
MNRAS 539, 145–159 (2025) https://doi.org/10.1093/mnras/stae2773 
Advance Access publication 2024 December 18 

Spiral arm, rotating structure, and outflow cavity in massive star-forming 

region G23.43 −0.18 

James O. Chibueze , 1 , 2 ‹ Chukwuebuka J. Ugwu , 1 , 2 Tomoya Hirota, 3 , 4 Kee-Tae Kim, 5 , 6 Tie Liu, 7 

Jakobus M. Vorster, 8 , 9 Ji-hyun Kang, 5 Jungha Kim, 5 , 10 Ross A. Burns, 11 Andrey M. Sobolev , 6 , 12 

Jihye Hwang , 5 Chang Won Lee, 5 , 13 Mi Kyoung Kim 

14 and Koichiro Sugiyama 

15 , 16 

1 Department of Mathematical Sciences, University of South Africa, Cnr Christian de Wet Rd and Pioneer Avenue, Florida Park, 1709 Roodepoort, South Africa 
2 Department of Physics and Astronomy, Faculty of Physical Sciences, University of Nigeria, Carver Building, 1 University Road, Nsukka 410001, Nigeria 
3 National Astronomical Observatory of Japan, National Institutes of Natural Sciences, 2-12 Hoshigaoka, Mizusawa, Oshu, Iwate 023-0861, Japan 
4 SOKENDAI (The Graduate University for Advanced Studies), 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan 
5 Korea Astronomy and Space Science Institute, 776 Daedeokdaero, Yuseong, Daejeon 34055, Korea 
6 Xinjiang Astronomical Observatory, Chinese Academy of Sciences, Urumqi 830011, P. R. China 
7 Shanghai Astronomical Observatory, Chinese Academy of Sciences, 80 Nandan Road, Shanghai 200030, P. R. China 
8 Centre for Space Research, North-West University, Potchefstroom 2520, South Africa 
9 Department of Physics, University of Helsinki, PO Box 64, FI-00014 Helsinki, Finland 
10 Department of Astronomy and Space Science, Chungnam National University, Daejeon 34134, Korea 
11 RIKEN, Cluster for Pioneering Research, Wako-shi, Saitama, Japan 
12 Astronomical Observatory, Institute for Natural Sciences and Mathematics, Ural Federal University, 19 Mira Street, Ekaterinburg 620002, Russia 
13 University of Science and Technology, Korea (UST), 217 Gajeong-ro, Yuseong-gu, Daejeon 34113, Republic of Korea 
14 Department of Child Studies, Faculty of Home Economics, Otsuma Women’s University, 12 Sanban-cho, Chiyoda-ku, Tokyo 102-8357, Japan 
15 National Astronomical Research Institute of Thailand (Public Organization), 260 Moo 4, T. Donkaew, A. Maerim, Chiang Mai 50180, Thailand 
16 Mizusawa VLBI Observatory, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan 

Accepted 2024 December 16. Received 2024 November 30; in original form 2024 April 21 

A B S T R A C T 

We confirmed the existence of a massive protocluster in G23.43 −0.18 from our Atacama Large Millimeter/submillimeter Array 

(ALMA) 1.3 mm continuum and molecular line observations. We resolved the region into one main massive protostellar object, 
G23.43 −0.18 A, one intermediate mass protostellar object, G23.43 −0.18 B, and three low mass objects, G23.43 −0.18 C1, 
G23.43 −0.18 C2, and G23.43 −0.18 C3. A spiral arm structure is observed in G23.43 −0.18 B. G23.43 −0.18 A 1.3 mm dust 
continuum emission showed a ‘butterfly’ morphology with clear evidence of the existence of a cavity and bipolar outflow with an 

inclination angle of 50 

◦. G23.43 −0.18 B presents a compact rotating structure, and possibly an inner Keplerian disc, traced with 

methanol lines and powers a jet revealed by multiple compact emission peaks in CO, indicating episodic ejections every 300 yr. 
The presence of 6.7 GHz methanol masers in G23.43 −0.18 A and G23.43 −0.18 B are strong indications that both objects host 
massive protostars and are good sites to test some theories of the early evolutionary phases of massive stars. 

Key words: masers – techniques: interferometric – stars: formation – ISM: individual objects: G23.43 −0.18 A – submillimetre: 
ISM. 
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 I N T RO D U C T I O N  

he impacts of high-mass stars to their natal environment are enor- 
ous. Radiation pressure (T anaka, T an & Zhang 2017 ), accretion

ursts (Caratti o Garatti et al. 2017 ; Hunter et al. 2017 ; Liu et al.
018 ; Brogan et al. 2019 ; Burns et al. 2020 ), jets (Torrelles et al.
996 ), outflows (Chibueze et al. 2012 ), and supernovae (Rogers &
ittard 2013 ) are some of the way massive stars feedback into

heir surroundings. Recent observational studies of the evolution 
f massive stars have provided additional clues into the rather 
ysterious processes leading to the birth of massive stars. 
 E-mail: chibujo@unisa.ac.za , james.chibueze@gmail.com 
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Accretion bursts (Caratti o Garatti et al. 2017 ; Burns et al. 2020 ),
piraling accretion flow, and disc fragmentation (Liu et al. 2015 ,
019 ; Ilee et al. 2018 ; Johnston et al. 2020 ) are some of the newly
nveiled mechanisms associated with the formation of high-mass 
tars. Substructures and fragments are becoming common features 
f discs of massive protostars, some of which have been confirmed
o be in Keplerian motions (Johnston et al. 2015 , 2020 ; Ilee et al.
016 ; Beuther et al. 2017 ; Maud et al. 2019 ). The range of separation
etween the protostars and disc fragments reported so far is ∼1000 to
2000 au. Accretion of fragments has been used to explain accretion

ursts in massive protostars like G358.93 −0.03 (Sugiyama et al. 
019 ; Chen et al. 2020 ; Meyer et al. 2017 , 2018 ). Andr ́e Oli v a &
uiper ( 2020 ) investigated the early evolution of a fragmented
isc around a massive protostellar object using a high-resolution 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. ALMA observation details. 

Parameter Cycle 3 

Project code 2015.1.01571.S 
Date 2016 August 15, 19, and 22 
Number of antennas 38, 39, 40 (12 m array) 
Baseline length 15.1 m–1.5 km 

Amplitude calibrator J1733 −1304 or J1924 −2914 
Bandpass calibrator J1751 + 0939 
Phase calibrator J1851 + 0035 
SPW0 212.88 GHz–213.81 GHz (969.24 kHz spectral resolution) 
SPW1 216.55 GHz–217.49 GHz (969.24 kHz spectral resolution) 
SPW2 229.44 GHz–229.91 GHz (969.24 kHz spectral resolution) 
SPW3 230.22 GHz–230.68 GHz (969.24 kHz spectral resolution) 
SPW4 231.34 GHz–232.28 GHz (969.24 kHz spectral resolution) 
Velocity resolution 1.27–1.38 km s −1 

Typical rms 1.5 mJy beam 

−1 (line), 0.1 mJy beam 

−1 (continuum) 
Continuum beam-size 0.27 arcsec × 0.24 arcsec [P.A. −86.5 ◦] (at 222.58 GHz centre frequency) 
12 CO v= 0 ( J = 2 − 1) 230.53800 GHz 
SiO v= 0 ( J = 5 − 4) 217.10498 GHz 
CH 3 OH transitions 213.427 (1 1 , 0 − 0 0 , 0 ), 216.946 (5 −1 , 4 − 4 −2 , 3 ), 217.299 (6 1 , 5 − 7 2 , 5 ), 229.589 (15 −4 , 11 − 16 −3 , 14 ), 229.758 

(8 1 , 8 − 7 −0 , 7 ), 230.368 GHz (22 4 , 18 − 21 5 , 17 ) 

Figure 1. Primary beam corrected 1.3 mm dust continuum image of G23.43 −0.18. The contour levels are [0.5, 1, 2, 3, 4] mJy beam 

−1 with an rms of 0.12 
mJy beam 

−1 . The positions of the 6.7 GHz CH 3 OH masers are indicated by stars, while crosses indicate the positions of the 22 GHz H 2 O masers. As shown in 
the bottom right of this figure, 1 arcsec corresponds to a linear scale of 5880 au at 5.88 kpc. 
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elf-gravity-radiation hydrodynamical simulation. Their simulation
howed, among other things, that a massive young stellar object
MYSO) is formed in the centre of its collapsed cloud surrounded
y a fragmenting Keplerian-like accretion disc with spiral arms.
ravitational instabilities caused the formation of spiral arms and

ragments inside the disc. 
Rotating outflows such as those observed in Orion source I (Hirota

t al. 2017 ) help expel angular momentum from the MYSO into
NRAS 539, 145–159 (2025) 
ts environment and could create a cavity along their paths. Kuiper,
orke & Turner ( 2015 ) and Kuiper, Turner & Yorke ( 2016 ) described

he three main effects of a protostellar outflow, namely; (i) decrease in
ccretion flow towards the protostar due to the redirection of some of
he accretion flow; (ii) contribution of outward directed momentum
hat impedes infall on to the forming protostar; and (iii) production
f low-density bipolar cavity plowed by the outflowing material.
utflows play a significant role in the formation of massive stars
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Figure 2. Zoom-in of the 1.3 mm dust continuum emission of G23.43 −0.18 A. The contour levels, stars, and crosses are the same as in Fig. 1 . White ellipse at 
the bottom left is the ALMA synthesized beam. 
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nd also drive their feedback into their surroundings. Two kinds of
utflows are typically associated with YSOs, a fast v ∼ 100–1000 km 

 

−1 collimated jet as well as a slower wide-angle molecular outflow 

 ∼ 1–30 km s −1 (Frank et al. 2014 ). 
G23.43 −0.18 is a massive star-forming region located at a parallax

istance of 5.88 + 1 . 37 
−0 . 93 kpc (Brunthaler et al. 2009 ). It is associated

ith 6.7 GHz methanol masers which are known to be e xclusiv ely
ssociated with massive star-forming regions (Fujisawa et al. 2014 ; 
u et al. 2016 ). The dust clump hosting this massive star-forming

egion is reported in the APEX (Atacama Pathfinder Experiment) 
elescope Large Area Surv e y of the Galaxy (ATLASGAL) surv e y

o have a dust temperature of 24.6 ± 0.6 K , a luminosity, L bol of
235.6 L �, an envelope mass of 63 M � (Contreras et al. 2013 ),
nd is associated to molecular line emission like 13 CO ( J = 1 − 0)
nd CS ( J = 2 − 1) (Kim & Koo 2003 ; Walsh et al. 1998 , 2003 ).
ood & Churchwell ( 1989 ) reported the detection of an ultra-

ompact H II (UCHII) region at 6 cm with the very large array (VLA)
ear G23.43 −0.18 , although the UCHII is 7 arcmin to the north–
ast of the region, outside of the field of view of our observations.
23.43 −0.18 is associated with a number of maser species including 
lass I and II CH 3 OH, H 2 O, and OH masers (Palagi et al. 1993 ;
aswell et al. 1995 ; Slysh et al. 1999 ; Kang et al. 2016 ; Beuther et al.
019 ). Dempsey, Thomas & Currie ( 2013 ) reported the V LSR 

of
23.43 −0.18 to be 104.5 km s −1 based on their 12 CO (3–2) James
lark Maxwell Telescope (JCMT) observ ations. Ho we v er, Shirle y
t al. ( 2013 ) measured the V LSR 

as 101.9 km s −1 with N 2 H 

+ (3–2)
bserved with the Heinrich Hertz Submillimeter Telescope. Using 
LMA 216.946 GHz CH OH line observations, we derived the 
3 
 LSR 

to be 102.1 km s −1 . This value is adopted in this 
aper. 
In this paper, we will report the results of our high-resolution

tacama Large Millimeter/submillimeter Array (ALMA) observa- 
ions of G23.43 −0.18. A spiral arm, rotating structures, outflows 
nd their associated cavity, and possible jet systems observed inside 
he cores of the region are discussed. This study forms part of our
orean VLBI (very long baseline interferometry) Network (KVN) 
nd VLBI Exploration of Radio Astrometry (VERA) array, KVN 

nd VERA Array (KaVA), star formation large programme 1 to study 
assive protostellar objects associated with masers (Kim et al. 2018 ,

020 ). 

 OBSERVA  TI ONS,  DA  TA  CALI BRA  T I O N ,  A N D  

MAG I NG  

ur ALMA band 6 observations of G23.43 −0.18 were carried out on
016 August 15, 19, and 22 (project 2015.1.0171.S: P.I. M.-K. Kim)
s part of the KaVA star formation large project. We report on the
bservations of August 15 in this work. We set five spectral windows
spws) to co v er the 12 CO, SiO (5 −4), and multiple transitions of
H 3 OH lines as well as 1.3 mm continuum emission. The data
alibration was carried out using the ALMA pipeline in the CASA

ersion 4.7 package (McMullin et al. 2007 ). The half-power beam-
idth (HPBW) of the primary beam is approximately 27 arcsec at the
MNRAS 539, 145–159 (2025) 

https://radio.kasi.re.kr/kava/large_programs.php#sh3
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Figure 3. Zoom-in of the 1.3 mm dust continuum emission of G23.43 −0.18 B. The contour levels, stars, and crosses are the same as in Fig. 1 . White ellipse is 
the same as in Fig. 2 . 
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bserving frequencies; the synthesized beam size of the continuum
ata was 0.27 arcsec × 0.24 arcsec, while for the line images it
anges from 0.25 arcsec × 0.26 arcsec to 0.30 arcsec × 0.26 arcsec
sing a robust weighting of 0.5. More details of the observations are
resented in Table 1 , see also Kim et al. ( 2020 ). 

 RESU LTS  

.1 G23.43 −0.18 1.3 mm continuum emission 

ources of dust continuum emission at 1.3 mm were detected in the
entre (labelled as A in Figs 1 and 2 ), to the north (labelled as B
n Figs 1 and 3 ) and to the south-west (labelled as C in Figs 1 and
 ) of the phase tracking centre of G23.43 −0.18. Figs 1 , 2 , 3 , and
 show the dust continuum emission (with zoom-ins) of the core in
23.43 −0.18. 
G23.43 −0.18 A : This central dust continuum source (see Fig. 2 )

howed a bright 1.3 mm emission extending over 7.5 arcsec (corre-
ponding to 44 000 au) from the north-eastern tip of the emission to
he south-western tip. The integrated flux of G23.43 −0.18 A is 0.2 Jy,
nd the peak intensity is 12.1 mJy beam 

−1 at ( α, δ) = (18 h 34 m 39 . s 249,
08 ◦31 ′ 39 . ′′ 34). The most prominent feature of the morphology of
23.43 −0.18 A is the ‘butterfly’ shape structure with a slightly

nclined north–south cavity near the peak of the continuum emission.
xcluding the weak north-east spur of G23.43 −0.18 A, the butterfly
hape co v ers 4.6 arcsec or 27 000 au. The central cavity splits the
ain continuum core into east and west components. G23.43 −0.18 A

s associated with a number of 6.7 GHz CH 3 OH and 22 GHz H 2 O
NRAS 539, 145–159 (2025) 
asers. The 6.7 GHz CH 3 OH masers were observed with the Aus-
ralia Telescope Compact Array (Caswell 2009 ; Breen et al. 2015 ),
arkes Observatory 64-m telescope (Caswell et al. 1995 ; Breen et al.
015 ), Hartebeesthoek 26-m telescope (Goedhart, Gaylard & van
er Walt 2004 ), Hitachi and Takahagi 32-m telescopes (Yonekura
t al. 2016 ), Green Bank Telescope (Menten 1991 ), Torun 32-m
elescope (Szymczak et al. 2002 , 2012 ), Effelsberg 100-m telescope
Vlemmings, Torres & Dodson 2011 ), and Shanghai Tianma 65-m
elescope (Yang et al. 2019 ). The 22 GHz H 2 O masers observations
ere carried out with the Very Large Array (Forster & Caswell 1989 ,
999 ), Australia Telescope Compact Array (Cesaroni et al. 1988 ;
reen & Ellingsen 2011 ), Medicina 32-m telescope (Palagi et al.
993 ; Valdettaro et al. 2001 ), Effelsberg 100-m telescope (Szymczak,
illai & Menten 2005 ), Green Bank Telescope (Hogge et al. 2018 ),
nd Nanshan 25-m telescope (Xi et al. 2015 ). 

G23.43 −0.18 A also shows some blobby structures. In molecular
ine emission, we see a clear NW–SE molecular outflow, both in SiO,
ig. 5 as well as in 12 CO ( J = 2 − 1) (Figs 6 , 7 and 8 ). Fig. 5 shows

he SiO ( J = 5 − 4) channel maps superimposed on 1.3 mm contours
f G23.43 −0.18 A. The SiO emission centred on the continuum
avity is clear, as well as an ‘X’ shape in the last few channel maps
106.7 −99.9 km s −1 ). Figs 6 and 7 show the blue and redshifted
hannel maps, respectively of the 12 CO ( J = 2 − 1) emission. The
X’ shape traced in SiO on a smaller scale can clearly be seen in both
gures on a larger scale. Fig. 8 shows the blue and red lobes of the
olecular outflow traced in 12 CO ( J = 2 − 1). The cavity seen in

he moment maps is clear, as well as an ‘S’ shape passing through the
ontinuum core. Fig. 8 also contains a zoomed image of the centre
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Figure 4. Zoom-in of the 1.3 mm dust continuum emission from C1, C2, and C3 cores. The contour levels, star, and cross are the same as in Fig. 1 . White 
ellipse is the same as in Fig. 2 . 
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f G23.43 −0.18 A. The 12 CO ( J = 2 − 1) emission moment 0 map
hows two bow shapes, separated by a distance of 26000 au. 

G23.43 −0.18 B : The northern dust continuum emission com- 
rise of a 1600 au compact continuum core (see Fig. 3 ) with
 peak intensity of 23.5 mJy beam 

−1 at ( α, δ) = (18 h 34 m 39 . s 189,
08 ◦31 ′ 25 . ′′ 41), and an integrated flux of 26.3 mJy. G23.43 −0.18 B

s only 6 arcsec from the edge of the ALMA primary beam. Ho we ver,
e achieved enough sensitivity to detect faint structures of continuum 

mission around the main core. A clear spiral arm structure extending 
outhward from the main G23.43 −0.18 B core is detected. This spiral
rm structure is stretched out through an angular scale of 1.6 arcsec
rom the continuum peak to the end of the spiral, corresponding 
o 9400 au. Some of the 6.7 GHz CH 3 OH masers are located near
he continuum peak emission of G23.43 −0.18 B, which could be an
ndication that the protostar is massive. 

G23.43 −0.18 C : There are three other compact continuum cores 
abelled as C1, C2, and C3 (see Fig. 4 ) detected in the south-western
egion of G23.43 −0.18. C1 is the faintest of the three with an inte-
rated flux of 1.6 mJy, and a peak intensity of 0.8 mJy beam 

−1 at ( α,
) = (18 h 34 m 38 . s 647, −08 ◦31 ′ 39 . ′′ 14). C2 is marginally resolved in
ur observations with an integrated flux of 3.2 mJy, and a peak inten-
ity of 1.8 mJy beam 

−1 at ( α, δ) = (18 h 34 m 38 . s 815, −08 ◦31 ′ 44 . ′′ 17).
3 is 5.5 arcsec south of C2 and has an integrated flux of 10.4 mJy,
nd a peak intensity of 1.7 mJy beam 

−1 at ( α, δ) = (18 h 34 m 38 . s 801,
08 ◦31 ′ 49 . ′′ 62). The 12 CO emission, particularly at the redshifted 
 elocities, rev eals outflows emerging from C1 and C3 cores (see
ig. 7 and also Fig. 8 a). This is an indication that the cores are actively
 e
ndergoing star formation, though in earliest stage, as evident from 

ack of complex molecule line emission. 

 DI SCUSSI ONS  

.1 Estimates of the gas masses and column densities of the 
ust cores 

e took advantage of the sensitivity of millimeter observation to the
ircum-(proto)stellar material to estimate the gas masses of the cores 
f G23.43 −0.18 following the methods in Brogan et al. ( 2009 ). 

 gas = 

3 . 24 × 10 −3 S ν( Jy ) D 

2 ( kpc ) R C τdust 

J ( ν, T dust ) ν3 ( THz ) κν

M �, (1) 

here S ν is the integrated flux density of the core, R is the ratio
f gas to dust (100), J ( ν, T dust ) = 1 / ( exp( hν/T dust k) − 1), k and h
re the Boltzmann and Planck’s constants, respectively, and C τdust = 

dust / (1 − e −τdust ) is the correction factor for the dust opacity. We
dopted a dust opacity, κν of 1 cm 

2 g −1 (Ossenkopf & Henning 1994 )
p to a maximum of 50 K. The excitation temperatures (see Fig. 9 a
nd b) of CH 3 OH in G23.43 −0.18 A and G23.43 −0.18 B were
alculated under the assumption of local thermodynamic equilibrium 

Goldsmith & Langer 1999 ) and used as the dust temperatures, T dust .
Goldsmith & Langer ( 1999 ) rotation diagram method employs 

ifferent transitions of the same molecule that span o v er a range of
nergies in estimating the temperatures, which can be inferred from 
MNRAS 539, 145–159 (2025) 
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Figure 5. Primary beam corrected SiO ( J = 5 − 4) line integrated emission showing the shocked gas of G23.43 −0.18 A due to the bipolar outflow along the 
axis of the observed dust cavity, with a typical rms of 2.2 mJybeam 

−1 . The white contours represent the 1.3 mm dust continuum emission. The contour levels 
and white ellipse are the same as in Fig. 2 . 

Figure 6. 12 CO ( J = 2 − 1) integrated blueshifted emission. The grey contours represent the 1.3 mm dust continuum emission. The contour levels are the same 
as in Fig. 1 . 
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Figure 7. 12 CO ( J = 2 − 1) integrated redshifted emission. The grey contours represent the 1.3 mm dust continuum emission. The contour levels are the same 
as in Fig. 1 . 

Figure 8. 12 CO ( J = 2 − 1) integrated intensities of outflow originating in G23-A. (a) Blueshifted and redshifted outflow lobes with contour levels 175 mJy ·km 

s −1 ×[1 , 2] superimposed on 12 CO ( J = 2 − 1) moment 0 map inte grated o v er { 85 − 88 , 100 − 140 } km s −1 (greyscale). (b) Zoomed in on G23-A. The 
greyscale is the same as (a), the magenta contours show the moment zero contours with levels of 1 Jy ·km s −1 × [1 , 2 , 2 . 5 , 3 , 3 . 5], the black contours is the 
1.3 mm continuum emission at levels = [1, 2, 3, 4] mJy beam 

−1 with an rms of 0.12 mJy beam 

−1 . The black dotted line and text shows the extent of the bow 

structure. The linear scale of (a) and (b) are on the top left and bottom right, respectively. 
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his relations 

N u 

g u 
= 

3 k 

8 π3 νg I g K 

1 

μ2 S 

∫ 

S νd ν (2) 

nd 

log ( N u /g u ) = log ( N tot /Q ( T rot )) − 0 . 4343 E u /kT rot , (3) 

here k is Boltzmann’s constant, ν is the frequency, g I and g K 

are
he degeneracies associated with the nuclear spin, and k quantum 

umber, respectively, μ2 is the square of the dipole matrix element, 
 is the statistical line strength, S νd ν is the observed integrated
ntensity of the transition, N tot is the total column density, Q ( T rot )
s the partition function e v aluated at the rotation temperature T rot ,
nd E u is the upper state energy of the transition. Here, we used
H 3 OH transitions J = 1 (1 , 0) − 0 (0 , 0) at 213.427 GHz, 5 ( −1 , 4) − 4 ( −2 , 3) 

t 216.946 GHz, 6 (1 , 5) − 7 (2 , 5) at 217.299 GHz, 15 ( −4 , 11) − 16 ( −3 , 14) at
29.589 GHz, 8 (1 , 8) − 7 ( −0 , 7) at 229.758 GHz, and 22 (4 , 18) − 21 (5 , 17) 

t 230.368 GHz. The integrated intensity for each transition was 
alculated from Gaussian fits to the line emission at the continuum
MNRAS 539, 145–159 (2025) 
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Figure 9. Rotational temperature diagram of CH 3 OH in (a) G23.43 −0.18 A and (b) G23.43 −0.18 B. The excitation temperature (in units of K), column density 
(in units of cm 

−2 ) and correlation coefficient derived from the analysis are quoted in the upper right corner. 

Table 2. Properties of the G23.43 −0.18 dust continuum cores extracted from the primary beam corrected image. 

Object name R.A. (J2000) Dec. (J2000) Peak flux Integrated flux Size T dust M gas N H 2 
( h m s ) ( ◦ ′ ′′ ) (mJy beam 

−1 ) (mJy) (arcsec × arcsec [P.A.] ◦) (K) (M �) (cm 

−2 ) 

G23.43 −0.18 A 18 34 39.249 −08 31 39.34 12.1 ± 0.1 203.2 ± 15.0 2.4 × 1.0 [70] 122.7 18.6 2.8 × 10 23 

G23.43 −0.18 B 18 34 39.189 −08 31 25.41 23.5 ± 2.5 26.3 ± 2.5 0.3 × 0.3 [76] 115.7 2.7 1.3 × 10 24 

G23.43 −0.18 C1 18 34 38.647 −08 31 39.14 0.8 ± 0.01 1.6 ± 0.01 0.5 × 0.2 [141] 115.7 0.2 5.6 × 10 22 

G23.43 −0.18 C2 18 34 38.815 −08 31 44.17 1.8 ± 0.02 3.2 ± 0.02 0.4 × 0.3 [21] 115.7 0.3 1.1 × 10 23 

G23.43 −0.18 C3 18 34 38.801 −08 31 49.62 1.7 ± 0.02 10.4 ± 0.3 0.6 × 0.4 [140] 115.7 1.1 4.0 × 10 24 
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eaks of G23.43 −0.18 A and G23.43 −0.18 B. We iteratively solved
or the rotation temperature, column density, and optical depth that
ives the best χ2 fit to the data. 
The estimated excitation temperature, column density (log N)

nd average optical depth of CH 3 OH lines in G23.43 −0.18 A
re ∼122.73 K, 17.13 cm 

−2 , and 0.03, respectively, while those of
23.43 −0.18 B are ∼115.67 K, 17.06 cm 

−2 , and 0.16, respectively.
NRAS 539, 145–159 (2025) 
ue to lack of multiple transitions of CH 3 OH in G23.43 −0.18 C (C1,
2, and C3) to compute the excitation temperatures, we assumed that
f G23.43 −0.18 B for their masses and column densities estimation.
The column densities were derived from 

 H 2 = 

S νR 

J ( ν, T dust ) 
κνμH m H 
cm 

−2 , (4) 

2 
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Figure 10. The outflow originating in G23.43 −0.18 B. The grey contours and colourscale represent the 1.3 mm dust continuum emission and the contour levels 
are the same as in Fig. 1 . The green contours at levels of 300 mJy ·km s −1 × [1 , 2 , 3 , 4] show integrated 229.758 GHz CH 3 OH molecular line emission, o v er the 
velocity range shown in green at the top left. The magenta contours, representing the CO emission, integrated across the shown velocity range in the top left at 
levels of 25 mJy ·km s −1 ×[2 , 4 , 6 , 8]. The yellow line shows the length and position angle of the jet. 

Figure 11. 213.427 GHz CH 3 OH line in G23.43 −0.18 A tracing the walls of the wide-angle bipolar outflow (indicated with red and blue parabolae) from the 
protostar. The black contours represent the 1.3 mm dust continuum emission. The contour levels are the same as in Fig. 1 . 
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here 
 is the solid angle of the beam calculated by 
 = 1 . 13 × � 

2 ,
here � is the geometric mean of the beam major and minor axes,
H 2 is the mean molecular weight per hydrogen molecule = 2.8 and 
 H is the mass of a hydrogen atom. See Table 2 for derived values

f the core gas masses and column densities. 

t  
.2 Cavity and 

12 CO (2-1) wide-opening angle bipolar outflow 

n G23.43 −0.18 A 

 prominent large 12 CO ( J = 2 − 1) bipolar outflow with a wide
 ∼100 ◦) opening angle and angular size of ≥20 arcsec was detected
owards G23.43 −0.18 A as is seen in Figs 6 and 7 . The outflow aligns
MNRAS 539, 145–159 (2025) 
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ith the axis of the observed dust cavity. The east–west angular size
f the north–south cavity observed in G23.43 −0.18 A is ∼0.4 arcsec,
 linear size of 2350 au. The north–south axis of the cavity aligns
ith the axes of the wide-opening angle 12 CO ( J = 2 − 1) outflow

nd the collimated SiO bipolar outflow (see Fig. 5 ). We estimated
he inclination angle θ of the wide-angle molecular outflow by first
onvolving the redshifted and blueshifted 12 CO ( J = 2 − 1) maps of
ig. 8 (a) with a 2 arcsec × 2 arcsec beam, and then using the method
f Kong & Wu ( 2011 ) on the small scale bow structure in Fig. 8 (b).
his method can only be used for a conical-like outflow in which

he driving source is symmetrically centred along the outflow lobes.
he method depends mainly on the accurate location of the driving
ource. In our calculation, we chose the continuum peak position of
23.43 −0.18 A as the driving source and derived an inclination angle
f 50 ◦ for the G23.43 −0.18 A outflow, which is half-way between
he sky and the line of sight. The inclination angle is determined with
espect to the plane of the sky. 

Rosen & Krumholz ( 2020 ) suggested momentum injection by out-
ows and radiation pressure as key drivers of excavation of cavities

n protostars. According to Kuiper et al. ( 2016 ), the momentum of
he outflows entrain and eject 20–50 per cent of gas in dense cores.
unningham et al. ( 2011 ) found that there is a lower disc surface
ensity threshold which determines how likely a protostellar clump
s to form high-mass stars. Further, they found that an outflow raises
he surface density threshold, further diminishing high mass star
ormation efficiency. 

We used the method of Tanabe et al. ( 2019 ) to derive the parameters
or the wide angle bipolar outflo w: the 12 CO outflo w mass, outflo w
omentum, outflow energy, outflow dynamical time, mass outflow

ate, outflow momentum flux, and energy ejection rate. The outflow
ass, M outflow is calculated from: 

 outflow = 

∑ 

| v lsr −v sys |≥2 σv 

m ( v) , (5) 

here m ( v) is the mass of each velocity component expressed as: 

 ( v) = 4 . 33 × 10 13 μ̄m H 

χ12 CO 

[
s( v) 

cm 

2 

]
f τ

(
T ex 

K 

)
exp 

(
5 . 53 

T ex 

)

×
[

T B ( v) 

K 

] (
�v 

Km s −2 

)
, (6) 

n equation ( 6 ), μ̄ is the mean molecular weight of 2.4, m H is the
tomic mass of hydrogen, χ12 CO is the CO abundance taken as 10 −4 

Frerking, Langer & Wilson 1982 ), s( v) is the projected area abo v e
 σ level, f τ = τCO / (1 − e −τCO ) is the 12 CO correction factor for the
ptical depth, τCO = −ln (1 − T B ( v) /T ex ), T ex is the 12 CO excitation
emperature, T B ( v) is the averaged brightness temperature of all
ixels in s( v), and �v is the 12 CO linewidth. The peak intensity
in Kelvin) of 12 CO profile was obtained from Gaussian fitting and
dopted as the excitation temperature of 12 CO. The projected area
( v) is defined as: 

( v) = n pix 

[
1 . 5 × 10 13 

(
D 

pc 

) (
�θ

arcsec 

)]2 

[ cm 

2 ] , (7) 

here n pix is the number of pixels in s( v), D is the distance to the
ource, and �θ is the pixel size = 0 . ′′ 05. The outflow momentum
 P outflow ) and outflow energy ( E outflow ) are calculated from: 

 outflow = 

∑ 

| v lsr −v sys |≥2 σv 

m ( v) | v lsr − v sys | (8) 
NRAS 539, 145–159 (2025) 
nd 

 outflow = 

1 

2 

∑ 

| v lsr −v sys |≥2 σv 

m ( v) | v lsr − v sys | 2 . (9) 

he outflow momentum varies with 1 / sin θ . Hence, we effectively
alculated P sin θ . The dynamical time-scale of the outflow, t d is
erived from: 

 d = 

R max 

�v max 
, (10) 

here R max is the maximum size of the outflow measured in
he integrated map and �v max is the maximum velocity of the
utflow taken from | v max − v sys | , where v max is the highest velocity
or emission abo v e 3 σ . The mass outflo w rate ( Ṁ outflow ), outflo w
omentum flux ( Ṗ outflow ), and energy ejection rate ( ̇E outflow ) are

btained from: 

˙
 outflow = 

M outflow 

t d 
, (11) 

˙
 outflow = 

P outflow 

t d 
, (12) 

nd 

˙
 outflow = 

E outflow 

t d 
. (13) 

rom these calculations, we found that the average values of the
2 CO outflo w mass, outflo w momentum, outflo w energy, outflo w
ynamical time, mass outflow rate, outflow momentum flux, and en-
rgy ejection rate are ∼ 0.72 M �, 5.22 M � km s −1 , 6.46 × 10 44 erg,
.54 × 10 4 yr, 4.23 × 10 −5 M � yr −1 , 3.14 × 10 −4 M � km s −1 yr −1 

nd 1.27 × 10 33 erg s −1 , respectively. 
The derived values are consistent with the largest values obtained

n the Orion Molecular Cloud (OMC; Takahashi et al. 2008 ). Our
eri ved outflo w properties are consistent with large scale surv e ys (de
illiers et al. 2014 ; Maud et al. 2015 ) and simulations (Matsushita
t al. 2017 ; Rosen & Krumholz 2020 ) of molecular outflows origi-
ating in high-mass star-forming regions. Our dynamical time-scale
imit is in agreement with the t d derived for most molecular outflows
bserved in the above-mentioned surveys, where t d ∼ 10 4 − 10 5 yr.
ur mass estimate should be treated as a lower limit, as the outflow
as not fully enclosed within the primary beam which causes an
ncertainty in the size of the outflow. Our findings suggest that
he driving source of the outflow in G23.43 −0.18 A is a massive
rotostar. 
Photoionization have been shown to play a key role as a protostar

eaches 10–20 M �. Accretion disc shields itself from the impact of
hotoionization. Ho we ver, magnetically launched outflows become
hotoionized forming jet-like UCHII region within the protostar
T anaka, T an & Zhang 2016 ; K uiper & Hosoka wa 2018 ). 

It is important to note that the SiO emission in G23.43 −0.18 A in
ome velocity intervals (Fig. 5 ) shows high collimation and aligns
ith the cavity wall pointing to the existence of shocks along the
loughed cavity and the edges of the wide opening angle of the 12 CO
utflow. 

.3 Possible jet system in G23.43 −0.18 B 

ig. 10 shows the possible jet system in G23-B. We detected
ompact emission of 229.758 GHz CH 3 OH thermal line northwest
nd southeast of G23.43 −0.18 B. The northwestern emission is ∼5
rcsec (corresponding to 29400 au) offset from the continuum core,
hile the southwestern emission is located ∼6 arcsec (corresponding

o 35280 au) off from the core. The axis of the two blobs cuts
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Figure 12. Multiple transitions of CH 3 OH lines showing the presence of a rotating structure/disk in G23.43 −0.18 B. The grey contours represent the 
1.3 mm dust continuum emission and the contour levels are the same as in Fig. 1 . Dotted line indicates the line of the constructed PV diagram shown in 
Fig. 14 . 
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hrough the G23.43 −0.18 B core, thus, confirming it as the driving
ource of the emission. The CH 3 OH emission is only detected in the
entral region of G23.43 −0.18 B and at the edges of the outflow,
ut not along the rest of the outflow. This is indicative of low
olumn density of CH 3 OH along the jet axis, which is suggestive
f the existence of a ploughed cavity along the jet. We consider that
hese compact CH 3 OH emissions are tracing shocked environment 
f a jet launched from the G23.43 −0.18 B core, and derived the
ollimation angle of the jet to be ∼ 19 o . The presence of a jet
onfirms active star formation in the region. A highly collimated 
2 CO outflow is also detected towards G23.43 −0.18 B. The presence
f knots of emission could be an indication of episodic ejections.
ive peaks are visible in CO, which are 1, 2.3, 3.6, 5.3, and 7.7
rcsec corresponding to 5900, 13500, 21700, 31800, and 45200 au 
MNRAS 539, 145–159 (2025) 
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Figure 13. First moment maps of multiple transitions of CH 3 OH lines in G23.43 −0.18 A. Lef t : velocity field maps from 96 to 104 km s −1 . R ig ht : 
velocity field maps from 101 to 103 km s −1 . The grey contours represent the 1.3 mm dust continuum emission and the contour levels are the same as in 
Fig. 1 . 
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rom the driving source, respectively. Using the method outlined
n Section 4.2 , the dynamical time-scales for the knots are 185,
24, 682, 999, and 1420 yr, corresponding to an ejection roughly
very 300 yr if these knots are separate ejections. The association
f the CO knots with the jet is also witnessed by the fact that their
NRAS 539, 145–159 (2025) 
 LSR 

are up to ∼50 km s −1 higher than the systemic velocity
f the protostar. This suggests that the knots originate from high
elocity episodic ejections/outflow. Knotted structure in protostellar
ets and outflows are expected to be seen as a consequence of
ariable protostellar accretion rates. Examples of this is seen in the
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Table 3. Parameter values used to generate Keplerian models with thindisk 
(Maret 2019 ). 

Parameter Value (Unit) 

Distance d 5880 (pc) 
Disc intensity I 0 135 (Jy beam 

−1 ) 
Disc FWHM 0.6 (arcsec) 
P.A. 55 (deg) 
System V LSR 101 (km s −1 ) 
Linewidth 3.78 (km s −1 ) 
Centrifugal radius r c 10 5 (au) 
Outer radius r 0 1000 (au) 
Disc size 10 5 (au) 
Stellar mass M ∗ variable (M �) 
Inclination angle i variable (deg) 
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imulations by Rosen & Krumholz ( 2020 ) in outflows and Andr ́e
li v a & Kuiper ( 2020 ) in discs. Therefore, the knotted structures
e see in 12 CO emission could indicate episodic accretion in 
23.43 −0.18 B. 

.4 CH 3 OH Lines in G23.43 −0.18 and presence of rotating 
tructures 

ultiple (213.427, 216.946, 217.299, 229.589, 229.759, and 
30.368 GHz) CH 3 OH transitions were detected towards 
23.43 −0.18 A and G23.43 −0.18 B. Other transitions were 

lso detected, but a discussion of the G23.43 −0.18’s chemistry is
utside the scope of this work. In G23.43 −0.18 A, the CH 3 OH lines
race the shocked gas along the walls of the conical wide-angle 
ipolar outflow. Fig. 11 shows the moment 0 map of the 213.427 GHz
H 3 OH line revealing parabolic structures consistent with the X- 

hape cavity traced by the redshifted and blueshifted emission of 
2 CO. The 213.427 GHz CH 3 OH emission lines up along the edges
f the outflow cone walls. Similar structure has been reported in the
nfrared Astronomical Satellite IRAS 16547 −4247 protocluster in 
2 CO( J = 3 − 2) and CH 3 OH ( J = 7 − 6) (Higuchi et al. 2015 ). 

In G23.43 −0.18 B, all the CH 3 OH transitions trace a rotating
tructure/disc at the centre of the core (see Fig. 12 ). Not all the
H 3 OH transitions in G23.43 −0.18 A show clear rotating structure

see Fig. 13 ). Some of the CH 3 OH transitions (Fig. 13 left panel)
ppear to be tracing shocks from the walls of the wide-angle 
ipolar outflow, while others reveal compact emission with clear 
vidence of rotation (Fig. 13 right panel). The velocity gradient in 
23.43 −0.18 A is much shallower than in G23.43 −0.18 B. This
elocity gradient traces the rotation of the clump/envelope along 
 direction approximately perpendicular to that of the jet/outflow. 
igure 14. Comparison of CH 3 OH position–velocity diagrams in G23.43 −0.18 B 

ines while the contours show the Keplerian model for M ∗ = 5 M � and i = 60 ◦. 
he highest excitation temperature 230.368 CH 3 OH line traces 
he inner part of the G23.43 −0.18 B disc. The presence of a
otating disc and the observed collimated jet in G23.43 −0.18 B
oints to the presence of a driving source in the centre of the
bject. 
We tested for Keplerian rotation in G23.43 −0.18 B by compar-

ng position–velocity (PV) diagrams from our observations with 
ynthetic Keplerian rotation models. The PV diagram was con- 
tructed for the three CH 3 OH transitions (216.946, 217.299, and 
29.589 GHz) along a line from (18 h 34 m 39 s . 208, −08 ◦31 ′ 24 ′′ .998)
o (18 h 34 m 39 s . 176, −08 ◦31 ′ 25 ′′ .678). All three PV diagrams show an
longated, double-peaked structure. We generated synthetic models 
ith the thindisk code (Maret 2019 ). The program generates a
osition–position–velocity (PPV) cube from which a PV diagram 

an be calculated. We used the model parameters shown in Table 3 .
e generated multiple models for different values of the stellar 
ass M ∗ and the inclination angle i. The least-squares difference 

etween these models and our observations was then calculated. 
ig. 14 shows the PV diagram for the three CH 3 OH transitions
nd a well-fitting model where M ∗ = 5 M � and i = 60 ◦. Fig. 15
hows the least-squares error for all the values of M ∗ and i. These
odels reproduce the data well for M ∗ sin 2 i = 4 M �. The 216 and

17 GHz lines also seem to imply inclination angles between 50 ◦

nd 65 ◦. We found a stellar mass of around 6 M �. The presence
f 6.7 GHz methanol masers in G23.43 −0.18 B agrees with our
ndings that this YSO is sufficiently massive to excite this maser
mission. 

 C O N C L U S I O N S  A N D  SUMMARY  

e reported the results of our ALMA 1.3 mm continuum and
olecular line observations of G23.43 −0.18. We detected five con- 

inuum cores G23.43 −0.18 A, G23.43 −0.18 B, G23.43 −0.18 C1,
23.43 −0.18 C2, and G23.43 −0.18 C3. Blobs of dust continuum

mission were seen around G23.43 −0.18 A and spiral arm structure
bserved around G23.43 −0.18 B. G23.43 −0.18 A showed ‘b utter -
y’ morphology which is attributed to the existence of a cavity
ossibly ploughed by a wide-angle bipolar outflow. We resolved 
he wide angle outflow, as well as a bow structure ∼ 13000 au
rom the driving source. With molecular line tracers such as 12 CO
nd SiO, we traced the walls of an outflow cavity and calculated
he outflow inclination angle to be 50 ◦. We also calculated the

omentum flux to be 4.06 × 10 −4 M � km s −1 yr −1 , as well as other
utflow parameters. We found the outflow parameters to be consistent 
ith observations and simulations of HMYSOs. G23.43 −0.18 B is 
MNRAS 539, 145–159 (2025) 

to Keplerian models. The colour scale is the PV diagram from three CH 3 OH 

r 2025
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Figure 15. Sum of least-squares between the CH 3 OH position–velocity diagrams and synthetic Keplerian models generated from thindisk (Maret 2019 ). The 
dashed lines show values of constant M ∗ sin 2 i. The grey lines show where M ∗ sin 2 i is 3 and 5.3, respectively, while the yellow line shows where M ∗ sin 2 i = 4 . 0. 
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ssociated with a jet, a rotating disc whose inner part exhibit Kep-
erian rotation. We traced compact CO emission along the jet axis,
hich may point to episodic ejections every ∼ 300 yr in the driving

ource. 
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