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A B S T R A C T 

We investigate the nature of a Galactic Centre source, G0.17 + 0.15, lying along the northern extension of the radio arc near l ∼
0.2 

◦. G0.17 + 0.15 is an H II region located towards the eastern edge of the radio bubble, embedded within the highly polarized 

Galactic Centre eastern lobe where a number of radio filaments appear to cross through the H II region. We report the detection of 
hydrogen and helium recombination lines with a radial velocity exceeding 140 km s −1 based on Green Bank Telescope and Very 

Large Array observations. The morphology of G0.17 + 0.15, aided by kinematics, and spectral index characteristics, suggests 
the presence of an external pressure dragging and shredding the ionized gas. We argue that this ionized cloud is interacting with 

a bundle of radio filaments and is entrained by the ram pressure of the radio bubble, which itself is thought to be produced by 

cosmic ray driven outflows at the Galactic Centre. In this interpretation, the gas streamers on the western side of G0.17 + 0.15 

are stripped, accelerated from 0 to δv ∼ 35 km s −1 o v er a time-scale roughly 8 × 10 

4 yr, implying that ablating ram pressure is 
∼ 700 eV cm 

−3 , comparable to the ∼ 10 

3 eV cm 

−3 cosmic ray driven wind pressure in the Galactic Centre region. 

Key words: magnetic fields – radiation mechanisms: non-thermal – cosmic rays – Galaxy: centre – radio lines: ISM. 
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 I N T RO D U C T I O N  

nergetic processes have produced the large-scale Fermi γ -ray 
ubbles towards the nucleus of the Galaxy (Su, Slatyer & Finkbeiner 
010 ). The origin of this kpc-scale structure is thought to be a nuclear
ind driven by either nuclear activity or star formation (Crocker & 

haronian 2011 ; Yang, Ruszkowski & Zweibel 2013 ). Nuclear winds 
re well recognized in many star-forming galaxies (Veilleux, Cecil & 

land-Hawthorn 2005 ), and the evidence for this hypothesis comes 
rom high-velocity clouds exceeding | v r | ∼ 300 km s −1 at high
atitudes entrained in the Fermi bubble (McClure-Griffiths et al. 
013 ; Di Teodoro et al. 2020 ). Lower velocity ∼150 km s −1 H I

louds entrained in the Fermi bubble have also been detected closer 
o the Galactic Centre suggesting increasingly higher velocities at 
igher latitudes (Di Teodoro et al. 2020 ; Lockman, Di Teodoro &
cClure-Griffiths 2020 ). 
Bipolar X-ray emission filling a 400-pc radio bubble emerging 

rom the Galactic Centre has been detected (Heywood et al. 2019 ;
onti et al. 2019 ). The question is whether a large-scale nuclear
ind is also responsible for its origin. In this case, high cosmic

ay pressure is thought to be driving a large-scale wind (Heywood 
t al. 2019 ; Yusef-Zadeh & Wardle 2019 ). The cosmic ray pressure
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n the Galactic Centre region is much higher than the gas pressure
Oka et al. 2005 ; Yusef-Zadeh & Wardle 2019 ), leading to a scenario
n which the gas is dragged along by escaping cosmic rays and
orms a nuclear wind (Kulsrud & Cesarsky 1971 ; Everett, Schiller &
weibel 2010 ; Zweibel 2017 ). Unlike the Fermi bubble, ho we ver,

here is no evidence of high-velocity entrained clouds associated 
ith the nuclear wind producing the X-ray-filled radio bubble. Radio 

ecombination line (RRL) observations of warm ionized gas in the 
astern and western, high Galactic latitudes, lobes, identified at the 
dges of the radio bubble (Sofue & Handa 1984 ; Tsuboi et al.
986 ), sho w lo w velocities ranging between ∼20 and −20 km s −1 ,
espectiv ely (Alv es et al. 2015 ). These low velocities are inconsistent
ith the expectation that the Lobes are byproducts of the nuclear
ind, suggesting that the Lobes may not lie in the Galactic Centre

Tsuboi et al. 2020 ). 
Although the radio bubble could result of a Galactic Centre 

uclear wind, it is important to identify high-velocity clouds that 
re interacting with the underlying wind that expands the bubble. 
e have identified an H II region, G0.17 + 0.15, showing a radial

elocity of ∼130 km s −1 suggesting that G0.17 + 0.15 lies in the
alactic Centre. This source lies ∼ 4 ′ ( ∼ 10 pc) towards high
alactic latitudes (north) of the prominent thermal, ionized Arches 

t −20 km s −1 (Pauls & Mezger 1980 ; Yusef-Zadeh, Morris &
an Gorkom 1987 ; Lang, Goss & Morris 2001 ) and appears to be
ocated within large-scale, high-velocity 12 CO molecular clouds 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0001-8551-9220
http://orcid.org/0000-0001-8403-8548
http://orcid.org/0000-0001-5636-7213
http://orcid.org/0000-0003-3503-3446
mailto:zadeh@northwestern.edu
https://creativecommons.org/licenses/by/4.0/


236 F. Yusef-Zadeh et al. 

M

t  

1  

e
 

s  

n  

r  

t  

C  

e  

a  

c  

t  

a
 

o  

b  

a  

C  

w  

i  

a  

c  

h  

w  

e  

l  

W  

a  

p  

o  

r

2

W  

L  

b  

b

2

W  

C  

d  

Z  

d  

W  

a

2

T  

e  

c  

s  

o  

t  

r  

h  

p  

p  

a  

p  

T  

i  

c  

d  

a  

C  

R  

b  

o  

a  

T  

=

2

T  

c  

3  

s  

r  

1  

s  

m  

t  

e  

c  

c  

∼  

(

2

2

R  

p  

w  

≤  

X  

O  

e  

i  

e  

s  

w  

o

2

W  

v  

o  

i  

o  

c  

o
 

c  

c  

r  

T  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/1/235/7610902 by H
arvard Library user on 23 January 2025
raced in molecular line surv e ys of the Galactic Centre (Bally et al.
988 ; Sofue 1995 ; Oka et al. 1998 ; Henshaw et al. 2016 ; Sormani
t al. 2019 ; Veena et al. 2023 ). 

The high-v elocity, spectral inde x and polarization characteristics
uggest that G0.17 + 0.15 is a Galactic Centre object interacting with
on-thermal radio filaments (NRFs). We report a strong helium radio
ecombination line emission from G0.17 + 0.15, likely be one of
he strongest helium recombination line emission in the Galactic
entre region. The morphology and kinematics of G0.17 + 0.15 show
vidence of an external flow dragging and shredding the ionized gas
t the edges of the H II region. We argue that the ram pressure of the
osmic ray driven wind inflating the radio bubble is able to explain
he velocity difference across the H II region and is sufficient to
ccelerate the H II cloud. 

In this paper, we explore one possibility that can explain the results
f our measurements. While each of the observational findings can
e explained in alternate ways, such as infall motion of the cloud
nd/or H II region from its high-latitude location towards the Galactic
entre, the nuclear wind H II interpretation is interesting enough that
e focus here in exploring its plausibility as opposed to arguing that

t is a unique interpretation. In particular, we focus on G0.17 + 0.15
nd present results of RRL measurements towards G0.17 + 0.15. This
loud is localized towards the eastern lobe, near l ∼ 0.2 ◦. We argue
ere that the G0.17 + 0.15 cloud is embedded within the eastern lobe,
hich is dominated by a mixture of thermal and non-thermal radio

mission, and that the filaments of the radio arc [ l ∼ 0.2 ◦ (galactic
ongitude)] are interacting with a thermal H II region, G0.17 + 0.15.

e have also studied infrared (IR) counterparts to the ionized gas
nd the energetics needed to produce gas and dust emission. A true
hysical interaction will tell us about the nature of cosmic ray driven
utflows at the Galactic Centre and the possible resemblance of the
adio and Fermi γ -ray bubbles. 

 OBSERVATION S  A N D  DATA  R E D U C T I O N S  

e used the Green Bank Telescope (GBT), MeerKAT, and the Very
arge Array (VLA) to study the continuum emission, radio recom-
ination line emission, and spectral index properties, as described
elow. 

.1 Continuum 

e have used 1.28 GHz radio continuum images of the Galactic
entre with 4 and 6 arcsec resolution based on unfiltered and filtered
ata taken with MeerKAT, respectively (Heywood et al. 2022 ; Yusef-
adeh et al. 2022 ). Details of filtered and unfiltered images are
escribed in Heywood et al. ( 2022 ) and Yusef-Zadeh et al. ( 2022 ).
e also used the VLA wideband data observed at 6 GHz ( C band)

nd 10 GHz ( X band). 

.1.1 6 GHz-band VLA data 

he C -band observations with the VLA were carried out at three
pochs: 2022-06-28, 2022-07-03, and 2022-07-04 in the A-array
onfigurations with a total on-source time of 150 min, sampling the
pectral polarization data of RR, RL, LR, and LL with 64 channels
f 2-MHz width in each of 32 sub-bands. The total bandwidth of
he continuum data is 4 GHz centred at 6 GHz. The VLA data
eduction was conducted using CASA (The CASA Team 2022 ). The
igh-resolution C -band data were initially calibrated using the VLA
ipeline program for the gains, bandpass, polarization leakages, and
hase offsets as well as flux-density and absolute linear polarization
ngle (the results of these measurements will be given in a future
NRAS 530, 235–253 (2024) 
aper discussing compact radio sources in the Galactic Centre).
he residual errors were further corrected using better models,

ncluding an extended structure in addition to a point-like core of the
alibrators J1733 −1304 and J1744 −3116 following the procedure
escribed by Zhao, Morris & Goss ( 2019 ). Then, the H II complex
nd its surroundings were imaged and cleaned using tClean , a
ASA program, weighting the visibilities with a robustness parameter
 = 0.65 (Briggs 1995a , b ). The rms noise of the final image is 3.5 μJy
eam 

−1 convolved to a full width at half-maximum (FWHM) beam
f 1 arcsec × 0.5 arcsec with position angle (PA) of 0 ◦. Polarization
nd in-band spectral index measurements will be given elsewhere.
he phase centre is at RA (J2000) = 17:45:26.400; Dec. (J2000)
 −28:42:46.500. 

.1.2 10 GHz-band VLA data 

he X -band observations were carried out in the D and C array
onfigurations at seven epochs: 2022-07-26, 2022-07-29, 2022-07-
0, 2022-09-30, 2022-10-01, 2022-10-09, and 2022-10-16. The tele-
cope system was set-up for simultaneously observing the hydrogen
ecombination lines at the 11 H α (83 < n < 92) lines in each of
1 sub-bands in the frequency range between 8 and 12 GHz. Each
ub-band consists of 1280 channels with a width of 0.05 MHz (a
ean velocity width of ∼1.5 km s −1 ). An ef fecti ve bandwidth for

he continuum data is therefore ∼0.70 GHz. Corrected for residual
rrors, the X -band visibilities were used to construct an image for the
ontinuum emission, achieving an rms noise of ∼10 μJy beam 

−1 ,
onvolved to an FWHM beam of 4.6 arcsec × 2.1 arcsec (PA

10 ◦). The phase centre is at RA (J2000) = 17:45:26.40; Dec.
J2000) = −28:42:46.50. 

.2 Radio recombination line (RRL) data 

.2.1 10 GHz-band GBT data 

RL observations of G0.17 + 0.15 using the GBT at 10 GHz were
art of an (unpublished) targeted surv e y of Galactic Centre sources
ith the GBT in 2005. The observations detected six H α (87 ≤ n
92) and nine H β (109 ≤ n ≤ 117) transitions found within the

 -band receiver’s bandpass (8.0–10.0 GHz) over multiple IFs. An
n-Off observing technique with a roughly ∼70 arcsec beam was

mployed for calibration and the recombination lines were co-added
n GBTIDL to impro v e sensitivity. The total achiev ed v elocity range
xceeded 1000 km s −1 with a velocity resolution of less than 1 km
 

−1 after hanning smoothing. A sparsely sampled map was produced
ith 32 pointings towards G0.17 + 0.15 with a final spatial resolution
f roughly 1.6 arcmin (FWHM). 

.2.2 10 GHz-band VLA data 

e follo wed GBT observ ations with high-resolution RRL obser-
ations of 11 hydrogen recombination lines H α (82 ≤ n ≤ 92)
 v er a 4-GHz bandwidth of X band with the VLA, as described
n Section 2.1.2 . The corrections for the residual errors were done
n the basis of sub-bands using the gains and bandpass derived in
orrections for the continuum visibility data. The corrected uv -data
bserved at the seven epochs were combined. 
The line free channels were chosen to make linear fitting to the

ontinuum baselines, in the uv-domain across the 1280 spectral
hannels for each of the 11 sub-bands. This was followed by
emoving the continuum emission using the linear-fitting results.
he fitting and continuum subtraction were carried out by utilizing

he CASA task UVCONTSUB. Then, the 11 spectral line cubes were
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ransformed to the local standard of rest (LSR) velocity frame in 
he uv-data domain while setting up the rest frequency using the 
orresponding H α-transitions. The spectral line visibilities were 
egridded in the velocity coordinate with velocity width of 2 km 

 

−1 . The eleven H α-line image cubes were constructed using tClean
n a velocity range from −200 to 400 km s −1 , and the dirty image
ubes were cleaned using the Hogbom algorithm (H ̈ogbom 1974 ), 
chieving in constructing and cleaning a typical rms noise in the 
ange between 0.25 and 0.5 mJy beam 

−1 depending on the noises
f sub-band data. We also used a linear function to interpolate the
obustness weight parameter R across the 11 sub-bands so that the 
aseline visibilities of 11 transitions are properly weighted to produce 
 synthesized beam equi v alent to that of R = 2 for the H α line image.
n Appendix A, we describe how the RRL image cubes of 11 RRLs
ere stacked in order to enhance the signal-to-noise ratio. 

.3 In-band spectral index 

etails of MeerKAT observations, data reductions, and images 
unfiltered) are presented in Heywood et al. ( 2022 ). Using a filtering
echnique, filtered MeerKAT images are presented in Yusef-Zadeh 
t al. ( 2022 ). In-band spectral indices are determined from broad
andwidth 20 cm data using unfiltered and filtered MeerKAT data 
ith a resolution of 6.4 and 8 arcsec, respectively (Heywood et al.
022 ; Yusef-Zadeh et al. 2022 ). 

.3.1 VLA data 

etails of in-band spectral index using VLA wideband data can be 
ound in Appendix A. We present below spectral indices of unfiltered 
nd filtered images. 

 RESULTS  

ere, we mainly focus on the physical relationship between NRFs 
undled together by the Galactic Centre lobe (GCL) and the H II

egion G0.17 + 0.15, located in the eastern side of the high-Galactic
atitudes GCL. 

.1 G0.17 + 0.15 

ultiple morphological arguments given below fa v our an interaction 
etween G0.17 + 0.15, resembling a ring with clumpy structure, 
nd the NRFs of the radio arc. Ho we ver, morphological arguments
lone tend to be inconclusive, thus, we will show structural details 
f G0.17 + 0.15 aided by kinematics, spectral index, and rotation 
easure (RM) measurements to argue that G0.17 + 0.15 is a candi-

ate interaction site. This remarkable high velocity ionized cloud 
0.17 + 0.15 shows similar characteristics to high-velocity clouds 

ssociated with the γ -ray bubbles. 

.1.1 Morphology 

ig. 1 (a) shows a degree-scale panoramic view of the radio bubble
racing the edge of the northern GCL and the radio bubble at 1.28 GHz
Heywood et al. 2019 ). In this MeerKAT image, we note G0.17 + 0.15
nd non-thermal filaments as well as the thermal Arches to the south.
his H II region, G0.17 + 0.15 with its ring-like appearance, lies along

he eastern GCL, and appears to be embedded within a large number
f vertical non-thermal filaments. 
Figs 1(b) and (c) show unfiltered and filtered close-up views of the
 II region over a ∼6 arcmin × 6.6 arcmin field at 1.28 GHz. The
 II region resembles a clump y, ring-lik e envelope with a bowshock
xterior to the ring (see also fig. 3 of Yusef-Zadeh & Morris 1988 ).
e note a gently bent bundle of filaments with their wavy structure

long the western edge of G0.17 + 0.15 extending to high latitudes b
 0.28 ◦. There are also other isolated non-thermal filaments noted to

he west of the ring that do not appear to be related to G0.17 + 0.15.
hese filaments to the west of the ring at constant latitudes are G0.147 
 0.15, and G0.139 + 0.15 roughly 1.4 and 2 arcmin from the ring,

espectively, gently bend but are not distorted and do not have a wavy
ppearance (see Figs 1b and c). Fig. 2 (a) shows a colour image with
ajor features are labelled and Fig. 2 (b) shows a schematic diagram

howing structural details discussed here. 
Using the VLA, another rendition, a G0.17 + 0.15 with a resolution

f 4.6 arcsec × 2.1 arcsec at 10 GHz is shown in Fig. 3 (a). A close-
p view of this image in Fig. 3 (b) shows clumpy distribution of
he ring, with a southern and northern shell-like structures and two
inear features with an extent of ∼0.6 arcmin running vertically near
 = 0.162 ◦. The brightest continuum emission is at G0.170 + 0.149
hich lies at the southern shell of the ring. The disjoint linear features
ive the appearance that they are connected to the arc-like structure
t the SW of the ring (see Figs 2a and 3b). We also note two dark
ircular spots with a diameter of ∼12 arcsec each centred at G0.166
 0.168, G0.152 + 0.149, respectively, in the western half of the

ing. These dark spots may trace dense molecular gas or a cavity in
he ionized gas (Yusef-Zadeh 2012 ). The southern-half of the ring
s sharper in the south than in the north, giving the appearance of a
ow-shock structure. 
Based on the 1.28 and 10 GHz continuum images, we make
orphological arguments that there is interaction between the fil- 

ments and G0.17 + 0.15. First, the wavy pattern or meandering of
he filaments at the western edge of the ring (see Fig. 1 c) could be
ue to an interaction. In this picture, the distortion of the filaments
esults from the encounter of the filaments with G0.17 + 0.15. Second,
he western edge of the ring is brighter than the eastern side by a
actor of 3–4. The two linear features near G0.162 + 0.159 and
0.159 + 0.152 with an extent of 0.6 arcmin are disjoint from the

ing. The linear features could be produced by the ionized gas at
he western edge of the ring being stripped and dragged along the
irection of the bundle of NRFs. In Section 3.1.3 , the kinematics of
hese linear features are described. Third, we note that the eastern
alf of the ring shows five short, parallel finger-like features running
erpendicular to the ring with typical lengths of ∼18 arcsec (see
igs 1b and c) and surface brightness ∼0.5–0.8 mJy beam 

−1 at
.28 GHz. These finger-like features near G0.176 + 0.158 are 
riented along the vertical filaments of the Radio Arc suggesting 
hat ring material is stripped off by an external pressure and dragged
long the magnetic field lines of NRFs. The finger-like and two linear
eatures are suggestive of ablated features (see Fig. 2 b). Fourth,
everal NRFs appear to arise from thermal Arches near G0.176 
 0.091 and disappear at the southern edge of the ring at three

ocations (G0.167 + 0.147, G0.172 + 0.148, and G0.177 + 0.091),
iving the appearance that they are supporting the ring from the
outh (see supporting filaments in Fig. 2 ). Multiple filaments with
iffuse emission at the westernmost edge of the ring G0.154 + 0.150
end with a w ave-lik e structure along their higher Galactic latitude
xtension. Meandering of the total and polarized intensities of NRFs 
ave also been argued as a possible sign of an interaction (Yusef-
adeh & Morris 1988 ). A gentle w ave-lik e bending of NRFs at the
estern edge of the ring, a north–south bow-shock appearance of 

he ring, termination of the filaments at the southern edge of the ring
nd finger-like vertical structure on the eastern side of the ring all
uggest the impact of an external source of pressure, directed from
he south, impacting the H II region (see Fig. 2 b). 
MNRAS 530, 235–253 (2024) 
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M

Figure 1. (Top Left a) A 1.28 GHz mosaic of the radio bubble with a resolution of 4 arcsec (fig. 1 of Heywood et al. 2019 ). G0.17 + 0.15 is shown along the 
northern extension of the Radio Arc near l ∼ 0.2 ◦. A rectangular box shows the region surrounding G0.17 + 0.15. (Heywood et al. 2019 ; Yusef-Zadeh et al. 
2022 ). (Top Right b) A 0.1 ◦ × 0.11 ◦ grey-scale view of G0.17 + 0.15 showing multiple filaments to the west of the H II region G0.17 + 0.15. (Bottom c) A filtered 
image of (b) showing three supporting filaments disappear at three positions on the ring (see also the diagram in Fig. 2 b). Starting from the south, the bent wavy 
filaments appear to be deflected to the west of G0.17 + 0.15 and the return to a northward direction after passing the region. Two arrows point to these filaments. 
The small open circles in (b) and (c) show the size of the synthesized beam using CASA . The field of view shown as a box in (a) is displayed in (b) and (c). 
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We also note that the size of the ring is similar to the span
f the bundle of filaments that are grouped together, suggesting
hat G0.17 + 0.15 is embedded within a large number of parallel
laments. An east–west asymmetry in the brightness distribution of
RFs crossing the H II region is similar to that of the ring itself,

uggesting that the two are related. As such, the western edge of
he ring and NRFs to the west of the ring show an imprint of an
nteraction. 

To summarize, a number of morphological arguments suggest
hat the non-thermal filaments are physically interacting with
0.17 + 0.15: 
NRAS 530, 235–253 (2024) 
(i) Three vertical filaments terminate at the location of the ring.
his suggests that the filaments are interacting with the ring from the
outh and are prevented from continuing to the north. 

(ii) The western half of G0.17 + 0.15 is brighter than the eastern
alf. Similarly, the large-scale bundle of filaments is also brighter on
he western edge of the ring. 

(iii) Isolated, short, vertical features north-west of the ring
0.17 + 0.15 suggest that they are dragged away from the ring by

he bundle of filaments. Similarly, vertical fingers of ionized gas in
he eastern half of the H II region suggest that they are likely stripped
nd dragged along the magnetic field direction of NRFs. 
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Figure 2. (Top a) A close-up continuum view of G0.17 + 0.15 at 1.28 GHz with a resolution of 0.4 arcsec showing its clumpy ring-like envelope and a bow-shock 
structure within the ring. Major features in the H II region are labelled. The colour bar units are in Jy beam 

−1 . The parallel lines (red dashed lines) indicate the 
region from which position-velocity image is constructed, as shown in Fig. 7 . (Bottom b) A schematic diagram showing the features associated with G0.17 + 0.15 
and its surrounding filaments. 
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MNRAS 530, 235–253 (2024) 
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M

Figure 3. (Top a) VLA image of G0.17 + 0.15 at 10 GHz. The image is convolved with a beam of FWHM = 4.6 arcsec × 2.1 arcsec (PA = 68.6 ◦). The phase 
centre is l = 0.170 ◦, b = 0.150 ◦ or RA (J2000) = 17:45:26.40; Dec. (J2000) = −28:42:46.5. The rms noise σ rms is 10 μJy beam 

−1 . Circles drawn on the 
figure indicate the positions from which six spectra (see Fig. 4 ) were extracted. The size of a circle represents the GBT beam FWHM = 1.6 arcmin. (Bottom b) 
A close-up view of (a) showing clumpy structure as well as an arc-like halo structure that surrounds the southwestern edge of the ring. 
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(iv) The bundle of non-thermal filaments along the west-
rn edge of G0.17 + 0.15 are distorted displaying a wavy pat-
ern with a wavelength of ∼10 arcmin (24 pc). This pattern
s not detected along the filaments that do not intersect with
0.17 + 0.15. 
NRAS 530, 235–253 (2024) 
Morphological arguments are al w ays difficult to confirm. How-
v er, kinematic data pro vide additional support for the interaction
icture. We first present low-spatial resolution recombination line
ata taken with the GBT, followed by higher resolution data taken
ith the VLA. 
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Table 1. Gaussian fits to integrated RRL spectrum per 1.6 arcmin beam. 

Centre position Gaussian fits 
Name l b v ± 1 σ Peak flux ± 1 σ FWHM ± 1 σ Comments 

(deg) (deg) (km s −1 ) (mJy) (km s −1 ) 

Centre 0.1700 0.1502 3.1 ± 0.03 4.2 ± 0.05 19.9 ± 0.16 H α (87 < n < 93) 
– – – 128 ± 0.37 16.4 ± 0.78 25.0 ± 2.05 H α (87 < n < 93) 
South 0.1700 0.1127 − 12.8 ± 0.12 18.8 ± 0.11 40.1 ± 0.67 H α (87 < n < 93) 
North 0.1700 0.1877 7.5 ± 0.42 8.0 ± 0.23 12.6 ± 1.26 H α (87 < n < 93) 
East 0.2075 0.1502 127.0 ± 6.18 2.1 ± 0.075 38.0 ± 34.3 H α (87 < n < 93) 
West 0.1325 0.1502 x x x Background noise 
North-west 0.1614 0.1564 3.5 ± 0.41 4.5 ± 0.13 19.1 ± 0.3 H α (87 < n < 93) 
– – – 131.0 ± 0.04 14.1 ± 0.06 24.3 ± 0.24 H α (87 < n < 93) 
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.1.2 GBT kinematics: detection of high velocity ionized gas 

igs 4(a) and (b) show six spectra taken with the GBT towards
0.17 + 0.15, each separated by one 86.4 arcsec beam with the

xception of the north-west spectrum being offset from the centre 
y a fraction of the beam width. The fitted spectra show a high-
elocity ∼128 km s −1 component, localized to the ionized ring, and 
 low-velocity components, ∼3.1, 7, and −12 km s −1 components, 
hich are discussed below. This relatively high velocity ionized gas 
as first reported by Royster et al. ( 2011 ). Columns 1–6 of Table 1

how the location of each spectrum, and the parameters of Gaussian 
ts: the centre velocity, peak flux density integrated over one beam, 
nd the linewidth. The high intensity ratio of the low-velocity features 
ith respect to high-velocity component ( ∼ 30 per cent ) in the centre 

nd north-west positions suggests that the spectral features within the 
arge GBT beam, near zero km s −1 are plausibly the helium recom-
ination line mixed in with other lines from heavier species, such as
 II . These lines are found in a larger, cooler and photodissociation

egions surrounding the H II region as well as in the extended Galactic
ackground and foreground RRLs throughout the Galactic Centre 
egion (Royster et al., in preparation). If a slightly bigger region 
ere selected, the 0 km s −1 diffuse gas would have been detected.
he 0 km s −1 diffuse gas has also been detected in the R (1, 1) line of
 

+ 

3 absorption throughout the CMZ and has been argued to lie in the
alactic Centre region (Oka et al. 2005 ; Oka & Geballe 2020 ). 
We note that the spectrum centred at G0.161 + 0.156 (north-west

osition on Fig. 4 ) shows two adjacent high-velocity components 
o the north-west position of G0.17 + 0.15. The highest velocity 
omponent disappears to the east of the H II region. We note an
ast–west asymmetry in the radial velocity of ionized gas in the ring.
he highest velocity ∼132 km s −1 component is detected to the 
orth-west of the ring when compared to the eastern spectrum with 
 velocity of 127 km s −1 . A larger velocity difference is noted in
igh-resolution VLA data discussed in Section 3.1.3 . 
Another interesting asymmetry in the distribution of ionized gas 

utside the ring is noted in the six spectra displayed in Figs 4(a)
nd (b). The low velocity component near 0 km s −1 runs in the
entre of the H II region and along the north–south direction outside
0.17 + 0.15. The linewidth of the south spectrum is broad because
f contamination by the ne gativ e v elocity ionized gas associated
ith the thermal Arches. The spectrum of the position centred 
n G0.17 + 0.15, located ∼4 arcmin north of the ne gativ e v elocity
20 km s −1 ionized gas cloud associated with the thermal Arches, is

hown in Figs 4(a) and (b). The nature and location of the perv asi ve
ow-velocity component in the Galactic Centre is not established 
Law et al. 2009 ; Alves et al. 2015 ; Oka et al. 2019 ), but the limited
RL available data suggest a possible association between the two 
omponents. In this picture, the low-velocity component is produced 
p
y weak population inversion. The continuum flux for the central 
ointing is 0.5 Jy beam 

−1 , implying a line-to-continuum ratio of
.8 per cent. The continuum flux for the east, west and south pointings
re 0.06, 0.02, and 0.2 Jy beam 

−1 , suggesting peak RRL fluxes of
.5, 0.2, and 1.6 mJy beam 

−1 , respectively. The predicted levels fall
hort of detection limits for the east and west pointings, while the
redicted RRL component for the south pointing is swamped by the
ontribution from the thermal Arches. 

The low-velocity component of the centre spectrum could be due to 
elium recombination line emission which occurs at frequencies that 
re shifted by −122 km s −1 relative to their hydrogen counterparts,
his would be an unfortunate coincidence of a low-velocity pervasive 
omponent and helium line in G0.17 + 0.15. To test this, we used the
LA to localize the low-velocity component towards the H II region.

.1.3 VLA kinematics: high velocity gas, and detection of helium 

ecombination lines 

ig. 5 (a) shows the H α line intensity in the channel image at 126 km
 

−1 with the peak of the hydrogen RRL having S/N ratio ∼50. A
elocity profile at the peak emission is shown in Fig. 5 (b) where
e report a > 5 σ helium line detection. The reason that this line is
nlikely to be due to hydrogen recombination line emission is that
he emission is localized to the brightest region of the H II region.
he zero km s −1 hydrogen RRL is extended and is seen throughout

he Galactic Centre. Contours of the helium line emission (black) 
re superimposed on Fig. 5 (a), suggesting that the integrated helium
ine intensity appears to be extended along the southern edge of
0.17 + 0.15, peaking at G0.17172 + 0.15105. This emission is

ocalized only to the brightest region of G0.17 + 0.15, unlike the
if fuse, perv asi ve zero km s −1 feature that is seen throughout the
alactic Centre (Law et al. 2009 ). 
Two Gaussians were fitted to the line profile at the peak emission,

iving integrated line flux values of 15 ± 3.0 and 200 ± 3 mJy km
 

−1 for the helium and hydrogen lines, respectively, with effective 
WHM Gaussian widths of 25.3 ± 0.5 km s −1 for both lines. Thus, a
alue of ∼7 per cent is inferred for the ratio of singly ionized helium
ine to the hydrogen line. This implies that this spectral feature is
ikely from the helium recombination line within the H II region. 

Fig. 6 shows the results from the stacked RRL cube with an
ms noise of 65 μJy beam 

−1 . The top panels show the 24 channel
mages at the LSR velocity from 106 to 152 km s −1 among the 300
hannel images in the RRL cube in a velocity range between −200
nd 400 km s −1 . The bottom right image shows the line emission
ntegrated between 106 and 152 km s −1 . The brightest line intensity
s localized to the south of the ring near G0.170 + 0.149. The line
rofiles are broader in the southern shell. 
MNRAS 530, 235–253 (2024) 
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Figure 4. (a) Spectra of H α RRL emission per one 1.6 arcmin beam from three positions (centre, north, and south) co v ering the H II re gion. Red curv es show 

Gaussian fits to each spectrum and fit parameters can be found in Table 1 (the units in the centre spectrum is in μJy beam 

−1 and all others in mJy beam 

−1 ). The 
positions from Table 1 are marked as circles on Fig. 3 (a). The size of the circle corresponds to the beam. 
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Fig. 7 shows the velocity profiles of three positions as indicated
n the integrated line intensity image in the lower right corner of
ig. 6 . The velocity profiles of the northern and southern shells of

he ring give v LSR ∼ 126 and ∼129.5 km s −1 . The line emission is
NRAS 530, 235–253 (2024) 
wice as strong in the south than in the northern shell of the ring. The
aussian fitted linewidths of the southern and northern positions are
6 and 22 km s −1 , respectively. The Gaussian fit to the third position
entred on the faint linear feature shows a peak velocity of ∼146 km
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Figure 4. (b) Same as (a) except for three different positions (east, west, and north-west). 
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−1 . This is the highest velocity of ionized gas detected towards the
 II region. The position velocity diagram along the ∼0.5 arcmin 

ength of the linear feature (see Fig. 3 b) is shown in Fig. 7 (bottom
ight panel). The velocity gradient along the disjoint linear feature 
0.162 + 0.159 shows an increase to the north and is ∼1 km s −1 per

rcsec or ∼25 km s −1 pc −1 . 
Numerous molecular surv e ys of the Galactic Centre show high-
elocity gas in the general direction of G0.17 + 0.15 (Bally et al.
988 ; Sofue 1995 ; Oka et al. 1998 ; Henshaw et al. 2016 ; Sormani
t al. 2019 ; Veena et al. 2023 ). Due to the mismatch with our high-
esolution data, it is difficult to associate large-scale molecular gas 
ith the H II region. We found no evidence of far-IR emission at
MNRAS 530, 235–253 (2024) 
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Figure 5. (Left a) The channel image with the peak intensity of RRL at 126 km s −1 . The contours (green) represent the intensity of helium RRL flux 0.5 mJy 
beam 

−1 km s −1 × (3, 4, 6, 8, 10, and 12). An open ellipse is shown at the bottom-left corner corresponding to the synthesized beam 16 arcsec × 8 arcsec 
(PA = 53.5 ◦). (Right b) The line profile towards the region with the line peak. The hydrogen line peak is located at 126 km s −1 , marked with a green vertical 
line). The corresponding helium line is detected at near 0 km s −1 for the hydrogen line but not for the helium line, marked with a blue bar. With a 4 σ cutoff, we 
integrated the helium line flux from the channels at velocities between −18 and + 18 km s −1 , as shown in the contour image. The top axis is labelled with the 
channel serial numbers of the spectral cube. 
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100 μm that would be indicative of cold ( T � 20 K) dust from the
irection of G0.17 + 0.15 using Herschel data. At 120–140 km s −1 ,
he nearest bright CO clumps are about ∼0.1 ◦ away. Ho we ver, there
s diffuse molecular gas in the direction of G0.17 + 0.15 at velocities
etween 120 and 140 km s −1 (Oka et al. 1998 ). In spite of a lack of
old dust emission at the far-IR, the comparison of the CO molecular
omplex and the H II region suggests that G0.17 −0.15 could be
 star-forming site embedded within the CO cloud. Future higher
patial resolution molecular line observations would be capable of
evealing a the possible association of the CO cloud complex with
0.17 + 0.15. 
To summarize, a number of kinematic arguments support the

nteraction picture. One is the evidence for the highest velocity
onized gas with a velocity gradient along the direction of the linear
eature, as noted to the north-west of the ring. This feature is disjoint
rom the H II region, likely to be ablated from the southern shell
f G0.17 + 0.15, and accelerated in the direction of the filaments.
econd, the evidence for stronger continuum and recombination line

ntensities, higher radial velocity and higher velocity dispersions
n the southern shell of the ring when compared to the northern
hell, all suggest the possibility that the gas in the southern shell
s kinematically disturbed as a result of the interaction with NRFs.
he abo v e morphological and kinematic arguments are plausible;
o we ver, we have no direct proof of the interaction picture. 

.1.4 Electron temperature 

sing equation (1) of Zhao, Blundell & Moran et al. ( 2010 ), from the
RL ( I RRL ) and continuum ( I H II ) images, a distribution of the electron

emperature ( T 

∗
e ) was computed (Fig. 8 a), assuming the ionized gas is

nder local thermodynamic equilibrium (LTE) conditions (e.g. Wil-
on, Rohlfs & H ̈uttemeister 2009 ). Based on the rms noises of RRL
nd continuum images, an error in T 

∗
e was also computed (Fig. 8 b).

he typical values of T 

∗
e are in the range between 7 and 10 × 10 3 K,

ith a 10–20 per cent uncertainty within the H II region. The contam-
nation from the synchrotron radiation ( I syn ) leads an uncertainty in
he T 

∗
e calculation. Within the H II region with higher thermal electron

ensity, the error due to the extended synchrotron emission is at a
NRAS 530, 235–253 (2024) 
evel of 10 per cent, which is not included in image of T 

∗
e -error. In

he diffuse area surrounding the H II region, for example around the
hell of the H II region and the south-west (G0.162 + 0.156), the
atio of I syn / I H II drastically increases. The derived high values of T

 

in these regions are upper limits because significant contribution
rom synchrotron emission in the measured continuum flux density.
hus, an accurate measure of the electron temperature in the region
here highest velocity is noted is not possible. 

.1.5 In-band spectral index ( α) at 1.28 GHz 

igs 9 (a) and (b) show spectral index ( α) images, where the flux
ensity is S ν ∝ να , using unfiltered and filtered MeerKAT channel
aps, respecti vely. The lo w-resolution (8 arcsec) spectral index

mage in Fig. 9 (a) shows that the ring has a flat spectrum, α

−0.1, consistent with being a thermal source (Heywood et al.
022 ). Diffuse emission to the north of G0.17 + 0.15 also shows
he spectrum of thermal emission. The spectral indices of the non-
hermal filaments surrounding the H II region are fairly flat as well.
ig. 9 (b) shows spectral indices derived from filtered images. With
ackgrounds subtracted, no spectral indices can be calculated for
road diffuse regions. The median spectral indices for the detected
on-thermal filaments are o v erplotted. The filaments at the western
dge of the ring have steeper spectral indices, −0.5 < α < −0.3 than
he isolated, short westernmost filament G0.146 + 0.14 with α ≈

0.18. Altogether, the filaments of the Radio Arc and its extension
ave flatter median spectral index values than those found in the
alactic Centre radio bubble, which have mean spectral index α ≈
0.83 (Yusef-Zadeh et al. 2022 ). 

.1.6 In-band spectral index at 10 GHz 

sing the 11 sub-band images of X band, we computed a set of
ij images. An in-band average of αij is computed with the WASC
lgorithm. Fig. 10 shows a result from WASC for the distribution
f spectral index. The relati vely lo wer resolution image, good for
ampling the diffuse emission, shows a significant gradient in α
cross the H II region. A 5 σα filter has been applied to the α images.
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Figure 6. VLA image of the stacked RRL (H92 α −H82 α) from the H II region in G0.17 + 0.15 at 10 GHz, σ rms = 65 μJy beam 

−1 ch −1 . The image is convolved 
with a beam of FWHM = 16 arcsec × 8 arcsec (53.6 ◦ in Galactic coordinates). The LSR velocities are indicated in each panel. The velocity increment is 	 V = 

2 km s −1 from left to right. The integrated line intensity is shown in bottom right corner. The squares show the locations of three spectra displayed in Fig. 7 . 
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he steeper spectrum of the emission to the west of G0.17 + 0.15
ould be the result of the contamination by diffuse non-thermal 
mission. 

.1.7 Rotation measure (RM) 

ingle dish observations of the entire eastern edge of the radio 
ubble with an extent of 2 ◦ have determined the RM distribution,
nferring that the intrinsic direction of the magnetic field traces 
ertical filaments perpendicular to the Galactic plane (Inoue et al. 
984 ; Seiradakis et al. 1985 ; Tsuboi et al. 1986 ). The RM is an
ntegrated product of the electron density and the magnetic field 
omponent along the line of sight. RM values are ne gativ e o v er the
ntire two degrees of the Radio Arc and its northern and southern
xtensions with the exception of the region surrounding G0.17 + 0.15, 
here the RM is positive. The RM changes from a range of values
etween −500 and −1000 rad m 

−2 to 500 and 1000 rad m 

−2 at the
estern edge of G0.17 + 0.15 and its northern extension (Tsuboi et al.
986 ). This change coincides with the region where the spectral index 
 alues sho w both thermal and non-thermal emission. It is possible
hat entrainment of the G0.17 + 0.15 cloud injects thermal electrons
n the positive latitudes of the GCL, changing the spectral index
nd stretching the magnetic field lines, thus making the sign of the
M change. The magnetic field direction could change from being 

lightly tilted away from the line of sight to being slightly tilted
owards the line of sight. For a typical 100 μG magnetic field strength,
nd a 2-pc path length, this would only require electron density n e 
 10 cm 

−3 . The RM change and the magnetic field bending near
0.17 + 0.15 provide additional support for the interaction of non-

hermal filaments with G0.17 + 0.15. 

.1.8 IR and spectral tomography ima g es 

ig. 11 (a) shows an RGB colour image of G0.17 + 0.15 at 20 cm, 8
m, and 5.6 μm. The Spitzer IRAC images show diffuse IR emission
 xtending o v er the entire radio structure, with a rising spectrum
etween 5.8 and 8 μm, so red in IR colour. 

To see whether there was a radio counterpart to the IR structure, we
pplied the spectral tomography technique of Katz-Stone & Rudnick 
 1997 ) to the MeerKAT data. In this technique, a series of residual
MNRAS 530, 235–253 (2024) 
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Figure 7. The spectra of RRL emission from G0.17 + 0.15 are presented towards three positions, as shown by squares in blue, red, and green squares (see text). 
The bottom right panel shows the position velocity (PV) diagram along the linear feature to the west of G0.17 + 0.15. The area from which the PV is generated 
is shown by two parallel lines (see Fig. 2 a) with roughly a 0.17 and 0.5 arcmin width and length, respectively, with PA = 180 ◦. The positi ve of fsets are at higher 
latitudes than ne gativ e offsets. The diagram co v ers the velocity range between 100 and 170 km s −1 . 

Figure 8. (Left a) The T e ∗ derived from RRL and continuum data observed with the VLA in C and D array configuration at 10 GHz, assuming the electrons 
are under the LTE condition and the density ratio of helium to hydrogen is 0.07. (Right b) σT e ∗ , the errors of the T e ∗ image derived from 1 σ rms noises of the 
RRL and continuum images. The synthesized beam is marked as a filled ellipse in the bottom left of the plots. 
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Figure 9. (Top a) Spectral indices of G0.17 + 0.15 and NRFs using non-filtered data cubes centred at 1.28 GHz. White regions show α > 0.3, whereas black 
regions had no sufficient data and were masked. (Bottom b) Similar to (a) except filtered data cubes were used. The spectral index image using filtered data cubes 
is o v erlaid with the median spectral inde x traced along each detected filament. The scale bar to the right shows the spectral inde x values from −1.5 to + 0.3. 
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mages is created by removing all of the emission with a specific
pectral index ( αt ). 1 In the residual images for αt = 0 ± 0.05, the
 To construct the residual images, we subtracted an image of the average of 8 
rcsec MeerKAT channels 11, 12, and 14 (ef fecti v e frequenc y 1542.4 MHz) 

f
s

ing is no longer visible, so the spectrum of the ring is essentially
at. The residual emission is shown in Fig. 11 (b). It peaks up inside
MNRAS 530, 235–253 (2024) 

rom the average of channels 0–3 (962.85 MHz), with scale factors corre- 
ponding to a range of spectral indices, −1.5 < αt < 0 . 35. 



248 F. Yusef-Zadeh et al. 

M

Figure 10. (Left a) An image of in-band spectral index α computed from the VLA X -band data observed in the C- and D-array configurations. (Right b) The 
corresponding one σ error σα . The beam size is FWHM = 5.9 arcsec × 2.9 arcsec (6 ◦). A 5 σα cut-off is applied for both images. The display ranges are [ −2.5, 
2.5] for the spectral index α and [0, 1] for the 1 σ uncertainty of the spectral index. The synthesized beam is marked as an open ellipse in the bottom left of the 
plots. 
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f the ring, and is therefore somewhat steeper, and has a location
nd extent similar to the diffuse IR feature in Fig. 11 (a). This diffuse
adio component has a spectral index of ∼−0.2, as determined from
hen it disappears from the tomography images. 
The spectral indices of the ring and its interior are different,

uggesting different origin. The interior emission could be produced
ither by shocked stellar winds from a stellar source embedded within
he ring or by large-scale cosmic ray-driven nuclear wind interacting
ith an H II region and diffusing into the H II region. 

.1.9 SEDs of nearby sources 

he diffuse IR source that comprises the entirety of G0.17 + 0.15
s saturated in the Spitzer MIPS 24 μm image, but has unsaturated

id-IR measurements from IRAS, MSX, WISE , and Herschel (see
ig. 11 a). To determine the energetics of this source, the IRAS 25
nd 60 μm data points of the Spectral Energy Distribution (SED)
ere fit as either silicate or amorphous carbon dust grains at a single

emperature. These fits, shown in Fig. 11 (a), provide estimated dust
emperatures of T = 56 or 66 K, for silicate or carbon, respectively.
he implied dust masses are 0.10 M 
 for silicate or 0.067 M 
 for
morphous carbon. Assuming a dust/gas mass ratio of 0.0062, the
mplied gas masses are 16 and 11 M 
. Dust and gas masses may
e higher if a cooler component is present, but the lack of detection
t 100 and 160 μm suggests that there is not a significant colder
omponent. The mid-IR luminosity of this source is ∼2 × 10 4 L 
. 

Using higher resolution 2MASS and Spitzer IRAC data, we
xplored the SEDs of IR sources in the 2 arcmin vicinity of the
 II region. In addition to ubiquitous stars, mid-IR images also reveal

mission associated with G0.17 + 0.15, as seen in the composite radio
nd IR image in Fig. 11 (a). There are two unusual IR sources in the
entre of G0.17 + 0.15. The first is slightly more extended than a
oint source and appears coincident with a compact radio peak. This
ource has very red IR colours and is only catalouged at 5.8 and 8
m. It is the yellow-green blob, indicated by green tick marks on
ig. 11 (a). Its SED is shown by the heavy black circles and line in
NRAS 530, 235–253 (2024) 
ig. 12 (a) (left panel). The second unusual source appears point-
ike, and is displaced about 2 arcsec to the west. It is a relatively
aint bluish source, partially merged with the preceding source, in
ig. 11 (a). It is only detected at 1.25–5.8 μm. Coincidentally, its 5.8
m flux density is very similar to that of the preceding source.

ts SED is shown by circles and black line lines in Fig. 12 (b)
right panel), and shows an unusual excess in emission at 3.6–5.8
m compared to all of the other stellar sources in the 2 arcmin
icinity. These are the (a) and (b) choices discussed in the next
aragraph. 
The presence of a distinctive central source (perhaps two) suggests

hat the ring of G0.17 + 0.15 might not be an H II region associated
ith star formation, but rather the result of mass-loss from an

volving high-mass star. Shells with a somewhat similar appearance
nd SEDs are seen around the LBV stars such as the Pistol star
nd LBV 3 in the Galactic Centre and RMC 143 in the Large
agellanic Cloud (Lau et al. 2014 ; Agliozzo et al. 2019 ). There

re two choices for the responsible source: (i) It may be coincident
ith the radio source having a diffuse, red, IR counterpart. The IR
ould suggest the source is deeply embedded in a cloud, making it
erhaps unlikely that the star’s UV radiation could escape to ionize
he ring. In this scenario, the Arches cluster may ionize the H II region
xternally. This is analogous to the Pistol nebula being photoionized
xternally by the Quintuplet cluster star (Lau et al. 2014 , and
eferences therein). The implied mass of 11–16 M 
 lost by the star is
omewhat high, but the estimate could be reduced if the dust-to-gas
ass ratio in the circumstellar material is higher than typical for

he interstellar medium. (b) The near-IR point source may be the
ource of ionization. There is far less circumstellar material here.
V radiation could escape to ionize the ring and may also provide

n external heating source for dust in the nearby diffuse IR source. 
In either case, an additional constraint can be placed by estimating

he number of Lyman continuum photons needed for a stellar source
o ionize the gas. Assuming an electron temperature of 8000 K,
nd a distance of ∼8 kpc from us and a flux density of ∼0.3 Jy,
he total estimated Lyman continuum rate is 1.6 × 10 48 photons
 

−1 . Assuming that the emission is produced by a single zero-age
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Figure 11. (Top a) A composite RGB colour image of G0.17 + 0.15 is shown at 20 cm (R), 8 μm (G), and 5.8 μm (B). The radio source close to the centre 
of the H II region has a diffuse 8 μm counterpart. Green and blue tick marks indicate the locations of the two possible central IR sources that are discussed in 
the text. (Bottom b) MeerKAT radio images of total intensity (red, as in Fig. 11a) at 4 arcsec resolution, o v erlaid with the residual radio emission in green, at 8 
arcsec resolution, after removing all of the radio emission with α = 0, as described in the text. 
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ain-sequence (ZAMS) star, a spectral type of O8-9 would produce 
ufficient ionizing photons to drive the emission (Panagia 1973 ). If
he star is an evolved supergiant, then a later spectral type of B0
an produce the same ionizing flux. The total stellar luminosity is
5 × 10 4 L 
, for a ZAMS star (or up to ∼3 × 10 5 for a supergiant),

ufficient to produce the dust luminosity estimated abo v e. 
 DI SCUSSI ON  

n implication of the physical association of high-velocity, diffuse 
 II gas and molecular clouds with the eastern and western lobes,

espectively, is that the lobes, the radio bubble, and NRFs are located
t the Galactic Centre. Two features that need to be addressed
MNRAS 530, 235–253 (2024) 
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M

Figure 12. (Top a) The SED of G0.17 + 0.15 as taken from various catalogues where the source is essentially unresolved (point-like sources). In the WISE 

catalogue, the source is resolved into multiple components, but the one plotted is dominant at 12 and 22 μm. A single-temperature fit to the IRAS 25 and 60 μm 

data points is shown for either silicate or amorphous carbon dust grains. Grey SEDs for comparison are those of the shells around 3 LBV stars (Lau et al. 2014 ; 
Agliozzo et al. 2019 ). Error bars are added to the G0.17 measurements. The error bars are generally smaller than the plotted symbols (solid circles). (Bottom 

b) The heavy black SED in the left panel is that of the diffuse central source (indicated by green tick marks in Fig. 11 a) as listed in 2MASS and Spitzer /IRAC 

catalogs. The other SEDs plotted are the field stars within a 2 arcmin radius (randomly coloured for clarity), showing that no other nearby sources have a similar 
SED. The black line in the right panel shows that the SED of the bluer central point-like source (indicated by blue ticks in Fig. 11 a) has a strong excess at > 3.6 
μm that is not present in any of the field stars. 
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re whether the H II region G0.17 + 0.15 is interacting with NRFs,
s well as being accelerated by the ram pressure of cosmic ray
ri ven outflo w directed along the non-thermal filaments. The radio
ubble hosts hundreds of mysterious magnetized radio filaments,
he largest concentration of which is the radio arc. The decline in
he number of filaments as a function of Galactic longitude and
atitude are consistent with the size of the radio bubble, suggesting
 causal association with the origin of the filaments (Heywood et al.
NRAS 530, 235–253 (2024) 
019 ). One scenario for the origin of the bipolar radio/X-ray features
nvolves a high cosmic ray pressure driving large-scale winds and
xpanding the medium away from the Galactic plane (Yusef-Zadeh &
ardle 2019 ). The cosmic ray ionization rate in the Galactic Centre

s two to three orders of magnitudes higher than in the Galactic
isc, implying that the cosmic ray pressure is sufficient to launch
 nuclear wind from the Galactic Centre (Yusef-Zadeh & Wardle
019 ). 
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The abo v e interpretation is not unique. It is possible that infall
otion of the cloud and/or H II region from its high-latitude location

owards the Galactic Centre, can explain some of the observed 
eatures. In this picture, G0.17 + 0.15 is formed in the clumpy large-
cale molecular cloud. Ho we ver, if G0.17 + 0.15 were part of a larger
loud that is falling into the disc of the Milky Way, then it is an
nfortunate coincidence that it is superimposed on the radio arc at 
elati vely lo w latitudes of ∼0.15 ◦, and that there are no other similar
tructures elsewhere in the CMZ. 

Here, we only focus on plausibility of the nuclear wind. We 
ssume that the interacting nuclear wind can explain the cause of
orphological and kinematical asymmetry in G0.17 + 0.15. 

.1 Asymmetric ablation of the western edge of the ring 

e made a number of morphological and kinematic arguments of 
n asymmetry in the radial velocity field and brightness distribution 
cross the width of G0.17 + 0.15. The asymmetry suggest that the
onized gas could be ablated by an external ram pressure of the
uclear wind as traced by a larger concentration of the filaments at
he western edge of the H II region. The electron density n e from
he western side of the ring is estimated to be ∼ 300 cm 

−3 using an
ntensity of ∼7 mJy per 4 arcsec beam at 1.28 GHz. The mass of
onized gas in G0.17 + 0.15 is then ∼20 M 
, consistent with the dust

ass inferred abo v e. 
Using a velocity difference of δv ∼ 15 km s −1 across the diameter

f the ring, L ∼ 1.5 pc, and the ionized gas density of n e ∼ 3 × 10 2 

m 

−3 , the needed ram pressure, is 500 eV cm 

−3 , which is comparable
o the ∼ 10 3 eV cm 

−3 cosmic ray driven wind pressure needed to 
xplain X-ray filled radio bubble (Yusef-Zadeh & Wardle 2019 ) and 
onsistent with a scenario in which this wind is responsible for the
blation. The thermal pressure of the ionized gas for n e = 300 cm 

−3 

nd 8000 K is 450 eV cm 

−3 , so the H II region is likely to be confined
y its surroundings. 
In the abo v e picture, the gas streamers on the western side of

he H II region are stripped and assumed to have been uniformly
ccelerated from 0 to δv ∼ 35 km s −1 o v er a length of l ∼ 1.4 pc. The
cceleration is 0.5 × δv 2 / l o v er a time-scale 2 × l / δv , which is roughly
 × 10 4 yr. The estimated column density of the ablated material 
5 × 10 20 cm 

−2 , implies that the required ablating ram pressure
s ∼700 eV cm 

−3 , which is also comparable to the ∼10 3 eV cm 

−3 

osmic ray driven wind pressure. 

 SU M M A RY  

e studied G0.17 + 0.15, lying in the eastern (positive Galactic 
ongitudes and high Galactic latitudes) lobe of the Galactic Centre, 
espectively. Although there are other ideas that can explain its 
tructure, the kinematics and origin, our focus was mainly on the H II

egion G0.17 + 0.15, because of its high radial velocity ∼130 km s −1 .
ased on its morphology, kinematic, and polarization measurements, 
e provided arguments for the interaction of G0.17 + 0.15 with a
umber of NRFs which themselves are considered to be accelerated 
y a cosmic ray driven wind inflating the Galactic Centre radio 
ubble. As such, the properties of G0.17 + 0.15 are consistent with
ntrainment. Velocity gradients along the linear features to the west of 
0.17 + 0.15, as being ablated by the cosmic ray driven nuclear wind.
e also found two IR sources within G0.17 + 0.15. The presence of

 distinctive central source may be an indication of mass-loss from
n evolving high-mass star. The SED of this red source appears to be
imilar to that of LBV stars such as the Pistol star and LBV 3 in the
alactic Centre. 
The abo v e ideas are not unique in e xplaining G0.17 + 0.15. It is
ossible that G0.17 + 0.15 is a site of star formation in high-velocity
rbiting molecular clouds and that massive stars are formed in the
lumpy molecular environment of the Galactic Centre. Future high- 
esolution radio and IR observations will be able to test the physical
ssociation of G0.17 + 0.15 and large-scale molecular clouds and 
dentify whether massive or evolved stars power the H II region. 
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PPENDIX  A  

.1 Stacking multiple α-transition lines from an hydrogen-like 
tom 

he image cubes of 11 RRLs were stacked in order to enhance the
ignal-to-noise ratio. We investigated a few algorithms in stacking
he RRL images for optimizing the sensitivity. Here is a description
f how to weight the individual RRL image cubes in the stacking
rocess concerned in this paper: 

 RRL = wt · I RRL , 

here I RRL is a 1D image matrix and its element is a RRL image
ube at an α-transition corresponding to a principle quantum number
 n ) of an hydrogen-like atom: 

 RRL = 

⎛ 

⎜ ⎜ ⎜ ⎝ 

I RRL [0] 
I RRL [1] 

. . . 
I RRL [m] 

⎞ 

⎟ ⎟ ⎟ ⎠ 

, 

nd the weight matrix: 

t = 

(
wt[0] , wt [1] , . . . , wt [m] 

)
. 

n the case of the X -band VLA data, m = 10 and i is a serial number of
he I RRL elements, where i = 0, 1,..., and 10, corresponds to n = 92,
1,... and 82; and wt[ i ] is a statistical weight used in the process
f stacking the multiple RRLs. The final resultant RRL image cube
 RRL is a dot-product of the weighting matrix wt and the RRL image
atrix I RRL . Three different weighting methods were considered in

his paper: 

(1) equal weighting or 

t [ i] = 

(∑ 

i 
)−1 

; 
NRAS 530, 235–253 (2024) 
(2) weighted by the reciprocal value ( σ−2 
i ) of a variance deter-

ined from a RRL image cube, 

t [ i] = 

1 

σ 2 
i 

(∑ 1 

σ 2 
i 

)−1 

; 

nd 
(3) weighted by a quadratic power of an S/N ratio, 

t [ i] = 

(
I p i 

σi 

)2 
( ∑ 

(
I p i 

σi 

)2 
) −1 

. 

n abo v e equations, σ i and I p i denote an rms noise and peak line
ntensity of the i th element in the RRL image cube matrix. We found

hat weighting with a quadratic power of an S/N ratio or 
(

I p 
i 

σi 

)2 

ives the best sensitivity among the three stacked image cubes. The
nal RRL image cube computed from method (3) is impro v ed in
ensitivity by ∼10 per cent and ∼5 per cent as compared to the one
roduced with an equal weighting function and a weighting with the
eciprocal value of a variance, respectively. The sensitivity of the
tacked RRL image cube is impro v ed by a factor of 4 as compared to
hat of an individual RRL cube. Thus, we adopted the stacked RRL
mage cube produced by weighting with a quadratic power of an S/N
atio. 

.2 VLA in-band spectral index 

oth the VLA’s X -band and C -band data have a broad frequency
o v erage of 4 GHz in bandwidth ( BW ), providing a large ratio of
 

BW 

ν0 

] 
= 0.67 and 0.4 at 6 and 10 GHz, respectively. Wideband

maging with the Taylor expansion technique (e.g. Rau & Cornwell
011 ) has constructed a multifrequency synthesis (MFS) image of
he continuum emission. This has been achieved from a radio source
ia Taylor expansion’s first term or TT0, providing deep images with
 high dynamic range. The second term Taylor expansion (TT1) deals
ith the slope of spectrum distributed across a wideband, from which
ne can derive images for distributions of spectral index. Ho we ver,
his technique is challenging because (1) cleaning sidelobes for
T1 requires high signal-to-noise ratio due to the TT1 beam being
rthogonal to that of TT0 (Conway, Cornwell & Wilkinson 1990 ) and
2) the wideband co v erage makes the linear expansion inappropriate
or a source with a non-linear spectrum. A higher order expansion
s needed to interpret the spectrum curvature. Thus, the reliability
or extended sources was uncertain, often owing to an inadequate
ignal-to-noise ratio. On the other hand, the classical method uses
wo images I 1 and I 2 produced from data observed at ν1 and ν2 in a
arrow band ( 	ν < < ν1 and 	ν � ν2 ) following a formula: 

= 

Log ( I 1 / I 2 ) 

Log ( ν1 /ν2 ) 
. 

he VLA was designed via array configurations and receiver bands to
rovide options for users to observe a source in multiple observing
uns resulting in an equi v alent uv-sampling at two separate band
requencies. In principle, the narrow-band approach reduces the
ncertainties in determination of spectral index for strong sources.
iven a wideband observation, numerous sub-bands produced in a

ingle observing run, from which one can produce a large number
f spectral index α images from a combination of a frequency pair
 ν i , ν j ), where i or j is a serial number of sub-bands, an integer
rom 0, 1, 2,... to n , with a total number of n + 1 sub-bands. A
otal number of sub-bands is n + 1. For the VLA data taken at X-
nd C-bands, the corresponding n + 1 is 12 and 32. An assemble
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f spectral index αij images can be computed using abo v e formula
s well as their errors σα

ij based one the rms noises of images and
 separation of a frequency pair ( ν i , ν j ). We note that both αij and
α
ij are two-dimensional images with RA and Dec in the x and y
x es. F or e xample, for the comple x H II re gion G0.17 + 0.15 at X
and, αij ( x , y ) was derived from a pair of 5000 spectral images
 i ( x , y ) and I j ( x , y ). Instead of fitting to the higher order terms in
aylor expansion, the spectral index α using the classical method 

nvolves only the first term (TT0) of the Taylor expansion products. 
n addition, the bandwidth of a sub-bands 	ν i appears to be small
nough, so a linear approaching is valid for the slope of a radiation
pectrum. F or e xample, 	ν i is 64 and 128 MHz ( 	ν/ ν = 0.006
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
nd 0.02) for the VLA X -band and C -band data. We also note that
he sub-band data taken in a wideband observation are subject to
he frequency-dependent issues in aperture synthesis interferometer 
maging, such as primary beam attenuation, short-baseline cut-off 
nd frequency smearing as well as radio frequency interference. 
hose effects are accounted for in the process of constructing α as
ell as by computing a weighted-average of a sub-band combination 

WASC) of frequency-pair images αij . The statistical errors reflect 
he uncertainty of the algorithm. 
MNRAS 530, 235–253 (2024) 
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