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ABSTRACT

Context. The evolution of massive star-forming clumps that are progenitors of high-mass young stellar objects are often classified
based on a variety of observational indicators ranging from near-infrared to radio wavelengths. Among them, the ratio of the bolo-
metric luminosity to the mass of their envelope, L/M, has been observationally diagnosed as a good indicator for the evolutionary
classification of parsec-scale star-forming clumps in the Galaxy.

Aims. We developed the Rosetta Stone project — an end-to-end framework designed to enable an accurate comparison between simu-
lations and observations for investigating the formation and evolution of massive clumps. In this study, we calibrate the L/M indicator
in relation to the star formation efficiency (SFE) and the clump age, as derived from our suite of simulations.

Methods. We performed multi-wavelength radiative transfer post-processing of radiative magnetohydrodynamics (RMHD) simula-
tions of the collapse of star-forming clumps fragmenting into protostars. We generated synthetic observations to obtain far-infrared
emission from 70 to 500 wm, as was done in the Hi-GAL survey, and at 24 um in the MIPSGAL survey, which were then used to build
the spectral energy distributions (SEDs) and estimate the L/M parameter. An additional 1.3 mm wavelength in ALMA Band 6 was
also produced for the comparison with observational data. We applied observational techniques — commonly employed by observers —
to the synthetic data in order to derive the corresponding physical parameters.

Results. We find a correlation between L/M and the SFE, with a power-law form L/M SFE'2°.652 ., This correlation is independent
of the mass of the clumps and the choice of initial conditions of the simulations in which they formed. The relation between L/M and
the ages of the clumps is instead mass-dependent, and can also be strongly influenced by the intensity of the magnetic fields.
Conclusions. Our results suggest that L/M is a reliable parameter for characterizing the overall evolutionary stage of a given star-
forming region. Its value can be directly compared with the star formation efficiency (SFE) parameter derived from simulations.
However, to accurately infer the age of the observed clumps, it is essential to constrain their mass.

Key words. methods: numerical — methods: statistical — stars: formation — stars: massive — ISM: structure

1. Introduction intermediate- and high-mass stellar clusters (Motte et al. 2018).
Early models of high-mass star formation had predicted a dif-
ferent role of clumps in regulating the seeds for the cluster
formation. On the one hand, in what is known as the core-fed sce-
* Corresponding author: duy-tung.ngo@cea. fr nario, self-gravitating pressure-confined cores form individual

Dense and massive parsec-scale clumps embedded in giant
molecular clouds are known to be the formation sites of
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massive stars within the fragmenting clumps (e.g., McKee &
Tan 2003). On the other hand, in the clump-fed model, the ini-
tial seeds simultaneously form massive stars and star clusters,
and they draw material in a dynamically complex fashion from
the parent clumps (e.g., Bonnell et al. 2001; Vazquez-Semadeni
et al. 2019; Vazquez-Semadeni et al. 2024). The debate is now
moving beyond this dichotomy in light of recent observational
studies, where the vast majority of the clumps support the clump-
fed scenario (e.g., Svoboda et al. 2019; Motte et al. 2022; Pouteau
et al. 2022; Traficante et al. 2023; Morii et al. 2024; Xu et al.
2024; Coletta et al. 2025, although a handful of massive regions
show properties of fragmentation in agreement with a core-fed
scenario; e.g., Nony et al. 2018; Valeille-Manet et al. 2025).

Investigating the evolutionary phases and lifetimes of high-
mass star-forming objects is a key objective; it is essential, for
example, for characterizing the impact of protostellar accretion
luminosity on cluster formation (Dunham et al. 2011; Battersby
et al. 2014; Guzman et al. 2015; Svoboda et al. 2016; Fontani et al.
2018; Merello et al. 2019). Among the observational diagnostics
for the evolutionary classification of the progenitors of clumps,
the bolometric luminosity-to-mass of the envelope ratio (L/M)
has been shown to be a robust and reliable evolutionary indi-
cator (Molinari et al. 2008; Duarte-Cabral et al. 2013; Molinari
et al. 2016a; Peretto et al. 2020), along with the ratio of submil-
limetric luminosity to bolometric luminosity (Lsybmm/Lbo1) and
the bolometric temperature (see, e.g., Elia & Pezzuto 2016). In
particular, Molinari et al. (2016a) used SEPIA/APEX observa-
tions of CH3;C,H(J = 12-11) to calibrate L/M and found three
ranges of L/M that they associate with three phases of star for-
mation in massive clumps: (1) a quiescent phase, nondetectable
in CH3;C,H (L/M < 1), of ongoing formation of relatively low-
mass objects; (2) the intermediate phase (1 < L/M < 10) in
which star formation activities within the clump provide enough
energy to warm up its envelope and the average clump tempera-
ture rises up to ~30K; and (3) a phase (L/M = 10) where the
clump starts to be warmed up by a drastic increase in lumi-
nosity and temperature, and the most massive clumps show the
formation of young H 11 regions (Cesaroni et al. 2015).

The L/M parameter is suggested to be a good indicator of
clump evolution largely based on observational data. To bet-
ter understand the underlying physical reason, however, requires
well-tuned simulations of clump formation and evolution. The
comparison between observations and model allows us to quan-
tify how L/M relates to the evolutionary stage of the clump,
measured by parameters such as the clump age or the mass
already locked into stars, called star formation efficiency (SFE).
The SFE parameter in particular can be quantified in simulations
by comparing the total mass in gas with the mass locked into sink
particles. This quantity is also independent of the initial clump
mass and does not require us to define a zero-age time for clump
formation.

To compare L/M as derived from observations with the SFE
extracted from simulations, we opted for an approach combin-
ing radiative transfer modeling and synthetic observations of
protostellar collapse simulations, as has been done for molec-
ular clouds (e.g., Di Mascia et al. 2025; Jaquez-Dominguez
et al. 2023; Koepferl et al. 2017a,b). In particular, we performed
detailed radiative transfer post-processing and synthetic observa-
tions for the Herschel Infrared Galactic Plane Survey (Hi-GAL;
Molinari et al. 2016b) carried out in five infrared (IR) continuum
bands between 70 and 500 um, the Spitzer MIPSGAL survey
(Carey et al. 2009) at 24 um, and the ALMA SQUALO survey
(Traficante et al. 2023) at 1.3 mm, the last of which will be ana-
lyzed in detail in Nucara et al. (2025, Paper IIT). We then used the
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Hybrid photometry and extraction routine (HYPER; Traficante
et al. 2015b) to extract the clumps from the synthetic maps and
computed the bolometric luminosities and the temperatures from
the spectral energy distributions (SEDs) of the extracted sources
in a similar fashion to what is found in the literature (Traficante
et al. 2015a; Paulson & Pandian 2018; Traficante et al. 2020;
Coletta et al. 2025). The resulting values of L/M are analyzed in
relation to the direct evolutionary parameters such as the physical
time and the SFE in the simulations to provide a semi-empirical
calibration between the observationally accessible L/M indicator
and the inaccessible lifetimes and SFE of the clumps.

This study is part of the Rosetta Stone (RS) project!, devel-
oped under the ECOGAL synergy grant (PIs: P. Hennebelle, S.
Molinari, L. Testi, and R. Klessen). Our goal is to understand
the formation of massive clumps with a comprehensive analysis
of the various mechanisms that participate in the formation of
the final protostellar cluster, and consists of three steps: (1) the
development of a suite of state-of-the-art radiative magnetohy-
drodynamics (RMHD) simulations of protostellar collapse and
clump formation within molecular clouds under different initial
conditions such as clump mass, clump initial turbulence level,
or intensity of magnetic fields (called Rosetta Stone 1.0, RS1.0,
Lebreuilly et al. 2025, hereafter Paper I); (2) the radiative trans-
fer post-processing and production of synthetic observations of
these simulations at various wavelengths in the mid-IR, far-IR,
sub-millimeter, and millimeter regimes (this work); and (3) a
final processing to mimic real observations and a direct compar-
isons with them in the most realistic way, particularly tuned for
recent ALMA surveys (Nucara et al. 2025, hereafter Paper III).

The paper is organized as follows. In Section 2, we present
the suite of simulations used in this work and the methodol-
ogy chosen to produce our synthetic observations in the mid-IR,
far-IR, and millimeter regime. In Section 3, we derive the L/M
parameter mimicking the observational approach, and we com-
pare it with the SFE and clump age. In Section 4, we derive our
conclusions.

2. Synthetic modeling methodology

2.1. Numerical simulations of cloud collapse and clump
formation

We first briefly present the numerical simulations that are used
in this study (for a detailed description of the numerical setups
of the simulations, we refer to Paper I).

The suite of simulations is performed with the adaptive
mesh refinement (AMR, Berger & Oliger 1984) code RAMSES
(Teyssier 2002; Fromang et al. 2006) that solves the MHD equa-
tions in the ideal MHD regime using the finite volume method
across a computational domain of ~1.53 pc in length to follow
the dynamical evolution of the clumps up to a maximum resolu-
tion of Axpmax ~ 38 au. As representative of the clumps observed
in the Hi-GAL and SQUALO surveys, two values of the initial
gas mass are considered, M g = 500, 1000 M, along with one
clump radius, Ry ~ 0.38 pc. A uniform temperature of 10 K and
a uniform density of 3 x 107 gecm™ is assumed for the ini-
tial state of the gas. At the start of the simulations, the clump
is initialized with supersonic turbulent velocities at M = 7,10
with random phases and a Kolmogorov power spectrum of k~!1/3
(Kolmogorov 1941). Two different turbulent seeds (numbered
1 and 2) are investigated to account for stochastic fluctuations.
The magnetic field, initially aligned along the z-direction, is set

! https://www.the-rosetta-stone-project.eu
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Fig. 1. Column density map integrated along the z-direction of one of
the models used for this study, seen at a full simulation box’s length.
The star symbols indicate the sink particle positions.

Table 1. Parameter range of the RS1.0 catalog of simulations analyzed
in this work.

Parameters Values
Mass (M)  [500, 1000]
Radius (pc) [0.38]
Mach [7, 10]
u [3, 10, 100]
Seed [1, 2]

according to three values of the mass-to-flux to critical-mass-to-
flux ratio which represent three relative potential magnetization
scenarios: a quasi-hydrodynamical u = 100, a moderately mag-
netized u = 10, and a strongly magnetized one u = 3. Sink
particles (Bleuler & Teyssier 2014), which form when the density
reaches ng,. = 10° cm™3, are used as sub-grid models to account
for the presence of fully formed stars.

An example of the results of the simulations is in Figure 1.
Here, we show the column density map of the simulated box
along the z-direction at an output corresponding to an initial gas
mass of My = 1000 My, Ry ~ 0.38 pc, u = 100, M = 7. We refer
hereafter to this simulation model as the fiducial model.

For the purposes of this work we analyzed in detail 24 differ-
ent setups, summarized in Table 1. For each set of simulations,
we post-processed three different projections (to account for pos-
sible biases not seen in observations) at different time steps. The
number of saved time steps changes per realization, as each com-
putational time step is associated with a specific time in years
and a sink formation efficiency computed, which themselves
depend on the initial parameter of each simulations. Defining the
star (or sink) formation efficiency (SFE) as the fraction of total
sink mass M = Zf\i“l“k M; over the initial gas mass My, i.e.,

MIOI
My

SFE =

; ey

we sampled an evolution range of ~10° years from the formation
of the first sink particle and we stop the calculations at a SFE
of ~15% and ~30% for the 500 M, and 1000 M, realizations,
respectively (Paper I). With this in mind, we ended up with a
variable number of time steps between 7 and 15 for a total of 732
synthetic observations. For this work we will discuss the results
obtained from the post-processing in 6 different wavelengths,
from 24 pm to 500 um, for a total of 4392 maps, as detailed in
the following sections (the results from the post-processed maps
at 1.3 mm are discussed in Paper III).

2.2. Multi-wavelength continuum radiative transfer
2.2.1. Monte Carlo thermal calculations

The simulation outputs from RAMSES are then post-processed
employing 3D Monte Carlo (MC) radiative transfer on the native
AMR grid (i.e., with the exact resolution and distribution as the
RAMSES simulations) using the RADMC-3D code (Dullemond
et al. 2012). For the goals of the RS project, the imaging part
of the post-processing is done for seven wavelengths. The five
Hi-GAL wavelengths (from 70 um up to 500 pm, Molinari et al.
2010) and the additional 24 pum to mimic the MIR emission from
MIPSGAL (Carey et al. 2009) are required to properly estimate
the bolometric luminosity. In addition, the 1.3 mm ALMA Band
6 emission is used to investigate the fragmentation properties
at ~5000 au resolution in comparison with the results of the
ALMA-SQUALO survey (Traficante et al. 2023) by means of
a dedicated ALMA pipeline as detailed in Paper III.

The post-processing has been done with a similar approach
as in Tung et al. (2024). One important difference is that the dust
temperature is re-calculated consistently in RADMC-3D during
the post-processing, instead of assuming a thermal equilibrium
between the dust and the gas as in Tung et al. (2024). The rea-
son is the multi-wavelength nature of this study, as opposed
to the single millimeter wavelength analysis of protoplanetary
disks in Tung et al. (2024). In addition, the coarser resolution
of the RS1.0 simulations compared to the ones used to simu-
late the formation of protoplanetary disks in Tung et al. (2024)
allow us to carry out the thermal MC calculations without too
much computational cost. In particular, we assume a standard
dust-to-gas mass ratio of 0.01, similar to what has been done in
Planck and Rosseland mean opacity computations, to infer the
dust density profile for RADMC-3D from the gas density calcu-
lated with RAMSES (Paper I). The gas density provided by the
RAMSES simulations is then used as an input for both the MC
thermal calculation and the imaging process through ray-tracing
in RADMC-3D. Then, the properties of the sink particles are read
and provided to RADMC-3D as the photon sources with point-
like geometry and blackbody spectrum, which is an adequate
representation of newly formed protostars with atmospheres not
yet developed.

For the energy of the stars, we consider two types of lumi-
nosity, the internal luminosity of the sinks, L;,;, computed using
the stellar evolutionary tracks from Kuiper & Yorke (2013), and
the luminosity resulting from the accretion feedback effect, or
accretion luminosity:

nginkMsink

Lycc = facc R
*

@

Here G is the gravitational constant, Mk is the mass accretion
rate onto the sink particle, and R, is the stellar radius estimated
from the same evolution models used for the calculation of L;y.
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Fig. 2. Absorption (k,s; blue) and scattering (k,; Orange) opacities
from OpTool as a function of the wavelength used in this study. For
the calculation of the clump masses in Sect. 3, kubs 1S sampled at Spizer
24 um and Hi-GAL wavelengths (green dots), and at 1.3 mm (red dot)
for the ALMA observations done in SQUALO, which corresponds to
the power-law scaling given by the black dashed line, in comparison
with the opacity scaling law used in Elia et al. (2017) (black dotted line).

The unknown efficiency factor f,.. < 1 accounting for how much
the gravitational energy is converted into radiation at very small
scales is chosen to be f,.c = 0.1, in line with what was shown
by extremely high-resolution AMR simulations of protostar for-
mation resolving the star-disk connection without the need for
sub-grid models (Ahmad et al. 2024).

In the RADMC-3D radiative transfer implementation the
optical properties of the dust are encoded in the dust opacity,
which is generated here using the tool for dust particle opac-
ities calculations, OPTOOL (Dominik et al. 2021). For the RS
project we need to overcome the limitations of the (averaged)
Planck and Rosseland mean opacities used in RAMSES. For this
purpose, we adopt the DIANA standard dust model to compute
the wavelength-dependent absorption and scattering opacities as
required by RADMC-3D for the input opacity file. This model
comprises a specific pyroxene (70% Mg) and carbon, in a mass
ratio of 0.87/0.13, and with a porosity of 25% (Woitke et al.
2016). These grains are assumed to follow the MRN power-
law size distribution with the minimum size apy;, = 0.005 pm
and the maximum size ap,x = 0.25 um in radius as in the ISM
(Mathis et al. 1977), which are then mass-averaged to determine
the absorption and scattering opacities, kahs and kscq respectively,
over a wavelength grid from 1 nm to 1 cm comprising 200 wave-
length bins. In Fig. 2 we show ks and g, calculated in the
wavelength range 1 < A <2000 pm.

With these prescriptions, we set up the thermal MC runs
with 107 photon packages for each of the sources present in
each simulation snapshot to obtain the 3D temperature distri-
bution with RADMC-3D. We chose 107 photon packages after
testing also the thermal MC runs with 10° and 10® photon
packages. In the former case, the photon packages were not
enough to consistently distribute the photons across our simula-
tions, and in the latter, the difference with 107 photon packages
was minimal. Both 107 and 10® photon packages reached the
convergence, but the computational cost of using 10% photon
packages was significantly higher. We have used the default set-
ting mc_weighted_photons=1 in the code, which distributes
the user-specified photon number equally to the sources but
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assigns different energy to the photon packages (with different
‘weightings’) based on the stellar luminosity. The modified ran-
dom walk (MRW; Min et al. 2009; Robitaille 2010) mode is
switched on to speed up the code in regions of high optical depth
(t 2 10) around the sink particles, in which the photon pack-
ages would otherwise risk having to reprocess multiple times or
getting stuck for unnecessarily long time before being able to
escape.

2.2.2. Ray-tracing

Upon obtaining the dust temperature, we ray-trace through the
grid to image the entire clumps, assuming a distance d = 5.2 kpc
to the observer, from three viewing angles that provide the full
view of the simulation box in three different planes of the inter-
nal simulation grid: xy, xz, and yz. The 2D regularly spaced
camera observing the 3D AMR grids comprises 2048 pixels in
each dimension. The pixel size corresponds to a physical res-
olution of ~154 au, which is adequate to produce simulations
able to be compared with actual ALMA observations, such as
the ones of the SQUALO survey (5000—7000 au, Paper III) and
the newly released ALMAGAL survey (~1500 au, Molinari et al.
2025). By design, the ray-tracing in RADMC-3D is preceded by
a MC scattering run to determine the scattering source function
that contributes to the final intensity. For this MC scattering run
we chose a different set of parameters, compared to the ther-
mal ones: we assign 10° scattering photon packages for all the
stars at the Hi-GAL wavelengths and 10'° photons for the 24 um
imaging. The higher number of photons for the Spizer wave-
length is based on our pre-testings of the ray-tracing process on
various simulation models. These tests show that a total of 10°
scattering photon packages for all the photon sources (which is
equivalent to ~107 photon packages for each source in the late-
stage snapshots), have been sufficient for the Hi-GAL images,
where scattering is negligible. At the same time, they produced
a high level of photon noise at 24 pm due to a combination of
scattering effects and lower specific intensity compared to the
Hi-GAL wavelengths, which can only be avoided by increasing
the number of scattering photons by one order of magnitude.
Additionally, we now set mc_weighted_photons=0 instead of
1 as in the thermal MC to distribute the photon packages to the
sources based on their luminosity, with the more luminous stars
getting more photons, to avoid wasting photons on the fainter
sources, especially when they are not visible in the final image.
The anisotropic scattering using the Henyey—Greenstein formula
(Henyey & Greenstein 1941; mode 2 in the code) is chosen for
realistic scattering treatment without the complexity and com-
putation cost of the full polarized scattering mode using the
scattering Miiller matrix.

We recall that our goal is to infer the L/M parameter from
the simulations using the same approach as in observations and
to compare it with the evolutionary parameters derived from the
simulations, namely the clump’s age and, in particular, the SFE.
To this end, we have generated realistic synthetic observations
in the wavelength range 24 < A4 < 500 pm and for various time
steps of the simulations, corresponding to a clump age range 0O
to ~0.25 Myr and on average a SFE range of [0, 0.15] for clumps
with mass of 500 M, and a SFE range of [0, 0.3] for clumps with
masses of 1000 M. For our 10 setups of simulations and the
three projections, the final number of snapshots used to produce
synthetic simulations is 732 for each wavelength. As discussed in
the next sections, we use these synthetic observations to derive
the L/M parameter for each time step and compare that with the
corresponding clump age and SFE.
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2.3. Synthetic Hi-GAL observations and source extraction

To generate realistic Hi-GAL synthetic observations, we con-
volved our synthetic maps with the point spread function (PSF)
of the Herschel PACS (70 and 160 pm maps; Poglitsch et al.
2010) and SPIRE (250, 350 and 500 um maps; Griffin et al.
2010) instruments, approximated by a circular 2D Gaussian in
each wavelength. The standard deviation of the simulated PSF

is equal to 0 = FWHM/(2 V21n2), where FWHM is the full
widths at half maximum of the Hi-GAL beams at the wavelength
in consideration, which measure ~[8.44,13.5,18.2,24.9,36.3]”
for [70,160,250,350,500] um respectively (Traficante et al.
2011).

The instrumental noise in the camera is approximated by
the white Gaussian noise from the noise root mean squared,
which measures rms = [15.85,8.01,3.10,1.81,0.94] MJy/sr in
the Herschel bands and are computed as the median of the mean
rms distribution within the Hi-GAL tiles across the Galactic
plane reported in Molinari et al. (2016b) and plotted in Fig. A.1.
For the 24 um wavelength, which is used only for the computa-
tions of the bolometric luminosity, we use the Spitzer MIPSGAL
survey (Carey et al. 2009) beam and noise rms, which corre-
sponds to a FWHM of ~6” and a rms noise of ~0.67 mJy/px.
Figure 3 demonstrates the visual changes of the sources at each
step, from the ideal specific intensity map imaged with RADMC-
3D from the MC radiative transfer outputs to the noisy maps
with the instrumental noise added and the telescope’s beams
convolved for the Hi-GAL wavelengths.

In order to perform the flux extraction of our clump in the
post-processed maps we used HYPER?, software designed to per-
form aperture photometry in particular on Herschel images, as
was done in the Hi-GAL survey (Traficante et al. 2015a), with
specific versatility on the estimate and subtraction of highly vari-
able background (see Traficante et al. 2015a for technical details
on the background subtraction). For each of the source detected
in the maps HYPER returns, among other parameters, the coor-
dinates of the source peak, the semi-minor, the semi-major axes
and the position angle of the 2D-Gaussian fit. Following the
approach described in Traficante et al. (2015a), the 2D-Gaussian
estimated at 250 pm are used as reference to define the region
over which integrate the flux at all wavelengths within the same
emitting area. For illustration purposes, the source geometry
extracted with HYPER from the post-processed maps of the
fiducial model is depicted in the bottom panels of Fig. 3.

These fluxes are used to estimate the mass and luminosity of
our clumps with the same approach used in observations in order
to obtain a L/M parameter from our synthetic observations com-
parable with the same value extracted from real observations. We
will discuss how to estimate L and M from our extracted fluxes
in the next Section.

3. Analysis and results
3.1. Luminosity and temperature reconstruction

The bolometric luminosity L can be obtained from the integra-
tion of the area below the spectral energy distribution (SED)
curve,

Lol = fdeV, (3)

for which we use the fluxes at the Hi-GAL wavelengths and the
additional 24 pm counterpart.

2 The latest Python-based version of the HYPER code is available at
https://github.com/Alessio-Traficante/hyper-py

Using a similar approach to Elia et al. (2017) for the mass and
temperature determination, we first write the expression for the
total flux F, of a graybody at frequency v and its approximation
under the optically thin assumption that gives the direct relation
between the flux and the mass M as (see also Pezzuto et al. 2012)

Fy=(1-e™)B(T)Q

Ky By(Ty))M
= %, (4)
where B, is the Planck function at the dust temperature 7y,
Q the source solid angle in the sky equivalent to the source
area extracted by HYPER, and «, the absorption opacity, directly
linked to the wavelength-dependent optical depth 7, that can be
parameterized as

7, = (/v = (1) 20)7P, ®))

with vo = ¢/Ap being the cut-off frequency at which 7,, = 1,
and B the exponent of the power-law dust emissivity in the
Rayleigh—Jeans regime which in our case is equal to 1.67 as indi-
cated by the power-law fit for the absorption opacity kaps Shown
in Fig. 2.

In the optically thin case (r < 0.1 at the minimum wave-
length in consideration here, 4 = 160 um), the optical depth is
negligible and Eq. (4) can be simplified as

B

Mkt [V

F,=—%(—| BJTy), (6)
d Vref

where the reference wavelength A = 300 um is chosen as in
Elia et al. (2017), which corresponds to «.f = 0.2061 cm?/ g
assuming a dust-to-gas mass ratio of 0.01 (cf. Fig. 2). We
note that for the sake of consistency, this value of ker is
scaled, according to the opacity of the dust model employed
in the RADMC-3D radiative transfer, from what was used in
Elia et al. (2017), which is 0.1 cm2/g at 300 um. Using this
relation, we fit for the two parameters 7, and M from the
total fluxes measured by HYPER at four optically thin wave-
lengths [160, 250, 350, 500] um. The fittings are done following
the same procedure detailed in Elia et al. (2017). In essence,
Eq. (5) indicates that the critical value of 7 = 0.1 is encoun-
tered at 4y =~ 40.3 um for the chosen 8§ = 1.67. Therefore, we
first fit for 4y using Eq. (5) by letting its value vary between 5
and 350 um, and Eq. (4) by letting T,; vary between 5 and 70 K.
If the value obtained is smaller than 40.3 um, we repeat the fit
using Eq. (6) and take the new values of M and T, as the cor-
rect values for the mass and average temperature of the source.
This is done for all the time steps considered in each set of real-
ization, except for the very first time step that is produced and
in which the presence of sink particles is recorded, owing to the
low level of fluxes and the discrepancy between the temperature
distributions from the RAMSES simulations and the RADMC-3D
thermal MC calculations as discussed in Appendix B. For one
realization (with seed 2, u = 3, M = 10), we also exclude the
second time step due to the flat SED from 160 to 500 um and
the very low level of L/M ~ 1073 Ly /M, derived from the sim-
ulation. An example of the time evolution of the SED for our
fiducial model is in Figure 4. Here we fit the SED in its optically
thin regime (4 > 160 um) to estimate the dust temperature and
the clump mass. The Figure shows the 70 pm and 24 um excess
with respect to the SED fitting, as expected when some proto-
stars (i.e., sink) start to illuminate the dust envelope (Traficante
et al. 2015a; Elia et al. 2017).
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Fig. 3. RADMC-3D images (left column) with the Hi-GAL beams convolved (middle column) and the instrumental noise added (right column).
The source size extracted by HYPER is the illustrated by the ellipses and the beams by the filled circles.
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Fig. 4. Time evolution of the spectral energy distribution (SED) of the
clump shown in Fig. 3. The circle markers show the fluxes of the source
as identified by HYPER, whereas the diamond markers indicate the addi-
tional fluxes at 24 pm used for the bolometric luminosity calculation.
The area under this SED is integrated to determine the L. The opti-
cally thin fluxes at 160,250, 350, and 500 pm are fitted to a graybody
to determine the mass and the average temperature of the clumps. The
results of these calculations for this clump are noted in the legend of the
figure.

The results are plotted in Fig. 5, as a function of the age of
clump since the start of the simulations. The black points are
the luminosity recorded in the simulations, which constitutes the
sum of the luminosity of all the stars (sink particles) present,
and the mass of the gas at each time step, defined as the initial
clump mass minus the mass locked into the sink particles. Here,
there is a visible detachment of the realizations with u = 3 (the
light green points) in comparison with the ones with other val-
ues of y = 10, 100 which tend to organize themselves into two
groups, determined by the initial clump mass. The realizations
that started with a clump mass of 1000 M, reach high luminosi-
ties much sooner than the realizations that started with a clump
mass of 500 M. This is expected since the radius in both sets
of simulations is the same, therefore the more massive clump
is also the denser and it collapses more rapidly under the influ-
ence of its own gravitational potential (see Paper I). As a result,
the sink particles are produced sooner and in larger number and
the more massive clump reaches high luminosity sooner than the
less massive clump. At the same time, the different parameters
of the realizations such as different Mach number of different
magnetic-to-flux-mass ratio u produce a scatter in the distribu-
tions, but less pronounced than the differences produced by the
different initial mass of the clumps.

Compared to the total luminosity recorded in the simulation
the bolometric luminosity is relatively well recovered in each
realization and for all time steps (Fig. 5). The clump masses, on
the other hand, have a more complex behavior: there is a large
discrepancy in particular in the very first time steps of the sim-
ulations, while the inferred and the simulated clump mass tends
to converge towards more advanced time steps®.

In Appendix B, we perform several additional experimen-
tal fits for the total mass contained within the simulation box

3 We refer hereafter to the mass of the region identified with HYPER
as clump mass and the total gas mass within the simulated region
determined in the theoretical analysis as box mass.
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to further investigate the accuracy of the mass determination
procedure, in particular by estimating the mass using a pixel-by-
pixel column density estimation from the original RADMC-3D
specific intensity maps, which would take into account possible
temperature variations along each pixel, instead of integrating
the SED fluxes across the 2D-Gaussian region. We note that this
approach gives indeed more reliable results in the simulations.
In fact, building the SED by using a single average value of
the temperature may be inaccurate for the possible inhomogene-
ity in the temperature profile, especially in the early time steps
of formation (e.g., Wilcock et al. 2011). However, in practice,
this approach is not feasible for observations of compact sources
such as our clumps. In observational data, the minimum spatial
scale that must be considered is set by the instrumental beam
size rather than the pixel size. In most cases, observed clumps
are only marginally resolved, typically appearing slightly more
extended than the beam size. Consequently, a beam-by-beam
column density fitting approach would generally encompass one,
or at most two, beams per clump. This approach is effectively
equivalent to integrating the flux over the 2D-Gaussian region
defined in the previous section. Among the available methods,
the most robust strategy for mass determination is to construct
the SED by integrating the flux within a well-defined region at
each wavelength. We emphasize that the primary objective of
this work is to replicate the most accurate procedures applica-
ble to real observational data. Therefore, we estimate L/M from
the SEDs by integrating the flux at each wavelength within the
region defined by the HYPER aperture photometry.

3.2. L/M vs. time and SFE

Having determined the bolometric luminosity L and the mass M
of the sources with the same approach used in observations, we
can now investigate how the L/M estimation compares with the
values measured from the simulations, and if we can compare
them with evolutionary time steps in the simulations.

As discussed in the previous Section, the estimation of the
clump mass from the SED fitting approach is not reliable in the
first time step, in particular for the temperature structure due to
the imprints of the imposed 10K initial value at the beginning
of the simulations (see Sect. 2.1). It becomes increasingly reli-
able at later time steps, achieving an accuracy of approximately
20—40% from the second time step onward, and improving sig-
nificantly at later stages. The estimation of the total luminosity,
instead, which is not dependent on the temperature assumption,
is very accurate at each time step (see Fig. 5). For consistency,
in the following analysis we will ignore the results obtained for
the first time steps in each realization. It is worth noting that
the different parameters of the setups are not affecting this mea-
surement significantly, and the most evident differences between
models are due to the initial clump mass.

The value of L/M computed in the simulations using the
observational approach is compared in Fig. 6 with the theoret-
ical value derived from the simulations, where the luminosity
is obtained by summing the total sink luminosity, i.e., Ly
Zf\f‘f“‘ Lacci + vajl““ Lin i, and the mass is measured as the total
clump mass not locked into sinks, i.e.,

Llot

MO - Msinks

Ltot/Mgas @)

The plot deviates from the 1:1 relation, as a direct con-
sequence of the differing mass estimation methods used in
the simulations and in our observationally driven approach
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Fig. 5. Masses of the clumps (left panel) and bolometric luminosities Ly, (right panel) extracted with HYPER as a function of the physical time
in the simulation. The black points in the left panel mark the closest values inferred from the simulations corresponding to the total gas mass
within the clumps minus the mass that ended up in sinks. The total luminosity of all the stars present in the simulation snapshots is plotted by
the dashed (for 1000 M, initial clumps) and dotted (for 500 M, clumps) lines, whose color coincides with that of the markers for the inferred
bolometric luminosity from the synthetic observations. These lines are followed closely by their respective data points, suggesting good agreement
between the reconstructed Ly, and the total sink luminosities. The error bars indicate the variation of the retrieved values along the three projections
considered. Here the change in the colors of the markers indicate the different values of u, the change in transparency the two values of M (less
transparency for M = 10), the change in marker sizes for the initial mass of the clumps (smaller for less massive), and the change in marker types
for the seeds of turbulence (stars for seed 1 and circles for seed 2). A representative choice of marker types, sizes, colors, and transparencies are
reflect by the parameters in black in the legend, whereas the ones in gray are the parameters of the exact marker they label.

applied to the post-processed maps. This discrepancy has a direct
impact on the L/M-SFE relation derived from the observational
framework, compared to the relation obtained from simulations
(Paper 1), as further discussed later in this section.

Finally, in Fig. 7 we plot the main results of this work.
In the left panel we provide L/M as a function of the physi-
cal time since the start of the simulations. Similar to the plots
for the luminosity, the points tend to organize themselves into
two groups that correspond to the two initial gas mass values
explored in the simulations, My = 500 My and M, = 1000 M,
and the other parameters do not generate a significant spread
compared to one produced by the different initial gas mass,
except for the intensity of the magnetic fields, which in the
strongly magnetized clumps with u = 3 (light green points) pro-
duces a small delay in star formation by a factor of ~2. With
that in mind, the black curves provide the best log-linear fits
to the observationally motivated L/M vs. time relation for the
two groups of clumps for the two values of u = 10, 100, i.e., in
the absence of strong magnetic fields. The fittings are performed
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with the linmix* package (Kelly 2007) that uses a Bayesian
approach for the (log-)linear regression. This approach gives us

Lol | Lo , t .
log( M / Vo) = 8.34707) log(m) - 1641702 ®)

for the M = 500 M, clumps, and

Lyo | Lo +0.33 ! +0.66
log[ =22 [=2]=9.13*93 100 [ — | - 16.58*"
Og( M / Mo) 913203 log 1 kyr 6-38 0.6 ©)

for the M = 1000 My clumps. If we compare the results of
these fits with an evolutionary classification dividing clumps in
the three phases characterized by L/M < 1 Ly/Mg, 1 < L/M <
10 Ly /Mg and L/M > 10 Ly/M of Molinari et al. (2016a), a
500 Mg clump will reach the end of the first phase (L/M ~
1Ly/My) at ~92.8kyr and a 1000 M, one at ~65.5 kyr. They

4 https://github.com/jmeyers314/linmix
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Fig. 6. L/M computed from our synthetic observations vs. L/M derived
from the simulations. As expected from the results shown in Fig. 5,
in the early time steps the observed L/M is overestimated, as a conse-
quence of the underestimation of the clump mass, and around L/M =~ 10
the observed and the simulated L/M starts to converge.

will then spend ~29.5 and ~18.8 kyr, respectively, in the second
phase (between 1 < L/M < 10 L, /M) before entering the third
one (L/M 2 10 L,/M,,), the phase in which in some of the most
massive clumps there is the possibility of forming HII regions
(which are not yet considered in our current setup for the RS sim-
ulations, see Paper I). The absolute age of a clump, however, is
likely to be an ill-defined quantity. In the RS simulations we take
as age “zero” the moment when we the simulation begins, i.e.,
when a symmetric sphere of uniform density starts to collapse
in an isolated box, but this is not a realistic scenario. Clumps do
not form in isolation and the process is a continuous flow of gas
from large down to small scales (Heitsch et al. 2006; Hennebelle
et al. 2008; Banerjee et al. 2009; Clark et al. 2012).

Instead, the SFE is a much more robust quantity to ana-
lyze: the ratio of the mass of the gas locked in stars to the mass
observed in a defined clump is a well-defined ratio in simula-
tions: the SFE is 0% until the first sink forms in a clump, and
with time increases until the simulation stops. Furthermore, as
shown in Paper I. the SFE as a function of luminosity of the
sinks over mass of the clumps is not mass-dependent, as it is the
absolute clump age. This is therefore the most robust evolution-
ary indicator in the simulations to compare with the observed
L/M for any given clump.

As shown in Fig. 7, right panel all the tracks overlap each
other in the L/M vs. SFE plot, with the scatter driven by the
different initial conditions of the simulations. There a clear cor-
relation between these two quantities and if we fit a power-law
function, we obtain the following log-linear relation:

M |, 10)

log (L"°‘ / %) = 1.20"9% log (SFE) + 3.28*0%3.

The best-fit power-law function traces quite closely the data
points within less than an order of magnitude of uncertain-
ties among the different setups (in other words, different values
of the initial clump mass, turbulent field or intensity of the
magnetic fields do not substantially contribute to the L/M vs.
SFE relation). The end of the first phase of clumps formation,

L/M = 1Lg/Ms, is reached at the very beginning of the sink
formation: as soon as the first stars appear and the SFE reaches
1073-1072, they start to irradiate the clump and thus its lumi-
nosity overcomes the 1 L, /M., value. The second phase survives
until the efficiency grows up to SFE ~ 1072-0.5 x 107!, depend-
ing from the parameters of the setup. This result implies that
up to L/M = 10 the vast majority of the star formation activity
did not yet take place in the clump. It is warmed up by the first
few stars formed in the system. The third phase, clumps with
L/M > 10 Ly/Mg, is when the majority of the star formation
occurs.

A noteworthy result is that the L/M-SFE relation found
in Paper I remains a mass-independent power law, but with a
steeper slope of ~1.5. This difference arises from the discrep-
ancy between the L/M values measured in our post-processed
maps and those estimated in Paper I, as illustrated in Fig. 6.

4. Conclusions

In this work, the second in the three-paper series presenting the
Rosetta Stone project, we carried out the post-processing of a
set of dedicated simulations (Paper I), produced to explore a
wide parameter range of initial clump conditions. Within the RS
framework we have post-processed seven wavelengths: Spizer’s
24 um, five Herschel Hi-GAL bands, from 70 to 500 pm, and the
1.3 mm ALMA Band 6 used to reproduce the SQUALO survey
(Paper III). The main results of the current work are as follows:

— We presented the post-process of 732 maps of protostellar
collapse simulations of clouds that form massive clumps
with multi-wavelength 3D MC radiative transfer and pro-
duced synthetic observation maps at six wavelengths, from
24 um to 500 pm. From these maps we extracted synthetic
clumps as were done on actual Hi-GAL maps with the
aperture photometry code HYPER and analyzed their prop-
erties. In particular, we studied the (observed) bolometric
luminosity-to-mass ratio L/M as an evolutionary indicator
of massive clumps;

— The clump masses and temperatures determined from the
graybody fittings of the SEDs using the isothermal assump-
tion with constant average dust temperature usually used in
observational modeling are reliable within 20-40% uncer-
tainty range compared to the realistic values derived from
the simulations, in particular for the more evolved stages of
the clump formation. The reason for the discrepancies with
the models in the youngest phases of formation are likely due
to the inhomogeneity of the temperature field that cannot
be taken into account with a single-temperature graybody
model;

— The bolometric luminosity calculations from the SED yield
reliable results in comparison with the total stellar luminos-
ity in the simulation;

— In the weakly or moderately magnetized clumps, the cor-
relation between L/M and the age of the clump is mass-

+0.27

dependent. We found a power-law function of L/M oc 13347

+0.33

for the 500 My, clumps and L/M o 137 for the 1000 M,

clumps. The other parameters explored in our setups either

have no significant impact on these correlations (in the case

of the initial level of turbulence and the random orientation

of the clumps) or potentially a small effect on star formation

in the presence of strong magnetic fields, in which scenario

a delay by a factor of ~2 in the timing of star formation for
u = 3 1is expected;
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Fig. 7. Left panel: L/M vs. time plot, which shows for each initial clump mass a clear separation between the realizations with u = 3 (in light green)
and the ones with other values of u = 10, 100 (in dark green and purple, respectively). The latter are then fitted to a log-linear function whose
best fits are represented by the back lines for two initial masses. The different setups of each model are color-coded as in Fig. 5. Right panel: L/M
vs. SFE. This relation is independent from the initial clump mass. The black line represents the best fit including all the models described in this
work. As for the results in Fig. 6, for small values of L/M the estimates are less accurate due to the uncertainties in the mass estimation, but the

theoretical and observed values converge as the clumps evolve.

— The correlation between L/M and SFE, a more reliable indi-
cator of the clump evolution in simulations, is independent
from all the initial parameters including the initial clump
mass and the intensity of the magnetic field. We found a

+0.02

power-law relation of the form L/M o SFE"**°” with a

little scatter due to the different initial conditions of the
setups.

We conclude by emphasizing that this study is part of the
end-to-end Rosetta Stone framework, and its results are closely
linked with those presented in the companion papers. In Paper
I, we introduce the Rosetta Stone simulation suite (RS1.0); in
the present paper, we detail the post-processing methodology
used to generate realistic synthetic maps at various wavelengths
from those simulations; and in Paper III, we simulate ALMA
observations of the maps produced here to closely replicate the
observations from the ALMA-SQUALO survey.

In particular, our results indicate that L/M, as measured
in observations, is a reliable tracer of the overall evolutionary
stage of massive star-forming regions. While accurately deter-
mining the age of observed clumps from this ratio requires a
well-constrained estimate of the mass and intensity of the local
magnetic fields, L/M can be directly compared with the star
formation efficiency (SFE) derived from simulations. Our anal-
ysis further shows that the majority of star formation activity, as
traced by the SFE, takes place after clumps enter the L/M > 10
evolutionary phase.

Further analysis is required to account for additional effects,
such as outflows as a source of feedback and the formation of
Hir regions. These processes are the central focus of the next
series of simulations currently being developed within the RS2.0
framework.
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Appendix A: Herschel noise rms

The instrumental noise used to generate Hi-GAL synthetic obser-
vations are derived from the noise rms for five Herschel bands
across all galactic longitudes reported in Molinari et al. (2016b).
In order to construct the random white noise to be added to
the ideal specific intensity distribution from RADMC-3D after
convolution with the corresponding Hi-GAL beam, we take the
median values of the noise rms for each band, as shown by the
dashed lines in Fig. A.1.
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Fig. A.1. Noise rms for each Hi-GAL band averaged across all galactic
longitudes from the values reported in Molinari et al. (2016b).

Appendix B: Clump mass fittings

Due to the somewhat expected difference between the clump
mass and the total gas mass contained in the simulation box
discussed in the main text, we perform further analyses of the
gas masses from the Hi-GAL synthetic observations of a specific
simulation realization as a benchmark for the mass determination
methodology.

First, in order to retrieve a mass closer to what is inferred
from the total gas mass in the simulation, we use the same
approach as the fittings done in Sect. 3.1 to determine the gas
mass contained within the region defined by the box size (here-
after referred to as box mass, Myox) by replacing the source area
extracted by HYPER with the entire simulation box area for the
value of the solid angle Q in Eq. (4). The fluxes used for the
fits are then the fluxes within the entire computational domain.
The fitted box mass and average temperature along its evolution-
ary stages are depicted by the solid red curves in the upper left
and right panels of Fig. B.1, respectively. The same trend as for
the clump mass, i.e., the mass increases with time as the flux
increases, is observed here due to the increase of the average
dust temperature from T,; = 5 K to 70 K inferred from the black-
body fittings. Most notably, the box mass at the earliest snapshot
is more than an order of magnitude lower than the value reported
in the simulation (given by the black curve).

Next, to test whether the temperature distribution resulted
from the thermal MC calculations plays any role in the mass
determination from the observed fluxes, we used two alternative
prescriptions for the temperature in the MC radiative transfer
with RADMC-3D, namely equating the dust temperature to the
gas counterpart available from the RAMSES simulation output
and imposing an external heating source from the solar neighbor-
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hood interstellar radiation field (ISRF). The former approach
(i.e., with the thermal profile taken from RAMSES), the results of
which are plotted by the blue curves in Fig. B.1, helps alleviate
the difference in the retrieved mass at the first snapshot; however
the decrease from the second time step and the later convergence
with the results from the other two approaches suggest that the
MC temperature results start to stabilize from the second output
where the imprints of the imposed initial gas temperature of 10 K
is less significant.

For the latter, the isotropic ISRF with spectrum from Mathis
et al. (1983) is prescribed in RADMC-3D as an external heating
source that launches photon packages from outside the simula-
tion box inwards. The inclusion of such radiation field, the results
of which are shown by the green curves, on the other hand, over-
heats the clump, which in reality should be shielded by the parent
cloud, and to a greater extent its outskirt to an average tempera-
ture above what is seen in the simulation while does not provide
an accurate estimate of the box mass in the first time step due to
the different physics. We therefore exclude the ISRF in our other
calculations, also since it likely provides additional heating that
is incompatible with the simulation setup, which does not have
the ISRF as a physical ingredient.

Finally, as a zero-degree analysis to investigate what would
be the closest we could get to the "ground truth" with our fitting
techniques, we test a more advanced method of fitting pixel-by-
pixel the intensity distribution from the ideal emission maps of
the clumps. This allows us to build the corresponding tempera-
ture and column density maps, as shown in Fig. B.2, which can
then be summed up to obtain the total mass contained within the
field of view. In this case, the source solid angle Q in Eq. (4) is
replaced by the pixel angular size in steradians. The results with
this approach are shown in Fig. B.1 by the dashed line using both
the RAMSES (in blue) and the MC thermal profile re-calculated
with RADMC-3D (in red). Interestingly, for the very first time
step, the results using the dust thermal profile from the RADMC-
3D MC radiative transfer (the red points) predict poorly the gas
mass due to insufficient heating from the first-born star(s), which
is not the case when the thermal profile from the RAMSES sim-
ulation is imposed on the subsequent ray-tracing flux calculation
(the blue points). In the same vein, the masses at later stages are
overestimated by a factor of ~2 due to the inhomogeneity caused
by the much higher temperature inside the clumps compared to
the outskirt. That being said, there are significant improvements
in the mass obtained here. The fact that the box mass retrieved
with the two thermal profiles of the dust agree from the second
time step strongly supports the argument that the radiative trans-
fer results in the first step suffer from the uncertainty caused by
the temperature initialization in the simulation. If such a step is
not taken into consideration, we can assess that the masses of the
extracted source (lower left panel) obtained with the single aver-
age temperature fittings are reliable with a relative uncertainty of
~60% from the next time step, then reduce to ~40% before con-
verging to a value that overshoots the actual gas mass inferred
from the simulation by ~20% (the purple line in Fig. B.2). This
overestimation of the mass at the later, more stable stages, how-
ever, is not observed for the less massive clumps (cf. Fig. 5), in
which case the mass instead tends to be underestimated.
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Fig. B.1. Results of the experimental fits to determine the temperatures and masses of the box (upper panels) and of the clumps (lower panels).
Three prescriptions for the dust thermal profile are investigated: full MC radiative transfer calculations (in red), thermal equilibrium between the
dust and the gas components (in blue), MC radiative transfer with external radiation source (ISRF; in green). For the box mass and temperature
determinations, two approaches are employed: assuming an average constant temperature for the entire box (solid lines) and pixel-by-pixel fittings
for column density reconstruction (dashed lines).

A218, page 13 of 14



Column density
(simulation)

o

|
([gu> /3] HN)Sot

|
N

Tung, N.-D., et al.: A&A, 701, A218 (2025)

Column density (fits)

|

< zumf%] H)So]

RADMC-3D

(=}

|
([uo /3] HN)Bor

RAMSES

|
N

RaDMC-3D, with ISRF

—:I
(=}
Zum /S HN)3o1

Temperature (fits)

Fig. B.2. Pixel-by-pixel fitting results for the temperature (right column) and column density (middle column) in the first very output of the fiducial
model, in comparison with the original column density from the simulation (left column). Three temperature distributions of the dust are considered
for the ray-tracing to obtain the dust emission: one obtained with RADMC-3D thermal MC computations (top row) with stars as the only photon
sources, one taken directly from the gas temperature in the RAMSES simulation (middle row), and one with the RADMC-3D thermal MC using
the ISRF as an additional heating source (bottom row). The RADMC-3D profile without ISRF produces insufficient heating inside the clumps in
comparison with the imposed 10 K temperature imposed at the beginning of the simulation, resulting in the low fluxes and consequently low mass
reproduced. The inclusion of the solar neighborhood ISRF in the RADMC-3D MC treatment, on the other hand, overheats the outskirts of the clump
to a much higher temperature than the inside, while still not resulting in an adequate estimate of the mass contained within the latter.
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