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KINEMATICS AND STRUCTURE
OF THE MASSIVE STAR-FORMING REGION G350.29+0.12

Abstract
We present high—angular resolution 1.3 mm continuum and molecular line observations toward the high-
mass star-forming region G350.29+0.12, using CH3CN and CHj3'*CN rotational transitions. The continuum
emission resolves two main cores: a bright, compact northern core G350.29+0.12 A and a weaker southern core
G350.29+0.12 B. Core A exhibits six compact substructures embedded within more extended emission. Multiple
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K-components of the CH,CN J = 14—13 and CH,”CN J = 14—13 transitions are detected, with the emission
arising primarily from core A. The CH,CN moment 0 maps show that the integrated intensities peak at the main
continuum position, indicating that the molecular emission traces warm and dense gas. The moment 1 maps reveal
a pronounced velocity gradient of ~2 km s across core A, oriented from northwest to southeast, while the moment
2 maps show K-dependent variations in velocity dispersion. Position—velocity diagrams further indicate organized
rotational motions, exhibiting a compact velocity structure with a central peak and systematic gradients. Rotational
temperature analysis yields = 360.6 + 34.8 K for CH,CN, tracing the hottest and densest gas and T, = 138 +
45 K for CH,"”CN, consistent with cooler and more extended material. Together, these results demonstrate that
G350.29+0.12 A is a rotating hot molecular core undergoing active high-mass star formation.

Keywords: massive star-forming region, molecular emission, position—velocity analysis, rotational
temperature, hot molecular core.

Received: January 21, 2026, accepted: March 10, 2026.
Introduction

Massive stars (with masses greater than 8 solar masses, M > 8 M) originate within large, dense
molecular clumps, typically spanning around 1 pc with densities of 10* — 10° cm™ and masses of
approximately 10°M. These environments are characterized by significant turbulent motions that
strongly influence and support their gas structures [1, 2]. High-mass star-forming regions (HMSFRs)
represent the earliest and most dynamic phases of massive star birth within the interstellar medium,
exhibiting intricate chemical complexity. Kinematic studies are crucial for understanding the
physical processes at play, as signatures of infall, rotation, and large-scale accretion flows serve as
key indicators of gravitational collapse and stellar mass buildup [3, 4].

Massive star formation often occurs within highly dynamic molecular complexes shaped by
large-scale processes like cloud-cloud collisions and filamentary accretion, which compress gas and
promote clustered star formation [5—7]. These mechanisms can significantly enhance star formation
efficiency and even drive core-core interactions within dense clumps, accelerating the growth of
massive protostars [8]. Alternatively, similar morphologies can result from hub-filament systems,
where gravitationally focused flows channel material from extended filaments into central dense
cores [9, 10]. Many HMSFRs indeed display hub-filament networks with converging flows
continuously feeding the central structures [11, 12]. Furthermore, stellar feedback from evolved
sources can either trigger or suppress subsequent star formation, depending on local physical
conditions [13].

Understanding the physical dynamics and chemical complexity within star-forming environments
relies heavily on the use of molecular tracers. Studies aimed at determining the density structure,
kinematics, and chemical composition of dense gas emphasize the role of gas distribution [14—
16], shock-driven processes [17], and departures from chemical equilibrium [18]. Together, these
observations provide a fundamental basis for interpreting the evolution of massive stars and their
surrounding environments. Insights into dynamic and chemically rich star-forming environments can
be informed by approaches developed for other rapidly evolving astrophysical systems, where early
multi-wavelength observations have proven essential for characterizing their physical and chemical
properties [19].

Complex organic molecules (COMs), defined as carbon-bearing species with six or more atoms,
are particularly relevant in this context. Their formation involves both gas-phase reactions and grain-
surface chemistry, which are active areas of research. Symmetric top molecules, such as methyl
cyanide (CH3CN) and its isotopologues (e.g., CH,"?CN), are excellent tracers of gas temperature and
excitation conditions, making them key diagnostics for studying the physical and chemical evolution
of HMSFRs [20]. In this study, we present high-angular-resolution ALMA Band 6 observations of
G350.29+0.12, focusing on highly excited transitions of CH;CN and CH3"*CN.
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Materials and methods

We analyzed archival ALMA Band 6 data (Project 2018.1.00794.S) obtained on 2018 December
5 to investigate the molecular line emission toward the G350.29+0.12 region, which has a systemic
velocity of —63 km s'!'. The dataset covers six spectral windows spanning 240.83-260.637 GHz
with a frequency resolution of 282.1974 kHz. The observations were conducted with the ALMA
12-m array configuration, providing baseline lengths between 45.201 and 328.761 m and yielding
an angular resolution of 0.415", with a synthesized beam size of 0.397" x 0.350", with a total on-
source integration time of 1693.440 s. The phase center was set at (RA, Dec) = (17:19:50.560,
—37:00:09.370).

Standard ALMA calibration procedures were applied, including bandpass, phase, and amplitude
calibration. Imaging was performed using the CASA 5.4.0-70 tclean task with Briggs weighting
(robust = 0.5). Continuum emission was removed in the uv-plane using the uvcontsub task, after
which spectral cubes were produced for all detected molecular transitions.

Spectral line identification and data analysis were performed using CASA, CARTA, and
MADCUBA, and the final visualizations were produced with AstroPy [21-24].

Results and discussion

The 1.3 mm continuum emission toward G350.29+0.12 is presented in Figure 1. The continuum
contours are drawn at 0.0017, 0.003056, 0.005348, 0.00764, 0.00988, 0.01216, 0.01444, 0.01672
Jy beam’'. The synthesized beam, shown as the black ellipse in the lower-left corner, indicates the
angular resolution of the map.

The continuum morphology reveals six compact peaks, indicated by “+” symbols. These peaks
are grouped into two primary continuum sources: a bright northern core (G350.29+0.12 A) and a
comparatively weaker southern core (G350.29+0.12 B). Both cores contain multiple substructures,
although the northern core exhibits a more extended morphology. The projected separation between
the two cores is approximately 0.51 pc, assuming a source distance of 11 kpc for G350.29+0.12 [25].
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Figure 1 — Continuum map toward G350.29+0.12 at 1.3 mm
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From a two-dimensional Gaussian fit to the continuum emission performed in CARTA, we
derive the following parameters for the six identified peaks: right ascension (RA; J2000), declination
(DEC; J2000), deconvolved source size, peak intensity Ipeak (Jy beam™) and integrated flux density S

(Jy). These fitted parameters are summarized in Table 1.

Table 1 — Observed parameters of the six 1.3 mm dust continuum peaks

Ne RA (J2000) DEC (J200) Source size Lo (Jy/beam) S (Jy)
hh:mm:ss e ™

1 17:19:50.562 —37:00:00.315 0.58 x 0.66 0.021 £ 0.004 0.042 £0.012
2 17:19:50.839 —37:00:02.683 0.84x0.24 0.004 £ 0.001 0.015£0.005
3 17:19:50.958 —37:00:02.139 0.60x 0.16 0.003 +£0.001 0.005 £ 0.002
4 17:19:50.321 —37:00:07.262 0.75x0.18 0.007 £ 0.002 0.019 £ 0.006
5 17:19:50.324 —37:00:06.702 0.80 x 0.23 0.006 +0.002 0.017 £ 0.006
6 17:19:50.291 —37:00:07.614 0.59x0.14 0.006 £0.001 0.012 £ 0.004

In addition to the continuum peaks, several known sources are located near the molecular core.
The methanol maser MMB G350.299+00.122 lies only =0.43" from the main continuum peak in core
A, indicating that this core is actively forming high-mass stars. Similarly, the nearby submillimeter
source AGAL G350.297+00.122, located =2.03" to the northwest, traces dense, cold gas surrounding
the core. The positions of these sources support the interpretation that core A represents a site of
ongoing massive star formation.
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Figure 2 — Observed spectral profile toward the source G350.29+0.12.
The ordinate axis displays the flux density in Jy beam!,
and the abscissa axis shows the radial velocity in km s™!

We detected ten components (K = 0-9) of the CH,CN J=14—13 rotational transition, indicated
in blue in Figure 2. In addition, eight components (K = 0-7) of the CH,”"CN J=14—13 transition
were identified, shown with green lines. Additional molecular transitions detected in this spectral
window are highlighted with purple dashed lines. These lines, along with other prominent lines in the
remaining windows, are summarized with their spectral parameters in Table 2.
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Table 2 — Properties of spectral lines used in kinematic analysis

Ne Line Frequency (GHz) Transition E, (K) Core A Core B
1 |CS 244.935 54 35.26 Y Y
2 [SiO 256.518 6-5 43.76 N Y
3 |H.CS 244.048 7,665 41.72 Y N
4 |CH,0H 243.915 5545 34.516 Y Y

256.228 17, 17, 6 404.79 Y N
5 |"CH,OH 256.351 13, -13,,, 256.14 Y N
257.422 155715547 321.79 Y N
6 |CH,OCHO 257.252 205,57195,0A 142.78 Y N
257.226 205,57 195.4E 142.78 Y N
257.241 23,0722, 342.23 Y N
257.298 214,5720,,,A 377.18 Y N
7 |CH,CN 257.527 14 —13, 92.70 Y N
257.522 14 —13, 99.85 Y N
257.508 14,—13, 121.28 Y N
257.483 14,—13, 156.99 Y N
257.448 14,—13, 206.98 Y N
257.404 14,—13, 271.23 Y N
257.349 14 —13, 349.72 Y N
257.285 14 —13, 442.45 Y N
257.211 14, —13, 549.38 Y N
257.127 14—13, 670.50 Y N
8 |CH,”CN 257.400 14, —13, 92.65 Y N
257.395 14 —13, 99.80 Y N
257.380 14,—13, 121.23 Y N
257.355 14,—13, 156.94 Y N
257.321 14,—13, 206.93 Y N
257.276 14,—13, 271.17 Y N
257.222 14,—13, 349.67 Y N
257.158 14 —13, 442.33 Y N

To evaluate the kinematics of the molecular gas, we generated the moment maps of the CH,CN
J=14—13. Figure 3 shows the moment maps of the K = 2 (first panel), K = 3 (second panel), K = 4
(third panel), and K = 6 (fourth panel) components. For each K-component, the moment 0 (integrated
intensity map; top row), moment 1 (intensity-weighted velocity map; middle row) and moment 2
(velocity dispersion map; bottom row) are displayed.
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The moment 0 maps show that the molecular gas is detected only toward core G350.29+0.12 A.
The integrated intensities of CH,CN K = 2 and K = 3 components reach a maximum of 1.25 Jy beam
"km s, whereas K =4 and K = 6 exhibit lower peak intensities of 1 Jy beam™ km s, coinciding
with the primary continuum peak. This spatial correspondence indicates that the CH;CN emission
arises from the densest and warmest portion of the core traced by the dust [26].

The moment 1 maps reveal a well-defined velocity gradient across the core. Within the CH3CN-
emitting region, velocities range from approximately —64 km s to —62 km s!, corresponding to an
amplitude of ~2 km s’'. The gradient is oriented from northwest to southeast and is consistent with
rotational motion. A similar velocity gradient has been reported for a comparable source in [27]. The
moment 2 maps show clear differences in velocity dispersion among the CH,CN K-components: the
K =2 and K = 4 components exhibit dispersions of approximately ~3 km? s, while the K = 3 and
K = 6 components display lower values of ~2.3 km? s,

L35

AT°00/00°

= Do" 100
agj. 01 | 075
,,; 02 050

0.25

AT0000" |
o

[
{1

DEC. (JZ0M0)

03" |

|
'r
A7*00°00" - | E ! ¥ | o | 1 &
‘i 25 |
. -
= o L } i | - 3 | |
2 "..’j H2 -—f..-" I 2 ’i;] o | (-j F2x
] 01" ; ] : t | 1 Hl &
3 | 15 ~
E 1] 1 | 1 1.0 i 1
05 05
| [ '
— . Iy L ) Ly Lo : . 00— . Ly
1701975100 508" 507 170197510 50.8* 5070 171925100 50.8* 507" 1781975100 50.8° 50T
R.A. (-]2000) R T 2000) R dT2000) R.A. L02000)

Figure 3 — Images of the velocity-integrated intensity (moment 0; top row), intensity-weighted
velocity fields (moment 1; middle row), and velocity-dispersion maps (moment 2; bottom row)
for the CH3CN J = 14 — 13 transition, showing the K =2, 3, 4 and 6 components

Figure 4 shows the position—velocity (PV) diagrams of the CH,CN J = 12-11, K =2, 3,4 and 6
transitions, extracted along a position angle of 146°, corresponding to the direction of the moment-1
velocity gradient from northwest to southeast.

All diagrams reveal a compact velocity structure with a central peak, characteristic of a rotating
hot molecular core. Each K-component exhibits a bright emission peak near zero offset, indicating
that the bulk of the CH,CN emission arises from the innermost ~1" region.

The emission spans a velocity range of roughly —58 km s to —68 km s and shows a modest but
systematic gradient along the PV axis. The overall symmetry about the central peak — with redshifted
velocities on one side and blueshifted on the opposite — supports the presence of ordered rotational
motions within the core.

The K =4 and K = 6 transitions, tracing warmer and denser gas, are slightly more spatially
compact but exhibit similar velocity gradients, whereas the K =2 and K = 3 transitions extend over
larger spatial and velocity ranges, consistent with their origin in less excited material.
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Figure 4 — Position—velocity (PV) diagrams of the CH;CN

The rotational temperature of the molecular core was estimated using the CH3CN and CH3"*CN
transitions. The rotational population diagram was computed at the coordinates RA = 17:19:50.88,
Dec = —37:00:00.407 (J2000). Rotational population diagrams were constructed with MAdrid
Data CUBe Analysis (MADCUBA), providing a quantitative determination of both the rotational
temperature and the column density.

Figure 4 shows the rotational population diagrams for CH,CN and CH,"*CN, where the logarithm
of the level population divided by the statistical weight, In(N /g ), is plotted against the upper-level
energy E /k.

For CH,CN, the best-fit slope corresponds to a rotational temperature of T = 360.6 + 34.8 K,
with a column density of N =4.4 x 10" cm? £ 1 x 10', This relatively high temperature suggests
that CH,CN traces warm and dense gas components typically associated with hot cores in massive
star-forming regions.
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Figure 5 — Rotational population diagrams for the CH,CN (left) and CH,"”CN (right) molecules.
The vertical axis shows the logarithm of the level population divided by the statistical weight, ln(Nup/ 8,)>
and the horizontal axis shows the upper-level energy (Eup/k)
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In contrast, the CH,"”CN isotopologue yields a lower rotational temperature of T = 138 + 45
K and a column density of N = 8.5 x 10" cm™ £ 5.1 x 10", consistent with emission arising from
cooler and less abundant material. The difference in derived temperatures between the main and the
C isotopologue implies that CH,CN predominantly probes the hotter, inner regions of the source,
while CH,"”CN traces a comparatively cooler and more extended gas component [28].

Conclusion

We present ALMA 1.3 mm continuum and molecular line observations toward the high-mass
star-forming region G350.29+0.12. The continuum map reveals two cores: a bright northern core
G350.29+0.12 A and a weaker southern core G350.29+0.12 B. Core A exhibits six compact peaks
embedded within a more extended structure.

We detect ten K-components of CH,CN and eight K-components of CH,"”CN. The integrated
intensity maps show that CH,CN emission is concentrated only at the peak of core A.

The intensity-weighted velocity map maps show a velocity gradient of about 2 km s from
northwest to southeast across the core. The PV diagrams of CH,CN J = 1211, extracted along a
position angle of 146°, show a compact central peak and a clear velocity gradient, consistent with a
rotating hot molecular core.

Rotational diagram analysis gives Trot = 360.6 = 34.8 K for CH,CN, tracing the hottest and
densest gas, and Trot = 138 + 45 K for CH,"”CN, tracing cooler, more extended material.

These results indicate that G350.29+0.12 A is a rotating hot molecular core. Its association with
the methanol maser MMB G350.299+00.122 and the submillimeter source AGAL G350.297+00.122
confirms that it is an active high-mass star-forming region.

Information on funding. This research has been funded by the Science Committee of the
Ministry of Science and Higher Education of the Republic of Kazakhstan (grant no. AP26102915).
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YKOHE TEOPHUSUTBIK (PU3UKA HHCTHTYTHI, AnMaThl K., Kasakcran
1. Yonuxanos ateiHnarsl Kekmeray yauBepcuteri, Kekmeray k., Kasakcran
*Kazak YITTBIK KbI3[ap MeIaroruKaliblK YHUBEpCUTETi, AJIMaThI K., Kazakcran
SKpitaii Feibiv akanemMusicbiHbIH LI bIH)KaH aCTPOHOMHUSIIBIK 00CepBATOPHSCHI, Y piMmiini K., KpiTaii

_ G350.29+0.12 MACCHUBTI 2K¥JIIbI3 TY3YLII
AUMAFBIHBIH KHHEMATHUKACBHI MEH K¥PbIJIBIMbI

AnjaTna
bi3 G350.29+0.12 maccuBTI XKYIIbI3 TY311y aliMarbiHa OaFrbITTalIFaH >KOFAphl OYPBIITHIK AKBIPATHIMIBIIBIK-
Tarel 1,3 MM KOHTHHYYMJIBIK >KOHE MOJICKYJIAJBIK CBI3BIKTHIK OakbpuIaysiapsl ycbiHambi3. bakesutaymap CHzCN
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xkore CH3"*CN MomneKkynmanapbIHBIH aifHaIMalbl aybICyTIaphl apKbUTEI JKYPri3ingl. KOHTHHYYMIBIK coyIie mbFapy
€Ki HeTI3Ti SAPOHBI aKBIHAAWIBL: JKaphIK opi BIKIAM conTycTik sapo G350.29+0.12 A xoHe onci3ney OHTYCTIK
spo G350.29+0.12 B. A sapockl KEHEHTUITEH CoyJie IBIFapy asChIHA OPHAIACKAH AJIThI BIKIIAM 1ITKI KYPBLUTHIMIBI
kepcereni. CH3CN J = 14— 13 sxone CH3'*CN J = 14— 13 aybicynapbinbiH OipHerie K-KoMIOHEHTTepl aHBIKTaNIb,
ONIApJIBIH COyJie IIBbIFapy Kesziepi HeriziHeH A simpockiMeH OaimanbicThl. CH3CN yimin MomeHT O KapTaiapsl
HMHTETpaJ/IbIK MHTEHCUBTUIIKTIH HETi3ri KOHTHHYYM IO3WIMACBHIHIA MaKCHMyM¥a JKETETiHIH Kepcerenmi, Oy
MOJIEKYJIANBIK CAYJIe HIBIFApy/IBbIH JKBUTBI 9pi THIFBI3 TA3Ibl CHIATTAWTHIHBIH OuTmipeni. MoMeHT | kapramapsr A
SAIPOCHl OOMBIMEH CONTYCTIK-OaThICTaH OHTYCTIK-IIBIFBICKA OaFbITTaFaH IIamMaMeH ~2 KM/C JKBUIJaMIBIK TIpa-
JVEHTIH aHBIKTaWIbl, al MOMEHT 2 KapTramapbl K-KOMIOHEHTTepre Toyemi KbUIAAMABIK JUCIIEPCHSICHIHBIH
e3repicTepin kepcereni. PV nuarpammanapsl aliHaIMallbl KO3FAIBICTBIH Oap €KEHIH JQJCIACHII: ojap OpPTaIbIK
MaKCHMYMMEH YKoHE JKYHell TpaJJUeHTTEPMEH CUITaTTaIaThIH BIKIIAM >KbUIIAM/IBIK KYPBUIBIMBI TYPIH/E KOpiHE .
Attanmansl Temneparypansl Tangay CHzCN yurin Troty = 360,6 + 34,8 K moHiH Oeperi, Oy €H BICTBIK 9pi THIFBI3
ra3gel cunartaiaer, an CH3"*CN ymrin Toty = 138 + 45 K anpraFaH, 01 calbICTRIPMAaIB TYPAC CaTKBIHBIPAK dpi
KeHeHTiNTeH 3aTka ToH. JKanmer anranna, 6y vHotmkenep G350.29+0.12 A HeicaHBI OEJICEHII MAaCCHBTI KYIIIBI3
TY31Ty IPOLIECIHEH OTII )KaTKaH aifHaIMAaJIbl BICTHIK MOJICKYJIQIBIK PO €KEHIH KOPCETE I,

Tipek ce31ep: MacCUBTI KYIABI3 TY3UTly aiMarbl; MOJEKYJNAIbIK coyneneHy; PV Tammaysl; alfHaIMambl
TEMIIEPaTypa; bICTHIK MOJICKYJIAIBIK SAPO.
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AHAJIN3 MOJEKYJISPHBIX JIUHUM B OBJIACTH G23.21-0.38
IO JAHHBIM ALMA: CBUAETEJIbCTBA BPAIIIEHUSA
N TPAJUEHTOB BO3BYXKIEHUSA

AHHOTAIHUA

MBpI npezacTaBisieM HAOIIOCHNSI KOHTHHYYMa Ha JUIMHE BOJHBI 1.3 MM € BBICOKMM YTJIOBBIM Pa3pelIiecHHEM,
a TakKe MOJCKYJSIPHBIX JHHUH B OOJACTH MacCHBHOTO 3Be3moobOpazoBanus (G350.29+0.12, BBIOIHEHHBIE C
ucnonb3oBanueM BpamatensHbIX nepexoqoB CH3CN m CH3'*CN. KoHTHHyyMHOE HM3ITydeHHE pa3perraeT aBa
OCHOBHBIX sI/Ipa: sIPKOe KOMIakTHoe ceBepHoe sapo G350.29+0.12 A u Oosee ciadoe roxHOE siapo G350.29+0.12
B. Slnpo A nemoHCTpupyeT HIeCTh KOMIAKTHBIX CyOCTPYKTYp, BIOXKEHHBIX B OoJiee MPOTSIKEHHOE W3ITyueHHE.
OO6napyxensl MHOKecTBeHHBbIe K-kommnonenTs! nepexonoB CH3CN J = 14—13 u CH3"CN J = 14—13, npu
9TOM H3Iy4YeHHE MPEUMYLIECTBEHHO ucxoauT u3 supa A. Kaprter momenta 0 mis CH3;CN mokassiBaroT, 4To
WHTETrpajbHbIe MHTCHCUBHOCTH JIOCTHTAlOT MAaKCUMyMa B ITOJIOXKEHHH OCHOBHOTO KOHTHHYYMHOTO HCTOYHHKA,
yKa3bIBasi Ha TO, YTO MOJIEKYJIIPHOE M3ITyYEHUE TPACCUPYET TEIUIbIN U TIOTHBIN ra3. KapTel MOMeHTa | BBISBISIOT
BBIPKCHHBIN T'PaJIMEHT CKOPOCTH MOPsIIKa ~2 KM/C 4epe3 sapo A, OpUEeHTUPOBaHHBIN ¢ ceBepo-3amajia Ha Horo-
BOCTOK, TOTJ]a KaK KapThl MOMEHTa 2 JEeMOHCTPUPYIOT 3aBUCSIIME OT K-KOMIIOHEHTHI Bapualuy JUCIEPCHU CKO-
pocreil. JlmarpaMMbl MOJ0KEHHE—CKOPOCTh JOMOJIHUTEIBFHO YKa3bIBalOT HAa OPraHW30BaHHbIC BpallaTelIbHbIC
JBIDKCHUS, TIPOSIBIISIIOIINECS B BHAE KOMIIAKTHOM CKOPOCTHOM CTPYKTYpBI C IIGHTPAJbHBIM MaKCHMyMOM H
CHUCTEMaTHYECKIMH TpafieHTaMI. AHAIH3 BpamlaTenbHOM Temmepatypsl naet Troty = 360.6 = 34.8 K mst CH3CN,
YTO yKa3bIBaeT Ha HanOoJsee ropsiunii U mIoTHEIHN 1a3, u Troty = 138 =45 K s CH3"*CN, uto cornacyercs ¢ Oonee
XOJIOTHBIM U TIPOTSKEHHBIM BEIIECTBOM. B COBOKYMHOCTH 3TH pe3yibTaThl 1eMOHCTpUpPYIOT, uTo G350.29+0.12
A sIBIISIETCS BPAIIAIOIIUMCS TOPSYUM MOJIEKYJIIPHBIM SIIPOM, HaXOJSIIIMMCSI Ha CTaMH aKTHBHOT'O MacCHBHOTO
3BE31000pa30BaHHUS.

KuaroueBble cjioBa: 007acTh MAacCHBHOTO 3BE3000pa30BaHUSA, MOJCKYISPHOE HW3Iy4YeHHe, aHamu3 PV,
BpallaTeIbHas TEMIIEPATypa, Fropsadee MOJIEKYIISIPHOE SAPO.
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