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ABSTRACT

Context. The study of molecular line emission is crucial to unveil the kinematics and the physical conditions of gas in star-forming
regions. We use data from the ALMAGAL survey, which provides an unprecedentedly large statistical sample of high-mass star-
forming clumps that helps us to remove bias and reduce noise (e.g., due to source peculiarities, selection, or environmental effects) to
determine how well individual molecular species trace continuum emission.

Aims. Our aim is to quantify whether individual molecular transitions can be used reliably to derive the physical properties of the bulk
of the H, gas, by considering morphological correlations in their overall integrated molecular line emission with the cold dust. We
selected transitions of H,CO, CH;0OH, DCN, HC;N, CH3CN, CH;0CHO, SO, and SiO and compared them with the 1.38 mm dust
continuum emission at different spatial scales in the ALMAGAL sample. We included two transitions of H,CO to understand whether
the validity of the results depends on the excitation condition of the selected transition of a molecular species. The ALMAGAL project
observed more than 1000 candidate high-mass star-forming clumps in ALMA band 6 at a spatial resolution down to 1000 au. We
analyzed a total of 1013 targets that cover all evolutionary stages of the high-mass star formation process and different conditions of
clump fragmentation.

Methods. For the first time, we used the method called histogram of oriented gradients (HOG) as implemented in the tool astroHOG
on a large statistical sample to compare the morphology of integrated line emission with maps of the 1.38 mm dust continuum emission.
For each clump, we defined two masks: the first mask covered the extended more diffuse continuum emission, and the second smaller
mask that only contained the compact sources. We selected these two masks to study whether and how the correlation among the
selected molecules changes with the spatial scale of the emission, from extended more diffuse gas in the clumps to denser gas in
compact fragments (cores). Moreover, we calculated the Spearman correlation coefficient and compared it with our astroHOG results.
Results. Only H,CO, CH30H, and SO of the molecular species we analyzed show emission on spatial scales that are comparable
with the diffuse 1.38 mm dust continuum emission. However, according the HOG method, the median correlation of the emission of
each of these species with the continuum is only ~24-29%. In comparison with the dusty dense fragments, these molecular species
still have low correlation values that are below 45% on average. The weak morphological correlation suggests that these molecular
lines likely trace the clump medium or outer layers around dense fragments on average (in some cases, this might be due to optical
depth effects) or also trace the inner parts of outflows at this scale. On the other hand DCN, HC;N, CH;CN, and CH;0OCHO are well
correlated with the dense dust fragments at above 60%. The lowest correlation is seen with SiO for the extended continuum emission
and for compact sources. Moreover, unlike other outflow tracers, in a large fraction of the sources, SiO does not cover the area of the
extended continuum emission well. This and the results of the astroHOG analysis reveal that SiO and SO do not trace the same gas,
in contrast to what was previously thought. From the comparison of the results of the HOG method and the Spearman correlation
coefficient, the HOG method gives much more reliable results than the intensity-based coefficient when the level of similarity of the
emission morphology is estimated.

Key words. astrochemistry — molecular data — ISM: general — ISM: lines and bands — ISM: molecules

1. Introduction constraining the physical and dynamic properties of the gas (e.g.,
Kennicutt & Evans 2012; Beuther et al. 2006; Beltran et al.
2018). Based on the analysis of the line emission, it is possible to
infer the average velocity and velocity dispersion of the emitting
gas, and also its column density and temperature, when we detect
* Corresponding author: asanchez@ice.csic.es multiple transitions of the same molecular species. Moreover,

The study of molecular line emission in star-forming regions
is extremely important not only for understanding the chemical
content of the environment in which stars form, but also for
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the combined analysis of several molecular species can help us
to constrain quantities such as the column density of H,, the vol-
ume density, and the UV radiation field (Gratier et al. 2017).
It is known that different molecular species can trace differ-
ent regions in the star formation scenario (e.g., van Dishoeck &
Blake 1998; Caselli & Ceccarelli 2012; Tychoniec et al. 2021),
depending on the physical conditions required for the produc-
tion and release of each molecular species in the gas phase.
In addition, different transitions of a molecular species can be
excited and emit in gas with higher/lower temperatures and den-
sities. The use of various tracers in star-forming regions arises
because the main component of the interstellar medium (ISM),
that is, the hydrogen molecule (H;), has no permanent dipole
moment and has the lowest moment of inertia of all the molecu-
lar species. As a result, there are no allowed transitions of H, that
can be excited under typical conditions in cold and dense of star-
forming regions (Stahler & Palla 2004). Therefore, an indirect
method for tracing H; in star-forming regions on scales below
1 pc, where the CO emission (the typical proxy of H,) is usu-
ally optically thick (Kennicutt & Evans 2012), is to use the dust
continuum emission at millimeter wavelengths, assuming a con-
stant ratio of the density of the H, and the dust density. Much
of the crucial information that is contained in the line emission,
such as the kinematics of the material, cannot be obtained from
dust emission, however. Therefore, studying how well individual
molecular species trace the continuum emission is crucial for
assessing whether the estimates made from the analysis of these
species in the bulk of the gas emission under different conditions
are reliable.

In this framework, we analyze the molecular line emission
in star-forming regions in the dataset of the ALMA Evo-
lutionary study of High Mass Protocluster Formation in the
Galaxy (ALMAGAL), which is the largest sample of star-
forming regions ever observed at a high spatial resolution with
the Atacama Large Millimeter/Submillimeter Array (ALMA).
ALMAGAL is an ALMA large project (2019.1.00195.L; PlIs:
Molinari, Schilke, Battersby, Ho; Molinari et al. 2025; Sdnchez-
Monge et al. 2025) that targeted more than 1000 candidate
high-mass star-forming regions with a resolution of ~1000 au
that covered all the evolutionary stages of the star formation
process and different environmental conditions (from the tip of
the bar to the outer galaxy) and showed different fragmentation
properties (Coletta et al. 2025, Elia et al., in prep.). This provides
a robust statistical basis for our study.

We analyzed the emission morphology of eight commonly
detected molecular tracers of star-forming regions (H,CO,
CH;3;0H, DCN, HC;N, CH3CN, CH3OCHO, SO, and SiO) in
the 1.38 mm band (ALMA band 6) and compared it to the dust
continuum emission on different spatial scales.

To study the morphological correlation of emission from
selected molecular species with the dust continuum emission we
use the method of the histogram of oriented gradients (HOG)
(Soler et al. 2019). The HOG method uses the orientation of
the spatial gradients of different images (or 3D data cubes) to
compare their emission morphology. Previous applications of
the HOG method included the pairing of atomic and molec-
ular emission toward molecular clouds in the Galactic plane
(Syed et al. 2020), the correlation between neutral atomic hydro-
gen (HI) emission and Faraday synthesis cubes (Bracco et al.
2020), the characterization of the line emission from molecu-
lar species in three high-mass star formation regions (Liu et al.
2020; Gieser et al. 2022), and the comparison between the 3D
reconstruction of the interstellar dust density and the HI and
carbon monoxide (CO) emission (Soler et al. 2023). Studies of
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the correlation between the emission in high-resolution obser-
vations of high-mass star-forming regions were mostly carried
out using intensity-based statistical correlators, such as the cross-
correlation, the Pearson coefficient, or the Spearman coefficient,
to study the correlation between different molecular species
(e.g., Guzmdn et al. 2018; Li et al. 2022).

We present a more sophisticated approach for the first time
for a sample of this size that compares the total morphology of
the emission and not only the intensity pixel by pixel, as was usu-
ally done so far. In particular, we compare the morphology of the
integrated-intensity maps of several molecular species with the
morphology of the continuum emission from the cold dust in the
largest sample of star-forming regions using the HOG method.

This paper is organized as follows. In Section 2, we present
the ALMAGAL sample and the molecular species we analyzed.
In Section 3, we describe the observations and the data reduction
process. In Section 4, we describe the derivation of the inte-
grated line-intensity maps (moment-0 maps) and the tool used
to investigate the morphological correlation of the molecular
species with the dust continuum emission: astroHOG. Section 5
presents a discussion of the results, where we show emission in
the same regions of the maps does not imply that the emission
morphology is well correlated for all the species, and we demon-
strate the importance of using a dedicated tool for studying the
morphology. Finally, we present our conclusions in Section 6.

2. Sources and molecule selection
2.1. The sample

The ALMAGAL sample includes 1017 high-mass clumps with
masses M > 500 M, surface densities Z>0.1 g cm~2, located at
heliocentric distances up to 7.5 kpc, and covering evolutionary
stages from starless clumps to HII regions. Due to the close prox-
imity (below the FOV size) of three pairs of sources and the
exclusion of Eta Carinae, the sample analyzed is of 1013 sources
(see Molinari et al. 2025 for further details). The sample spans
four orders of magnitude in the luminosity-to-mass ratio (L/M),
a distance-independent indicator of the evolutionary stage of a
star-forming region (Molinari et al. 2008, 2016, 2019; Giannetti
et al. 2017; Elia et al. 2017, 2021; Konig et al. 2017). During the
first stages of star formation, L/M increases due to the increase
of the accretion rate with time and therefore accretion luminos-
ity, while the central object is still very embedded in its envelope
so that the total mass M does not vary significantly.

Using this parameter, it is possible to roughly divide starless
sources, having L/M < 1 Ly /M, from protostellar objects, with
1 < L/M < 10Ly/Mg, and from candidate ultra-compact HII
(UC HIIs) regions, with L/M > 10 L, /M., (Cesaroni et al. 2015;
Elia et al. 2017; Elia 2020; Elia et al. 2021).

Within the ALMAGAL sample, the clump masses are in the
range between 10> Mg, and 10* Mo, and the number of fragments
varies from one up to 50, with a median value over the whole
sample of five (Coletta et al. 2025). We give an overview of the
properties of the ALMAGAL sample in Figure 1, where the pink
histogram highlights the properties of a subsample of sources for
which the automated routine for the creation of moment-0 maps
failed (see Section 4.1). For these sources, moment-0 maps have
been created integrating over a fixed velocity range.

The ALMAGAL survey and its dataset have already been
described by Molinari et al. (2025) and Sinchez-Monge et al.
(2025), including a description of the reduction pipeline and full
characterization of the clumps. Moreover, Coletta et al. (2025)
performed a detailed study of the fragmentation properties in
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Fig. 1. Physical properties of the clumps in the ALMAGAL sample (shown in black). The subsample for which we created moment-0 maps using
a fixed velocity range of +5 km/s around the clump systemic velocity (see Section 4.1) is shown in magenta with shading. From left to right: mass
of the clumps M in units of My, the L/M ratio of the clumps in units of L,/M,, and the surface density of the clumps X in units of g/cm?.

Table 1. Summary of the molecular emission lines.

Transition v logioAg  Eu/ks n.(20K) n.(100K)
(GHz) (K) (cm™) (cm™)

Si0 54 217104980 -3.284 313 98x10° 7.2x10°
DCN¢ 3-2 217.238538 -3.340 209 55x10° 2.1x10°
H,CO 303202 218222192 -3.550 21.0 7.8x10° 47x10°
CH;0CHO 17;3,14-163 3 E  218.280900 -3.822  99.7 b b

HCCCN 24-23 218324723 -3.083 1310 13x10° 7.7x10°
CH30H 4,3-3,, 218.440063 —4.329 455 13x10° 88x10*
H,CO 35,250 218.760066 -3.802 681 3.1x10° 24x10°
SO 65-54 219.949442 3874 350 4.6x10°° 34x10°
CH;CN 124-11; 220.743011  -3.199 760 2.0x10° 8.7x10°
CH;CN 1211, 220.747261 -3.196 689 2.0x10° 8.7x10°

Notes. Col. 1: transition. Col. 2: rest frequency v. Col. 3: Einstein’s coefficient Ag. Col. 4: energy of the upper level Ey/kg in units of K. Col. 5:
critical density n. calculated at the temperature of 20 K. Col. 6: critical density n. calculated at the temperature of 100 K. The critical densities have
been calculated from Eq. (4) of Shirley (2015) using the collisional coefficients Cj; from Leiden Atomic and Molecular Database. @Collisional
coefficient for DCN not available; thus, we used the collisional coefficients of HCN; ®No collisional coefficient found for the CH;OCHO E-state;
©Extrapolated from the values at 100 K, 80 K, and 60 K since collisional coefficients were not available for 7=20 K.

each clump, and Wells et al. (2024) studied the accretion flows
of gas from the lines of H,CO in a sub-sample of ALMAGAL
sources.

2.2. Molecular transitions

We analyzed the emission morphology of eight commonly
detected molecular tracers of star-forming regions (H,CO,
CH;3;0H, DCN, HC;N, CH3CN, CH3OCHO, SO, and SiO; the
selected transitions are listed in Table 1) in the 1.38 mm band
(ALMA Band 6) and compared it to the dust continuum emission
on different spatial scales. To investigate the dependence of the
results on the selected transition for each molecular species, and
on the upper level energy and critical density, we selected two of
the three available transitions for H,CO, which is expected to be
the most commonly detected molecule in the sample.

The species selected include both simple and complex
molecules (i.e., molecules made of six or more atoms) as well
as well-known shock tracers such as SiO and SO. Even though
we expect the emission of those molecular species to not corre-
late with the extended dust continuum emission, we do not know
how those molecular species correlate with continuum emission
at cores scale, and with this study we will be able to quantify it.
This is especially true for SO, since other studies have underlined

that SO can also trace a hot envelope around protostellar sources
(e.g., Tychoniec et al. 2021). The spectral setup of ALMAGAL
includes also lines of '*CO and C'80. However, we excluded
from the analysis these two tracers since in most cases their emis-
sion covers the entire FOV of the observations, and extend even
further, unlike all other species analyzed in this paper, which
raises problems in the cleaning of those spectral channel, leading
to possible artefacts and filtering.

In the following paragraphs we give a brief review of the
main formation pathways for all the molecular species analyzed
in the paper.

H,CO forms on grains from hydrogenation of CO (Charnley
et al. 1997; Watanabe et al. 2004; Garrod et al. 2008), and is
released in gas phase when the temperature raises above 40 K
(Garrod et al. 2008), but also through gas-phase reactions (Le
Teuff et al. 2000; Garrod & Herbst 2006; Fuchs et al. 2009;
Chacén-Tanarro et al. 2019). Methanol is quite exclusively
formed on dust-grains, mainly from the hydrogenation of CO,
after the formation of H,CO (Charnley et al. 1997; Watanabe
et al. 2004; CO —» HCO — H,CO — CH,CO, CH;0 —
CH30H), or through a secondary route by CH;OH+H,CO
— CH3;0OH + HCO, on dust grains (Simons et al. 2020;
Santos et al. 2022). It is then released in gas phase mainly due
to thermal desorption from T~150K (Luna et al. 2017), but
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non-thermal desorption mechanisms are at play to explain its
detection in cold environment. These two molecules can also be
released due to grain-sputtering and therefore probe outflows,
as their emission shows high-velocity wings and their column
densities have been found to be well correlated with the one of
SiO (Li et al. 2022). Indeed, also in our ALMAGAL sample,
we found evidence of contribution from outflowing gas in the
emission of these two molecular species.

HCCCN can form through gas phase reactions start-
ing mainly from the release in gas-phase of CH4 above
25K, which reacts with C* to form C,H,, followed by
C,H,+CN—HCCCN+H, and increase its production at T>55 K
when also C,H, thermally desorb from dust grains (Hassel
et al. 2008). However, the HCCCN formed in gas-phase is
partly depleted onto dust-grains, and the highest abundances are
reached when it desorb at T above ~90 K (Taniguchi et al. 2019).
Therefore it is expected to be detected only in the more warm
regions.

The main pathway of formation for CH3CN is on the sur-
face of dust grains from the reactions of CH; with CN (Garrod
et al. 2008). Another grain surface pathways for its formation
is the multiple hydrogenation of C,;N, and modest abundances
of this molecules are also produced in gas-phase following the
desorption of HCN from the grains (Garrod et al. 2008).

CH30CHO formation is mainly the result of the reactions
of HCO and CH3;OH on grains. This reaction can occur already
at T~10 K, but higher temperature around 20-40 K increase the
methyl formate production thanks to the higher mobility of the
reactants. The majority of CH3OCHO is released in gas-phase at
temperature above 100 K (Burke et al. 2015), so also this line is
expected in the hot regions around protostars.

The reactions that leads to the formation of DCN are gas-
phase reactions, with both cold and warm/high temperature
reactions. However, unlike other deuterated species, the predom-
inant part of the production of DCN takes place in warm gas up
to and even above 70 K (Millar et al. 1989; Turner 2001; Roueff
et al. 2007; Albertsson et al. 2013).

SiO is a well known shock tracer and its abundance is
enhanced up to six order of magnitudes in outflow regions
(Martin-Pintado et al. 1992). In those regions grain sputtering
releases in gas-phase a significant amount of atomic Si or Si-
bearing molecules, which leads to the formation of SiO (Schilke
et al. 1997; Jiménez-Serra et al. 2008). However, a narrow SiO
emission has been observed, which might be due to low-velocity
shocks, or cloud-cloud collisions (Jiménez-Serra et al. 2008;
Louvet et al. 2016; Cosentino et al. 2022; Duarte-Cabral et al.
2014). Lastly, S atoms freeze on dust grains during the cold col-
lapse phase, where H,S is mainly formed. After its release in gas
phase at high temperature (T>100 K) rapid hot gas-phase reac-
tions lead to the formation of SO (Charnley et al. 1997; Wakelam
et al. 2004, 2011). However, Esplugues et al. (2013) observed
an increase of three orders of magnitude in SO abundances in
regions affected by shocks, and Fontani et al. (2023) observed
that SO can trace both quiescient and turbulent material depend-
ing on the source, thus the sputtering of dust grains is likely
increasing the SO formation in outflow regions, as in the case
of SiO.

3. Observations and data reduction

The ALMAGAL program (project code: 2019.1.00195.L in
Cycle 7) was observed between October 2019 and July 2022.
To achieve the requested linear resolution of ~1000 au without
losing information on diffuse material at the clump scale, each
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target was observed with the 7-m array (hereafter 7M) and with
two configurations of the main ALMA array. To resolve almost
the same spatial scale of about 1000 au for all the sources that
are at different distances, the sample was divided in two bins of
distance. The near sources (i.e., sources with d < 4.7 kpc) were
observed in configurations C-2 and C-5 of the main array, while
the far sources (i.e., sources with d> 4.7 kpc) were observed
in configurations C-3 and C-6. Using the standard pipeline, we
calibrated the data of the single arrays (hereafter 7mM; TM2, C-2
and C-3, intermediate resolution configuration of the main array;
T™M1, C-5 and C-6, highest resolution configuration of the main
array). The ALMAGAL team developed a dedicated pipeline
to obtain the final cubes using joint deconvolution of the var-
ious configurations observed that includes self-calibration for
the most intense sources. Moreover, an iterative procedure start-
ing from the standard ALMA-pipeline function findcont was
implemented, to refine the determination of the continuum chan-
nels used to create the continuum images and the line-only cubes.
A detailed description of this routine, together with a quality
assessment of the final products, is presented in Sdnchez-Monge
et al. (2025). For the purpose of this work, we decided to analyze
the cubes and continuum maps obtained by the joint deconvo-
lution of 7M and TM2 data only (hereafter 7M+TM2), which
reach a linear resolution of ~5000 au, because they recover with
a better signal-to-noise ratio the diffuse emission on large scales
compared to the 7M+TM2+TM1 cubes obtained from the joint
deconvolution of all the available configurations that reach the
aforementioned maximum resolution of ~1000 au.

The spectral setup of the observations covers four spec-
tral windows in total: two spectral windows with a 1.9 GHz
bandwidth and spectral resolution of 0.98 MHz (~1.3kms™")
centered at 217.8 GHz and 220.0 GHz, and two higher resolu-
tion spectral windows with 0.47 GHz bandwidth and spectral
resolution of 0.24 MHz (~0.3 km/s) centered at 218.3 GHz and
220.6 GHz, respectively.

4. Method
4.1. Creating the moment maps

The generation of the moment-0 maps for the sources in our
sample was not feasible individually, given the large number of
fields. We automated the procedure to estimate, for each molec-
ular line in each source, the extremes of integration of the line
in the velocity space, and then we created the moment-0 maps
integrating the spectral cube inside that range for all the pixels.
The details of this automated routine are given in Appendix B.

The CH3CN 12p—11g and 12;—11; lines are heavily blended
in several sources. Therefore, for these two transitions, we cre-
ated a single moment-0 map that includes the emission of both
transitions.

All the maps for each field and transition were then visu-
ally inspected to validate them. This was done by looking at the
line observed in the spectra averaged on each continuum com-
pact source detected by the source extraction algorithm CuTEx
(CUrvature Thresholding EXtractor; Molinari et al. 2011, 2016
see Sect. 4.4; following the same method as was used in Coletta
et al. (2025) for 7M+TM2+TM1 data) in the clump, and check-
ing that the velocity extremes used for the integration agree with
the velocity ranges of the lines in these spectra. The employed
method gives good extremes of integration, that is extremes that
include the whole line for all the cores in the clump, in the major-
ity of the sources. Two example moment 0 maps with spectra
averaged over the area of each cores in the field is shown in



Mininni, C., et al.: A&A, 699, A34 (2025)

AG024.4614+0.1981

H,CO
1.5
-7°26'20" A -
1.0
§ 30 -l os
40" - Ll 0.0
-0.5
18"35m125 11°
R.A.
— 20 1
2 A;
0 E T T T
100 120 140
v (km/s)

CH30H
-7°26'20" 4 - (1.0
g 30+ L 0.5
(&)
40" - - 0.0
18"35M125 11s
R.A.
20
M
10 1 o W
VN _ W
O B T T T
100 120 140
v (km/s)

Fig. 2. Moment-0 maps and spectral range created with the automated routine described in Sect. 4.1. Upper row: moment-0 map of H,CO 3(3-2¢,
(left) and CH30H 2,5-3; » (right) for source AG024.4614+0.1981. The color scales are in units of Jy/beam km/s. Lower row: spectra averaged over
the 12 continuum cores detected in the source (ellipse with semiaxis the HWHM = 1.1770 from the 2D Gaussian fit). Each core spectrum has an
y-axis offset to show the spectra better. The yellow area indicates the range for the velocity integration we used to obtain the moment-0 maps shown
in the upper panel. The red contours are the contours of mask,.n , and the white contour is the contour of mask.y, defined from the continuum
emission (see Section 4.4 for details). For this source, the continuum emission is shown in Fig. 4.

Fig. 2, while Fig. 3 shows the moment-0 maps of all the tran-
sitions for one source. The number of sources for which the
automated routine gave integration extremes that encompass all
the line, without line blending problems, is 916, while for the
remaining 97 sources we created the maps using a fixed veloc-
ity range. In fact, a fraction of the sample has, in at least one
transition, moment-0 maps for which the extremes of integra-
tion automatically derived do not encompass the whole line or
partially encompass other transitions. This is especially true for
extremely line-rich sources where most lines are blended with
transitions of other molecular species. For those clumps, the
moment-0 maps have been recreated integrating the cube over
a fixed velocity range of +5 km/s around the systemic velocity of
the clump for all the pixels. This range is a compromise between
including the majority of the line, while excluding blendings
in line-rich cores. These maps, in some spatial pixels, do not
include the total velocity range of the line emission, since they
clearly exclude possible high-velocity wings and a portion of the
line if it is larger than 10 km/s.

4.2. Detection and mask on the moment-0 maps

To determine if a selected transition is detected in a target and to
compare the emission of the different molecular species with the
continuum emission, we created the masks of the line emission
from the moment-0 maps. Given a moment-0 map of a selected
transition of a specific field, we created a mask of all the pix-
els with S/N>3, excluding noise fluctuation. More details on the
refinement of the moment-0 mask can be found in Appendix A.
We required that at least one of the regions remaining inside the

mask has a number of pixels > Npeam, since this would be the
size of emission of a point-like source. If this condition is met,
we considered the transition as detected in the field.

For methyl-formate (CH;OCHO), the molecule with lowest
S/N and least detected (detected in 139 sources), we visually
inspected the spectra extracted towards the cores for the detected
sources to confirm all the detections, since false detections could
possibly alter the results on such a small sample of detections
(see Section 5). We revealed only 29 false detections that were
introduced into the sample where CH;OCHO was detected and
we excluded these sources for the following analysis, leaving
110 sources with a real detection. This is a very small number of
false detections out of the sample of 903 sources without emis-
sion of CH;0CHO (3%), and it corroborates the robustness of
the automatic method applied. We expect a similar number of
false detections for the other molecular species. However, these
would not influence the detection statistics because they are neg-
ligible compared to the total number of detections for all the
other species. Moreover, those false detections would not enter
the astroHOG analysis because the regions of false emission are
at the edge of the FOV and likely do not intersect with the masks
defined for the continuum (see Sections 4.3 and 4.4).

4.3. Morphological analysis with astroHOG

We performed the comparison of the continuum and integrated-
intensity (moment-0) maps of the molecular transitions listed in
Table 1 using the HOG method presented in Soler et al. (2019).
The HOG method is a machine vision tool based on the use of
the intensity gradient orientation to characterize the similarities
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Fig. 3. Moment-0 maps of all the transitions for the source AG024.4614+0.1981. The color scales are in units Jy beam™' kms~'. In the upper left
panel, we show the continuum emission masks for reference. The red contour shows the mask of all the compact sources inside the source. The
white contour shows the mask of the continuum emission with an S/N higher than 3.

between two images. It is at the core of many algorithms used
in object detection and classifications in image processing (see,
for example, Leonardis et al. 2006). The implementation of the
HOG method introduced by Soler et al. (2019), astroHOG!, uses
tools from circular statistics to quantify the significance of the
accordance of the orientation between the intensity gradients.

The basic analysis in astroHOG for two given 2D intensity
maps Ii‘;% and Iilj. is as follows. The gradient of the two images
VI{;? and VII.'; are calculated using Gaussian derivatives, which
are the results of convolution of the images with the deriva-
tive of a Gaussian with characteristic FWHM Q (Soler et al.
2013). This procedure is equivalent to calculating the derivative
using weighted differences over points within a diameter Q. By
definition, the orientation between the gradients in a certain posi-
tion ij of the maps, which is also the orientation between the
iso-intensity contours, is

(V4 x v1}j)~2]’ 0

oij = arctan[
VI{;% . VIS.

' Code available through GitHub at
https://github.com/solerjuan/astroHOG

A34, page 6 of 26

where Z is the unit vector in the direction perpendicular to the
plane of RA and Dec. If the two maps are identical, all of the
angles ¢;; are equal to 0°. If the intensity in the two maps is
entirely uncorrelated, the distribution of the angles ¢;; should
be uniform. Thus, quantifying the similarity in the intensity
distribution in the two images is related to evaluating if the dis-
tribution of angles peaks around 0°.

astroHOG tests whether the distribution of the relative orien-
tations ¢;; is uniformly distributed or has a preferential alignment
at ¢ =0°, using the projected Rayleigh statistic (PRS; Durand &
Greenwood 1958; Jow et al. 2018)

2.ij Wij cos 2eij)
Ve —— | 2
(Zij w?j/z)l/z @

where w;; are the statistical weights corresponding to ¢;;. There-
fore, it is also independent of the intensity of the gradients, but
is defined only from the relative orientations of gradients in the
two maps. In our application of the method, we use the statistical
weights to account for the fact that different values of ¢;; inside a
beam are not independent. Thus, we chose weight w;; =w = §/A,
where ¢ is the size of the pixels of the image and A is the size of
the beam of the observations. Since, in our case, the weights are


https://github.com/solerjuan/astroHOG
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the same for all the pixels, Eq. (2) becomes

2 \1/2
Vz(—) D cos(2¢). 3)

N
ij

If the angles ¢;; are randomly distributed, as in the case of two
completely unrelated images or an image of noise with a real
image, the sum of cos (2¢;;) will give values close to zero. The
parameter V is thus our estimate of how well the two images
are morphologically correlated. In the case of identical images,
in which all ¢;; = 0°, we obtain the maximum possible value
of V

Vinax = (2 N)I/Z’ 4
where N is the number of angles ¢;;, which is equal to the
number of pixels of the image (or inside the mask selected).
Since we aim to compare a large fraction of the ALMAGAL
sources, which maps not always have the same numbers of pix-
els and whose emission covers different portions of the map, we
introduced a normalized projected Rayleigh statistic,
VN = V/Vinax, (5)
where Vi« is defined for each clump and mask used (see
Section 4.4). Following the definitions, Vy can only take values
between 1 and —1, where negative values are reached when the
gradients are more likely to be oriented perpendicularly rather
than parallel in the two maps. The value of Vy can be interpreted
as the percentage of the two maps that shows parallel gradients
@if Vx >0), thus the percentage of the maps that is morphologi-
cally similar. It has to be noted, that because this method relies
only on the relative orientation of the gradients, it is not sensi-
tive to investigate if two tracers peak in the same position or if
their emission (assumed to be Gaussian and centered in the same
pixel) has the same size (i.e., FWHM), since these quantities are
defined on the intensity of the emission.

We estimated the uncertainties of V and Vy using the Monte
Carlo (MC) method implemented inside the astroHOG package,
which works as follows. Giving as input the standard deviations,
oa and o, of the two images I and I® and the number of
MC iterations, Nyic, the procedure creates Nyc images IIA
1A+ 12 . adding to the original image an image of random noise

noise

with standard deviation o, and Nyc analogous images 1;3. An

estimate of V is then computed for all the NI%/[C possible cou-
ples (12, 13.3), from which it derives the best estimate of V and its
standard deviation.

4.4. Details of the application of astroHOG

In this paper, we investigate how the emission of different species
is correlated with the dust continuum emission. Moreover, it is
interesting to explore if and how this correlation changes at dif-
ferent spatial scales. In particular, we want to investigate the
level of correlation in the clump medium, which is traced by the
extended diffuse continuum emission, and in the denser frag-
ments which are traced by the compact dust emission. For this
reason, we run astroHOG both on the mask of the extended emis-
sion (all pixels with the emission of continuum above 3 S/N,
maskex. ) and on the mask of all the compact structures that we
identified with the CuTEx algorithm (mask..y, ) for each tar-
get. More details on the creation of these masks are given in
Appendix A. The continuum emission, with the masks defined,
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are shown in Fig. 4 for six sources as examples of the variety of
emission morphologies in the sample. In some cases, especially
for fainter sources, part of the extended emission might not be
recovered due to the sensitivity limitation. The size of maskey,.
with respect to maskeom, varies from source to source, with six
extreme cases in which N7k < 2 Nmask ' where N4k and N™4sk
are the number of pixels in the two masks (see bottom row of
Fig. 4). For these six sources we considered only the maskcom,
for the analysis.

To give some reference numbers, the median value of the
area covered by maskeom. is of 0.004 pcz, while the median for
maskey is of 0.04pc?. Both masks possibly include regions
with outflows in the molecular emission. This is more relevant
for maske., but depending on the geometry of the outflows
and how close from the compact source the shock is present,
may also affect maskcom . A full disentanglement of the two
masks from the regions with outflow emission (i.e., masks of
extended/compact emission not co-spatial with outflows, and a
mask only covering the outflow regions) would require a prior
dedicated study on outflows to obtain the region covered by it,
which is beyond the scope of this paper.

We expect that in some cases, the continuum emission of
high-mass star forming regions at 1.38 mm is not only due to
thermal dust emission, but may have a contribution from free-
free emission. Therefore, we checked for available ALMAGAL
counterparts in the CORNISH survey at 5 GHz (Purcell et al.
2008; Hoare et al. 2012). We identified 112 matched clumps,
mostly evolved clumps (i.e., L/M > 10Ly/My), compatible with
the potential presence of HII regions. We do not exclude those
clumps from the main analysis presented in the paper, since we
do expect that the free-free emission will affect the emission
of a small region inside each clump. However, we present in
Appendix E the same results from the HOG analysis excluding
the sources associated with a CORNISH counterparts, to show
that the main conclusions of this work are not affected. We show
in the same appendix that the inclusion of the 97 sources with
moment-0 maps created over the fixed +5 km/s range (which do
not include the totality of the emission of the transition for the
pixel of the line-rich cores and in the pixels with high-velocity
wings) do not affect the results either.

We also expect that in some clumps the line emission in a
portion of the map could be optically thick. However, this still
provides information about how well the line is tracing the con-
tinuum, therefore we do not exclude sources due to optical depth
consideration.

To compare the morphological emission of the line tracers
considered in this work with the continuum emission, we derive
the Vn parameters from astroHOG and the Spearman correlation
coefficient, ps. The latter is a statistical correlation coefficient
that determines if two sets of data, x; and yj;, are well correlated
from their intensity values.

We compute the correlations of the moment-O maps and
the continuum maps only on the intersection mask between the
moment-0 emission masks defined in Sect. 4.2 and the contin-
uum emission masks defined here and Appendix A, for both
the HOG method and the Spearman coefficient correlation. This
choice was made considering that in determining Vy, the area
where only one of the two maps shows emission, while the other
is only noise, should contribute with a value close to 0. Thus, the
VN value would be lowered by the percentage of the area of the
map where only one of the tracers is detected.

To have robust and reliable results, for the intersection with
maskcon,, We took all the compact sources that have at least 60%
of their area covered also by line emission, and checked that the

A34, page 7 of 26



Mininni, C., et al.: A&A, 699, A34 (2025)

AG028.8326-0.2522

-3°45'30" 4
30
40u Al
) 20
]
[a] |
50
10
46'00" 4 L 0
. 0.1pc
18h44m52s 515 508
R.A.
AG023.5687+0.0144
-8°18'50"
25
19'00" 20
15
%)
1)
a 10" 10
5
20" 0
.
18M34m125 118
R.A.
AG239,6089-2.1455
1.0
-24°36'10" -
0.5
9
[a} 20" 0.0
-0.5
30“ Jd
. -1.0

7h34m53s 522 512
R.A.

AGO025.3981-0.1406
-6°45'40" -

15
50ll r L
/ ' 10
b
(m] ; ¢
46'00" i ( L 5
0
10" L
18h38m09s 08s
RA.
AG336.5719-0.1070
-47°52'50" - L | °
4
53'00" - L
8
o 2
10" |
0
20" 4 0.lpc
T — T T
16734™145 135 125
R.A.
AG247.6294-0.5507
-30°43'30" - L 1.0
0.5
40" 4 L
g’i 0.0
50" - L
-0.5
44'00" 4 , 0.1p¢
7h59m22s 215 20°

R.A.

Fig. 4. Examples of continuum emission for six sources in the ALMAGAL sample. Upper row: continuum maps of two example sources with
large diffuse emission outside the cores. Middle row: continuum maps of two example sources for which the diffuse emission is present but more
restricted in area. Lower row: continuum maps of two example sources in which the continuum emission is well described by the mask of all
compact sources only (the mask.y,, is plotted in dashed white for reference). Red contour: maskcomp., White contour: mask.;. (see Section 4.4). The

continuum image color scales are in Jy/beam.

pixels in the masks cover at least three times the area of the beam;
for mask.y, we performed the analysis only if the intersection
with the mask of moment-O covers at least five times the area
of the beam and if the number of pixels of the intersection is
at least two times the number of pixels of the mask derived from
the intersection of mask,op, . Lastly, to obtain an error estimate on
VN, we used the MC method calculating 100 times Vy to derive
its error (see Section 4.3). The noise maps considered in the MC
method are not correlated below the beam size, unlike the noise
of interferometric maps. However, the value of correlation of the
real noise in our dataset is below 3% (see Appendix B), and the
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correlation in the noise is not relevant in the regions with S/N>3
considered inside our masks.

5. Results
5.1. Statistics of the detections in moment-0 maps

In this section, we analyze the statistics of the detection of the
different molecular transitions, starting from the emission of the
moment-0 maps. The number of clumps where a specific tracer
is detected is given in Table 2 together with the corresponding
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Table 2. Number of clumps with a detection from the moment-0 maps.

All L/M: <0.1 0.1-1 1-10 10-100 >100
Tot. sources 1013 55 368 316 244 24
SiO 54 582 (57.5%) 19 (34.6%) 176 (47.8%) 187 (59.2%) 178 (73.0%) 21 (87.5%)
DCN 3-2 423 (41.8%) 4 (7.3%) 58 (15.8%) 145 (45.9%) 191 (78.3%) 22 (91.7%)
H,CO 3p3-202 772 (76.2%) 30 (54.6%) 242 (65.8%) 241 (76.3%) 234 (95.9%) 23 (95.8%)
CH3;OCHO 173 14-163 13 E 110 (10.9%) 0 (0.0%) 0 (0.0 %) 25 (7.9%) 71 (29.1%) 13 (54.2%)
HCCCN 24-23 371 (36.6%) 1 (1.8%) 47 (12.8%) 128 (40.5%) 172 (70.5%) 21 (87.5%)
CH30H 4,3-31, 607 (59.9%) 19 (34.6%) 169 (45.9%) 195 (61.7%) 200 (82.0%) 21 (87.5%)
H,CO 3;1-229 569 (56.2%) 17 (30.9%) 140 (38.0%) 185 (58.5%) 202 (82.8%) 22 (91.7%)
SO 65-54 650 (64.2%) 13 (23.6%) 164 (44.6%) 225 (71.2%) 222 (91.0%) 23 (95.8%)
CH;CN 12-11 K=0,1 353 (34.9%) 4 (7.3%) 43 (11.7%) 122 (38.6%) 162 (66.4%) 21 (87.5%)

Notes. For six sources L/M is not available, due to a lack of source counterparts in Herschel bands that make it not possible to derive physical
parameters as for the majority of the sample that was selected from the Hi-GAL survey (see Section 3.1.1 of Molinari et al. 2025); thus they
are only included in the “all” column. These six sources are: AG012.7862-0.1784, AG014.9963-0.6733, AG030.8695-0.1031, AG305.2021+0.2073,
AG322.1735+0.6443, AG331.5166-0.0937. The ranges in L/M are in units Lo/Mg.
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Fig. 5. Percentage of detection per clump of the molecular transitions for the whole sample and divided in ranges of L/M. The molecular transitions

are sorted by the detection rate over the whole sample.

percentage of the total sample, which is also shown in Fig. 5.
Moreover, Table 2 and Fig. 5 show the percentage of detections
when dividing the sample into five ranges of luminosity-to-
mass ratio (L/M), a distance independent evolutionary indicator
(Molinari et al. 2008, 2016, 2019; Giannetti et al. 2017; Elia et al.
2017, 2021; Konig et al. 2017). Sources with L/M < 1 Lg/Mg, are
considered starless candidates. Considering the large number of
sources in the ALMAGAL sample, we divided them into five
ranges, to explore also very young sources (L/M < 0.1 Ly/Mp)
and the most evolved (L/M > 100 Ly/M) ones.

Part of the differences in the detection statistics, and of the
increase of the detection rate with L/M, originates from the
chemical pathways that lead to the formation of these molecular
species, which we reviewed in Section 2.2.

Together with the chemistry taking place, to interpret the dif-
ference in the detection rate for different molecular transitions,
we have to consider that the critical density, n., and upper state

energy, Ey/kp (Where kp it the Boltzmann’s constant), of the
selected transitions play a role in their detectability. These two
parameters are listed in Table 1, except for the critical density of
CH3;OCHO since there are no collisional cross sections available
for the E-conformer. The molecule with the highest detection
rate clearly is H,CO with 76% in the H,CO 3(3—2¢ transition
and 56% in the 3,,-2,0, which is the molecular species that
form both in gas-phase and on grains and that can be released
from the grains at the lowest temperature, and also in shock
regions thanks to sputtering of the grains. The highest detected
transition has the lowest upper energy of all the transitions ana-
lyzed in the sample (20 K), while H,CO 3, -2, has an upper
energy of 68 K. After H,CO, the most detected transitions are
those of SO, CH30H, and SiO with a detection rate of ~60%.
The formation of those molecular species happens on grains, or
through rapid gas-phase reactions after the release of some pre-
cursor atoms/species, and are then released thanks to sputtering
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Fig. 6. Percentage of detection on the whole sample of the molecular
transitions, shown as the diameter of the circles, in a scatter plot of the
upper state energy transition and of the critical density at 20 K of the
transition.

or thermal desorption. The specific transitions analyzed in this
paper, also have similar upper energy transitions between 30 K
and 45 K. DCN 3-2 has a detection rate of 42% over the entire
sample, despite having one of the lowest Ey/«g. However, the
abundance of this molecular specie is enhanced in warm/hot gas
through gas-phase reactions, it is a deuterated species, and the
specific transition has the highest critical density among the tran-
sitions analyzed. The three least detected molecular transitions
are those of HCCCN, CH3CN, and CH3;OCHO, respectively. The
abundances of these molecular species are mainly enhanced in
hot gas thanks to their release from grains at temperature above
90 K, therefore they are mostly detected only on the more evolved
sources in the sample. CH;OCHO is the most complex molec-
ular species in the sample, which is also the least detected. The
detection rates of the different transitions as a function of Ey/kp
and n., calculated for a gas temperature of 20 K, are given in
Fig. 6. From the image, the percentages of detection within the
total sample show a clear decreasing trend with Ey/«p for val-
ues up to 70K, together with a decreasing trend with n;, as
highlighted by DCN 3-2.

The percentage of detections as a function of L/M varies
noticeably for each molecular species. The detection rate
increases for all species from the lower value of L/M to the
highest ones, where all of the molecular transitions except of
CH3;OCHO show at least a detection rate of ~87%.

From the lower panel of Fig. 7, we note that H,CO (both
transitions), CH3OH, SiO, and SO have already detection rates
above ~25% in the less evolved sources (L/M < 0.1 Ly/My),
with H,CO 3 3—2, reaching already more than 50%. This high
detection is expected for H,CO that can desorb at ~40 K from
grains and have gas-phase creation pathways, and CH;OH which
has already been found in cold environment, despite a high des-
orption temperature. The 24% and 34% detection rate of SO
and SiO can could be related to the higher efficiency of out-
flow observations to reveal the star-formation process from its
very beginning compared to the infrared emission (e.g., Motte
et al. 2007; Li et al. 2020; Towner et al. 2024) or to the presence
of a narrow Gaussian component of SiO and SO in star-forming
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Fig. 7. Increase in the detection statistic of the molecular transitions,
divided into bins of temperature of the clump (upper panel) and evolu-
tionary stage of the clump L/M (lower panel).

regions (e.g., Motte et al. 2007; Sanhueza et al. 2013; Duarte-
Cabral et al. 2014; Csengeri et al. 2016), whose origin is caused
by low-velocity shocks from cloud-cloud collisions, but not fully
understood yet. The presence of outflow in very early stages
could have also contributed to part of the high detection rate
detected in H,CO and CH3OH. However, disentangling the two
components as well as the identification of outflows is beyond the
scope of this paper and will be explored in forthcoming papers
of the ALMAGAL collaboration.

On the other hand DCN, HCCCN, CH;CN, and CH3;0CHO
have a statistics of detection lower than 8% for L/M below
0.1 Ly /Mg, since their chemical pathways require high temper-
ature for their formation/release in gas-phase. The increase of
the detection rate of these molecular species is thus more sensi-
ble (the trend is steeper) to the evolutionary stage and also the
mean temperature of the clump (see upper panel of Fig. 7), as
derived by Elia et al. (2017, 2021) from the SED fitting of the
160—-850 wm continuum emission.

5.2. Area of the line emission versus the area of the
continuum emission

In this section, we discuss the area of emission of the selected
molecular lines with respect to the area of the emission of the
continuum at the two levels (extended continuum and emis-
sion of the compact sources) defined by the mask presented in
Sect. 4.4. In Fig. 8, we display for each molecular transition the
histogram of the percentage of the area of maske;. covered also
by the emission in the moment-0 map (in blue), the percentage
of the mask of the emission of the moment-0 map covered by
the maskex, and the percentage of dense cores detected in the
molecular line (i.e., cores with at least 60% of the area covered
by the moment-0 mask of the selected transition, in yellow).
Only H,CO, CH3;OH, and SO, already all known to be trac-
ing also outflows, have at least 25% of sources with detection
for which the molecular line emission covers more than 25%
of the extended continuum mask. In particular the percentage is
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Fig. 8. For each molecular transition, three histograms are presented. The blue histogram shows the percentage of maske,, covered by the moment-0
mask of the selected transition. The purple histogram shows the percentage of the moment-0 mask of the selected transition covered by the maskey, .
The yellow histogram shows the percentage of compact sources in which the transition is detected, that is compact sources with at least 60% of the

area covered by the moment-0 mask of the selected transition.

of 66%, 40%, 38%, and 27% for H,CO 3 3—2¢ 2, SO, CH30H,
and H,CO 3, -2, , respectively. On the other hand, HCCCN,
CH3;CN, and CH30CHO only have 11%, 7%, and 1% respec-
tively of sources that cover more than 25% of the extended
continuum mask. DCN and SiO have an intermediate number
of sources around ~20% for which their emission cover at least
25% of the extended continuum mask. The fact that DCN can,
in some sources, trace not only the dense emission, but also be
present in diffuse gas, and also be easily detected at an advanced
stage of the star-formation process and trace outflows has also
been shown by Sakai et al. (2022), Cunningham et al. (2023),
and Gieser et al. (2021), likely due to warm gas phase reactions
occurring (Roueff et al. 2007).

Also, in the case of SiO emission, only 20% of the sources
cover more than 25% of the area of mask.y . Thus, SiO shows a
different overall emitting region than SO, even though both are
outflow tracers. The reasons for the low percentage of SiO cover-
age of the extended continuum emission mask do not imply that
SiO does not have extended emission, but that in most cases, this
is mainly not in the region that overlaps the continuum emission.

The purple histogram of SiO shows the largest percentage of
sources for which less than 50% of the moment-0 map is cov-
ered by the mask of the extended continuum emission compared
to all the other molecular species, including the other outflow
tracers SO, H,CO, and CH;OH.

5.3. AstroHOG results

The results of the morphological comparison between the con-
tinuum emission and the emission of the molecular lines selected
in this paper with astroHOG are shown in Fig. 9 and are tabu-
lated in Tables D.1 and D.2, for the first 40 sources for the lines
of H,CO on the maskey;. and maskcom , respectively. The full ver-
sions of Tables D.1 and D.2 and the analogous Tables for all the
other molecular lines are available through Zenodo. The top row
of Fig. 9 shows the results from the comparison with the dif-
fuse emission (maskey; ), while the bottom row shows the same
results with the dense emission (maskcom ). Moreover, in Fig. 10
we plot only the median values of the histograms presented
in Fig. 9. Values of Vy above 0.02 deviate from the statistical
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Fig. 9. Morphological correlation between the continuum emission and the line emission (moment-0) for the indicated transition, as quantified by
Vn parameter from the astroHOG method. Values of Vy~ 0 and Vy =~ 1 correspond to no correlation and perfect correlation in the distribution of
the two emissions, respectively. The upper panels correspond to the correlation on the intersection of the moment-0 line emission mask and the
maskey.. The lower panels correspond to a mask selecting only the compact sources where the line is detected, starting from mask,qy, . The dotted
and dashed histograms represent how the distribution would change if all the values were replaced by Vn— error (the error on the value of Vy is

derived using an MC method, see Sect. 4.3) and Vx+ error, respectively.

correlation that can be found running astroHOG on noise maps
(see Appendix C), and are considered significant. The same plot
excluding sources with CORNISH counterparts, that is, exclud-
ing possible free-free contamination in the continuum emission,
or with only the sources for which moment-0 maps have been
created selecting a fixed range of +/—Skm/s range are presented
in Fig. E.1, and shows no significant variation from the main
results of Fig. 10.

As shown in the previous section, only H,CO (both tran-
sitions), CH3;OH, and SO cover in more than the 25% of the
sources at least 25% of the area of maskey . The two transitions
of H,CO and CH3OH have similar median values, 0.27-0.29
(27-29%), while the median morphological correlation of SO
with the continuum at the diffuse scale is 0.24 (24%). These
percentages highlight that on average these transitions do not
trace well the continuum emission arising from the diffuse ther-
mal dust emission. In fact, these numbers can be interpreted as
saying that only 24 to 29% of the area compared is morpho-
logically well correlated on average. We report the results also
for the rest of the molecular transitions, but the results of the
previous section should be kept in mind, that is, that SiO and
DCN have only 20% of the sources covering more than 25% of
the area of maskey., while for the rest of the molecular species
the percentage is below 10%. Therefore the results of the astro-
HOG on maskey, are in general for this transitions limited to
a smaller area. SiO shows the lowest value of correlation, with
a median value of 0.15 (15%). This value is the lowest in the
entire sample of transitions analyzed. On the other hand, the
results for HCCCN, DCN, and CH3CN are ~0.5(50%), while
for CH3;0CHO (for which we have only 17 sources, while in the
other case we always have more than ~150 following the selec-
tion criteria on the masks detailed in Section 4.4) we found a
value of 0.84 (84%). These considerations should be taken sta-
tistically over the source sample, since for all species we find
some specific sources in which Vy is very close either to 0 or to
1 (100%).

For the comparison on compact continuum emission, the
molecular transition with the lowest value of morphological
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Fig. 10. Median value of Vy histograms for the maske,, (light blue
points) and for the mask,,, (purple stars) for the different molecular
transitions. The horizontal dashed line represent the values of Vy for
which ~50% of the area has a good agreement in the two maps (contin-
uum and moment-0).

correlation is again SiO, with a median correlation of 0.35
(35%). The other molecular species can be divided in two
groups. The first group consists of H,CO (both transitions),
CH3;OH, and SO. For this group, we found mediancorrelation
values of around 40%, with an increase between the values found
for the same molecular transitions at the diffuse scale. However,
these molecules, even at the scales and densities of the cores, do
not present the same morphology of the continuum emission.
The second group of molecules, which includes HCCCN,
CH;CN, DCN, and CH30OCHO, show a very high correlation
with the morphology of the continuum at the dense cores scales.
For these molecules, the value of the normalized projected
Rayleigh statistic is in the range 62-65%, with the exception of
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CH3;OCHO, which has a median value of 87%. CH;0OCHO and
CH3CN (respectively an O-bearing and an N-bearing molecule)
are the two tracers with the best agreement in morphology with
the compact continuum. Most of the transitions considered for
these molecules have values of Ey/«p at the higher end of the
range covered by all the transitions analyzed in this paper, with
the exception of the transition of DCN (from Table 1 the DCN
3-2 line has Ey/«p ~ 21 K), which still shows a high degree
of morphological correlation. Moreover, in the first group of
molecules we also find the transition of H,CO 3, -2, which
has a value of Ey/kp similar to those of CH3CN, but still
has a low correlation with the continuum morphology (below
50%). We therefore conclude that the difference between the
two groups of molecular transitions is related to the molecu-
lar species. However, some bias due to the selected transition
is present especially on the compact mask.

We analyzed two lines of H,CO with two different Ey/kp
(21 K and 68 K, respectively). The results show a mild improve-
ment in the morphological correlation with the continuum using
the transition with higher Ey/kp at the extended scale, but at
this scale it is quite consistent with the other transition, while
a larger increase (from 31% to 45%) is seen at the scale of
the compact sources. A dependence on the selected transition
is present. Therefore, the results of this paper can be considered
valid also for other transitions of the same molecular specie, in a
reasonable range of Ey/kp around the transitions presented here.

The difference between the two groups of molecules can be
traced back to their mechanism of formation (see Section 5.1),
together with the conditions of excitation of the selected transi-
tion. SiO, whose formation pathway is strictly linked to sputter-
ing of dust grains in shock/outflows regions, register the lowest
morphological correlation with the continuum emission. All the
other three molecular species that show a low level of mor-
phological correlation are species that have been shown to be
associated to shocks. At the scale of compact emission these
molecular species have a higher degree of correlation, but still
below 50%. In this case, the main emission could likely come not
only from the cores but also from an outer envelope surround-
ing them, since the conditions of the release of these molecular
species and/or the low/intermediate excitation temperature allow
their emission. Still, a contribution to outflows close to protostel-
lar objects can be present also at core scales. The comparison of
SO and SiO on both masks shows a difference between the two
molecules, as already highlighted by the results of Section 5.2.
In fact, SO has in general values closer to those of H,CO and
CH3OH. This is likely due to the importance of the formation
route of SO after the thermal desorption of H,S from dust grains
due to thermal desorption. On the other hand, DCN, HCCCN,
CH;CN and CH30CHO have pathways of formation that require
high temperature for their formation/release in gas phase. The
higher values of the upper energy of the transitions (with the
exception of DCN) also contribute to the fact that they probe
the warm/hot gas linked to the evolved cores, without contri-
bution from their colder outer envelope, thus showing a good
morphological correlation with the continuum over the maskcq. .
These molecular species shows less extended emission, as seen
in Sect. 5.2, but the area of extended continuum emission, which
in some cases is covered by their emission, show an intermediate
level of correlation ~50%.

We also explored the possible dependence of the results
of the morphological correlation of the selected transi-
tions with the dust continuum emission with the evolu-
tionary stage of the clumps, dividing the sample in three
range of L/M: L/IM< 1 Ls/Mg, 1 Lo/My <L/M < 10 Lg/Mg, and
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Fig. 11. Upper panel: median value of Vy histograms for the maskey,.
dividing the sample into three evolutionary stages; lower panel: median
value of Vy histograms for the mask.., dividing the sample into three
evolutionary stages. The horizontal dashed line represent the values of
Vn for which ~50% of the area has a good agreement in the two maps
(continuum and moment-0).

L/M >10Ly/Mg. The results are shown in Fig. 11. In general, the
distributions of the morphological correlation of almost all the
molecular lines with the continuum for the three evolutionary
stages, are consistent within the errors. The only clear differ-
ences are for HCCCN and CH;CN for L/M<1 in the maskey .
However, the statistics for these two points are based on ten or
less sources. The fact that we found no correlation with the evo-
lutionary stage of the clump, indicated by the L/M value, could
not exclude a possible dependence with the evolutionary stage
of the single fragments forming inside the clump itself. In fact,
a clump can contain fragments in different evolutionary stages
(especially for sources with high values of L/M). No in-depth
analysis of the evolutionary stages of the cores, that considers
the temperature of the cores or the outflows originating from
them is available so far. Therefore, the maskcoy, that include
all the cores, can mix together cores in different evolutionary
stages, including both starless and protostellar cores. This is true
also for maskey, which can contain emission from the starless
cores and their surroundings together with the emission from
more evolved and dynamical regions. For this reasons, a pos-
sible dependence with the evolutionary stage of the individual
cores might be undetectable, due to mixing of the two in the
same masks. For some of the molecular species, such as CH;CN
and CH3OCHO there could also be no difference due to a selec-
tion effect, that is, the cores with emission of these molecular
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Fig. 12. Comparison between the Spearman correlation coefficient and the Vy parameter from the HOG method in the comparison between the
continuum and the indicated species using mask.,, . The two boxes delimited by red dotted-dashed lines are the regions in the plot where the two

estimators give the more contrasting results.

species in all the range of L/M are in the same phase, i.e. already
protostellar objects with high temperature at their center, there-
fore the different L/M bins, which probe different evolutionary
stages at clump level, in these cases might still be probing cores
at the same stage of evolution.

5.4. Comparison with the Spearman correlation coefficient

In this section we compare the results obtained with the HOG
method with one of the most widely used tool in the liter-
ature for computing the correlation between two tracers: the
Spearman correlation coefficient, ps. The definition of this coef-
ficient starts from those of the Pearson correlation coefficient,
pp, which determines whether two data sets, x; and y;, are
well correlated through a linear relation. The parameter p, is
defined as

_ i Di— )
Vi = D2V - 92

where in our case, datasets x; and y; are the pixel-to-pixel intensi-
ties of the selected moment-0 map and of the continuum map of
the source, and % and 7 are their mean values. Therefore, this sta-
tistical correlation coefficient is intensity based, unlike the HOG
method, which is gradient based, and imply an underlying linear
correlation between the two datasets.

In the case of the Spearman coefficient, no underlying linear
relation is assumed, and it is defined as the Pearson correlation
coefficient between the rank variables, that is, the variables that
report the rank in order or brightness for each pixel of the two
maps.

We present here the Spearman coefficient results only, which
is the most suitable to use, but we tested also the Pearson corre-
lation coefficient, and the values are given in Tables D.1 and D.2
and on Zenodo?. In general, the Pearson correlation coefficient

(6)

Pp

2 https://doi.org/10.5281/zenodo.15236491
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gives fairly similar results to those of the Spearman correlation
coefficient in comparison with astroHOG.

We compute ps using the same masks used for the HOG
method, and Figure 12 shows the comparison of the results of
this method with the HOG method on the maske, for all the
species and in Figure 13 for all the species on the mask, o, . The
results of the statistical correlation coefficient do not differ much
from the results of the HOG method, and in general, there is an
underlying positive correlation among the results of them with
the HOG method, but a high degree of scatter is found. For high
values of ps ~ 0.7, there is a large spread in Vy with some values
below 0.5. For some points the two methods even give clearly
contrasting results (see the two areas in the upper-left and lower-
right corner of each plot in Figs. 12 and 13: Vy >0.5 and p; < 0.3
and VN <0.2 and pg > 0.6 ). The majority of the sources with
highly contrasting results between the two methods fall in the
upper-left corner of the plots, that is, in the region where from the
Spearman correlation coefficient there is a moderate/high cor-
relation, but a very low correlation based on the HOG results,
which means that even if there is a good level of correlation in
the intensity of the continuum and the molecular species, the
two emissions do not have a similar morphology. An example is
given in Fig. 14, where we show both the continuum map and the
moment-0 map of HyCO 332, for AG019.8843-0.5337 with
the direction of the gradients, together with the scatter plot of
the intensity from which the Spearman correlation coefficient is
calculated. The gradients do not in general match well as indi-
cated by the value of Vy, and also the majority of the points in
the scatter plot do not show a linear trend. The trend that results
in pg ~ 0.67 is driven by a small number of points that corre-
spond to the brightest source in the continuum, which is also the
brightest in the moment-0 map. The ps is therefore mostly biased
by a small number of good matching points due to the dynamic
range of the values of intensity. This effect is relevant also for
the Pearson correlation coefficient, having a value of 0.69 in this
case.
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Fig. 14. Example of a source for which the HOG method indicates a low morphological correlation and the Spearman correlation indicates a high
correlation. The source is AG019.8843-0.5337 and in the comparison of the continuum and of the moment-0 of H,CO 3(3-2, in the maskex.
Vn=0.20, while p, = 0.67. The two panels in the upper row show the continuum and the moment-0 map of H,CO 3 3-2, with superimposed the
directions of the gradients in the two maps (red: moment-0, white: continuum, respectively). The panel in the lower row shows the scatter plot of the
pixel-to-pixel rank variables in the two maps inside the same mask (in black in the images of the two maps) where both the Spearman correlation

and the Projected Rayleigh Statistic, Vy, have been computed.

Figure 15 shows an example of one of the clearest oppo-
site (less common) cases, where Vy has high values, while p
is very low. In clump AG332.7016-0.5870, the morphology of
H,CO 3,,,-2, and the continuum on the cores for which H,CO
32.1—22 is detected match well (in the gradients, Vx = 0.64), but
the brightest source in the continuum does not correspond to the
brightest source in H,CO 3, -2, ¢ emission. Therefore, the value

of the intensity-based correlator p; is ~0.07 in this case. This
example shows that the two types of statistical correlators give
different results, and are suited to answer different questions. If
the main goal is to compare the morphology of two tracers, the
HOG method is to be preferred to intensity-based correlator. On
the other hand, if the goal of a study is to determine if two trac-
ers peak at the same positions the latter is the most suitable.
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Fig. 15. Example of a source for which the HOG method indicates a high morphological correlation and the Spearman correlation coefficient
indicates a low correlation. The source is AG332.7016-0.5870 and in the comparison of the continuum and of the moment-0 of H,CO 3,;,-2,¢
in the maskom. Vn=0.64, while p; = 0.07. The two panels in the upper row show the continuum and the moment-O map of H,CO 3, -2, with
superimposed the directions of the gradients in the two maps (red: moment-0, white: continuum, respectively). The panel in the lower row shows
the scatter plot of the pixel-to-pixel rank variables in the two maps inside the same mask (in black in the images of the two maps) where both the
Spearman correlation and the Projected Rayleigh Statistic, V, have been computed.

Moreover, the values of intensity-based correlator should be
carefully checked in case of maps with large dynamical range.

6. Conclusions

We analyzed the integrated emission of lines from eight of
the most commonly detected molecular species (i.e., H,CO,
CH;0H, DCN, HCCCN, CH3CN, CH30CHO, SO, and SiO)
in the largest survey of high-mass star-forming clumps ever
observed at high angular resolution, the ALMAGAL survey. To
evaluate how well these species trace the cold dust, we used an
innovative method, the histogram of oriented gradients (HOG,
with the package astroHOG), which quantifies the level of sim-
ilarity in the morphology of two images. The method only uses
the angle between the gradients in the two images to derive
the level of correlation, and it is completely independent of the
intensity values of the two images as well as the intensity of
the gradients. We compared the morphology of the moment-
0 maps of these tracers with the dust continuum emission at
1.38 mm using the HOG method on two spatial scales of the
extended emission and of the compact sources alone. We also
compared the results of this method with those obtained using
the Spearman correlation coefficient, which is an intensity-based
correlator. We summarize the main results below:

— The detection rate of all the molecular species increases with
the L/M ratio of the sources to reach a detection percentage
close to or above 87% for sources with L/M > 100L,/Mg.
The exception is CH;OCHO, which is only detected toward
110 sources in our entire sample;

— Only the emission of H,CO, CH30H, and SO covers
the extended continuum (maskey ) in a large fraction of
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sources. The smallest fraction is observed for SiO, where
the extended emission, if present, is mostly not cospatial
with the continuum emission. This is expected since SiO
is mainly emitted in the outflow lobes, where continuum
from cold dust is not observable. This highlights a differ-
ence between SO and SiO, based on which the former is to
be considered not only as a shock tracer. Moreover, in some
sources (the exact number might be limited by the sensitiv-
ity of the data), DCN is not only detected toward the compact
cores, but also shows extended emission;

Even though H,CO, CH30H, and SO cover the extended
continuum emission, the morphological comparison using
the HOG method (astroHOG) showed a low level of corre-
lation. Only 24-29% of the area in which both emissions are
detected agree well morphologically.

The analysis on the compact fragments shows that DCN,
HCCCN, CH3CN, and CH30CHO are strongly correlated
morphologically with the compact continuum emission. The
values exceed 60%. On the other hand, SiO has the lowest
correlation with the compact continuum emission, followed
by H,CO, CH30H, and SO, which still has low to interme-
diate values of correlation (below 45%);

The results of astroHOG divided into three bins of the evo-
lutionary indicator L/M show no clear differences in the
morphological correlation with the evolution of the clump.
This result might be biased because inside each clump,
cores in prestellar and protostellar phase might be mixed
together. This effect is not observed for some of the molec-
ular species, whose emission only arise from more evolved
cores/regions inside the clump, that is, for HCCCN, CH3;CN,
and CH3;OCHO. The similarity of the HOG results in all
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the evolutionary stages of the clump in these three species

might be due to a selection effect that includes only the more

evolved cores inside the analysis in all the bins of L/M;

— The trend between the HOG result (Vy) that correlates the
general emission morphology and the Spearman coefficients
(ps) that only measure the correlation of the intensity is pos-
itive. The scatter is large, however, and for some sources the
results of the two methods clearly differ. Due to their intrin-
sic nature, the two types of methods are best suited to answer
different questions, with the HOG method better performing
in comparison of morphologies.

Based on these results, we roughly divided the molecular tran-
sition into two classes. The first class is composed of H,CO,
CH;0H, SO, and SiO transitions. They do not trace the same
morphology as the continuum both on the extended and com-
pact emission scales. Moreover, the SiO emission differs from
that of the other outflow tracers. This was confirmed by the per-
centage of the overlap of SiO emission and continuum emission,
compared with the same values for the other tracers, and by the
results of astroHOG. We will present a direct comparison using
astroHOG of the moment-0 maps of different molecular species,
to investigate this aspect as well in a forthcoming paper.

The second group of molecular transitions contains lines of
DCN, HCCCN, CH;CN, and CH30CHO, which do not trace the
most diffuse part of the continuum emission in most sources, but
are morphologically well correlated with the compact dust con-
tinuum emission. The exception in the latter category is DCN,
whose emission traces part of the diffuse emission toward ~20%
of the sources compared to less than 10% in the other molecular
lines in this group.

These results are to be considered valid in a reasonable range
of Ey/kp values around those of the transitions presented here,
since we have seen a dependence with the excitation tempera-
ture of the transitions for the two lines of H,CO, especially in
compact sources.

The total detected emission that is cospatial with the dens-
est fragments for the species with a low level of correlation
in the fragment mask indicated that these molecular transitions
strobgly contribute emission from the intraclump medium or
from outer layers around the fragments (in some cases, this
might also be due to optical depth effects). In contrast, the total
emission toward the densest fragments of species with strong
morphological correlation is dominated by the emission from the
fragments themselves.

Data availability

The Tables of results are available for the entire sample on
Zenodo: https://doi.org/10.5281/zenodo. 15236491
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Appendix A: Masks creation

mask_comp

all cores
300 A
200 A
100
0 T T T
0 100 200 300
mask_ext stepl mask_ext step2 mask_ext step3 mask_ext final
cont>30 removing small patch dilation of 1 beam adding mask_comp
300 A 300 300 A 300 -
200 - . 200 - 200 A 200 -
100 A 100 | 100 100
0 T T T G T T T 0 T T T 0 T T T
0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300
mask_mom stepl mask_mom final mask_ext int. mom0 mask_comp int. mom0
mom0>3c removing small patch cores covered by mom0>60%
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0 : . : 0 T . r 0 T . r 0 T T T
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Fig. A.1. Figure illustrating the steps defining the masks used in this paper for source AG024.4616+0.1981 for the continuum and for the moment-0
of H,CO 3 3—2,. Upper row: continuum masKcomp.; middle row: steps for the creation of continuum mask.y, ; bottom row first two panel from left:
steps for the creation of the mask on moment-0; bottom row last two panel on the right: intersection masks used for the analysis.

A.1. Continuum masks

In this paper, we created two different masks on the continuum maps.

The first mask we defined contains all the compact sources detected in the field of view by CuTEx, and we call it maskcomp.-
CuTEx (Molinari et al. 2011) individuates compact sources inside continuum maps building a curvature image by double-
differentiation of the initial map in four different directions. This method allows an easier identification (by applying a threshold
on the curvatures maps) of compact sources, which stand out in the curvature images, while diffuse and background emission is
strongly dampened. Identified peaks in curvature maps are then fitted (on the original map) with 2D elliptical Gaussians plus a
background that can be a constant background (zero order) or an inclined plane (first order) background?, in order to obtain the
position and dimensions of the sources (major axis o4, minor axis o g, and position angle) and the integrated flux background
subtracted. As last step, we required that the background-subtracted peak flux from photometry is higher than five times the map
rms to confirm the compact source. CuTEx has been run on the continuum 7M+TM2 maps using the same method as Coletta et al.
(2025) for the 7M+TM2+TM1 maps (the catalog for 7M+TM2 will be presented in Coletta et al. in prep.). For the maskcm. we
create ellipses for each core that took as semi-axis 2074 and 20 from the 2D Gaussian fits, to recover the 86% of the integral of the

3 The best order for the backgound is automatically assessed by CuTEx.
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source*. An example of mask o, for the source AG024.4616+0.1981 is visible in red in the upper row of Fig. A.1

The second mask, which includes the most diffuse and extended continuum emission, is defined as the continuum emission with
a S/N higher than 3, (maske ). In the ALMA continuum map, the noise level is not uniform but increases from the center of the
map toward the edge, following the shape of the primary beam. Therefore, we build a map of noise by estimating the noise level of
the continuum image not corrected for the primary beam, where the noise is uniform all over the map, with a sigma clipping method
and then we divided for the map of the primary beam. In the first step of the mask creation we select all of the pixels above an S/N
of 3. In these first step a lot of noise peaks just above an S/N 3 are included in the mask. Therefore, as second step we excluded
from the first raw mask all the isolated regions with a number of pixels < 0.8 X Npeam, Where Npean is the number of pixels inside
the area of a beam. As third step we dilated the mask by one beam (Dame 2011), to encompass possible emission just below the 3
S/N threshold, and as final step we include all of the pixel of maskcom, in maskey. , if case not all of them where already selected.
The steps for the creation of maskey,. are illustrated in orange in the second row of image A.1 for source AG024.4616+0.1981. The
last step for this source is not needed, since all of the pixel of mask,,, were already in maskey at step 3.

A.2. Moment-0 masks

For the moment-0 maps we derived a maps of the noise, using the same method as described above for the continuum maskey . In
the first step of the mask creation we select all of the pixels above an S/N of 3. Therefore, in the second and final step we excluded
the regions that do not have any pixel with an S/N above 5 or that have a to- tal number of pixels < 0.8XNpeam. The first requirement
is connected to the fact that integrated line intensity below a 5 S/N would result in spectral lines not identified above a 3 S/N in the
spectrum, while the second is to avoid spurious noise fluctuation peaks in the mask. As the last step, we required that at least one of
the regions remaining inside the mask has a number of pixels > Npeam, since this would be the size of emission of a point-like source.
If this last condition is met, we considered the transition as detected in the field. The two steps for the creation of the moment-0 mask
for the transition of HyCO 3¢ 3-2¢» for source AG024.4616+0.1981 are visible in the first two columns of the bottom row of Fig. A.1
in white.

A.3. Intersection masks

We calculated the astroHOG Vy coefficient and the Spearman coefficient on the intersection between the moment-0 mask and
masKex.. An example is visible in the third column of the bottom row of Figure A.1. For the compact emission, we run the analysis
on the mask of the compact cores with detection of the selected transition, that we defined as the cores that are covered by more than
60% by the mask of the moment-0 of the selected transitions. An example is visible in the last column of the bottom row of Figure
A.l. In this case all the cores defined in the continuum met our condition.

Appendix B: Definition of the range of integration for moment-0 maps

In order to create the moment-0 maps for all the sources and all the selected transitions (1013 sources X 9 transitions), we created an
automated routine that derives the best velocity range for integrating the cubes. The aim of the routine is to individuates the velocity
range that encompass all the line (including high-velocity wings) in all the pixel of the source, to then integrate all the pixel over the
same velocity range.

As first step, we resampled spatially the cube on the two positions axis by a factor 6, the average number of pixels in a beam
size. For each source, we created an average spectrum from all the pixels with emission above 40 (o is the standard deviation of the
cube along the frequency axis) in the resampled cube in an interval of 7 km/s around the systemic velocity of the clump, to avoid
selecting a different line close in frequency, and we fit it with a Gaussian profile. We repeated the Gaussian fit for the spectrum of the
pixel with the highest line intensity peak, since in some cases the line on the brightest pixel shows higher FWHM than the median
spectrum defined before. We took the largest full width at half maximum (FWHM™?#*) of the two fits and the central velocity, vg,
of the first fit to define as integration limits vg, — 2FWHM™, and v, + 2FWHM™*. Moreover, considering the possible presence
of non-Gaussian wings in strong lines, for pixels with emission above 5o we calculated the initial and final endpoints of the wings
(i.e., where the emission of the wings goes to zero) as the two values v; and vy where the signal-to-noise ratio (S/N), starting from
the center of the line, goes below 0.5. This ensures that the full wing is included inside the integration, since in many cases wings
are very noisy and the signal has channels below 1 S/N before the end of the wing. Finally, to compute the moment-0 maps, we
adopt the starting point as the minimum value between v; and vg, — 2FWHM™, and the endpoint as the maximum value between
v and vg + 2FWHM™, The CH3CN 12¢ — 11y and 12; — 11 lines are heavily blended in several sources. Therefore, for these
two transitions, we created a single moment-0 map that includes the emission of both transitions, and then we fitted two Gaussian
assuming they have the same FWHM.

In Figure B.1 we show the different spectra used for defining the extreme of integration for the line of H,CO 3¢ 3-2p, (upper
row) and CH3CN 12 — 11p; (bottom row) for source AG024.4616+0.1981. The first panel (from left) in the upper row shows the
median spectrum of all the pixels above 40 and its best fit. The value of the FWHM of this fit define the first guess for the extreme
of integration (dashed vertical magenta line) shown in all the panels. The second panel shows the spectrum of the pixel with the
highest peak intensity with its best fit. The value of the FWHM of this fit define the second guess for the extreme of integration
(dashed vertical green line) shown in all the panels. The third panel show the spectrum of the pixel with more extended blue-shifted

4 For 2D-Gaussian distribution centered around (0,0) the integral between +o0 and —o- correspond to the 39% of the total area, while between +20
and —20 to the 86%.
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Fig. B.1. Steps of the determination of the range of integration for the moment-O maps for the example source AG024.4616+0.1981 for H,CO
3(0,3)-2(0,2) (top row) and CH3CN 12y, — 11, (bottom row). Top row from left: 1) mean spectrum over all the pixel with peak emission above
4 S/N, with its best fit and derived range of integration in magenta; 2) pixel with highest peak spectrum, with its best fit and derived range of
integration in green; 3) spectrum of the pixel with the blue-wing terminating at the lowest velocity, marked by the blue vertical line; 4) spectrum
of the pixel with the red-wing terminating at the highest velocity, marked by the red vertical line. Bottom row: same as top row, but for CH;CN
1291 — 11¢,; for which a 2-Gaussian fit is performed to include both K=0 and K=1 line. No spectra are shown in the last two panel since no pixel
was found with wings above the integration range defined by the first two panels.

wings, with the blue vertical line indicating the channel where the emission of the blue-wing goes below 0.5 S/N. The last panel
show the spectrum of the pixel with more extended red-shifted wings, with the blue vertical line indicating the channel where the
emission of the red-wing goes below 0.5 S/N. As defined before, we then selected the largest extreme of integration to create the
moment-0 maps, in this case the value defined by the blue and red solid vertical lines.

The bottom row of Fig. B.1 shows the same spectra as the upper row, but for the case of CH3;CN, where only one moment — 0
map have been created integrating together the transitions 12p; — 11¢, since they are in most cases blended. For this reason the
first two panels (from left) show a two-Gaussian fit, and the extreme of integration took into account the separation in veocity of the
two peaks. For this source there are no pixels with blue-wing or red-wing above the range of integration already defined from the
2 two-Gaussian fit, so there is no spectra in the last two panels on the right. In this case the extreme of integration selected for the
creation of the moment-0 map are those indicated by the vertical magenta dashed lines.

All the maps for each field and transition were then visually inspected to validate them. This was done by looking at the line
observed in the spectra averaged on each continuum compact source detected by the source-extraction algorithm CUrvature Thresh-
olding EXtractor (CuTEx; Molinari et al. 2011, 2016 see Sect. 4.4; following the same method as was used in Coletta et al. (2025) for
TM+TM2+TM 1 data) in the clump, and checking that the velocity extremes used for the integration agree with the velocity ranges of
the lines in these spectra, and no blending with other lines is present.

Appendix C: Noise correlation in astroHOG

To estimate the significance of the projected Rayleigh statistics parameter Vy, in output of astroHOG, we performed the morpho-
logical comparison on noise-only maps. We selected couples of moment-0 maps of the same sources of two non-detected lines, for a
total of 50 couples of noise maps, and ran astroHOG on the total FOV of the maps. The list of moment-0 maps used and the results
of astroHOG are given in Table C.1. The histogram of the values of Vy from the correlation of noise-only maps is given in Fig.
C.1, while in Fig. C.2 we plotted one couple of noise maps with over imposed the gradients directions in the two maps. The median
absolute deviation of the correlation of noise-only maps is 0.6%, with all the values being below 3%.

Appendix D: Tables of Results

In Tables D.1 and D.2 we give the results of astroHOG analysis, of the Pearson correlation coefficient, and the Spearman correlation
coefficient, together with the number of pixels of the various masks adopted in the analysis for the first 37 sources for HCO 3 3-2¢»
for maskey;. and maskcomp,, respectively. The complete tables, as well as the tables for all of the other transitions are given in Zenodo’.

5 https://doi.org/10.5281/zenodo.15236491
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Table C.1. Results of astroHOG significance test on moment-0 maps with non-detection.
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ALMAGAL ID noise-map 1 noise-map 2 VN

AG022.7965-0.4814 DCN3 -2 Si0O5-4 0.00939
AG022.8624+0.4213 DCN3 -2 Si0O5-4 -0.00727
AG022.9296-0.3401 DCN3-2 Si0O5-4 0.01956
AG023.0417+0.2925 DCN3 -2 Si0O5-4 0.01276
AG023.2440+0.0062 DCN3 -2 Si0O5-4 0.02281
AG023.2969-0.0711 DCN3 -2 Si0O5-4 -0.00187
AG023.3221-0.0621 DCN3 -2 Si0O5-4 0.00212
AG023.4407+0.4334 DCN3 -2 Si0O5-4 -0.00007
AG023.5349-0.0590 DCN3-2 Si0O5-4 -0.00727
AG023.5628+0.4862 DCN3 -2 Si0O5-4 0.00478
AG024.4982+0.0543 HCCCN 24 —23 CH3;0H 4,3 - 3> 0.00601
AG024.5259-0.2868 HCCCN 24 —23 CH3;0H 4,3 — 34 -0.00527
AG024.5243+0.3190 HCCCN 24 —-23 CH;0H 4,3 — 3, -0.00180
AG024.5412-0.1309  HCCCN 24 —-23 CH3;0H 4,3 - 3> 0.00692
AG024.5640+0.3385 HCCCN 24 —23 CH3;0H 4,3 — 31 -0.00322
AG024.7042-0.1263  HCCCN 24 - 23 CH;0H 4,3 — 3, 0.00876
AG024.8555+0.0051 HCCCN 24 —23 CH3;0H 4,3 - 3> 0.00978
AG024.9506-0.0552 HCCCN 24 —23 CH3;0H 4,3 — 31 0.00839
AG025.0283-0.4634 HCCCN 24 - 23 CH;0H 4,3 — 3, 0.00706
AG025.1783+0.2107 HCCCN 24 - 23 CH3;0H 4,3 — 31 -0.00448
AG026.3308-0.0457 H,CO 3, — 229 DCN3 -2 0.00029
AG026.4959+0.3215 HCO 3, — 279 DCN3 -2 -0.00553
AG026.6280-0.0647 HyCO 3,1 — 229 DCN3 -2 0.00403
AG026.8474+0.1794  H,CO 3, — 229 DCN3 -2 -0.00264
AG026.9310+0.1783  H,CO 351 — 27 DCN3 -2 -0.00454
AG026.9567-0.0755 HyCO 3,1 — 259 DCN3 -2 0.00517
AG027.02914+0.2804 H,CO 3, — 229 DCN3 -2 0.00237
AG027.0854-0.5640 H,CO 3, — 279 DCN3 -2 0.00963
AG027.6856+0.0977 HCO 3,1 — 229 DCN3 -2 0.01119
AG027.8819+0.2192  H,CO 3, — 229 DCN3 -2 0.00440
AG253.4449-0.4146  CH3CN 12 — 11 k01 SO 65 — 54 -0.01323
AG256.6469-0.0506 CH3CN 12 — 11 ko1 SO 65 =54 0.00276
AG256.9065-0.2753 CH3CN 12 = 11«01 SO 65— 5,4 -0.01729
AG259.5640-0.9212 CH3CN 12 — 11 k01 SO 65 — 54 0.00626
AG259.5936-1.3007 CH3CN 12 — 11 kox SO 65 — 54 -0.00018
AG259.6098-1.3001 CH3CN 12 =110 SO 65—5,4 -0.00112
AG260.6880-1.3930 CH3CN 12 — 11 ko1 SO 65 — 54 0.00538
AGO012.9785-0.2712 CH3CN 12— 11 k=01 SO 65 — 54 -0.00344
AG013.0166-0.1797 CH3;CN 12 — 11 ko1 SO 65 — 54 -0.03177
AGO013.212340.0404 CH3CN 12 — 11 k01 SO 65 — 54 -0.01261
AG326.8567-0.0574  H,CO 303 — 202 CH30CHO 17314 — 16313 E | -0.01646
AG326.8832-0.2663  H,CO 303 — 202 CH3;O0CHO 17514 — 16313 E | 0.02187
AG327.0692-0.2884  H,CO 303 — 20, CH30CHO 17514 — 16313 E | 0.01961
AG327.0931-0.3027  H,CO 303 — 202 CH30CHO 17314 — 16313 E | 0.00052
AG327.0937+0.5558  H,CO 303 — 202 CH3;OCHO 1754 — 163 3E | 0.01112
AG327.2300-0.5027  HyCO 303 — 20, CH;OCHO 1754 — 16313 E | -0.00714
AG327.2420-0.2282  H,CO 303 — 202 CH3;0CHO 17314 — 16313 E | 0.01374
AG327.2455-0.2176  H,CO 303 — 202 CH3;0CHO 17314 — 16513 E | -0.00352
AG327.6594-0.0974  H,CO 303 — 20, CH3;0CHO 17314 — 16313 E | 0.01255
AG328.11774+0.5564  H,CO 303 — 292 CH30CHO 17314 — 16313 E | 0.00113
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Fig. C.1. Distribution of the Vy parameter, calculated by astroHOG on pairs of noise-only moment-0 maps.
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Fig. C.2. Gradients comparison on a pair of noise-only maps from Table C.1 for source AG023.0417+0.2925. The color scale units are Jy/beam
kms™! in both panels. The cyan lines indicate the direction of the gradients of the noise map in the left panel, while the red lines indicate the
direction of the gradient of the noise map in the right panel. For this pair of noise maps Vy is 0.013.
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Appendix E: HOG results excluding failed automatic routine sources for moment maps and sources with
CORNISH counterparts

In the main text we have presented the results of the analysis of the histogram of oriented gradients (HOG) in Fig. 9 on all the
sources. However, for 97 sources we created the moment-0 maps using a fixed velocity range of +/ — 5 km/s, since the automated
routine failed due mostly to blendings in line-rich sources. The moment-maps of these sources therefore do not encompass the entire
line in the pixels of the line-rich cores to avoid line blendings, and are not integrating possible high velocity wings also in less
line-rich regions of the clump. In Figure E.1 we show that the inclusion of these sources, with moment-0 maps defined in a different
way, do not alter the main result shown in the main text, since the differences between the results on all the sources (upper-left panel)
and the results only on the 97 sources (upper-right panel) are negligible and well within the range of the distribution.

Moreover, for 112 sources we found a counterpart in emission from CORNISH. In these sources a part of the continuum emission
could be affected by free-free emission. Since the importance of this contamination, both in the area of the maps affected, and in the
relative importance in the flux measured, is not known, we show in the bottom row of Figure E.1 that removing these contaminated
sources does not alter the main results shown in the text (and in the upper-left panel of Figure E.1).
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Fig. E.1. Top left panel: same of Fig. 9, that is, results of the astroHOG analysis on all the sample; top right panel: same plot only for the sources
for which the automated routine for the creation of moment-0 maps failed; bottom panel: same plot excluding from all the sources those with a
CORNISH counterpart.
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