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ABSTRACT

The inner 200 pc region of the Galaxy contains a 4 million M supermassive black hole (SMBH),
signi cant quantities of molecular gas, and star formation and cosnic ray energy densities that are
roughly two orders of magnitude higher than the corresponding leels in the Galactic disk. At a distance
of only 8.2 kpc, the region presents astronomers with a unique opptunity to study a diverse range of
energetic astrophysical phenomena, from stellar objects in exeme environments, to the SMBH and
star-formation driven feedback processes that are known to inuence the evolution of galaxies as a
whole. We present a new survey of the Galactic center conducted ith the South African MeerKAT
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radio telescope. Radio imaging o ers a view that is una ected by the lage quantities of dust that
obscure the region at other wavelengths, and a scene of strikingpmplexity is revealed. We produce
total intensity and spectral index mosaics of the region from 20 pmtings (144 hours on-target in
total), covering 6.5 square degrees with an angular resolution of%at a central frequency of 1.28 GHz.
Many new features are revealed for the rst time due to a combinaton of MeerKAT's high sensitivity,

exceptional u; v-plane coverage, and geographical vantage point.

We highlight soeninitial survey

results, including new supernova remnant candidates, many new nmethermal lament complexes, and
enhanced views of the Radio Arc Bubble, Sgr A and Sgr B regions. Thiproject is a SARAO public
legacy survey, and the image products are made available with this aicle.

Keywords: Galactic center (565), Galactic radio sources (571), Radio interfemetry (1346)

1. INTRODUCTION

Jansky's discovery that some of his instrumental noise
was moving according to sidereal time marked the birth
of radio astronomy as a science Jansky 1933. The
peak of the extrasolar radio emission was in the constel-
lation of Sagittarius, from the direction of the Galactic
center (GC), a nding later con rmed and re ned by
Reber's multifrequency mapping of the radio sky with a
parabolic antenna (Reber 1944. In addition to its his-
toric place in the eld of radio astronomy, the GC is a
region of immense astrophysical interest, and has been
studied extensively by many observatories covering all
accessible wavelengths.

There are several pieces of evidence that the com-
pact radio source with the designation Sagittarius
A (Sgr A ; Balick & Brown 1974; Reid et al. 1999
Reid & Brunthaler 2004) is coincident with the dy-
namical center of the Galaxy, and marks the posi-
tion of a supermassive black hole Genzel et al. 1997
Ghez et al. 1998 with a mass of 43 10°f M
(Gillessen et al. 201y at a distance of 8.2 kpc
(Gravity Collaboration et al. 2019). Surrounding Sgr
A out to radii of 100{200 pc is a twisted torus-
like structure detected at far-infrared wavelengths
(Molinari et al. 2011), rich in molecular gas and
dust known as the Central Molecular Zone (CMZ;
Mills 2017), thought to be driven and sustained by
the innermost region of the Galaxy's barred poten-
tial ( Nayakshin & Cuadra 2005 Wardle & Yusef-Zadeh
2008 Krumholz & Kruijssen 2015; Tress et al. 2020.
The environment within the CMZ (jlj < 0.7 ,jb < 0.2)
is, by numerous metrics, extreme compared to that of
the disk. The density (Martin et al. 2004; Stark et al.
2004 Mills et al. 2018), temperature (Guesten et al.
1985 Huettemeister et al. 1993 Ginsburg et al. 2016
Krieger et al. 2017, and turbulent velocity ( Bally et al.
1987 Shetty et al. 2012 Kau mann et al. 2017) of the
gas in this region are all between 1{3 orders of mag-
nitude higher than the average of the material in the
disk, and the cosmic ray energy density is also 2{3 or-

ders of magnitude higher Oka et al. 2019 than that of
the Galactic disk.

The region is host to several clusters of young,
massive stars, including the well-known Arches
(Coteraetal. 1996 Espinoza, Selman, & Melnick
2009 and Quintuplet  ( Nagata et al. 1990
Liermann, Hamann, & Oskinova 2009 clusters, as well
as the stars that reside in the young, massive nuclear star
cluster within the central 0.3 pc surrounding Sgr A
(Krabbe et al. 1991 Maness et al. 2007 Lu et al. 2009,
2013. The formation of these is assumed to be caused
by the episodic infall of molecular clouds from the inner-
most orbits of the CMZ (Kruijssen, Dale, & Longmore
2015 Sormani et al. 2020 towards the vicinity of Sgr
A . Some of the giant molecular cloud complexes in the
GC are sites of vigorous star formation (e.g. Sagittarius
B2), however this is not true for all of them, with the
surprising lack of star formation in some cloud com-
plexes being explained either due to the young ages of
the clouds, or owing to the formation of higher density
cores being prevented due to turbulence and strong tidal
e ects (e.g. Lu et al. 2019.

The processes whereby the infall of material, and sub-
sequent star-formation episodes, are suppressed by ra-
diative and mechanical \feedback" processes remains a
key theme in understanding the formation and evolution
of galaxies across cosmic time. The proximity of the GC
0 ers a unique opportunity to study these processes at
high spatial (and indeed temporal, e.g.Ponti et al. 2017)
resolution. There is much observational evidence for
large-scale out ows that are driving material out of the
Galactic disk to higher latitudes. At scales of 100s of
parsecs above or below the disk, such evidence includes
but is not limited to: bipolar dust shells visible at 8.3 m
(Bland-Hawthorn & Cohen 2003); radio lobes or bub-
bles visible via their synchrotron emission at GHz fre-
quencies Sofue & Handa 1984 Heywood et al. 2019;
the bipolar X-ray ‘chimneys' revealed by XMM-Newton
imaging (Ponti et al. 2019); ionized thermal gas traced
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by radio recombination line emission (aw et al. 2009
Alves et al. 2015 Nagoshi et al. 2019.

The examples at radio, infrared, and X-ray wave-
lengths cited above are interconnected Ronti et al.
2021, and in all cases are thought to be driven by
episodic, or quasi-continuous starburst or SMBH-related
feedback from the Galactic center, with winds driven by
high cosmic ray pressure Yusef-Zadeh & Wardle 2019.

On a larger than kpc scale, anomalous-velocity neutral
hydrogen (Hi) clouds seen to trace a conical out ow out
to Galactic latitudes of jbj 10 (Di Teodoro et al. 2018
o er strong evidence that these out ows are entraining
enriched material (Di Teodoro et al. 2020. These fea-
tures bridge the gap between the Galactic center and
the Fermi bubbles (Su, Slatyer, & Finkbeiner 2010,
gamma-ray emitting structures with approximately co-
incident polarized synchrotron emission Carretti et al.
2013 that extend to jbj 50 , also thought to be caused
by previous energetic out ows from the GC.

In addition to studying these larger-scale features,
high resolution interferometric radio imaging has been
a key method for studying the inner region of the
Galactic center. Multiple radio continuum surveys
of the inner 2 square degrees of the GC have
been undertaken at a range of wavelengths (e.g.
Brogan et al. 2003 Nord et al. 2004 Yusef-Zadeh et al.
2004 Law, Yusef-Zadeh & Cotton 2008 at 4 m, 90 cm,
20 cm and 6 cm respectively). Radio observations are
not susceptible to dust obscuration, and are one of
the best methods for studying the non-thermal syn-
chrotron processes that arise due to the interaction be-
tween relativistic electrons and magnetic elds, as well
as the thermal radio emission originating from ionized
gas surrounding regions of star formation. One of the
most notable discoveries that arose form radio obser-
vations of the GC was that of the non-thermal radio
laments ( Yusef-Zadeh, Morris, & Chance 1981 These
are a population of highly linear, polarized, synchrotron-
emitting features that are apparently unique to the GC
region.

In this article we present a new survey of the Galac-
tic center conducted with the South African MeerKAT *
radio telescope Jonas & MeerKAT Team 2016) at a fre-
quency of 1.28 GHz. The two principal data products
are a total intensity mosaic covering 6.5 square degrees
with an angular resolution of 4°° and a corresponding
image of the in-band radio spectral index measurements
derived from the 800 MHz of instantaneous bandwidth.

1 Operated by the South African Radio Astronomy Observatory
(SARAO).

In Section 2 we describe the observations and data pro-
cessing methods. Sectior8 presents and validates the
radio images. The capabilities of MeerKAT provide
new insight into the morphology of many well-known
radio features in the Galactic center region, as well as
revealing some previously unknown structures, and o er
enhanced radio views and new detections of nhumerous
features previously imaged at other wavebands. In Sec-
tion 4 we highlight some initial results from the survey,
including some newly-discovered potential radio super-
nova remnants, high delity imaging of several known
and new non-thermal lament complexes, and new views
of the Radio Arc Bubble, Sagittarius A (Sgr A) and
Sagittarius B (Sgr B) regions, the latter including the
vigorously star-forming giant molecular cloud complex
Sgr B2, and the former showing the in ow and out ow
of material in the inner few tens of parsecs surrounding
the central SMBH. The paper concludes in Sectiorb.

2. OBSERVATIONS AND DATA PROCESSING
2.1. MeerKAT observations

The Galactic center region was observed during
MeerKAT's commissioning phase, using the L-band
(856{1712 MHz) receivers, between May and July 2018.
The observations presented here consist of a 16-pointing
hexagonal mosaic covering the central region, as well as
four additional outlier elds. The number of dishes used
for each observation was between 60 and 62 inclusive.
The hexagonal mosaic is reasonably close packed, with
adjacent pointings along constant Declination spaced by
0.41 degrees for a primary beam full-width at half max-
imum of 1.1 degrees at the band center. This was done
with polarimetric studies of the region in mind, an as-
pect of the data that is not presented here. A sum-
mary of the pointings is given in Table 1. Note that
the MeerKAT Galactic center survey also included out-
lier elds (including those presented by Heywood et al.
2019 that are not included in this article. For com-
pleteness we list these remaining pointings in Appendix
A.

All observations were made with the MeerKAT corre-
lator con gured to deliver 4,096 spectral channels across
856{1712 MHz, recording all four polarization products.
The correlator integration time per visibility point was
8 seconds for all observations except the rst one for
which a 4 second integration time was used.

Each block contains 10.8 hours of data (with approx-
imately an hour of observing time lost due to the in-
terrupted GCX15 track) for a total observing time of
215 hours. The calibration strategy during scheduling
was conservative, reasoning that self-calibration of the
eld might prove dicult. This concern proved to be



4 Heywood et al.

somewhat unfounded, as will be elaborated on below.
The secondary calibrator 1827 360 was observed for 80
seconds after every 10 minute target scan. This calibra-
tor was selected for its brightness, being 8 Jy at 1.28
GHz. After every four calibrator{target cycles, the pri-
mary calibrator PKS B1934 638 was observed for 10
minutes, followed by a 10 minute scan on 3C 286 to en-
able polarization calibration. The nal on-target time
per block is approximately 7.2 hours, for a total of 144
hours of data going into the nal radio mosaic.

2.2. MeerKAT processing

For this project we returned to the raw archived data
to ensure consistent processing, reusing none of the
products from the imaging presented byHeywood et al.
(2019. For each of the 20 observations, the processing
steps were as follows.

2.2.1. Flagging and reference calibration

The archived raw visibilities were converted to Mea-
surement Set format using the KAT Data Access Library
(katdal ?). Basic agging commands were applied to
all elds, including the bandpass edges, the Galactic
neutral hydrogen line, and on baselines shorter than
600 m, the frequency ranges of known telecommunica-
tions and geolocation services. Auto- agging procedures
were then run on the uncalibrated data of the calibrator
scans to remove radio frequency interference (RFI).

We derived delay (per scan), complex gain (per inte-
gration time, no frequency dependence) and bandpass
(per scan, per channel) solutions from the primary cal-
ibrator PKS B1934 638 using the model ofReynolds
(1999 to describe its spectrum (see alsdieywood et al.
2020. The calibration was done iteratively, and after
each iteration the calibrator data were corrected, and
the agging was re-done based on the residual (model
corrected) visibilities. We derived an intrinsic model for
the secondary calibrator 1827 360 by applying the gain
corrections derived from the primary, deriving complex
gain corrections for the secondary in eight spectral bins,
and then scaling those gains based on a corresponding
set of gain corrections derived from the primary.

The resulting corrected visibilities for the secondary
were then tted with a polynomial in frequency. This
was done for each observation to account for any vari-
ability in the secondary calibrator. After the intrinsic
model was tted, additional delay and time-dependent
gain corrections were derived for each scan of the sec-
ondary. Again this was done iteratively, with rounds of
residual agging of the secondary calibrator in between.

2 https://github.com/ska-sa/katdal

Following all of these calibration steps we obtained
corrections for the instrumental delays and frequency-
independent gains of the telescope every 10 minutes, and
bandpass corrections approximately once per hour. The
target data were corrected using the solutions derived
from the calibrators, and the corrected visibilities were
automatically agged.

All calibration operations were performed using the
casa (McMullin et al. 2007) package. Calibrator ag-
ging made use ofcasa, and the target data were
agged using a custom strategy for the tricolour 2
(Hugo et al. 202) package.

2.2.2. Imaging and self-calibration

Following referenced calibration and agging, the tar-
get data were split out and a blind deconvolution was
performed with the sole purpose of making an initial
cleaning mask for subsequent imaging. The mask was
made manually using a threshold, above which no spuri-
ous features are included. We then performed a second
round of imaging with the mask in place, and the re-
sulting model was used for a round of self-calibration.
Phase-only corrections were derived for every 64 seconds
of data, followed by an amplitude and phase correction
per scan, with no frequency dependence in the solutions
in either case.

There are two main considerations when performing
(self-)calibration of interferometric data. The rst is
the selection of appropriate solution intervals in time
and frequency that strike a balance between being small
enough to track the variation in those two domains of
the e ect(s) that is (are) being solved for, and large
enough to maximise the signal to noise ratio in the solu-
tions. The second is the completeness of the sky model.
Although such models are fundamentally incomplete on
some level, for complex elds it can be di cult to cap-
ture di use structures in the model. This is particularly
true when the model is constructed using clean-based de-
convolution techniques, the single-scale variant of which
is notoriously poor at handling extended structures. It
is now well known that incomplete sky models during
calibration can lead to the suppression of unmodeled
structures (e.g. Mouri Sardarabadi & Koopmans 2019
as well as the creation of spurious ghost sources (e.g.
Grobler et al. 2014. To guard against this somewhat, a
fairly harsh constraint was enforced that excluded spac-
ings below 300 m from the calibration process, leverag-
ing the longer spacings and the more readily modelled
structures that they are sensitive to.

3 https://github.com/ska-sa/tricolour/
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Table 1. Summary of the MeerKAT observations used in this paper, list ed in chronological order. For each observation the
correlator was con gured to deliver 4,096 spectral channels. The integration time per visibility point was 8 seconds, w ith
the exception of the rst block (1525645867) which had a 4 second integration time. The positions of the pointing centers

are shown by the \+" markers in Figure 1. Note that the observation of GCX15 was interrupted, and thu s occupies two

block IDs in the archive.

Date Block ID N ant Name RA Dec I b
(hh:mm:ss.s) (dd:mm:ss.s) (deg) (deg)

2018-05-06 1525645867 62  TARGET 1745155 28 47°35%3 0.081  0.142
2018-06-06 1528308058 60 GC17 fa3" 359 28 477354 359.8901  0.452
2018-06-07 1528394150 60 GC16 fagm192 29 06°18%3 359.708  0.154
2018-06-08 1528480450 60 GC23 fas"s87 29 06°18%3 359.897 0.155
2018-06-09 1528566905 61 GC22 fas"155 29 25°01°% 359.549 0.183
2018-06-10 1528652884 60 GC15 fa3" 359 29 25°01°8 359.360 0.125
2018-06-11 1528739165 61 GC29 126550 29 25°01°B  359.737  0.492
2018-06-12 1528824954 62 GC25 fas"sg7 28 28%52% 0.429  0.170
2018-06-13 1528911055 61 GC18 fagm1g2 28 28%52% 0.239  0.481
2018-06-14 1528999219 61 GC31 126550 28 47°35°% 0.270 0.169
2018-06-15 1529082657 62 GC30 a7 382 29 06"18%3 0.085  0.465
2018-06-16 1529168752 62 GC09 122" 36 29 06”18% 359.517  0.463
2018-06-17 1529254859 62 GC33 126" 550 28 10°09%5 0.803  0.155
2018-06-18 1529340951 61 GC32 a7 3g2 28 28°52% 0.617 0.142
2018-06-19 1529427055 62 GC21 125" 587 29 43°%44% 359.364  0.480
2018-06-20 1529521526 60 GC14 fasm 192 29 43°%44% 359.176 0.172
2018-06-23 1529772166, 1529786044 61 GCX15 "™ 365 30 09°56°%4 358.496  0.098
2018-06-26 1530030351 60 GCXS16  1a20"559 29 2923% 358.992  0.579
2018-06-29 1530288951 60 GCX32  fag9"s&9 28 2527% 0.933  0.555
2018-07-01 1530461748 60 GCxX21  faem367 30 1624% 358970 0.880

Following self-calibration the imaging proceeded iter-
atively, with the thresholded mask being re ned after
each iteration. Between 2 and 4 imaging cycles were
performed, depending on the complexity of the eld be-
ing processed. Following deconvolution, the multiscale
model image was convolved with a % circular Gaus-
sian. For the residual image, a homogenization ker-
nel was computed usingpypher (Boucaud et al. 201§
that brings the resolution of the residuals to that of the
restored model, under the assumption that the tted
restoring beam is a close approximation of the main lobe
of the synthesised beam (the true point spread function).
Following these two convolution operations, the model
and residual images were summed.

Once the full-band, multifrequency synthesis (MFS)
image was complete, we derived a nal cleaning mask
and then used this to image the data in 16 frequency
bands. The purpose of this cube is to t for the spectral
index (Section 3.3). A hard cut (164 wavelengths) was
therefore applied to the inner region of theu; v plane to
prevent the shortest spacings from detecting emission
at the lowest end of the band that is invisible on the
same physical baselines at higher frequencies, and thus

arti cially steepening the spectra of di use structures.
A Gaussian taper was also applied to the gridded vis-
ibilities in each of the 16 frequency planes, to enforce
a resolution for each sub-band image that was as close
to 8%as possible, followed by convolution of the image
products. Note that 8%is the target resolution here, as
unlike the MFS images the sub-band images are limited
by the lowest resolution in the cube. Note also that
we have not combined any of the interferometer data
with appropriate single dish data in order to recover the
zero-spacing information.

All imaging was done usingwsclean (O ringa et al.
2014 with multiscale cleaning (O ringa & Smirnov
2017 enabled, and aBriggs (1999 robust value of 1.5,
to provide high ( 4% angular resolution and suppress
the sidelobes of the synthesised beam. Large images
(1024@ pixels with 1.1%pixel size) were produced, as
for every pointing there was strong emission present in
the primary beam sidelobes. Frequency dependence of
the sky (largely an apparent variation due to the scaling
of the antenna primary beam response across the band)
was captured when making the MFS images by decon-
volving in eight sub-bands (as opposed to the 16 inde-
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pendent sub-band images that were produced for the
spectral index images). The multi-scale clean compo-
nent models were tted with a fourth-order polynomial
for subtraction during the major cycle. The total num-
bers of clean iterations across the dierent elds were
between half a million and a million. All data processing
up to this point was performed either on the Centre for
High Performance Computing (CHPC?) Lengau cluster,
or the ilifu ® cloud computing facility. In the interests of
reproducibility, and for more details on the data reduc-
tion, the scripts that deploy all the operations above on
these two HPC facilities are available onliné (Heywood
2020).

We applied primary beam correction to both the full-

band MFS images and the 16 sub-band spectral cubes.

In the case of the former, the nominal band center fre-
quency (1284 MHz) was used. The primary beam cor-
rection was a simple image-plane operation, whereby the
image is divided by a model of the primary beam at
the appropriate frequency. In this case we used thei-
dos package @Asad et al. 202) to evaluate the Stokes |
beam at the relevant frequencies, and then azimuthally-
averaged this product to remove the non-circular asym-
metries in the main lobe of the MeerKAT primary beam.
The images were blanked beyond the point where the
beam gain nominally drops below 0.5.

2.3. VLA observations and processing

We also made use of observations from the Karl
G. Jansky Very Large Array (VLA) in order to validate
the MeerKAT data products. These were two observa-
tions’ using L-band (1{2 GHz) with the array in the
most extended A-con guration. The observations tar-
geted the Sgr A (J2000 1745™4C0 29 00280) and
Sgr C (J2000 1744m350 29 2900D) regions, with
5.56 and 2.5 hours of on-source time respectively.

The initial agging and reference calibration was per-
formed using the VLA casa pipeline®. Following this we
performed some quick but coarse agging by identifying
scan / spectral-window pairs that had anomalously high
visibility amplitudes and agging them outright. The
processing that followed was akin to the MeerKAT pro-
cessing. The data were deconvolved blindly in order to
construct a cleaning mask, and then re-imaged with the
wsclean multiscale clean algorithm. A single round of
phase-only self-calibration was then performed, and the

4 https:/iwww.chpc.ac.za/

5 http://www.ilifu.ac.za

6 https://github.com/lanHeywood/oxkat v0.1
7 Project codes: 15A-286 and 15A-310

8 https://science.nrao.edu/facilities/vla/data-proces sing/pipeline

data were re-imaged. The angular resolution of the re-
sulting images is  1°° Further details on the use of the
VLA data are given in Section 3.2

3. DATA PRODUCTS
3.1. Total intensity mosaic

A linear mosaic was formed from the 20 primary-
beam-corrected MFS images using thenontage ° soft-
ware package. A rendering of the full mosaic is presented
in Figure 1. To capture the high dynamic range on the
mosaic, it is shown with a dual color scheme, whereby
the faint end is covered by a linear greyscale, and the
bright end is covered by a heat map with a square-root
pixel stretch. The overall pixel scale is presented on the
gure. The standard practice of using variance weight-
ing was adhered to, with the square of the primary beam
attenuation pattern being used as a weighting function.
In practice the images are deconvolution limited, and
not limited by a thermal noise background, and some
minor discontinuities can be seen at the pointing bound-
aries. The total area covered by the mosaic is 6.5 square
degrees. The 20 pointing centers are shown by the \+"
markers, and the gure is annotated to highlight some
known radio features in the Galactic center region (re-
fer to the gure caption for further details). We discuss
some of the features in this image further in Sectiord,
in which we present some subsets of the mosaic with
quantitative color scales.

3.2. Astrometric corrections

A small number of bugs arose in the processing of early
commissioning data from MeerKAT, that gave rise to
systematic inaccuracies in the measured positions of ra-
dio sources (see alsdlauch et al. 2020 Knowles et al.
2021). Briey, the two potential issues were: (i) the
timestamps in early data from the array were erro-
neously o set by a single correlator-beamformer interval
(2 s), leading to u; v; w coordinate errors, and in turn an
apparent rotation of the eld about the phase center; (ii)
inaccurate positions of some calibrator sources were em-
ployed, breaking the \central point source" assumption
that standard calibration routines make, and leading to
a corresponding o set in the target data when the com-
plex gain corrections derived from the calibrators were
applied to the science target.

Undertaking a consistent reprocessing of the data al-
lowed issue (i) to be corrected for during the conversion
of the raw visibilities to Measurement Set format using a
xed version of katdal . The telescope was commanded

9 http://montage.ipac.caltech.edu
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to observe the position J2000 1830588 36 023¢P4
for scans of the secondary calibrator 1827360. This
source does not have an entry in the International Ce-
lestial Reference Frame catalog (v3Charlot et al. 2020),
however the position used is o set from the position in
the Australia Telescope Compact Array (ATCA) cali-
brator database, by £91 in RA, and 0?03 in Dec. To in-
vestigate any astrometric issues caused by this (or other
unforeseen issues), we make use of the VLA observa-
tions targeting Sgr A and Sgr C that we introduced
in Section 2.3. The pybdsf source nding software
(Mohan & Ra erty 2015) was run on the two VLA im-
ages with its default settings. pybdsf works by using
a sliding window to estimate the background noise level
in the map as a function of position ( oca ), and then
nding peak pixel values that exceed some multiple of
this background (in this case 5pcaq). A oo0d-1l al-
gorithm then determines regions of contiguous emission
down to some secondary threshold (3ca by default)
to identify islands. These islands are then decomposed
into a list of point and Gaussian components, which are
exported as a catalog. Since the VLA images are syn-
thesised from observations with the most extended A-
con guration which lacks signi cant numbers of short
baselines, several hundred compact features in the im-
age can be reliably identi ed by automatic source- nders
as there is no strong, large-scale emission to confuse the
background noise estimation.

The VLA component list returned by pybdsf was I-
tered to include only islands of emission that were tted
by a single point or Gaussian component. We created
cut-out images spanning 72°at the positions of these
sources, extracted from the MeerKAT mosaic. These
were visually examined to create a list of MeerKAT
sources that could also be reasonably tted by a sin-
gle point or Gaussian component, with the additional
criterion that the compact feature was embedded in a
uniform background. With these criteria met, we ob-
tained a list of 144 compact MeerKAT sources with
VLA-detected counterparts that can be used to test the
astrometric accuracy.

The distribution of the measured o sets is shown in
Figure 2, in addition to the star symbol which shows the
Very Long Baseline Array position of the compact ra-
dio source Sgr A (Petrov et al. 2011). The cross marks
the median of the distribution ( “gra = 1946, ~pec
= 0963) and the extent of that marker shows the in-
terquartile ranges which are 827 and #45 in RA and
Dec respectively. The o set in RA is consistent within
the errors to the o set between the MeerKAT pointing
position for the secondary calibrator and the position
in the ATCA calibrator database. The cause of the o -
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Figure 2. Osets in RA and Dec for 144 compact radio
sources that are detected in both the MeerKAT mosaic, and
a pair of VLA L-band observations with 1 °° angular resolu-
tion targeting the Sgr A and Sgr C regions. The median
osets in RA and Dec are  1%%6 and %3, with interquar-
tile ranges of 27 and d“15 respectively, as shown by the
position and extent of the large "+' symbol. The star sym-
bol shows the o set between the Very Long Baseline Array
position of Sgr A at 24 GHz (Petrov et al. 2011), and the
MeerKAT measurement. The median measured o sets are
used to bring the MeerKAT astrometry in line with that of
the VLA. See Section 3.2 for further details.

set in Dec between the VLA and MeerKAT detections
remains unknown. We bring the MeerKAT astrometry
in line with the higher angular resolution VLA data by
applying these o sets to the headers of the mosaic prod-
ucts, however users should be aware that astrometric
errors on the sub-pixel level may remain. A catalog of
previously unidenti ed compact radio sources is under
construction, and will be presented in a companion pa-
per (Rammala et al., in prep.), thus the compact source
catalogs used for the astrometric corrections are not pre-
sented here.

3.3. Spectral index mosaic

We visually examined the 16 53.5 MHz sub-band
images for each of the 20 pointings, and removed im-
ages where the sensitivity or image delity was com-
promised due to RFI losses. This reduced the num-
ber of sub-band images from 320 to 269. In all cases
the highest frequency sub-band (center = 1685.1 MHZz)
was lost, and in all but six pointings the lowest sub-
band ( center = 882.6 MHZz). RFI compromised the im-
age quality of numerous sub-bands, mainly through the
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loss of shorter spacings, however it resulted in the total
loss of only 17 additional sub-bands, spread across three
pointings. A visual summary of the frequency coverage
on a per-pointing basis is provided in Figure3. For each
sub-band the primary beam corrected images were mo-
saicked using the same method as for the full-band total
intensity mosaic. The resulting mosaics were then as-
sembled into a cube. The spectrum ( ux density against
frequency) for each line of sight through the cube was
extracted, and a linear t to the slope of this spectrum
in log space was performed. The slope and the associ-
ated error are the spectral index (and associated error),
and these two values are written to FITS images. Note
that we adopt the convention that the ux density S

is related to the frequency via the spectral index
accordingto S/ Pixel values were blanked in
the Stokes | cube below 10 Jy beam ! to avoid tting
negative values. For a spectral t to be considered for a
particular sight line, fewer than half of the 16 channels
must be blanked (either due to the thresholding, the pri-
mary beam cut, or RFI losses). We make no attempt to
t for spectal curvature, as in-band measurements from
fractional bandwidths such as those used here are likely
to be unreliable for all but the brightest components
(e.g. Heywood et al. 201§.

This process will still t regions of the cube that result
in unphysical spectra, generally due to regions contain-
ing persistent, low level sidelobe emission from incom-
plete deconvolution of large angular scale emission in
the Galactic plane. Any residual sidelobe features asso-
ciated with incomplete deconvolution will also exhibit
spectral behavior that is smooth in frequency rather
than being noise-dominated, and so the error in the t
cannot be used as a reliable discriminator for certain re-
gions. It is not possible to enforce a set of masking cri-
teria that are satisfactory for the full mosaic due to the
large dynamic range. Therefore, region-speci ¢ masking
using combinations of spectral index error and ux den-
sity cuts are advised for examining the spectral index of
targets of interest. Some spectral index images are pre-
sented with such masking methods applied in Section
4. Note that as mentioned in Section?2.2, the angular
resolution of the cube and therefore the spectral index
image is &9 i.e. a factor of 2 lower than the total in-
tensity mosaic. This is an unavoidable limitation of one
being produced using sub-band imaging and the other
being produced using MFS imaging.

4. INITIAL SCIENCE RESULTS

The largest coherent structure to be seen in the
MeerKAT mosaic (excluding the Galactic plane itself)
is the 430 pc bipolar radio bubbles, the northern and
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Figure 3. A chart showing which of the 16 sub-bands were
missing (the gray squares) from each of the 20 pointings when
forming the sub-band mosaics for producing the spectral in-
dex mosaic. The central frequency of each 53.5MHz wide
sub-band is noted on the horizontal axis. Refer to Section
3.3 for further details.

southern halves of which are denoted in Figurel, and
are presented in detail by Heywood et al. (2019. In
this section we focus on structures that are smaller in
scale but nevertheless heavily-resolved in the MeerKAT
data. We present a broad overview of a few regions of
the mosaic that demonstrate the improved view of some
well-known regions that the MeerKAT data a ords, as
well as introducing some new discoveries, including po-
tential radio supernova remnants and non-thermal la-
ment complexes. We leave discussion of the third scale
category, that is compact radio features that range from
point-like to a few resolution elements across, to a com-
panion paper (Rammala et al., in prep.), which will
present a catalog of such objects.

4.1. Supernova remnants

4.1.1. SNR G0.9+0.1: evidence of polar out ows from the
pulsar wind nebula

Figure 4 shows the total intensity image of SNR
G0.9+0.1 (upper panel) and the corresponding in-
band spectral index measurements from the MeerKAT
data (lower panel). The feature in the center of
the shell was identied as a pulsar wind nebula
(PWN) by Gaensler, Pivovaro , & Garmire (2001 us-
ing X-ray observations, and a pulsar was subsequently
discovered within by Camilo et al. (2009. A de-
saturated view of the PWN is provided in the in-
set panel of Figure 4. Previous radio imaging by
Dubner, Giacani, & Decourchelle(2008 reported a disk
and jet structure consistent with the X-ray morphology.
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Figure 4. The upper panel shows the total intensity im-
age of SNR G0.9+0.1 with a resolution of 4% and the lower
panel shows the in-band spectral index measurements over
the same region. The latter has been masked where the
Stokes | brightness drops below 100 Jy beam . A northern
\ear" is revealed in the supernova shell, likely due to activ -
ity associated with the central pulsar wind nebula (PWN). A
desaturated view of the PWN is shown inset in the top panel,
revealing it to be a tangled, lamentary structure. The spec -
tral index map highlights the atter spectrum PWN embed-
ded in the synchrotron emission of the SNR, and also shows
a spectral index gradient consistent with the elongated axi s
of the SNR.

The MeerKAT imaging reveals a complex, tangled I-
amentary structure, somewhat resembling theChandra
X-ray image of the Crab nebula (Weisskopf et al. 2000.
A protrusion in the shell boundary is clearly visible
to the northwest of the image, which must be driven
by the central PWN, and is aligned with the putative
jet axis described by Dubner, Giacani, & Decourchelle
(2008. This distortion of the shell could be due to
the jet itself, excavating channels along its axis and

breaking out in the north, analogous to the shell in the
W50 supernova remnant that has been distorted by the
jets of its central progenitor, the X-ray binary SS 433
(Dubner et al. 1999. Alternatively an isotropic wind
from the PWN could be collimated preferentially in the
north-south direction if the original supernova explo-
sion produced an expanding shell with bipolar density
enhancements in the east-west direction (or expanded
into such an environment). Such a con guration can
be clearly seen in the single-dish radio observations of
SN 1006 Pyer, Cornwell, & Maddalena 2009. The en-
hanced brightness, particularly on the western edge,
indicates that this is a possibility. The nested, edge-
brightened features in the northern protrusion are also
suggestive of episodic activity from the PWN.

This activity is also re ected in the in-band spectral
index map of this source, shown in the lower panel
of Figure 4 (refer to the caption for details). The
PWN complex is seen as the central relatively at-
spectrum feature inside the synchrotron emitting shell,
with steeper spectrum emission seen aligned with the
elongation axis.

4.1.2. G0.8 0.4: a new radio SNR?

Figure 5 shows a low surface brightness, lamentary
shell-like structure that is a possible new SNR, or per-
haps a thermal wind-driven Hii bubble. The diameter of
the shell is approximately 12. No counterparts at other
wavebands were found in any of the large-area surveys
made available via the Aladin Sky Atlas (Bonnarel et al.
200Q Boch & Fernique 2019, however a source central
to the radio shell is seen in the Wide- eld Infrared Sur-
vey Explorer (WISE; Wright et al. 2010) Band 4 image
at 22 m, but in no other bands. The WISE image
shows a shell or partial shell-like source, with brightness
enhancements on the eastern edge. The source appears
to be o set from the center of the lamentary radio shell.

It is cataloged (as G000.834-00.457) in the list of Hi
regions identi ed in IRAS imaging by Anderson et al.
(20149, and in the list of bubbles (as G000836-004493)
identied in GLIMPSE/MIPSGAL data via a citizen
science project Simpson et al. 2012. No properties
other than position and morphological parameters are
given in either case. No reliable in-band spectral index
measurements were achievable for the lamentary shell,
due to its low surface brightness. The standard devi-
ation of the pixels in the radio image over the area of
the IRAS detection are 26 Jy beam *. If this central
infrared source is an Hi region then the lack of corre-
sponding radio emission in our deep imaging is some-
what puzzling. The integrated 22 m ux of 350 Jy
would mark this source as an extreme outlier in terms
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The left hand panel shows the low surface brightness, shelllike 1.28 GHz radio structure at G0.8 0.4, possibly a

new radio supernova remnant, or a shell driven by thermal win ds from an Hii region. The contours trace the Band 4 (22 m)
WISE emission, the image of which covering the same region isshown in the right hand panel. Contour levels start at 19.15

mJy and increase linearly with a spacing of 0.5 mJy. Three sources that are likely background double-lobed radio galaxies are
also shown in the left hand panel, highlighted by the solid ci rcles. Three of the numerous low angular diameter shells that are
visible in the MeerKAT mosaic can also be seen, highlighted by the dashed circles. The image has an angular resolution of 4°

of its radio to infrared brightness ratio (Makai et al.
2017, although there is observational evidence for dust
emission interior to (and o set from) the ionized shell
in spatially-resolved Hii regions (Hankins et al. 2019.
Supernova remnants have also been seen to exhibit
far-infrared emission that is o -center from their ra-
dio shells, thought to be due to the production of dust
(Lau et al. 2015 De Looze et al. 201Y.

The three double-lobed radio sources in the
eld (highlighted by solid circles) have decidedly
synchtrotron-like spectral indices, and are likely back-
ground active galactic nuclei (AGN). This eld also
shows some of the numerous low angular diameter shells
(a few resolution elements across, three of which are
highlighted by the dashed circles). These could be ion-
ization regions around massive stars, or alternatively
planetary nebulae (PNe). Assuming a typical PN diam-
eter of 0.3 pc (rew, Parker, & Bojct 2016 ), a 15%an-
gular diameter shell would be at a distance of 4.3 kpc.
PNe that are close to the Galactic center are thus not
likely to be spatially resolved in this mosaic. The de-
ciency that arises from mosaicking individual images
that are limited by bright extended structures with
slightly diering levels of deconvolution, rather than
thermal noise limited, is also evident in Figure5, mani-
festing as low-level discontinuities that trace the circular
primary beam cut.

4.1.3. G358.7+0.8: discovery of a remarkably spherical
radio nebula

The northwestern corner of the MeerKAT mo-
saic features a low surface brightness radio nebula
(G358.7+0.8), notable for its almost-spherical morphol-
ogy. The structure is shown in Figure 6, in which the
MeerKAT image has been convolved to an angular res-
olution of 11%° We were unable to locate a counterpart
to this source in multiwavelength imaging of the region
(Bonnarel et al. 200Q Boch & Fernique 2014, suggest-
ing it is a new discovery.

The eastern rim of the shell is bright enough to esti-
mate the in-band spectral index, which is consistent with
synchrotron emission, with a mean value of 0.6,
computed over an area of the eastern rim covering 200
restoring beams. This suggests that G358.7+0.8 may
be a supernova remnant, although its position at the
very edge of the mosaic means that the spectral base-
line for the in-band spectral index estimate will be
short. Supernova remnants with such spherical mor-
phologies are rare however, with SN1066 likely being
the best known example that is well-studied in the ra-
dio (Dyer, Cornwell, & Maddalena 2009.

It is unlikely that G358.7+0.8 is a planetary neb-
ula (PN), although its radio morphology bears a close
resemblence to the optical image of the spherical PN
Abell 39 (Jacoby, Ferland, & Korista 2001). However
the radio emission from PNe is, in essentially all cases,
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thought to originate from thermal free-free processes,
and thus if the spectral index estimate is accurate (and
holds for the entirety of the shell), it is at odds with
this property. Also, the angular diameter of 17° would
place the putative PN at a distance of only 61 pc,
again assuming a typical nebula diameter of 0.3 pc
(Frew, Parker, & Bojct 2016 ). This would make it by
far the closest known PN, in which case the lack of a
counterpart in large-area surveys at other wavelengths
would be di cult to explain.

We note also the presence of a compact source with a
\Mouse-like" tail to the northwest of the shell. Given the
position of this relative to the shell (and the undisturbed
morphology of the shell) it is likely a chance alignment.
The compact source appears to have inverted spectrum
emission ( 0.6). The tail in this case may be a non-
thermal lament, arising as a consequence of cosmic-ray
driven nuclear winds interacting with a mass-losing stel-
lar source (Yusef-Zadeh & Wardle 2019 see also Section
4.2).

Figure 6. G358.7+0.8 is a newly-discovered low surface
brightness, almost spherical radio nebula. We found no mul-
tiwavelength counterparts to this object. The image above

shows the MeerKAT image convolved to 11% to highlight

the structure. The eastern rim of the shell has a spectral

index estimate that is consistent with synchrotron emissio n,
suggesting it is a supernova remnant with rare spherical mor-
phology. The tailed source discussed in Section4.1.3is high-
lighted by the circle.

4.1.4. The MeerKAT view of SNR candidates G0.33+0.04
and G359.172+0.264

Figure 7 shows the 1.28 GHz MeerKAT image of the
SNR candidate G0.33+0.04, the position of which is also
noted on Figure 1. It has been previously studied in de-

tail by Kassim & Frail (1996, who interpret the source
as an SNR based on their multifrequency radio spec-
trum (spanning 80 MHz to 15 GHz) and its shell-like
morphology. Those authors note G0.33+0.04 as of po-
tential interest due to its apparent proximity to Sgr A ,
second only to Sgr A East in terms of known SNRs (or
SNR candidates, see Sectiod.5.2).

The MeerKAT image shows a full pro-
late shell with a projected angular size of
0.19 0.13 (27.5 pc 18.8 pc), at a position angle
of 35. The emission is signi cantly confused by com-
plex emission from the plane in its southeastern half,
and is crossed by numerous non-thermal laments. We
can recover in-band spectral index information for the
western rim of the shell, as shown in the lower panel of
Figure 7. The mean spectral index measured within the
polygon is 0.5, close to the value of 0.56 reported by
Kassim & Frail (1999 in their multifrequency spectrum
above the turnover at 150 MHz.

We also examine the SNR candidate G359.172+0.264
reported by Dokara et al. (2021 from the Global View
of Star Formation in the Milky Way survey (GLOSTAR,;
Brunthaler et al. 2021; Medina et al. 2019. The candi-
date is detected in the VLA D-con guration data from
that survey, where it is morphologically classied as a
lled shell with an integrated 5.8 GHz ux density of
17.5 4.4 mJy. Correcting this to 1.28 GHz assuming

= 0.5 gives an integrated ux density of 37 mJy.
Despite the source being situated in a localized negative
bowl with a mean depth of 0.15 mJy beam !, a source
with such a C-band ux density and typical SNR charac-
teristics should be readily detectable by MeerKAT. Only
a hint of a partial shell (with a brightness enhancement
to the south) is seen in the data, the peak of which is at
a 1.5 level. The unusual spectrum of this source could
possibly be investigated by follow-up observations using
MeerKAT's S-band receivers (1.75{3.5 GHz;Barr 2018).

4.2. Non-thermal laments

Several complexes of magnetized lamentary emis-
sion have been identied over the last few decades
in the inner 2 square degrees of the Galactic cen-
ter. Their intrinsic polarization and spectral index
show that they are synchrotron sources with magnetic
elds directed along the length of the laments (e.qg.
Law, Yusef-Zadeh & Cotton 2008 Pae et al. 2019).
There are many theories as to the origin of the laments
(e.g. Shore & LaRosa 1999 Boldyrev & Yusef-Zadeh
2006 Linden, Hooper, & Yusef-Zadeh 2011
Barkov & Lyutikov 2019; Yusef-Zadeh & Wardle 2019
that aim to understand both the origin of the magnetic
eld as well as the source of relativistic particles that
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Figure 7. The 1.28 GHz MeerKAT image of the SNR candi-
date G0.33+0.04 is shown in the upper panel, using a square
root pixel stretch. A complete shell is revealed with pro-
late morphology, the major axis of which is approximately
aligned with the Galactic plane. The in-band spectral index
map is presented in the lower panel. The brighter western
rim of the shell has an average spectral index (computed
within the magenta box) of 0.5, close to the value of 0.56
reported by Kassim & Frail (1996) using multifrequency ra-
dio observations.

drive the synchrotron emission, but there is no single,
conclusive explanation as to their origin.

Figure 8 shows 28 laments and lament complexes
as seen by MeerKAT. While far from exhaustive, these
examples are representative, and show the varying mor-
phological properties within the general population. Ex-
tremely linear morphologies are the de ning character-
istic, however common features can be seen between
separate groups of laments. For example, laments
can appear to be isolated (panels 4, 16, 18, 19) or oc-
cur as complexes of multiple, parallel laments (pan-
els 5, 6, 11, 20, 24). Panels 5 and 11 respectively

show \the Harp" and \the Christmas Tree", so-called
by Thomas, Pfrommer, & En lin (2020. These authors
explain this morphological con guration in terms of a
massive star or pulsar that is ejecting cosmic rays as
it moves along Galactic magnetic eld lines, which are
then sequentially emitting synchrotron emission. Panel
20 shows a similar lamentary morphology, but also con-
tains an intriguing, possibly associated, tailed (\Mouse-
like") compact object ( = 0.3) that appears to be
moving away from the laments, similar to the source
seen in Figure6.

Curvature of various levels is seen, sometimes as un-
dulations along the lament(s) (panels 3, 7, 8), some-
times signi cantly more pronounced (panel 10). Several
laments exhibit a kink along their length (panels 17,
18, 19) which is typically accompanied by a pronounced
enhancement in the radio brightness. Another example
of this can be seen in the well-known \Snake" lament,
that is visible and labelled in Figure 1. Compact radio
sources often appear to be embedded in the laments
(panels 10, 11, 13, 26), however it is not known whether
this is just due to chance alignment.

MeerKAT also reveals for the rst time numerous low
surface brightness laments (e.g. panels 2, 4, 27, 28), in-
cluding some that are situated at projected distances of
> 200 pc away from the GC. In addition to the Snake, the
brightest lament complexes are the Radio Arc (panel
15) and the laments adjacent to Sgr C (panel 13). Both
of these are seen to be signi cantly longer than pre-
viously thought. Filaments associated with the Radio
Arc complex can be seen to span 200 pc in Figure 1
before fading below detectability, and both the Radio
Arc and Sgr C lament complexes are now known to
mark the boundaries of the 430 pc bipolar radio bub-
bles (Heywood et al. 2019.

Figure 9 shows numerous non-thermal radio laments
spanning the Galactic plane between the Sgr A and Sgr
C regions. Total intensity and spectral index images are
presented. The latter shows the synchrotron-dominated
Galactic plane emission with numerous atter spec-
trum source embedded within, as well as the broad
range of spectral indices that the non-thermal laments
have. Spectral index gradients are visible along la-
ment lengths, as have been previously seen in multi-band
spectral index measurementsl{(aRosa, Lazio, & Kassim
2001 Law, Yusef-Zadeh & Cotton 200§. Mean spec-
tral index values are calculated for 23 non-thermal |-
aments and lament complexes within the magenta
regions visible in Figure 9. The mean values of
are annotated on the gure close to or within each
region. The overall mean value across all laments
measured here is 1.1 0.6 (1), consistent with
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Figure 8. Some examples of non-thermal radio laments from the 4%resolution MeerKAT mosaic. For economy of space,
the images have been rotated such that the principal axis of the laments run vertically. The arrow in the top left of each
panel shows the direction of increasing |, i.e. it points eastward along the Galactic plane, showing its orientation relative to
the laments. The Galactic coordinates of the \+" marker is g iven in each panel. This is only for nding purposes, having
been moved from the center of the panel in some cases in orderd not obscure interesting features, and does not represent he
position of any lament, or lament complex. The brightness scale is linear, and common to all panels. The bar on each pané
shows the linear scale in pc, assuming a distance to the Galatic center of 8.2 kpc (Gravity Collaboration et al. 2019 ), and that
all laments lie at this distance. Refer to Section 4.2 for futher details.
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Table 2. In-band spectral indices for selected non-
thermal laments or lament complexes as measured by
MeerKAT, compared to some dual-band measurements from
Law, Yusef-Zadeh & Cotton (2008. The MeerKAT ID
refers to the panel number in Figures 8 and 9, and the VLA
ID refers to the identi cations used in the aforementioned
reference. Refer to Section4.2 for details.

6cm

ID meerkaT MeerKAT IDvia 20cm
6 0.82 N1la, N11b 0.2
7 0.63 C3 0.8
8 0.92 N8 1.3to 09
10 0.96 Cce, C7 0.1to 0.7

synchrotron emission, and previously measured ranges
(Law, Yusef-Zadeh & Cotton 2008, and also encom-
passing some laments that are seen to have atter spec-
tra. The numbers shown on Figure 9 correspond to
panel numbers on Figure8 for any laments that are
also featured there.

For some of the laments we can compare our in-band
spectral index measurements to values derived from
multi-band observations (Law, Yusef-Zadeh & Cotton
2008 see also Anantharamaiah etal. 1991
Bally & Yusef-Zadeh 1989 Yusef-Zadeh et al. 200%
Table 2 shows the mean in-band spectral indices
for four such complexes as measured by MeerKAT,
compared to the dual-frequency measurements from
Law, Yusef-Zadeh & Cotton (2009.

Some discrepancies are clearly present in the measure-
ments listed in Table 2, the most obvious explanation for
which may be the di ering angular resolutions between
the two data sets. Addtionally, an unavoidable limita-
tion of in-band spectral index measurements is that the
resulting values have a stronger noise contribution than
more widely separated dual-band measurements for a
given signal to noise ratio, although this may be com-
pensated for somewhat by the increased depth of the
MeerKAT observations over the 6 and 20 cm VLA mea-
surements primarily used to determine the above multi-
band values. The diering methods used may also be
a factor, namely our use of mean values determined
within a rectangular aperture (containing thresholded
data), versus the measurement of in slices across the
lament as employed by Law, Yusef-Zadeh & Cotton
(2008. The latter approch was designed to remove con-
tributions from di use, background emission, and this
may be contaminating our in-band measurements, par-
ticularly for those laments closer to the plane and those
seen at lower signal to noise ratios. Additionally, we
are measuring the spectral index of lamentary features
that are much fainter than those detected previously, en-

compassing previously undetected structures, and so the
comparison of the spectral indices is fundamentally not
a like-for-like one. For example, the lament complex in
panel 6 of Figure8, is seen as a pair of laments referred
to as N1la and N11b bylLaw, Yusef-Zadeh & Cotton
(2008. MeerKAT resolves this complex into at least
ten individual laments.

The MeerKAT measurements are clearly able to re-
cover reliable synchrotron spectra for the brighter la-
ment complexes, as well as resolve previously-seen spec-
tral index gradients along the lament. A detailed, sta-
tistical analysis of the bulk properties of the non-thermal
lament population will be presented in a companion
paper (Yusef-Zadeh et al.,submitted).

4.3. Non-thermal radio laments and their physical
association with the 430 pc bipolar radio bubbles

The previously-published MeerKAT observations of
this region showed a bubble of radio emission with rel-
ativistic particles emerging from the Galactic center,
with an end to end extent of 430 pc centered about
the Galactic disk (Heywood et al. 2019. The bubble
appears symmetric about the Galactic plane but o -
set from Sgr A by 20 pc towards negative longitudes,
where the gas density in the disk is lower. X-ray obser-
vations indicate superheated gas distributed within the
radio bubble, pointing to an energetic out ow with high
cosmic ray ux in the nucleus (Nakashima et al. 2019
Ponti et al. 2019). The bubble encompasses promi-
nent radio continuum sources, such as the Radio Arc
with its network of nonthermal laments at | 0:2,
and Sgr C at | 0:;5. The eastern and western
edges of the bubble, also known as the Galactic cen-
ter radio lobes, show a mixture of warm ionized gas,
dust and synchrotron emission Gofue & Handa 1984
Tsuboi et al. 1995 Bland-Hawthorn & Cohen 2003
Law, Yusef-Zadeh & Cotton 200§. Low-resolution ra-
dio recombination line observations of warm ionized gas
along the radio lobes show velocities ranging between
20 and 20 km s ! (Law et al. 2009 Alves et al. 2015
Nagoshi et al. 2019.

A key issue that arises is the location of this low ve-
locity ionized gas, and its possible association with the
nonthermal radio lobes. Low velocity ionized gas is gen-
erally distributed along the line of sight, much closer to
us than the Galactic center. However, there are three in-
dications that suggest the low-velocity gas is located in
the GC region, and is associated with the Galactic cen-
ter radio lobes. One is the association of the southern
half of the radio bubble and the X-ray-emitting ther-
mal plasma, with its high column of neutral absorb-
ing material (Heywood et al. 2019 Ponti et al. 2019,
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Figure 9. Numerous non-thermal radio laments spanning the Galactic plane between Sgr A and Sgr C, a region representing
the western side of the collimated out ow from the Galactic ¢ enter, as evidenced by X-ray and radio imaging. The upper panel
shows the 1.28 GHz total intensity image at 4 “resolution with a linear pixel stretch, and the lower panel s hows the corresponding
spectral index image, blanked in regions where the Stokes | lrightness is below 200 Jy beam ®. The synchrotron-dominated
emission from the Galactic plane runs diagonally across the image. The 23 rectangular magenta regions show the areas ove
which mean spectral index values are computed for each lament, with those values noted on the image. The numbers indicat e
panel numbers for laments that also feature in Figure 8.



The 1.28 GHz MeerKAT Galactic Center Mosaic 17

2021). Such high column density absorbing gas is un-
likely to be at a local distance. Furthermore, linearly
polarized emission extending along the eastern lobe,
including the Radio Arc and its northern and south-
ern extensions, show high Faraday rotation measures
(Inoue et al. 1984 Tsuboi et al. 1995 Seiradakis et al.
1985 Yusef-Zadeh, Wardle & Parastaran 199}. Such
high values are consistent with the material being close
to the Galactic center. Lastly, H3 studies show the pres-
ence of the absorption line from (3,3) and the complete
absence of lines from (2,2) toward the Galactic center.
These are strong signatures that the gas is located in the
Galactic center (Oka, et al. 2005 Oka & Geballe 2020.
The H3 spectral measurements show warm (200 K),
di use molecular ionized gas, with a density of 100
cm 2 and low velocities. In addition, a large volume II-
ing factor of H3 implies that the CMZ is not as opaque
as previously thought. All these measurements together
suggest that low velocity, low density gas is pervasive,
and is likely to be distributed in the Galactic center re-
gion.

The cosmic ray ionization rate derived from H
measurements is at least 23 orders of magnitudes
higher than in the Galactic disk (Le Petit et al. 2016;
Oka & Geballe 2020, and thus can provide high pres-
sure that can drive cosmic-ray driven wind. In this pic-
ture, the origin of low velocity ionized gas and dust is
explained as the consequence of coronal gas pushing the
warm ionized gas mixed in with dust in the direction
where the edges of the bubble (the lobes) are, dt 0:2
and | 05 .

The bulk of the material in the bubble as traced by
mid-infrared dust emission (Bland-Hawthorn & Cohen
2003 is at the Galactic center, and arises from the ram
pressure of coronal gas, accelerating and sweeping up
dust and gas, and forming a shell-like structure. In this
picture, a layer of low-velocity ionized gas is predicted
to be interior to the linearly polarized radio lobes.

The MeerKAT images suggest that the magnetized I-
aments and the large-scale radio bubble are causally con-
nected because the majority of the linear laments are
distributed within the radio bubble cavities, and are spa-
tially correlated (Heywood et al. 2019. One scenario to
explain the origin of the laments is the interaction of a
cosmic-ray driven wind with stellar wind bubbles, creat-
ing magnetized cometary tails (Yusef-Zadeh & Wardle
2019. In this model, the compression of the ambient
cosmic ray electron population produces the synchrotron
emission from the laments.

An alternative explanation for the source of the high
cosmic ray pressure in the Galactic center region could
also be the leakage of cosmic ray particles from the la-

ments themselves, which subsequently interact with low-
density gas distributed throughout the Galactic center.
For this scenario to explain the bipolar radio / X-ray
features would require a high volume lling factor of |-
aments in the region, and a high mean magnetic eld
strength in the laments. The large number of new I-
aments revealed by the MeerKAT imaging provides ev-
idence for the former (Yusef-Zadeh et al. submitted).

4.4. Sagittarius B

The Sagittarius B complex consists of two halves of
roughly equal angular sizes: Sgr B1 (G0.50.0) to the
south, and Sgr B2 (G0.7 0.0) to the north. The lat-
ter is a giant molecular cloud complex, containing many
compact radio features that signpost extremely compact
Hii regions and young stellar objects Ginsburg et al.
2018. Sgr B1 is thought to be the older half of the
Sgr B complex, containing Hii regions that are more
evolved, a molecular gas mass that is an order of mag-
nitude lower than that of Sgr B2, and no evidence for
on-going massive star formation Henshaw et al. 2016
Simpson et al. 2018 2021). The Sgr B2 region tends
to be of particular interest as its mass, extent, and
star formation rate suggest that the physical conditions
within o er a local analog of the intense starburst re-
gions found in ultraluminous infrared galaxies. Claims
that the two regions are physically related are motivated
by the presence of a common envelope of molecular ma-
terial (Mehringer et al. 1992, however alternative sce-
narios (Barnes et al. 2017 place the two halves of Sgr B
on opposite sides of a common orbit around the Galactic
center (Kruijssen, Dale, & Longmore 2015.

Figure 10 shows the MeerKAT view of Sgr B at
1.28 GHz, with the total intensity image on the left
panel, and the spectral index map of the correspond-
ing region on the right. The Sgr B complex primarily
consists of lamentary and edge-brightened, shell-like
features, with Sgr B2 dominated by a number of bright,
compact star-forming cores and Hi regions, clearly seen
with inverted ( > 0.5) spectra. Sgr B1 is seen to have
signi cantly fewer compact radio features, and those
that are seen (primarily towards the southern edge) have
atter spectra than those in Sgr B2.

Previous radio imaging at 1.38 and 2.36 GHz with
the ATCA ( Jones et al. 201) measured spectral indices
for the compact and brighter ridge features, and con-
cluded that the overall emission from Sgr B is domi-
nated by thermal processes. The motivation for this
work (and previous work by Protheroe et al. 2009 was
that synchrotron emission in Sgr B could be produced
by secondary electrons and positrons that are produced
when cosmic rays interact with the dense material in the
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Figure 10. The left hand panel shows 1.28 GHz radio emission from the Sagttarius B region (with a square-root pixel stretch)

at an angular resolution of 4% Sgr B is divided into two halves, with Sgr B1 to the south and S gr B2 to the north. The
right hand panel shows the corresponding spectral index image for this region, blanked below pixel values where the Stokes |
brightness is below 300 Jy beam 1. Sgr B2 is dominated by bright, compact, inverted spectrum r adio features that signpost
high-mass star-forming cores, as well as compact Hi regions. Sgr B1 consists mainly of lamentary and edge-brig htened shell-
like features with atter radio spectra, although such feat ures pervade the Sgr B complex as a whole. Refer to Sectiord.4 for

further discussion.

clouds. Compact star forming cores aside, the MeerKAT
imaging shows that the lamentary structures are gen-
erally seen with atter spectral indices than their sur-
rounds, but the general di use radio emission seen in
the MeerKAT image may be a mixture of thermal and
non-thermal processes as the spectral indices are gener-
ally atter than those reported by Jones et al. (2011).
Follow-up observations of this region (and many others)
with MeerKAT's UHF (580{1015 MHz) and S-band re-
ceivers will be informative for modelling the spectra of
such regions at high sensitivity and with high imaging
delity. Coherent, thread-like radio features visible in
Figure 10 that span the entire Sgr B complex are also
suggestive that Sgr B1 and B2 are related, if they are
within the Sgr B complex and not a superposition.

4.5. Sagittarius A and the Radio Arc Bubble

Figure 11 shows the 1.28 GHz radio emission from the
region surrounding Sgr A itself, and to the north, the
radio emission associated with the quarter-degree diam-
eter bubble structure generally known as the Radio Arc
Bubble, as well as the Radio Arc laments themselves.
We discuss some of the features in this image in the
subsections that follow.

4.5.1. Interior of the Radio Arc Bubble

The Radio Arc Bubble is a shell-like structure 30
pc in diameter, traversed by the prominent Radio
Arc laments. The shell is thought to have been
excavated by the cumulative pressure of supernovae
from the stars within, and is seen at many wave-
lengths that can trace hot dust and ionized mate-
rial. The interior of the Radio Arc Bubble is home
to numerous massive, young star clusters, including the
Arches (Espinoza, Selman, & Melnick 2009 and Quin-
tuplet ( Liermann, Hamann, & Oskinova 2009 clusters.
MeerKAT imaging of the region surrounding the latter
is presented in the left hand panel of Figurel2. The
Quintuplet cluster is the source of the ionizing photons
that have produced \the Sickle" Hii region at G0.18-
0.04 (Figer, McLean, & Morris 1999). The pillar-like
features in the nebula's ionization front, as well as sev-
eral low level features seen irHubble Space Telescope
(HST) narrowband imaging (Wang et al. 201Q right
hand panel of Figure 12) are visible in the MeerKAT
imaging, although they are somewhat obscured by the
non-thermal laments that run across the image.

Some of the compact features in the image have
been previously detected with higher angular resolution,
higher frequency VLA observations (sources QR1{QR4,
as presented bylLang et al. 1999h and indicated on Fig-
ure 12). These sources are associated with the ionizing
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Figure 11. The MeerKAT view of the Sgr A and Radio Arc Bubble regions, wit h an angular resolution of 4°2 The image
uses a logarithmic color stretch to capture the high dynamic range in the radio features visible. Many new laments, comp act
sources, and low angular diameter shells can be seen in the grre, some closer views of which are shown in Figuresl2 and 13.
A desaturated image of the inner 30 pc region around Sgr A is shown in Figure 14, along with the corresponding spectral
index image.

stellar winds from massive stars, have spectral indices We also detect the spherical nebula surrounding
(measured between 4.9 and 8.4 GHz) of between +0.5 the luminous blue variable (LBV) star G0.120 0.048,
and +0.8, and here we detect these faint sources at L- thought to result from an outburst of material from the

band frequencies for the rst time. star itself (Mauerhan et al. 2010, rather than from a
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Figure 12.

MeerKAT image of the region surrounding the Quintuplet clus ter at 1.28 GHz (left hand panel), with 4 ®angular

resolution, and a square-root pixel stretch function as ind icated on the color bar. The non-thermal laments of the Radi o Arc
run diagonally across the image and dominate the scene, howger we also see \the Sickle" Hii region that is being ionized by

the Quintuplet cluster, resolving pillar-like features in

the ionization front in the radio imaging. The bubble surrou nding the

LBV star G0.120 0.048 can also be seen, a feature discovered in narrowbandiST imaging of the region (right hand panel;
Wang et al. 2010). The well-known nebula surrouding the LBV Pistol star is al so evident. The inverted spectrum continuum
sources QR1{QR4 (Lang et al. 1999b) are detected at 1.28 GHz for the rst time, although QR1 and Q R2 are blended at the
resolution of the MeerKAT data. Refer to Section 4.5.1 for further details.

wind interacting with the surrounding material. The
1.28 GHz detection is too faint to obtain a reliable in-
band spectral index estimate, however this structure
has previously been detected in a 24.5 GHz mosaic of
the Sickle region byButter eld et al. (2018. The well-
known nebula surrounding the LBV Pistol star is also
visible in Figure 12.

Figure 13 shows a zoom of another region within the
Radio Arc Bubble. In addition to the LBV shell, the
MeerKAT imaging reveals several low angular diameter,
low surface brightness shells as indicated on the gure,
likely ionized Hii around the numerous massive stars in
this region.

There is a double-lobed radio source visible at the
center of the lower third of Figure 13, with a lobe
to lobe separation of £. The core of this source has
a cataloged X-ray counterpart at J2000 1746™ 1665

28 55509 (Wang, Dong, & Lang 2006, and the cor-
responding lobes have synchrotron spectra accord-
ing to the MeerKAT spectral imaging. This source
could be a background Fanaro -Riley Type-Il (FR-
Il; Fanaro & Riley 1974) AGN, although MeerKAT
is capable of resolving the expanding jets from Galac-
tic X-ray binaries (XRBs, e.g. Bright et al. 2020;
Carotenuto et al. 2021). Examining the constituent im-
ages of the mosaic show that the lobes of this source

appear to be stationary over a time scale of 1 month.
However, this does not rule out a Galactic origin for
this source, as the radio lobes could represent ter-
mination shocks rather than expanding ejecta. This
would be comparable to the resolved jets of the Galac-
tic microquasar 1E1740.7{2942 (\the Great Annihila-
tor"; Mirabel et al. 1992) which is visible in Figure 1.
The jets of 1E1740.7{2942 are seen to have synchrotron
spectra in the spectral imaging, and are persistent.

Figure 13 also shows some new laments within the
Radio Arc Bubble, running parallel to the primary |-
aments of the Radio Arc itself. The new laments in-
clude another \harp-like" structure, as indicated on the
gure. We note that this was previously detected as a
coherent polarised radio feature byReich (2003, and
in total intensity by Yusef-Zadeh et al.(2004, however
both of these observations did not transversely resolve
the structure into multiple individual laments.

4.5.2. Accretion streams and out ows in the inner 30 pc of
the Galaxy

Previous high resolution imaging of the Sgr A region
revealed an ionized gas feature known as the Galactic
center mini-spiral (e.g. Pedlar et al. 1989 Scoville et al.
2003. Observations tracing the kinematics of the gas
along the arms of the mini-spiral (e.g. Tsuboi et al.
2017 infer that the spiral arms are in Keplerian orbits
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Figure 13. This image shows new laments and shells inte-
rior to the Radio Arc Bubble, as imaged by MeerKAT with
an angular resolution of 4%° The image has a square-root
stretch function as indicated on the color bar. A double-
lobed radio source is also visible, as well as some low angula
diameter shells, and new non-thermal laments (NTFs). Re-
fer to Section 4.5.1 for details.

surrounding Sgr A (Hsieh et al. 202). Spectral imag-
ing with MeerKAT's L-band (Figure 14, lower panel)
clearly reveals the spiral structure and the ionized na-
ture of the gas via its inverted spectrum, embedded in
the broader, di use synchrotron halo that surrounds Sgr
A . Its connection to coherent, atter spectrum fea-
tures extending to the edge of the halo is visible in the
spectral index image, a connection that is not obvious
when looking at the total intensity images (Figure 11
and Figure 14, upper panel) alone. These structures
as a whole could represent the dominant accretion ow
onto Sgr A , with the gas becoming ionised when it ap-
proches the inner 2 pc region where the mini-spiral
is situated. A bipolar out ow from the inner 30 pc
region has been inferred using high-resolution VLA ob-
servations at 5.5 GHz byZhao, Morris, & Goss (2016.
This study notes the correspondence between the radio
emission to the northwest of Sgr A and X-ray emission
as detected byChandra (Marko 2010). The MeerKAT
imaging seems to show that the 5.5 GHz emission is part
of a biconical or hourglass-shaped out ow, with the prin-
cipal axis aligned with those of both the 430 pc radio
bubbles, and the dominant non-thermal laments in the
surrounding region.

The bright, ring-like structure visible clearly in the
upper panel of Figure 14 is not evident in the lower
panel due to its synchrotron spectrum matching that
of the broader Sgr A halo. This structure, known as

Figure 14. A desaturated view of the 1.28 GHz radio emis-
sion from the Sgr A region is shown with 4%ngular resolu-
tion in the upper panel (with a square-root pixel stretch),
together with the spectral index image from the correspond-
ing region in the lower panel. The bright Sgr A East shell-lik e
structure is visible, at the convergence of a bipolar or hour-
glass shaped structure. The spectral index image is blanked
for pixels where the Stokes | brightness is below 450 Jy
beam !, and clearly shows the thermal emission from the
ionized mini-spiral, embedded in a synchrotron halo. The
mini-spiral structure is apparently connected to two strea ms
of material that ow through the center of the bipolar struc-
ture. Refer to Section 4.5.2 for details.

Sgr A East, is situated at the waist of the bipolar out-
ow, with the gas streams also converging towards Sgr
A through this region. The Sgr A East shell is typi-
cally interpreted to be a supernova remnant Ekers et al.
1983 Maeda et al. 2002 Zhao, Morris, & Goss 2016,
however the inferred energetics are extreme, with a lower
limit of 4  10°? erg (Mezger et al. 1989 being compa-
rable to the derived energy budget of the 430 pc radio
bubbles (Heywood et al. 2019.
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As is generally true for the broader mosaic, Figured 1
and 14reveal many new lamentary structures. The la-
ments close to the Sgr A halo show a much larger range
of orientations compared to the broader mosaic, where
laments tend to be preferentially aligned perpendicu-
lar to the Galactic plane. This could be representative
of a more complex magnetic eld con guration in this
region.

5. CONCLUSION

We have described the observations and data process-
ing strategy for a new survey of the Galactic center at a
central frequency of 1.28 GHz using the South African
MeerKAT radio telescope. Twenty pointings have been
processed, resulting in a mosaic that covers 6.5 square
degrees of the region with 4%angular resolution. The
telescope's L-band receivers cover 856{1712 MHz, and
we imaged the data in 16 sub-bands to produce an in-
band spectral index mosaic of the region with an angular
resolution of 8% We used high (P9 resolution observa-
tions at 1{2 GHz from the VLA to verify the astrometry
of the MeerKAT mosaic.

Some early science results from the survey are pre-
sented here, covering a variety of astrophysical phenom-
ena on a range of scales. New discoveries in the eld
include potential radio supernova remnants, stellar bub-
bles driven by outbursts or winds, and numerous new
non-thermal laments. The MeerKAT imaging strongly
suggests that the non-thermal radio laments have a
causal relationship with the 430 pc bipolar radio bubbles
(Heywood et al. 2019, and will facilitate future statis-
tical studies of large numbers of these mysterious ob-
jects for the rst time. The total intensity and spectral
imaging also reveals the in ow and out ow processes
at play in the inner few tens of parsecs of the Galaxy
in unprecendeted detail, suggesting a bipolar or hour-
glass shaped out ow in this region, with its principal
axis aligned perpendicular to the disk, parallel to that
of the larger scale synchrotron bubbles.

Follow-up data products will include two catalogs de-
rived from the image products we present here, namely
a catalog of newly-discovered compact and point-like ra-
dio components (Rammala et al.,in prep.), and a cat-
alog of lamentary structures extracted from high-pass
Itered versions of the MeerKAT images (Yusef-Zadeh
et al., submitted). The production of polarimetrically
calibrated radio images is also planned. We have demon-
strated that the new radio view of the region a orded by
MeerKAT represents a signi cant improvement over ex-
isting radio imaging of the eld. The scienti c potential
of these products for studies of numerous phenomena in
the region is high, both in their own right, as well as

by combining the data we present here with the wealth
of data available for the GC at other wavebands. The
MeerKAT Galactic center observations are a SARAO
public legacy project, and the imaging products pre-
sented here are made freely available with this articl&’.
Raw visibility products are available from the SARAO
data archive!* under the project code SSV-20180505-
FC-01.

10 https://doi.org/10.48479/fyst-hj47
11 http://archive.sarao.ac.za
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APPENDIX

A. DETAILS OF ADDITIONAL POINTINGS

The MeerKAT Galactic center survey consisted of 38 tracks in totd, including the 20 that have been presented
in this paper. The 18 tracks unused in this work are listed in Table3 for completeness. Note that some elds were
observed twice, so the number of unique pointing centers in the swey is 34. For all of these additional observations the
correlator was con gured to deliver 4,096 spectral channels with a integration time per visibility point of 8 seconds.
All of these pointings have 10-hour track lengths, similar to those listed in Table 1. The additional unused pointings
were outlier elds, including a series that extend above and below theGalactic plane to jij 3 . These encompass the
pointings that formed the basis of the observations presented mviously by Heywood et al. (2019, which are marked
with an asterisk in Table 3.

Table 3. Summary of the additional MeerKAT observations of the Galac tic center region that were not used in this paper.
Field names highlighted with an asterisk formed the basis of the observations reported previously by Heywood et al. (2019).
A plot of the locations of all of the pointings in the MeerKAT s urvey of the region can be found in Figure 15.

Date Block ID N ant Name RA Dec | b
(hh:mm:ss.s) (dd:mm:ss.s) (deg) (deg)

2018-06-21 1529599329 61 GCX17 17'40M367 28 39°11°%4  359.664  1.082
2018-06-22 1529686255 62 GCX30 17'50M296 29 28°45°% 0.084 1.191
2018-06-24 1529858765 62 GCX33 a8 545 27 25°14% 1.672 0.165
2018-06-25 1529944678 60 GCXS30 17"52"164 29 3915 0.133 1.613
2018-07-02 1530548151 60 GCX25 fasm 154 27 50°48% 0.772  0.825
2018-07-05 1530806454 62 GCXN17 17"38"3C¢7 28 160005 359.746  1.678
2019-02-02 1549074680 61 GCXN16  1IB7"250 28 42002 359.251  1.650
2019-02-03 1549170075 61 GCXN18  1B9"228 27 501132 0.212  1.745
2019-02-08 1549595596 61 GCXNN17 1'B6™ 092 28 01%01°%4 359.678  2.251
2019-03-16 1552779129 59 GCXSS29  1B3"1032 30 17°38°% 359.679 2.106
2019-03-29 1553898724 60 GCXSS30 134" 056 29 50°03% 0.177 2.045
2019-03-30 1553985182 60 GCXSS31  1B4"565 29 21%45°% 0.677 1.966
2019-05-07 1557259251 59 GCXSS29  1B3"1032 30 17°38°% 359.679 2.106
2019-05-12 1557694107 61 GCXSS30 184" 056 29 50°03% 0.177 2.045
2019-05-14 1557862253 57 GCXSS31  1B4"565 29 21%45°%3 0.677 1.966
2019-07-05 1562353291 60 TARGET 1745155 28 47°35°%3 0.081  0.142
2019-07-12 1562948237 61 GCYN17  1B4™0£1 27 3814% 359.749  2.844
2019-07-13 1563036601 61 GCYS30  1B6™3C0 30 03080 0.251  2.605
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Figure 15. The locations of all of the pointings that make up the MeerKAT survey of the Galactic center, shown in relation
to the mosaic of the inner region presented in this paper. Further details can be found in Table 3.
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