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ABSTRACT

Context. Filamentary accretion flows as gas-funneling mechanisms are a key aspect in high-mass star formation research. The kine-
matic properties along these structures are of particular interest.

Aims. This paper focuses on the question of whether gas is transported to dense clumps inside high-mass star-forming regions through
filamentary structures, from scales of several parsecs down to the subparsec scale.

Methods. We quantified the gas flows from a scale of up to several parsecs down to the subparsec scale along filamentary struc-
tures. For this work the accretion flow mechanisms based on gas kinematic data in the three high-mass star-forming regions G75.78,
IRAS21078+5211, and NGC7538 were studied with data obtained from the IRAM 30 m telescope. The analysis was carried out using
the surface density derived from 1.2 mm continuum emission and velocity differences estimated from HCO* (1-0) and H'*CO™ (1-0)
molecular line data.

Results. The mass flow behavior of the gas in the vicinity of high-mass star-forming clumps shows characteristic dynamical patterns,
for example an increased mass flow rate toward the clumps. We assume that the velocity differences originate from filamentary-gas
infall onto the high-mass star-forming clumps; however, the inclination of the filament structures along the line of sight is unknown.
Nevertheless, using the velocity differences and mass surface densities, we can estimate the mean flow rates along the filamentary
structures with respect to the line of sight and toward the clumps. We quantified the flow rates toward the clumps in a range from
about 10 M, yr~! to 10~ M, yr™!, inferred from clump-centered polar plots. Slight variations in the flow rates along the filamentary
structures may be caused by overdensities and velocity gradients along the filaments.

Conclusions. While the initial studies presented here already reveal interesting results such as an increasing mass flow rate toward
clumps, the properties of filamentary gas flows from large to small spatial scales, as well as potential variations over the evolutionary

sequence, are subject to future studies.

Key words. stars: formation

1. Introduction

Understanding filamentary accretion flows as a central mech-
anism in high-mass star formation is still an open field of
research; many aspects are still unkown (e.g., Hacar et al. 2023;
Pineda et al. 2023). Theory provides us with models of cloud-
collapse, fragmentation and other processes that lead to fila-
mentary accretion flows in giant molecular clouds (GMCs) and
molecular clouds (MCs) (e.g., Smith et al. 2012, 2014, 2016;
Viazquez-Semadeni et al. 2019; Padoan et al. 2020; Zhao et al.
2024). The difference between GMCs and MCs is their mass:
GMCs are larger and much more massive, exceeding 10° Mg,
In this study we focus on parsec-scale accretion flows from the
cloud environment onto the dense high-mass clumps prone to
massive cluster formation.

* Corresponding author: jschneider@mpia.de

The three star-forming regions studied in this paper are
G75.78 with the main clump G75.78+0.34 (hereafter G75),
IRAS21078+5211 (hereafter IRAS21078), and NGC7538, con-
sisting of NGC7538 IRS1, NGC7538 S, and NGC7538 IRS9.
The sources are part of the CORE program (Beuther et al.
2018; Beuther 2020; Gieser et al. 2021; Ahmadi et al. 2023;
Beuther et al. 2024). We summarize their main parameters in
Table 1. According to their estimated masses and equivalent
radii of about 1 pc, we refer to them as clumps throughout this
work. They have been subject to studies in the past; young stel-
lar objects (YSOs) and Hilregions have been observed in all
regions (see e.g., Riffel & Liidke 2014; Moscadelli et al. 2021;
Beuther et al. 2022). While the initial aim was to include all
CORE regions in this survey, we only obtained data for three
of them due to weather conditions during the observing win-
dow. All regions would have represented a broader range of mass
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Table 1. Source parameters from the CORE sample (as listed in Beuther et al. 2018).

Source RA (J2000) (h:min:s) Dec (deg:’:”) D (kpc) M*My) v (kms™') L (10*Ly)
G75.78+0.34 20:21:44.03 +37:26:37.70 3.8¢ 13490 -0.5¢ 7.0
IRAS21078+5211 21:09:21.64 +52:22:37.50 1.5% 410 -6.14 1.3%
NGC7538 IRS1 23:13:45.36 +61:28:10.55 2.7¢ 12000 -57.3¢¢ 8.07

Notes. “The masses are estimated for the entire regions covered by the 1.2 mm dust continuum maps assuming optically thin dust emission at a
temperature of 20 K (see also Section 3.1). b. Molinari et al. 1996, ¢: Reid et al. 2009, ¢: Ando et al. 2011, ¢: Moscadelli et al. 2009, /: RMS survey
database (http://rms.leeds.ac.uk/cgi-bin/public/RMS_DATABASE.cgi).

regimes; this is why IRAS21078 is included in this work despite
its lower mass compared to the other two sources.

Filament structures and hubs were studied in other star-
forming regions in the past, and velocity gradients along
filaments were identified (e.g., Perettoetal. 2013, 2014;
Kimetal. 2022; Maetal. 2023). However, whether the
observed velocity differences traced by molecules are signatures
of flows inside filament structures is still not entirely clear. In
this work we investigate such structures in all three regions
in detail and apply a simple mass flow estimation model. The
mass flow approach quantifying accretion flows in high-mass
star-forming regions has already been outlined and used in
previous studies (e.g., Beuther 2020; Wells et al. 2024). On
the theoretical side, processes from large to small scales have
been modeled and categorized, for example, into inertial infall
and subsequent inflow, followed by accretion onto prestellar
clumps (e.g., Smithetal. 2012, 2014, 2016; Padoan et al.
2020; Zhao et al. 2024). On the other hand, the formation of
filamentary structures inside GMCs and MCs is assumed to
be a direct consequence of enhanced anisotropy during cloud
collapse and fragmentation, after which the filaments act as
channels where gas is funneled onto the prestellar clumps
(e.g., Vazquez-Semadeni et al. 2019; Padoan et al. 2020). Most
simulations also show that the formation of filaments is a
consequence of crossing shocks (Vazquez-Semadeni et al.
2003; Mac Low & Klessen 2004; Krumholzetal. 2005;
Hennebelle & Chabrier 2011; Padoan & Nordlund 2011;
Federrath & Klessen 2012; Pudritz & Kevlahan 2013). The
analysis of the high-mass star-forming MCs in this work
generally takes into account scales of several parsecs down to
the subparsec scale.

The structure of the paper is as follows. We start by intro-
ducing the data in Sect. 2, and also give a brief overview of the
reduction process and archival data. We then focus on the mass
flow analysis in Sect. 3. We conclude this analysis with a sum-
mary and outlook in Section 4.

2. Observation

We present the NIKA2 1.2 mm dust continuum emission maps
for all three sources in Fig. 1. The first moment maps (intensity
weighted peak velocities) from HCO* and H'>CO™ for the kine-
matic analysis are shown in Figs. 2 and 3, respectively. We sum-
marize the RMS values for the molecular data in Table 4. Data
reduction and analysis have been conducted using the GILDAS!
framework with the subprograms CLASS and GREG.

! For further information, see https://www.iram.fr/IRAMFR/
GILDAS/
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2.1. IRAM 30 m EMIR observation

We used three different sets of data for this analysis: The IRAM
30 m spectral line data were observed in 2021 (project ID 121-
20) as part of the CORE program (Beuther et al. 2018) with a
beam size of 27" in the 3mm band. The raw data were cal-
ibrated to the main-beam temperature 7p,, with a beam effi-
ciency of 76%. The spectral resolution is 0.9 km s~'. We identi-
fied the HCO"* line at a frequency of 89.189 GHz in the upper
sideband as the J=1-0 transition, with a E,/k value of 4.3K
and the H'*CO™* emission as J=1-0 at 86.754 GHz with E,/k =
4.2 K. We list the molecular properties in Table 2. The moment
maps were produced with a lower intensity threshold of 40 (cf.
Table 4). Because we noted some absorption features in the
optically thick HCO* compared to the optically thin H3*CO*
(Fig. 5), we also included the latter molecular data in the analy-
sis (Fig. 3).

We derived dust temperature maps by applying the itera-
tive spectral energy distribution (SED) fitting procedure outlined
by Lin et al. (2016), using both Herschel data and the NIKA2
1.2 mm maps. Figure 4 are the temperature maps, Prior to SED
fitting, the NIKA2 1.2 mm map was corrected for missing large-
scale flux and free—free emission. Large-scale structures were
recovered by combining the NIKA2 map with Herschel data
in the Fourier domain using the J-comb algorithm (Jiao et al.
2022). The combined map was then convolved to 27" to match
the angular resolution of the free—free emission map, which was
derived based on H41a observations (for a detailed explanation,
see Gieser et al. 2023, Section 4.2). Finally, the free—free cor-
rected NIKA2 1.2 mm map was obtained by subtracting the free—
free contribution from the combined map. Single-component
modified blackbody fits were performed pixel by pixel after con-
volving all maps to a common beam size and regridding to the
same pixel scale. In the iterative fitting process (Lin et al. 2016),
the final dust temperature maps were obtained at 27" resolution.

2.2. Archival continuum data

We used 1.4 GHz Very Large Array (VLA) data and temperature
data from the Herschel infrared Galactic Plane Survey (Hi-GAL;
Molinari et al. 2016; Marsh et al. 2017) and the IRAM 30m
NIKA2 1.2mm dust continuum data (see e.g., Beuther et al.
2024, Sect. 2.1). The underlying dust continuum maps that we
used to identify filament-like structures originated from NIKA2
1.2 mm continuum data from the CORE sample, observed with
the IRAM 30 m telescope (Beuther et al. 2024) with a beam size
of 12”.

Radio continuum data used to probe the Hilregions were
taken from the NRAO VLA Sky Survey (NVSS) 1.4 GHz VLA
survey (see e.g., Condon et al. 1998), the peak and oy values
of both the dust continuum data and the Hil data are presented in
Table 5.
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Fig. 1. Top row: NIKA2 1.2 mm dust continuum maps (see Beuther et al. 2024) of the star-forming regions showing the clump and filament
designations. The red and magenta markers indicate the data points used for the flow rate estimation in Section 3.2. The triangular magenta
markers indicate a separate section along a structure. Black contours outline the 1.2 mm continuum, ranging from 30 to 390 in steps of 30 (the
RMS values are presented in Table 5). The red contours in the upper panels mark the peak positions of the continuum emission from 20% to 100%
in steps of 20%. The designations used in the following refer to clumps and filament structures, filaments are labeled F; CF in G75 is the central
filament; CC in IRAS21078 is the central clump. The clumps in NGC7538 are the known objects IRS9, IRS1 and S (e.g., Beuther 2020). G75 S1
is the object G75.78+0.34. We present the clump designations together with their coordinates in Table 3. Bottom row: Same dust-maps, but with
red contour lines outlining the Hilregions at 1.4 GHz (21 cm) (Condon et al. 1998); the contours range from 10% to 100% of the peak emission
in steps of 10% (see Table 5 for reference). The positions of the two main exciting sources of the Hilregion in NGC7538, NGC7538 IRS5 and

NGC7538 IRS6, are marked in the lower right panel (Puga et al. 2010).

3. Results

In Fig. 2 we show the intensity-weighted peak velocities (first
moment) for HCO* (1 —0) in the three sources, while we present
the same for H*CO* (1 —0) in Fig. 3. The lower threshold when
creating the maps was set to 30~. We note the interesting pat-
terns: HCO* (1 — 0) and H"*CO* (1 — 0) display strong velocity
differences of up to a few kms~! in the vicinity of N1 and promi-
nently between S1 and S2 in G75. We also note the gradients
next to the central filament (CF) of G75 and north of G75 S1.
Inside IRAS21078, velocity differences of about 1 kms~! cover
the extent of the cloud, with a sharp cutoff close to the eastern—

southeastern edge (except for H*CO™ (1 — 0), which is spatially
confined to the denser regions of the source). In NGC7538, the
velocity differences of ~1 kms~! can be seen around IRS1 and S
(cf. Fig. 1). Only gravitational infall could have produced these
velocity differences. Rotating clumps appears an unlikely candi-
date since the rotation of clouds on parsec scales has not con-
vincingly been observed. The Hilregions may impact the veloc-
ity structure, which can be seen in the bar-like structure in the
northwest of NGC7538 (Fig. 2). In G75, the southern Hilregion
is located exactly in the middle of clumps S1 and S2 (Fig. 1), and
can even increase the gas flow toward the clump. Similar scenar-
ios could happen in IRAS 21078. Hence, while the Hilregions

A64, page 3 of 20
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may have some influence, in the framework of this analysis, we
assume that the velocity gradients are dominated by gas flows
toward the clumps.

We also note the lack of HCO™ data in the northern part
of NGC7538, but HCO™ (1 — 0) emission toward the peak of
the Hirregion (cf. Figs. 1, 2 and 3). The Hilregion is excited
by the two sources IRS5 and IRS6 with spectral types of O9
and O3 respectively (Puga et al. 2010), and has already photo-
dissociated the molecular gas to a large extent (the other two
sources have Hll regions as well, but no lack of molecular emis-
sion from the HCO™ (1 — 0) line). The strong and sharp velocity
differences of up to about 4kms~! along the northwestern fila-
mentary structure in NGC7538 are therefore likely expected to
stem from feedback from the Hilregion, and not from gas infall.
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61°25'00"

This assertion is important for the later interpretation of mass
flow behavior inside this source.

As shown in Figs. 5, C.5 and C.6, the main isotopolog can be
optically thick toward the main emission peaks and may hence
show spectra with multiple peaks, whereas the rarer H3*CO*
spectra always have Gaussian profiles, which is typical of opti-
cally thin lines. We did not estimate absolute optical depths
because that was not needed for our analysis. Since we were
interested in the peak velocities, we used the HBCO* first
moment maps to study the velocity field. Where H'3CO* is not
detected, the optical depth of HCO™ is probably low because
it shows single Gaussian profiles. Therefore, at these positions
the HCO™ 1st moment maps can represent the velocity structure
well.
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Table 2. Overview of the molecular properties for the two molecules presented in this paper.

Molecule Transition Rest-freq. v [GHz] Aj [s71] E Jk[K]  ngic [em™3]
H3COo* 1-0 86.754 3.8x107° 4.2 4.1x10*
HCO* 1-0 89.189 42%x107 43 4.5x%10*

Notes. Note that the critical density is for 7, = 20K (kinetic temperature of colliding partners, Shirley 2015). Einstein A coefficients and upper
energy-levels are taken from the Splatalogue database (https://splatalogue.online). Both line data are are from JPL (Jet Propulsion Labo-

ratory).

Table 3. Clump designations and their coordinates.

Name RA (J2000) (h:min:s) Dec (deg:":"”")
G75 N1 20:21:39.3 37:31:03.6
G75 N2 20:21:47.9 37:30:15.5
G75S1 20:21:44.2 37:26:37.5
G758S2 20:21:41.2 37:25:28.6
IRAS21078 CC 21:09:21.7 52:22:35.8
NGC7538 IRS1 23:13:45.4 61:28:10.8
NGC7538 S 23:13:44.8 61:26:48.6
NGC7538 IRS9 23:14:02.1 61:27:19.0

Table 4. Overview of o, values of the molecular transitions at a spec-
tral resolution of 0.9 kms~!.

Emission line 1 0 ims [MK]
HCO* (1 - 0) (G75) 75
HCO* (1 - 0) IRAS21078) 56
HCO* (1 — 0) (NGC7538) 78
H'3CO* (1 - 0) (G75) 55
H3CO* (1 - 0) (IRAS21078) 43
H'3CO* (1 - 0) (NGC7538) 60

3.1. Methods: Flow rate estimates

The estimation of the mass flow rate follows the approach used in
Beuther 2020 and discussed in more detail in Wells et al. 2024.
The filamentary structures are identified in the dust continuum
emission and inclination i relative to the observer is considered
within the uncertainties discussed below. We can estimate a mass
flow rate as
M(@i) =%, - Av, - —— - Ar,, ey
tan(?)

where X, is the beam-averaged mass surface density along the
filamentary structures, Av, is the velocity difference between a
point and the center of measurement (a high-mass star-forming
clump) and Ar, a projected distance along the structures and
points of measurement. The mass flow rate estimate is a func-
tion of i, where tan(i) has to be non-vanishing; the subscript r
indicates the real values for the inclined filament structure (for
a detailed derivation, see Wells et al. 2024). The surface den-
sity can be estimated from the 1.2 mm dust continuum assum-
ing optically thin emission as (Hildebrand 1983; Schuller et al.
2009)

_ F,R
B, (Tp)k,Qumy”

where F, is the flux density, R the gas-to-dust ratio (150, Draine
2011), B, the Planck function at the dust temperature Tp, «,

@)

the dust absorption coefficient (which was set to 0.9 cm? g7,
as given in Table 1 Col. 5 in Ossenkopf & Henning 1994), u
the mean molecular weight of the interstellar medium (assumed
to equal 2.8), my the mass of the hydrogen atom, and Q the
solid angle. We measured the flux density F, from the 1.2 mm
dust continuum at 250 GHz and considered the dust tempera-
ture obtained for G75 and NGC7538 from the Hi-GAL Galactic
Plane Survey (Molinari et al. 2016) as mentioned in Sect. 2. As
for IRAS21078, the temperature values were set constant to the
characteristic value of 20 K, which has to be considered within
the error margins. We checked the impact of the constant temper-
ature with a comparison for G75 and NGC7538, where we aver-
aged over the mass flow rates for each section of measurement
and took the ratio of the variable temperature data to the constant
temperature data. We estimated an average increase in the mass
flow rate for the fixed values of about 75%. We note that the dif-
ference in temperature close to peak emission near the clumps
is higher, and therefore affects the overall mass flow rate to a
larger degree. The systematic errors for the measured quantities
in Egs. (1) and (2) were estimated. We assume a velocity uncer-
tainty of 0.5kms™!, slightly larger than half the velocity reso-
lution. From the SED fitting, each data point was weighted by
its measured noise, yielding an average dust temperature uncer-
tainty of 1 K. We also estimated 5% uncertainty for the flux
density (typical calibration uncertainty; see Perotto et al. 2020).
Regarding the uncertainties of the projected distances to the cen-
ter, since these are always relative distances within the maps, we
assumed an uncertainty of 1 pixel or 5. All errors were esti-
mated by applying Gaussian error propagation to Egs. (1) and
(2).

3.2. Flows along filaments

For this part of the analysis we conducted the flux density and
velocity difference measurements along filamentary structures
identified in the dust continuum maps. We plotted the mass
flow rate as a function of the distance along the structure (see
Figs. 6, 7, 8). The mass flow rate was estimated with the sepa-
ration Ar as the half beam size of 13.5” from the kinematic data
and the surface density calculated from the flux value taken at
one marker position, whereas the velocity difference was always
taken relative to the center of the starting point (a clump; see
also Section 3.1). All velocity values were taken preferably from
H'3CO™* emission, and only from HCO" emission if the former
was undetected at the respective position in the map (Fig. 1).
We chose the main connecting filament in G75 (CF) and
the northern and southern halves of the cloud. In IRAS21078,
we focused on the three structures that stretch away from the
central clump (CC) in northeastern, northwestern, and south-
western direction respectively (Fig. 1). In NGC7538, we picked
the northern strip of the cloud, the eastern, and the southwest-
ern structures (Fig. 1). As outlined in the previous section, the
data do not directly yield information about the flow direc-
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Table 5. Peak- and o,s values of the 1.2 mm dust continuum and the 1.4 GHz (21 cm) data (HiIregions).

Source Peak 1.2 mm [Jybeam™'] Peak 21 cm [Jybeam™'] 1 0pps 1.2 mMm [miybeam™] 1 0ymg 21 €M [mly beam™']
G75 1.45 5.00 7 5
IRAS21078 1.54 0.22 5 7.4
NGC7538 5.71 3.07 8 2.4
T 1 \ flows toward the clumps. Because of this assumption, measure-
[ Hco* (1-0) 675 St ments along structures connecting two clumps were split, where

I HCo* (1-0)

T R S R RO |
-20 20 20

0
Velocity (km/s)

0
Velocity (km/s)

Fig. 5. Spectra toward G75 showing molecular emission of HCO* (1-0)
(red) and H3CO* (1 - 0) (black). The left panel shows the emission at
the clump position S1 in G75. The right panel shows the spectra for a
position along the CF filament in G75 (see upper left panel of Fig. 1).

tion. Following the picture of dynamical filamentary clouds
that collapse and feed star-forming gas clumps (e.g., Myers
2009; Smith et al. 2014, 2016; Vazquez-Semadeni et al. 2019;
Padoan et al. 2020) we assume that the flow is always directed
toward the clumps. While outflows or expanding HiIregions
might in some region invert the flow direction, for our analy-
sis we assume that the flows are always dominated by accretion
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the velocity differences where taken relative to one clump for
one half, and relative to the other clump for the other half. This
was conducted for CF in G75 and along F-E between IRS9 and
S in NGC7538. In order to emphasize this separation, the rele-
vant parts are marked by triangular magenta markers, as seen in
Fig. 1. We note that all marker positions were identified by eye.
The same holds for the splitting of filaments.

In Fig. 6 we show the mass flow rates along the two halves of
CFin G75 (Fig. 1). We can see a characteristic shape of the curve
along the structure. While in general the estimated flow rates in
this filament decrease with increasing distance to the clump, we
note a bump at approximate 2.25-2.75 pc in the plot for the lower
part. The same holds for the mass flow rate plot eastward of N2
in G75 (Fig. A.1), where we also observe similar maxima. As for
the southern part, the flow rate values from S2 southward show
a comparable irregular behavior with increasing distance. As for
N2 and S2, we note nearby density enhancements that stand out
in the 1.2 mm dust continuum (Fig. 1) and cause a large increase
in surface density.

In Fig. 7 we present the estimated mass flow rate along the
largest filament structure in IRAS21078, which shows an overall
decline in magnitude with increasing distance from the central
clump. The mass flow rate does, however, show intriguing peaks
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G75 M vs. distance along CF top section

M [Moyr=11

0.5 1.0 1.5 2.0 2.5 3.0
distance [pc]

G75 M vs. distance along CF bottom section

10—4 -
‘_Ir'—| _
-
3 1075
=
=

1 S1
10—6 ]
2.5 2.0 1.5 1.0 0.5

distance [pc]

Fig. 6. Estimated mass flow rate as a function of the distance along the CF filament structure in G75 (the connecting filament, see red and purple
markers in Fig. 1). Left panel: Top section. Right panel: Bottom section. The plots follows the north—south direction from left to right. The velocity
differences are taken relative to N1 for the left panel and relative to S1 for the right panel (see annotations).

IRAS21078 M vs. distance along F-NW

10749

-5
10 cc

M [Moyr=1]

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
distance [pc]

Fig. 7. Estimated mass flow rate as a function of the distance along
the F-NW filament structure in IRAS21078 (Fig. 1). The graph follows
the direction of measurement away from the clump, as indicated by the
annotation.

at about 0.7, 0.8, and 1.4 pc. We also can see strong depressions
at about 0.6 pc and 1.4 pc in Fig. 7.

In Fig. 8 we present the same for the F-SW filament in
NGC7538 (cf. Fig. 1), again with declining and peaking mass
flow rate estimates along the structure with prominent depres-
sions at about 0.5 to 1.2 pc. All mentioned flow rate increases fall
onto the position of overdense sections or minor clumps along
filament structures (in comparison to the flow rate graphs with
Fig. 1), but at the same time we can also observe velocity gradi-
ents in the vicinity of these clumps (see Figs. 2 and 3). The trend
of an increasing mass flow rate toward the denser clump sections
may therefore be partially associated with an increase in surface
density. These sharp maxima along the mass flow rate curve are
likely the result of steep velocity differences along the filament.

The mass flow rate estimation along filamentary structures
was carried out for all three structures in IRAS21078 (Figs. 7
and A.2) and for the northwestern, eastern, and southwestern
structures in NGC7538 (Figs. 8, A.4, A.3). Most of the mass
flow plots along filamentary structures show no clear decline in
mass flow rate with increasing distance.

NGC7538 M vs. distance along F-SW

1074 4 ™~
ss N\T .+

T T 1++ -
-
= _ _
o —_ —_
E 1075 4 1 —
= 1

10-6 4

0.5 1.0 1.5 2.0 2.5 3.0 3.5

distance [pc]

Fig. 8. Mass flow rate as a function of the distance along the F-SW
filament structure in NGC7538 (Fig. 1). The graph follows the direction
of measurement toward the southwest away from S, as indicated by the
annotation.

The important factors contributing to the mass flow rate, the
mass surface density X and the velocity difference Av are plotted
versus the distance in Figs. 9 and 10 to give a clearer distinction
and indicate the more dominant contributor to M. We can see
that the overall shape of the curve is dominated by the surface
density for the northern half of the filament and interestingly by
the velocity differences for the southern half. Sharp features (i.e.,
maxima) along the curves stem from strong velocity differences.
The possible cause for these velocity differences and the differ-
ent impacts of the two factors in the top and bottom parts of G75
CF are assessed in Sect. 4.

To be able to compare the correlation of velocity difference
and surface density and their impact onto the mass flow rate gen-
erally, we plotted the separated factors of Eq. (1) for all major
filament structures that we analyze in this sections and present
them in Appendix A. Many of the plots show spikes along the
curve that either are caused by locally confined overdensities
along filaments or steep variations in velocity differences. Most
of the curves show a decline in surface density with increasing
distance and spikes being caused by Av (see e.g., Figs. A.7, A8,
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Fig. 9. Light blue graph: Mass flow rate as a function of the distance between adjacent points in G75 CF top section (Fig. 1, left panel in Fig. 6).
Orange graph, left panel: Surface density along the CF structure top section in G75. Red graph, right panel: Velocity differences along the CF

structure top section in G75.
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Fig. 10. Same as Fig. 9 but for the CF bottom section.

A.9, A.10, A.11). In the case of the structure east of N2 in G75,
the surface density shows two maxima for two local overden-
sities (Fig. A.5 and Fig. 1 for reference), but the overall mass
flow rate only exhibits a maximum at about 1.7 pc and not at
about 0.7 pc, where the velocity difference is low (between 0.2
and 0.3kms™! at 0.7 pc compared to about 1 kms~" at 1.7 pc).

For NGC7538 F-E, the mass flow rate is described by the
velocity difference to a large degree (Fig. A.13), whereas a sharp
drop in surface density between 0.1 and 0.3 pc does not visibly
affect the course of the curve. In the case of the F-NW struc-
ture in NGC7538 (Fig. A.11) the Hiiregion affects the velocity-
distribution of the molecular gas (e.g., Beuther et al. 2022) and
thus causing the spikes in the velocity differences, excluding this
graph for the accretion-analysis toward IRS1. The same holds for
G75 S2 (A.6), where the Hilregion is located nearby between
S2 and S1 (see Fig. 1 lower panels). A similar feature appears
in the graph for the velocity difference for IRAS21078 F-NE
(Fig. A.7), where the sharp maximum at 0.4 pc is located close
to the center of the Hilregion (see Fig. 1 bottom panels).
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3.3. Flows onto clumps

In order to characterize the gas flow onto the clumps from
all directions, the mass flow rates estimated with Eq. (1) are
depicted in the form of polar plots for the central massive clumps
and star-forming regions to give an intuitive picture of the two-
dimensional spatial distribution of mass flow magnitudes. In
every polar diagram a red dot is shown as an indicator of the
adjacent filament structure. These dots were set by eye. The
velocity differences were evaluated by taking the value from
one position around the center and subtracting the given velocity
value for the center of the clump, similar to our approach along
filaments (Section 3.2). The distance Ar in Eq. (1) was set to the
half beam size of 13.5” and the flux values were taken for the
same data point as the velocity, in order to be consistent with the
previous flow rate approach along the filaments.

In this way, the plots always show mass flow rate estimates
relative to the center, were 16 individual measurements were
conducted (one data point every 22.5 degrees). The radial dis-
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N1 0.36 pc N2 0.36 pc
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Fig. 11. Polar plots showing estimated mass flow rates as a function of
the polar angle for the northern clumps in G75 (Fig. 1). Left column:
Mass flow rates toward N1, right column: Mass flow rates toward N2.
Top panels for the inner circle at 0.36 pc, bottom panels for the outer
circle at 0.7 pc. The red dots indicate the direction of the CF filament.

tances for the measurements were chosen at 20 and 40 arc-
seconds, resulting in a maximum distance to one clump of
about 0.7pc for G75, 0.52pc for NGC7538 and 0.29 pc for
IRAS21078. Distances farther out exhibit no significant surface
density from the dust and are therefore not usable for this polar
mass flow rate estimation (cf. Fig. 1).

For this study we investigated prominent clumps of star for-
mation hosted inside the three clouds. The clumps were identi-
fied by eye from the dust continuum maps. Their coordinates are
given in Table 3. These coordinates were taken from the marker
positions toward the clumps (see Fig. 1), which correspond to
the peak positions of the dust continuum. For G75, we chose
two regions in the northern part of the cloud (N1 and N2, see
Fig. 1) and two in the southern part (S1 and S2; see Fig. 1). The
two southern clumps are of particular interest since there is a
Hiiregion between them (see. Fig. 1). In IRAS21078, we evalu-
ated the mass flow behavior at the central part of the cloud (CC;
see Fig. 1) and in NGC7538 for IRS1, S, and IRS9 (see Fig. 1).
The flow rate estimation around prominent clumps provides fur-
ther insight into the nature of mass accretion on subparsec scales.

In Fig. 11 we show the flow magnitudes in G75 between
20 and 40 arcseconds spacing for N1 and N2 respectively (cf.
Fig. 1). The N1 panel shows a slight orientation toward the fil-
ament for both distances, but seems to be more influenced by
the eastern direction toward N2 (Fig. 11). The N2 plot depicts a
dominating mass flow rate in N1 direction for close proximity,
and an increasing contribution from the east for increasing dis-
tance. The southern clumps are shown in Fig. 12 without a clear
orientation toward CF. Interestingly, S1 shows a strong orienta-
tion in mass flow rate magnitude toward S2, and none in direc-
tion of CF. S2 on the other hand seems to be primarily influenced
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S10.36 pc S2 0.36 pc
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Fig. 12. Same as Fig. 11 but for the southern clumps.

CC 0.14 pc CC 0.29 pc
4.4e-05 5.2e-05
2.9e-05 o 3.5e-05 °
1.5e-05 1.7e-05
M [Moyr~'] M [Moyr~']

Fig. 13. Polar mass flow diagram for the central clump (CC) in
IRAS21078 (Fig. 1). Left panel for the inner circle at 0.14 pc; right
panel for the outer circle at 0.29 pc. The red dot indicates the direction
of the F-NW filament.

from the direction of neighboring S1 and to the west for close
proximity. We assume that both S1 and S2 are influenced by the
Hiregion in between them (Fig. 1).

The diagram for IRAS21078 is relatively featureless for
0.14 pc distance (Fig. 13), but an increased magnitude of the
mass flow rate to the northwest, in the direction of the largest
filamentary structure, can be identified. For increasing distance,
an influence from the southeastern edge becomes dominant how-
ever. The cloud has already been analyzed within the CORE
sample and the analysis has shown that it hosts converging flows
of material toward its center (Moscadelli et al. 2021). The mass
flow direction presented here implies a potential gas infall, but
the channeling through the filaments has to be looked at in more
detail. Comparing the two-dimensional spatial direction from
the mass flow magnitudes in Fig. 13 to the first moment maps
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Fig. 14. Polar mass flow diagrams for NGC7538 IRS1, S and IRS9
(Fig. 1). Left panels IRS 1, middle panels S and right panels IRS9. Top
panels for the inner circle of 0.26 pc; bottom panels for the outer circle
at 0.52pc. Red dots indicate the direction of the F-NW filament (top
row for IRS1) and the F-SW filament (bottom row for S).
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Fig. 15. Comparison panels for the clump-centered flow approach.
Columns from left to right: Total estimated mass flow rate, surface den-
sity and velocity difference for G75 N1 (Fig. 1). Top row: Inner circle at
0.36 pc. Bottom row: Outer circle at 0.7 pc. The red dots indicate adja-
cent filaments that are assumed to host the potential flow direction.

in Figs. 2 and 3 shows velocity differences along the struc-
ture of HCO* and H'*CO* prominently in the northwestern
direction toward the elongated filament structure. We also note
strong HCO™ velocity differences at the southern edge of the
cloud (none for H*CO* because of missing data). This possi-
bly indicates infalling material that is transported laterally onto
the structure. The seemingly increasing velocity gradient toward
blueshifted gas at more densely packed contour lines of the dust
continuum may indicate increasing dynamics due to channeling
of the material closer to the center. This is speculative, however,
as this assessment largely rests upon the HCO* and H'3CO*
first moment maps alone. One always has to consider the pres-
ence of the Hil regions, which likely cause alterations in potential
gravitationally driven infall via feedback processes. This should
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Fig. 16. Comparison panels for the clump-centered flow approach.
Columns from left to right: Total estimated mass flow rate, surface den-
sity and velocity difference for IRAS21078 CC (Fig. 1). Top row: Inner
circle at 0.14 pc. Bottom row: Outer circle at 0.29 pc. The red dots indi-
cate adjacent filaments that are assumed to host the potential flow direc-
tion.

be noted especially for IRAS21078, where the extent of the
Hiiregion covers almost the whole source (Fig. 1 lower panel).

For NGC7538, we can see the diagrams for IRS1, S and IRS9
clumps in Fig. 14 (for reference, see Fig. 1). IRS1 shows more
extended flow magnitudes toward the west in the direction of the
F-NW filament, which declines for increasing distance (about
0.52 pc), but remains the dominant value. This probably can be
explained by a strong velocity difference in the H'*CO* data
(Fig. 3). S indicates a more prominent flow direction toward the
northern IRS1, especially for a 0.52 pc distance. It is interest-
ing to note that S seems to be influenced by IRS1, but not vice
versa. Assuming that the northern Hil region may have triggered
the formation of IRS1, this region should be slightly older than
S. Hence, influence of IRS1 on S but not the other way round
appears plausible. The mass flow magnitude toward S also yields
no visible influence from the F-SW filament structure. For IRS9,
both distances depict almost the same pattern: the flow rate direc-
tion is concentrated to the southern half of the circle; there is a
more obvious contribution from the eastern section than from the
filament connecting IRS9 with S (Fig. 1).

In order to obtain a more precise overview of the contributors
to the mass flow rate (Eq. (1)), we conducted the same separation
for X and Av as in Section 3.2. We present the comparison panels
for G75 NI in Fig. 15, for IRAS21078 CC in Fig. 16 and for
NGC7538 IRS1 in Fig. 17. The diagrams for all the other clumps
are shown in Appendix B.

For the most part, the velocity differences appear to have
a more dominant impact on the shape of the polar magnitude-
distribution. For clump G75 N1 (Fig. 15), however, the surface
density seems to be the strongest contributor. For example, we
can see that the strong flow rates in G75 S1 are dominated by the
velocity difference toward S2 (Fig. B.2), while the surface den-
sity is orientated toward the east and does not align at all with the
expected filament direction (red dot) and only to a small degree
with the velocity differences. The same holds for S2 toward S1
(Fig. B.3). IRAS21078 CC exhibits one spike in the F-NW direc-
tion that clearly stems from the velocity difference due to the
close distance (Fig. 16). The same holds for the outer annulus,
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Fig. 17. Comparison panels for the clump-centered flow approach.
Columns from left to right: Total estimated mass flow rate, surface den-
sity and velocity difference for NGC7538 IRS1 (Fig. 1). Top row: Inner
circle at 0.26 pc. Bottom row: Outer circle at 0.52 pc. The red dots indi-
cate adjacent filaments that are assumed to host the potential flow direc-
tion.

20 as

Fig. 18. Peak values of the estimated mass flow rate toward clumps.
The light blue bars show the values for the 20" distance, while the dark
blue bars show values for the 40” distance. The error bars show the
maximum error of the respective mass flow rate. We note that this chart
shows the maximum values of M alone, and contains no information
about the direction from the polar plots.

where the surface density now points in the F-N'W direction, but
the velocity difference toward the southeast is stronger and thus
affects the overall mass flow to a larger degree. This also is visi-
ble for NGC7538S (Fig. B.4).

As we summarize in Fig. 18, the peak values for all of the
mass flow rates occur in the outer annulus of 40”. This indicates
that a larger fraction of mass is transported toward the clumps on
a larger scale.

4. Discussion, conclusions, and summary

In this paper we analyzed the kinematics of molecular gas in
three high-mass star-forming molecular clouds. In order to do
this, we estimated the mass flow rates and divided the analy-

: A&A, 705, A64 (2026)

sis into mass flows along filamentary structures and flows onto
clumps. Both approaches indicate that mass is transported along
these structures. Along filamentary cloud structures, we find
increasing mass flow magnitudes close to denser regions. The
peak values are on the order of 1073 M, for G75 and 107> M,
and 10™* M, for IRAS21078 and NGC7538, respectively. As
given in Table 3, we note that IRAS21078 is a lower mass clump
which therefore exhibits the lowest overall mass flow rate.

The analysis of the flows onto clumps focused on the inter-
pretation of polar diagrams, that show the orientation of the mass
flow rate magnitude toward a clump. In G75, the direction of
the strongest mass flow rate indicates a potential feeding of the
northern half of the cloud through the central connecting fila-
ment structure. Similar patterns appear in NGC7538 for the two
clumps IRS1 and S. For IRAS21078, the distribution of the flow
rates indicates an infall from the northwestern filament structure,
but one has to bear in mind the comparably large errors; how-
ever, it appears possible that the infall of material through these
channels occurs. This has already been the subject of studies on
smaller spatial scales, with similar findings.

The separation of the two main contributors to the mass flow
rates into velocity difference and surface density showed inter-
esting patterns for both methods: for the flows along the G75
CF structure, the surface density dictates the overall shape of
the curve; on the other hand, spikes are contributed by steep
velocity differences. Sharp increases in velocity differences often
affect the mass flow curve to a large degree, and the data indicate
that they often stem from feedback from the Hilregions. In the
case of the polar diagrams, the orientation of the surface den-
sity toward filament structures was sometimes not visible due to
a strong velocity difference into a different direction. There are
cases however, where the two factors of the mass flow rate equa-
tion are more aligned. This is very interesting since an orientated
distribution of dust for close proximity might hint at channel or
filament structures that serve as a gas funnel. The fact that the
larger velocity differences sometimes do not point toward adja-
cent clumps or in filament direction might be caused by expand-
ing shells from nearby Hilregions; this very likely is the case
for G75 S1 and S2. For the clumps were we also found veloc-
ity differences in the filament directions, we can assume that it
potentially is accretionally driven through the filaments. For the
regions where this behavior does not occur, we can tentatively
infer that the Hilregions are responsible due to feedback pro-
cesses: this assessment is supported by the fact that all clumps
that show flow rate magnitudes in unexpected directions in the
polar plots are located close to a Hiregion.

Similar to the assertion of a dominant contributor in the mass
flow rate, large flow-magnitude values close to the edge of a
cloud (cf. Fig. 14) do not necessarily imply increasing dynam-
ics in the gas flow, but could just be a consequence of the steep
gradient in the surface density profile (cf. Eq. (1) and Fig. 1,
especially in the vicinity of IRS1 and IRS9 in NGC7538 that are
located close to the edge of the 1.2 mm dust emission).

If we assume that the accretion is mainly gravitationally
driven close to denser regions (e.g., clumps), the material should
fall onto the clumps; driving mechanisms such as turbulence
on larger scales have been numerically studied by Padoan et al.
2020, among others. Large-scale infall would precede the frag-
mentation of the cloud and further collapse of protostars that
exceed their individual Jeans mass (Vazquez-Semadeni et al.
2019). In the case of the regions presented here, we find strong
indications for feedback processes to be the driving force behind
gas dynamics in the clouds. The regions with a Hilregion can
differ in their behavior, and the plots indicate that they certainly
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do. Their influence is strongly noticeable in the disrupted flow
behavior and the lack of molecular line data (Fig. 1). For this
reason, especially the northwestern part of NGC7538 has to be
excluded from the accretion flow assessment in general due to
the Hirregion (e.g., Beuther et al. 2022) (see also Sect. 3 and
Fig. 1). Filaments appear at the boundaries of Hilregions in
all presented sources with strong indications for increased mass
flow. This supports the simulations predicting filament formation
at the crossing of shocks (e.g., Pudritz & Kevlahan 2013). We
only included the analysis for the HCO* and H'*CO* molecules
in the main section since the other molecules that exhibit a simi-
lar spatial distribution (e.g., HCN and H,CO) did not yield addi-
tional information in their apparent kinematics.
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Appendix A: Additional mass flow and comparison
graphs (along filaments)

G75 M vs. distance from N2 to the east
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Fig. A.1. Top: Estimated mass flow rate as a function of the distance
from N2 eastward in G75 (see Fig. 1). The blue graph follows the west—
east direction starting at N2 from left to right. The dotted blue lines
mark the approximate positions of the density enhancements along the
structure. Bottom: Same but for S2.

IRAS21078 M vs. distance along F-NE
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Fig. A.2. Top: Mass flow estimates as a function of distance (of adjacent
points) along the F-NE filament structure in IRAS21078 (cf. Fig. 1).
The direction of measurement is from the clump outward, where CC
indicates the starting point. Bottom: The same for F-SW.

NGC7538 M vs. distance along F-NW
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Fig. A.3. Mass flow estimates as a function of distance (of adjacent
points) along the F-NW filament structure in NGC7538 (cf. Fig. 1).
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Fig. A.4. Mass flow estimates as a function of distance (of adjacent points) along the F-E filament structure in NGC7538. The panels are aligned
such that the direction of measurement can be traced directly from Fig. 1.
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Fig. A.5. Light blue graph: Mass flow rate as a function of the distance between adjacent points in G75 from N2 eastward (Fig. 1). Orange graph,
left panel: Surface density in G75 from N2 eastward. Red graph, right panel: Velocity differences in G75 from N2 eastward. The dotted blue lines
mark the approximate positions of the density enhancements along the structure.
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Fig. A.6. Same as Fig. A.5 but for S2.
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Fig. A.8. Same as Fig. A.7 but for IRAS21078 F-NW.
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Fig. A.9. Same as Fig. A.7 but for IRAS21078 F-SW.
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Fig. A.10. Light blue graph: Mass flow rate as a function of the distance between adjacent points in NGC7538 F-SW (Fig. 1). Orange graph, left
panel: Surface density along the F-SW-structure in NGC7538. Red graph, right panel: Velocity differences along the F-SW-structure in NGC7538.
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Fig. A.11. Same as Fig. A.10 but for NGC7538 F-NW.
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Fig. A.12. Same as Fig. A.10 but for NGC7538 F-E (from IRS9 toward the east).
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Fig. A.13. Same as Fig. A.12 but from NGC7538 IRS9 toward S.
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Appendix B: Additional comparison graphs (polar

diagrams)
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Fig. B.1. Comparison panels for the clump-centered flow approach.
Columns from left to right: Total estimated mass flow rate, surface den-
sity, and velocity difference for G75 N2 (Fig. 1). The red dots indicate
adjacent filaments, which are assumed to host the potential flow direc-

tion.
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Fig. B.2. Same as Fig. B.1 but for G75 S1.
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Fig. B.3. Same as Fig. B.1 but for G75 S2.
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Appendix C: Moment zero maps and emission spectra
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Fig. C.1. Top: Moment zero (integrated intensity) maps for the HCO* (1 —0) line. The beam size is 27" (lower left corner). The scale bar indicates

the length of 1 parsec in each panel. The contour lines show the 1.2 mm dust continuum ranging from 3o to 390 in 30 steps. Bottom: Same for
H3CO* (1 -0).
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Fig. C.2. Moment zero maps of the H41a recombination line tracing the free—free contribution. The black contours outline the free—free corrected
1.2 mm dust continuum (except for IRAS21078) on log-scale starting from 5o (except for IRAS21078 starting from 3¢7) to peak value for reference.
For G75 (left panel) and NGC7538 (right panel) the strongest emission fits the contours in the lower panels of Fig. 1; for IRAS21078 (middle
panel) there is only noise and no significant contribution from the Hil region outlined in NVSS. The edges have been set to values of zero in order
to eliminate the stripe artifacts from the OTF scanning process. All blank spots represent zero values due to the log-scaling.
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Fig. C.3. Molecular emission in G75 N1. Due to the lack of H*CO*
emission close to N1, we widened the search radius from 10" to 30”.

T
3,

0.4 [ H"%c0" (1-0) 675 N2 ]

HCo™ (1-0)

—20 - 20

10 4] 10
Velocity (km/s)

Fig. C.4. Molecular emission in G75 N2.
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Fig. C.5. Molecular emission in G75 S1.
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Fig. C.6. Molecular emission in G75 S2.
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Fig. C.7. Molecular emission in NGC7538 IRS1.
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Fig. C.8. Molecular emission in NGC7538 S.
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Fig. C.9. Molecular emission in NGC7538 IRS9.
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Fig. C.10. Molecular emission in IRAS21078 CC.



