks. Properties of X-ray
emission from a source located at the western tip of the major kink
will also be described.

3.1 Intensity and spectral index distributions

Fig. 1, left, shows details of the intensity distribution of the Snake
with the major and minor kinks at Galactic latitudes b ~ —0.2° and
~—0.27°, respectively, that show similar morphology. The kinks split
the Snake into three segments. The north and middle segments are
bows to the (Galactic) east with a tighter radius of curvature than
the south segment which bows to the west. The top two segments
are brighter than the south segment by roughly a factor of 2. There
are also sub-filaments in the Snake, defined as parallel strands of
filaments. The main filament of the Snake (top segment) breaks up
into multiple sub-filaments at the location (I, b) = (235.14, —0.19),
with brightness reduced by a factor of 1.5 at 20 cm, thus suggesting
that the Snake is disturbed in this region. The equipartition magnetic
field of the north segment is reported to be high, reaching 0.15 mG
field (Yusef-Zadeh et al. 2022a). We notice that the Snake consists of
bundles of filaments with small spacings. Fig. 1, middle, illustrates
the spectral index along the Snake. Fig. 1, right, shows a colour
representation, distinguishing the four sub-filaments that are plotted
in Fig. 2. The sub-filaments are selected because they are spatially
distinct in brightness and not because of their spectral index (see also
Fig. 6, left, where two sub-filaments, north and south of ~—0.27°,
correspond to the red/orange and green/blue pairs in Figs 1, right,
and 2).

The mean spectral index values for each segment of the Snake
indicates steepening of the mean spectral index from —0.62 to
—0.73 in the direction to the south of the major kink. The mean
spectral index is Y _a(b)/N,, where a(b) is the spectral index at each
pixel (at latitude b), and N, is the total number of pixels summed.
The gradients are change in the spectral index per degree latitude
(degree!). The regions in the direction away from the northern
kink show enhanced synchrotron emissivity with a spectrum that
becomes steeper to a value of ~—0.8 at the southern end. This
suggests that cosmic ray particles are more recently accelerated
to the north of the major kink, than to the south of the minor
kink.

Fig. 2 (top and bottom) shows details of the variation of the
intensity and spectral index as a function of latitude using filtered
images of the Snake at 1.28 GHz. A slice is cut along the individual
segments of the intensity and the spectral index images of the
Snake. The spectral index gradients displayed as black lines indicate
flattening of the spectral index away from the major kink, away
from b ~ —0.19° (dotted vertical line). A mixture of flatter extended
non-thermal emission along the Snake and a steeper emission from
particles injected at the major kink is likely to explain the unusual
spectral gradient.

The linear segment to the south of the minor kink near b =~ —0.27°,
as shown in Fig. 2 bottom, shows steepening of the mean spectral
index o = —0.77. The overall mean spectral index distribution of the
Snake indicates steepening with decreasing latitudes. The Snake’s
minor kink also shows a spectral index gradient in which the filaments
become steeper away from the minor kink, opposite to that seen in
the major kink. This suggests that the origin of the major kink may
be different than the minor kink.
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Figure 1. (Left, a) A filtered image of the the total intensity of the Snake at 1.28 GHz with 6.4 arcsec resolution (Yusef-Zadeh et al. 2022a) based on MeerKAT
observations (Heywood et al. 2022). The unit in the grey scale bar is Jansky beam™!. (Middle, b) The in-band spectral index at 1.28 GHz (20 cm or L band)
values along the Snake stretched to values between —1.2 and —0.4. (Right, c¢) Colour traces of different sub-filaments in the Snake. The colours are arbitrarily
chosen to distinguish the four sub-filaments. The mean spectral indices within three bright intervals of the Snake are listed (and shown in more detail in Fig. 2).
The uncertainties on <> are the standard deviation of « for each segment.
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Figure 3. (Top left, a), An unfiltered MeerKAT image of the major kink of the Snake with a 4 arcsec spatial resolution at 1.28 GHz (Heywood et al. 2022). (Top
right, b) Similar to (a) except a VLA image with a spatial resolution of ~1 arcsec x 2.5 arcsec (PA = 169°) at 1.52 GHz. (Bottom left, ¢) Similar to the upper
left panel except the spectral index distribution with a spatial resolution of ~8 arcsec (Heywood et al. 2022; Yusef-Zadeh et al. 2022a). (Bottom right, d) An

X-ray 2-8 keV image based on Chandra observations convolved with a 2D Gaussian, 4 arcsec FWHM. The grey scale bar units in (a) and (b) are Jy beam™",

(c) shows the spectral index values, and in (d) counts s~! em™2. The red circles show the location of the compact radio source G359.13142-0.20005.

3.2 Major kink G359.13-0.20

Fig. 3 (top left, top right) shows close-up views of the 6 arcmin x
6 arcmin region of the major kink at 1.28 and 1.52 GHz based on
MeerKAT and VLA observations. A red circle shows the location
where a compact radio source, G359.13142-0.20005, is noted to the
west of the filaments. The spectral index of this source is discussed
below. We note distorted structure of the filaments, diffuse emission
connecting the compact source to the major kink, and multiple
parallel sub-filaments, with a separation of ~7 arcsec, to the south
of the major kink. In addition, Fig. 3 (bottom left) shows a close-up
view of the spectral index image of the major kink with a spatial
resolution of 8§ arcsec indicating that the compact source surrounded
by an extended diffuse emission has a flatter spectrum o ~ —0.3
than the rest of the filaments. Altogether, these morphological and
spectral characteristics suggest an interaction at the location of the
major kink.

3.2.1 X-ray analysis

Using a merged image (from the CIAO reproject-obs command)
of the ACIS-I exposures in the 2-8 keV band (totalling 36.3
ks), we used wavdetect to find the J2000 coordinates of two
sources: 17"44™21557, —29°47'10”0, hereafter ‘southern source’,
(G359.1316-0.20160), and 17"44™19322, —29°46/53"4, ‘northern
source’, (G359.13142-0.20005). The southern source is clearly
detected in the HRC-I image and in ACIS images below 2 keV
(indicating a foreground source), while the northern source is only

MNRAS 530, 254-263 (2024)

detected above 2 keV, consistent with a Galactic bulge distance.
The northern Chandra source has no counterparts within 1 arcsec
in a Vizier search except for Chandra source identifications in the
Chandra Source Catalog (Muno et al. 2009; Evans et al. 2010; Wang
et al. 2016). The southern source is consistent (within 0.2 arcsec,
smaller than the typical Chandra ACIS uncertainty of 0.8 arcsec) with
Gaia DR2 4056860326361166848, G = 19.6, geometric parallax
distance estimate of 8007309 pc (Bailer-Jones et al. 2021). We do not
consider the southern source further.

The northern X-ray source matches the position of a compact steep
spectrum radio source within the 0.8 arcsec Chandra astrometric
accuracy.! There is a hint of extended emission from this X-ray
source, though it is not formally detected by wavdetect. In the
combined X-ray image, as shown in Fig. 3 (bottom right), the
point source has 13 + 4 counts according to wavdetect, while
the extended emission, pointing to the east (Galactic coordinates,
see Fig. 4 bottom left) of the compact X-ray source, has about
40 counts.

We extracted spectra from both the point source and the extended
emission, using a circle of radius 2.5 arcsec for the point source
and a box of sides 8.8 arcsec x 12.7 arcsec, from the three longer
ObsIDs which contained more than one photon from each source
(2278, 2286, and 658). We bin the spectra by 1 photon/bin, and
fit the spectra simultaneously in XSPEC using the W-statistic (Cash
1979) with an absorbed power-law model [using Wilms abundances

Thttps://cxc.harvard.edu/cal/ ASPECT/celmon/
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Figure 4. (Top Left, a) A 6 GHz VLA image of the major kink reveals the appearance of a bow-shock morphology with a compact source and diffuse emission
behind it with a resolution ~1 arcsec x 0.8 arcsec. (Top Right, b) Same as (a) except the total intensity image of the major kink at 1.28 GHz with a resolution
of 4 arcsec. (Bottom Left, c) An X-ray counterpart to the radio sources appears to consist of two components coincident with the compact radio source and its
extended linear morphology. (Bottom Right, d) The spectral index of the major kink shows a mixture of steep and flat spectra at 20 cm. The greyscale bars units

in (a), and (b) are in Jy beam~! and (c) is in counts s~ cm~2.
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Figure S. (Left, a) The spectrum of the compact source in the major kink G359.13142-0.20005 gives a spectral index o« = —2.7. The spectrum is fitted by a
power law F,, oc v* for C-band data only (dashed line) and all data (dotted line) listed in Table 2, respectively. We derived « and o, from a least-squares fitting
weighted by the inverse variance of the measurements, as discussed in the text. The red line on the spectrum plot shows the best-fitting slope. (Right, b) The blue
points show the spectral index and L-band pseudo-luminosity for pulsars in the Thousand Pulsar Array program (Posselt et al. 2023). The black point indicates

the spectral index and L-band luminosity of the Snake compact source.

(Wilms, Allen & McCray 2000)]. We then fit the point source with
the normalization, spectral index, and hydrogen column density Ny
free. However, the parameters are very poorly constrained, and tend
towards rather high values of both Ny (2 x 10?* cm™2) and spectral

index (4), which we find somewhat unlikely. We thus try fits with one
parameter fixed at a plausible value. If Ny is fixed at 6 x 102 cm™2,
then the power-law photon index is l.lfiji. If the power-law photon
index is fixed at 2.0, then Ny is 1.2700 x 10%* cm~2. The unabsorbed
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Figure 6. (Left, a) A close-up view of the minor kink is based on a filtered image of the the total intensity at 1.28 GHz with 6.4 arcsec resolution (Yusef-Zadeh
et al. 2022a) based on MeerKAT observations. (Right, b) Similar to Fig. 3 (top right) except close-up view of the minor kink based on a VLA image with a
resolution ~1 arcsec x 2.5 arcsec (PA = 169°) at 1.52 GHz. This image is not primary beam corrected. The colour bars units in (a) and (b) are in Jansky
beam~!. The blue circle corresponds to the position of the radio source G359.120-0.265.

2-10 keV fluxis 6.6 x 107 or 8.3 x 10~'* erg s~! cm™2, for these
two models.

We followed the same process with the spectral fitting of the
extended emission. Again the parameters are very poorly constrained
when all three parameters are free. If Ny is fixed at 6 x 10?2 cm~2,
then the power-law photon index is —0.1 %+ 1.1. If the power-law
photon index is fixed at 2.0, then Ny =2%3 x 102 cm=2. The
unabsorbed 2-10 keV flux is roughly 1 x 107!* erg s=! cm™2 for
either scenario.

A close view of the radio counterpart to the X-ray source at
6 and 1.28 GHz is displayed in Fig. 4 (top left and top right,
respectively). The high-resolution (~1 arcsec x 0.8 arcsec) VLA
image of the ~1 arcmin region of the major kink (Fig. 1 top left)
shows a compact radio source with an elongated tail-like structure
to its east. A Gaussian fit to the compact radio source G359.13142-
0.20005 at 6 GHz (Epoch date 2020 December 12) gives J2000
coordinates 17" 44™ 19:2444 4- 0.0013, —29° 46’ 5279651 + 0.0323
with a spatial resolution of 0.72 arcsec x 0.32 arcsec (PA = 170°.92).
Fig. 4 (top right) displays the MeerKAT image of the same region
with a resolution of 4 arcsec x 4 arcsec and illustrates that the
compact radio/X-ray sources are embedded within the diffuse and
distorted region of the major kink. Fig. 4 (bottom left) shows a faint
X-ray source which appears to coincide with the tail of the compact
radio source shown in Fig. 4 (top left). We note that both the radio
and X-ray sources are extended, with a head-tail morphology. Fig. 4
(bottom right) shows a close-up view of the in-band spectral index
of the compact and extended radio emission with a resolution of
~8 arcsec x 8 arcsec at 1.28 GHz using unfiltered image cube
(Yusef-Zadeh et al. 2022a). The spectral index varies between
0 and —0.6.

3.2.2 The compact source in the major kink G359.13142-0.20005

To determine the nature of the compact radio source in the major kink,
we used the wideband VLA C-band (6 GHz), L-band (1.5 GHz), and
X-band (10 GHz) data sets. With a 2D Gaussian model, we fitted the
compact radio source in both the wideband (4GHz-BW) synthesized
image at 6 GHz and the 8 spectral images (0.5GHz-BW) of the image
cube to determine the flux densities at the central frequencies of the
sub-bands in C band from 4.23 to 7.76 GHz. The least-squares fitting
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the flux-density measurements simultaneously observed in C band
on 2020 December 7 to a power-law spectrum is shown in Fig. 5, left
(the dashed straight line) with « = —2.74 4 0.05.

The X-band image was synthesized 4-GHz bandwidth data with a
baseline cut-off (>20 kilo wavelengths) to filter out the contamina-
tion from diffuse emission sampled in shorter baseline data providing
a sensitive image with an rms of 0.015 mJy beam™'. The compact
radio source was not detected at 10 GHz on 2021 August 16, placing
a 3o upper limit of 0.05 mJy in flux density.

Two epochs of the L-band data are separated by 2 d in 2021. These
data are separated by 5 yr from the 2015 observations. The source of
3.5 + 0.4 mJy was detected significantly from the 2015 observation,
while at both epochs in the 2021 VLA A-array survey, the source
was not detected, giving 3o upper limits of 0.9 and 0.5 mJy on 2021
March 6 and 8, respectively. The VLA high-resolution observations at
X band, C band, and L band suggest G359.13142-0.20005 is variable
(either intrinsically or due to interstellar scintillation).

We note that for those flux density values measured from non-PB
corrected images, a PB correction factor A(x) was determined from
polynomial parameters given by (Perley 2016). The corresponding
uncertainty is calculated using the equation (2) of (Zhao, Morris &
Goss 2020). Including all the X-band, C-band, and L-band data with
an inverse-variance weighting, a slightly shallow spectrum of o =
—2.61 £ 0.04 is derived. Thus, hereafter, we take a mean value
of « = —2.7 as the spectral index of the compact radio source.
The radio properties of G359.13142-0.20005 are summarized in
Table 2.

3.2.3 The compact radio source, a pulsar candidate

The steep radio spectrum (v=27) of the compact source is sugges-
tive of a pulsar, and the radio luminosity is consistent with this
hypothesis. The estimated L-band radio luminosity is 47d?vS, ~
1.1 x 10® ergs™! for v = 1.2 GHz, S, = 1 mly, and a distance d =
8kpc. In Fig. 5, right, we show a scatter plot of L-band spectral
index against pseudo-luminosity of the 1200 pulsars in the Thousand
Pulsar Array program (Posselt et al. 2023). The spectral index and
luminosity of the G359.13142-0.20005 are marked by a black filled
circle in Fig. 5, right, and are consistent with the general pulsar
population.
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Table 2. The compact radio source at 6 and 10 GHz in the major kink.

ID RA(JZOOO) Dec. (JZOOO) S()GHZ + gs (mJy) SlOGHz + as(mJy) o+ Oy
(€] (@) 3 @ (6))
G359.13142-0.20005 17:44:19.244 —29:46:52.96 0.20 £ 0.01 <0.05 —2.70 £ 0.05

Notes. Column (1) is the source ID with its Galactic coordinates; column (2) is the equatorial coordinates at Epoch J2000, with uncertainty of oy =
0.56(Fsguz/o ), roughly 0.02 arcsec or less; and columns (3) and (4) the flux densities with ¢ uncertainties. For the non-detections, 3o upper limits
are inferred. Column (5) is the spectral index derived from least square fitting (see the text). The errors are derived from the largest range of the 1o

uncertainties.
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Figure 7. (Left, a) An in-band spectral index map of the radio source G359.120-0.265 based on filtered MeerKAT images at 20 cm shows a spectral index near
zero (Heywood et al. 2022; Yusef-Zadeh et al. 2022a). (Right, b) A 24 um infrared counterpart to G359.120-0.265 revealing thermal nature of the source. The
blue circles in (a) and (b) show the location of G359.120-0.265. The colour bar unit in (b) is in MJy sr~!.

3.3 Minor kink G359.13-0.27

Another rendition of the MeerKAT image at 1.28 GHz shows a close-
up view of the minor kink in Fig. 6, left. We note bright sub-filaments
to the north and south of the minor kink giving the appearance of
twisted magnetized filaments. Fig. 6, right, shows a higher resolution
VLA image revealing faint diffuse emission surrounding the minor
kink. The apparent twisting of the sub-filaments is also seen in this
image. Morphologically, the apparent twisting of the filaments, sub-
filamentation, and the presence of diffuse emission surrounding the
kink are likely distorted by an external influence. The variation of the
mean spectral index from <o> = —0.73 to —0.77 as well as the mean
spectral index gradient from da/db = —1.98 to 1.0 deg™! provides
another support for the suggestion that there is disturbance at the
position of the minor kink.

Similar to the the major kink, another candidate radio source
G359.120-0.265 could be responsible for producing the minor kink.
This radio source G359.12-0.265 lies to the west of the Snake, as
circled in Fig. 6. Fig. 7 shows the spectral index image of the compact
source as well as its 24 pm infrared counterpart identified in Spitzer
data. The flat spectral index close to —0.11 and the presence of
24 pum dust emission are consistent with a thermal source, possible
an H1I region. This suggests that G359.120-0.265 is unlikely to be
associated with the minor kink.

4 DISCUSSION

The most interesting result of our study is that the Snake exhibits
several signatures of an interaction at the location of the major
kink: (i) the distortion of the Snake from a straight geometry, unlike
nearly all other filaments that show a smooth curvature; (ii) sub-

filamentation at the kinks where the Snake is most distorted; (iii) an
increase in the radio surface brightness away from the major kink;
(iv) spectral index variation and flattening of the spectrum of the
electrons away from the major kink; (v) the presence of an X-ray
source coincident with the major kink as well as an extended tail at
both radio and X-rays suggesting a bow-shock morphology.

We suggest a scenario in which the major and minor kinks in
the Snake result from the collision of a fast-moving non-thermal
source (possibly a runaway pulsar) that punches through an otherwise
smooth curved magnetic structure associated with a pre-existing
Galactic Centre filament. Fig. 8 shows a schematic diagram of
this scenario where two cusps represent major and minor kinks.
If the interaction of the fast-moving object is sufficiently strong, the
magnetized filament is pulled to one side (to the west of the vertical
filament), creating the major kink and sending disturbances propa-
gating along the filament in opposite directions. If the interaction is
sufficiently violent, the disturbance propagates as a kink-like shock.
We identify the minor kink as the current location of such a shock
propagating southwards from the interaction point, i.e. from the
major kink. We also note multiple sub-filaments at the location of the
minor kink, tracing the disturbance to the south. There is, however, no
corresponding minor kink to the north, presumably because the natu-
ral signal speed of the magnetized filament there is significantly faster
than to the south. In this case the disturbance propagates along the fil-
ament as a smooth transverse wave travelling at the filament’s signal
speed. This picture is supported by the observation that the brightest
segment of the Snake lies to the north of the major kink and likely has
a significantly higher magnetic field than the segment to the south.

We have already suggested that the steep spectrum and radio
luminosity of the compact radio source are consistent with the time-
averaged pulsed emission of a pulsar. The extended radio emission
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Figure 8. A schematic diagram of an object (black circle) running into the
Snake and distorting the shape of a straight filament. Four sub-filaments are
traced showing both kinks. Additional interpolations, blue dashed lines, are
also drawn.

visible at 6 and 1.4 GHz has a head-tail structure, and its orientation is
consistent with the motion required by the interaction scenario above.
This is likely synchrotron emission from electrons accelerated in a
shock created by the interaction of a pulsar wind nebula (PWN)
with the local interstellar medium, or from oppositely directed jets
of electron—positron pairs emerging from the poles of the pulsar and
swept back by its motion through the surroundings.

We now consider the X-ray emission, which although faint and
relatively poorly resolved, is consistent with a head-tail structure.
One possibility is that this is also synchrotron radiation from
energetic electrons and positrons directly accelerated by the pulsar.
In support of this, we note that the compact and extended X-ray
components that we detect have similar unabsorbed fluxes between
2 and 10keV, F, ~ 1 x 10713 ergem™2 s~'. At 8kpc this yields
X-ray luminosity L, &~ 8 x 1032 ergs™!, in the centre of the 10%—
10%7 erg s~! range of known PWN and their associated pulsars (see
e.g. table 1 and fig. 1 of Hsiang & Chang 2021).

5 SUMMARY

We presented the spectral index and morphological details of one
of the most prominent NRFs, the Snake, in the Galactic Centre.
Radio observations revealed a steep spectrum radio source at the
location where the Snake is most distorted, known as the major kink.
The steep radio spectrum (v=>7) of the compact source is similar
to a number of other steep-spectrum sources found in the Galacticc
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center region, some of which are located in the vicinity of nonthermal
filaments (Hyman et al. 2019, 2021). G359.13-0.20, the major kink,
is suggestive of a fast-moving object (~500-1000 km s~!), likely
a pulsar, that is interacting with the Snake. In this picture, the fast-
moving object drags material from the Snake, with a trail behind it
and is expected to be connected to the filament by diffuse emission
behind the compact source. To examine the interaction hypothesis,
we analysed archival Chandra data which reveal a weak X-ray source
at the location of the major kink. Alternatively, a secondary source
may be responsible for disturbing the minor kink, independent of the
the pulsar candidate. A thermal source lies to the west of the Snake,
and there is no extended emission between the thermal source and the
Snake. The physical picture of the PWN candidate and the vertical
NTFs of the Snake resembles other filamentary structures in the
Galactic center. Two examples are the non-thermal compact radio
and X-ray source G0.13-0.11 lying along an NTF of the Radio Arc
(Churazov et al. 2023) and the compact radio source in the network
of Harp filaments (Thomas, Pfrommer & EnfBlin 2020; Heywood
et al. 2022; Yusef-Zadeh et al. 2022a). A suggestion has been
made that nonthermal filaments result from the interaction of PWNs
and interstellar magnetic fields (Barkov & Lyutikov 2019). Another
possibility is that PWNs inject synchrotron-emitting electrons into
spatially intermittent magnetic field flux tubes (Thomas, Pfrommer &
EnBlin 2020), which could explain the origin of these filaments
including the Snake.

Future sensitive and high-resolution imaging at radio and X-rays
including proper motion measurements will examine the interaction
picture that we described here. These measurements provide insights
on the origin of one of most remarkable radio filaments in the Galactic
Centre.
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