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ABSTRACT

Context. The processes that determine the stellar initial mass function (IMF) and its connection to the core mass function (CMF)
are among the major open questions in star formation. The definition of a core remains unclear, yet the way they are extracted from
simulations and observations critically shapes the CMF. Nowadays, cores are mostly detected through their density or intensity only.
Aims. We aim to explore a new way to define cores in 3D numerical simulations based on a direct application of the virial theorem,
and break free from some limitations induced by density-based methods. We intend to improve the accuracy and the physical meaning
of the extracted cores.

Methods. We developed vibes, an innovative method that makes full use of the virial theorem to extract overdensities in simulation
snapshots. It works by building structures iteratively around density peaks, and applying the virial theorem to the structure at each
iteration. Then, the structure boundary is set from the evolution of the its energy as it spatially grows.

Results. We used STARFORGE simulations to test the sensitivity of the extraction process to the main working parameters (con-
straints on the structure shape, iteration step, and peak selection criteria). This sensitivity is observed to be low. We compared our
extraction with two density-based extraction algorithms, hop and dendrogram, that are observed to be very sensitive to their input
density threshold parameter. Vibes returns structures that are coherent to each other and physically motivated, and it appears much
more stable than existing 3D extraction tools.

Conclusions. We present vibes, a new structure extraction tool based on the virial equilibrium of the dense gas. By defining the
boundary of the cores on a physical criterion rather than on a user-defined set of density parameters, we expect such extracted cores to
be closer to their forsaken definition: gas reservoirs that will form a single star or a close multiple system. The tool also provides a way

to probe the physics of dense structures by following the evolution of their virial energy as they spatially grow.
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1. Introduction

Stars form within dense and compact cores embedded in molecu-
lar clouds. The nature of these cores and the extent to which their
properties are inherited by the resulting stars remain open ques-
tions. In particular, the origin of the initial mass function (IMF)
is still debated (see review by Hennebelle & Grudi¢ 2024).
Similarities between the mass distributions of cores and
stars have been reported in several star-forming regions, sug-
gesting a direct connection between cores and stars (Motte et al.
1998; Konyves et al. 2015). Comparable results have also been
obtained in numerical simulations (Klessen 2001; Chabrier &
Hennebelle 2010). In this framework, the core is a well-isolated
mass reservoir whose properties are directly transferred to the
protostar(s) it hosts. If the properties of stars are indeed inherited
from their parent cores, the stellar IMF should be directly derived
from the original core mass function (CMF), after considering
efficiency and fragmentation effects. However, this model has
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difficulties explaining high-mass (M > 8 M) star formation.
Indeed, recent observations challenge this CMF-to-IMF direct
relationship, by observing significantly different mass distribu-
tions for cores in highly dynamical regions (Motte et al. 2018b;
Liu et al. 2018; Louvet et al. 2024). Different models of highly
dynamical star formation processes support the idea that the
resulting stars are not completely set by the cores where they
form but rather by accretion flows at larger scales (Smith et al.
2009; Vazquez-Semadeni et al. 2019). The nature and the very
physical reality of these cores is a matter of debate. Through
numerical simulations, cores have been observed to be highly
transient and hard to follow in time (Ballesteros-Paredes et al.
2018; Smullen et al. 2020; Offner et al. 2025). Through obser-
vations, they appear to be highly resolution-dependent (Louvet
et al. 2021).

The objects themselves and their follow-up in time might be
affected by the way they are extracted. The high time variabil-
ity of the cores in simulations can reflect their transient nature
but also artifacts induced by the extraction method itself, or both
(Dib et al. 2008; Smullen et al. 2020; Offner et al. 2025). Plenty
of different techniques and algorithms have been developed.
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Nowadays, extraction methods are mostly limited to density or
intensity only. Some are based on isocontours, such as clumpfind
(Williams et al. 1994) and dendrogram (Rosolowsky et al. 2008).
They are widely used by the community, and applied both to
simulations (Smullen et al. 2020; Offner et al. 2025; Cusack
et al. 2025) and observations (Sanhueza et al. 2019; Yoo et al.
2025; Zhao et al. 2025). Others use grouping algorithms, such
as hop (Eisenstein & Hut 1998) or fellwalker (Berry 2015). Two-
dimensional-only approaches have been specifically designed
for observational data. Among the most regularly used, getsf
(Men’shchikov 2021) uses the spatial decomposition of multi-
wavelength images to extract sources and filaments from the
background. CuTEx (Molinari et al. 2011) uses second-order dif-
ferentiation maps to identify peaks. Different ways to extract
structures in simulations have been proposed such as using iso-
contours of gravitational potential rather than density, and even
taking into account the local thermal energy when assigning
elements to a structure (Gong & Ostriker 2011).

As discussed in Men’shchikov (2021), most of those tech-
niques focus on the detection of dense structures and not neces-
sarily on the extraction accuracy. Even though those techniques
are consistent with the definition of cores as over-densities in
the interstellar medium, they might show high variability and a
lack of physical considerations. To compensate for this second
point, they are often combined with post-extraction analysis and
selection techniques. The boundedness of the extracted objects
is checked using quantities derived from the virial theorem (for
example, through the comparison of the object mass derived
from the flux to the mass of the critical Bonnor—Ebert sphere
matching the object size (Louvet et al. 2024)). Observational
studies cannot estimate the collapsing behavior of structures —
except obtaining optically thin and thick tracers that can, in
certain conditions, reveal signatures of collapse in the line of
sight. Instead, observers often use virial parameters as prox-
ies of the virial theorem to address the collapse of a structure.
The effects of the turbulence and magnetic field can be ignored,
and the surface terms of the virial theorem are almost always
neglected, an assumption that is open to discussion (Ballesteros-
Paredes 2006; Dib et al. 2007). These terms are often omitted
in practice because they are difficult to evaluate reliably. Those
virial parameters compare the different volume terms, gener-
ally thermal energy or turbulence to gravitational energy. This
post-extraction analysis can also be used for simulated data (e.g.,
Ntormousi & Hennebelle 2019).

In this work, we present a method to extract structures in
numerical simulations based on the virial theorem. Our algo-
rithm is built to extract over-densities from a background and
sets the boundaries of the structures on an energy rather than
density criterion. The algorithm itself is described in detail in
Sect. 2. In Sect. 3, we test the robustness of the method to its
internal parameters. In Sect. 4, we compare our extraction with
two other extraction techniques (hop and dendrogram) and ana-
lyze their own parameter sensitivity. The conclusion of this work
is given in Sect. 5.

2. Methods

The extraction process has been built to take as input lists
of particles and can work on any type of simulation, either
Eulerian or Lagrangian. It has been tested on the Lagrangian
code GIZMO (Hopkins 2015) and the Eulerian code RAMSES
(Teyssier 2002). In the following, we call “cell” a single fluid ele-
ment, either an Eulerian cell or a Lagrangian particle depending
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on the nature of the simulation. The example profiles and results
presented in this paper come from an extraction performed on a
STARFORGE simulation snapshot presented in Sect. 3.1.

2.1. Virial theorem application

The virial theorem describes how the mass distribution within
a given volume evolves over time by accounting for all the
physical contributions acting on the system. It does so by look-
ing at the second time derivative of the momentum of inertia,
I = f,v pr? dV, where p is the mass density, 7 the distance to the
center, and V the volume of the structure.

The virial theorem was first formulated in its Lagrangian
form by Chandrasekhar & Fermi (1953). We use the Eulerian
formulation that makes the assumption of a time-independent
volume (McKee & Zweibel 1992), given by:

1. .
§I=W+T+K+M+(D, (D)

where W, T, K, and M are the gravitational, thermal, kinetic and
magnetic terms, respectively. Furthermore, ® corresponds to the
rate of change of the flux of the momentum of inertia across the
surface. These five terms are given by:
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T:(f 3PdV)+(—fPr-dS) 3)
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where (v')? is the modified square velocity detailed below. The
volume and surface contributions are denoted as Xy and Xg (X
being 7', K, or M), and are computed separately. The quantities
are integrated in the structure frame: the position and velocity
origins are set to the center of mass position and velocity, respec-

tively, given by Teom = Zﬁiv—ymf; and Vo = ZZ/W—"’V where r and
v are the position and velocity relative to the s’tructure center-of-
mass. The full derivation of the theorem with the description of
the variables is given in Appendix A.

The gravitational potential is denoted as ¢. The gravitational
term W takes into account the surrounding potential contribu-
tions and is only equal to the gravitational energy of the structure
if there is no external potential. The thermal, kinetic, and mag-
netic terms (T, K, and M, respectively) include both volume and
surface contributions. The thermal surface contributions T cor-
responds to the effect of the external pressure on the volume.
The kinetic surface term Kg corresponds to the flux of momen-
tum across the surface, and is always negative: if the velocity
field is oriented outward, the volume loses positive momentum,
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Fig. 1. Structure energy components as a function of the equivalent
radius R.q in au (Eq. (7)). The contributions of the virial theorem are
plotted separately: gravity W in blue, thermal T in orange, kinetic K
in green, magnetic M in purple, and additional surface term ® in gray.
The sum of all the contributions %f is given in red. The light gray region
corresponds to R.q < Rp,. The dashed horizontal line gives E=0.

while if it is oriented inward, the volumes earns negative momen-
tum. Effects of mass transfers across the surface are taken into
account in the last term @. The surface contributions are often
neglected, while they have been found to be in the same order of
magnitude than the volume contributions (Ballesteros-Paredes
2006; Dib et al. 2007). A more detailed analysis of the rela-
tive importance of each component will be the scope of a future
work. The volume integration of the kinetic term K accounts
for all contributions. However, as discussed in previous stud-
ies (Ballesteros-Paredes 2006), the kinetic term does not always
provide support against the collapse but can, in case of col-
lapse, contribute to it. As a consequence, we choose to remove
the velocity contributions oriented toward the center from the
volume kinetic term Ky. Keeping them would lead to an overes-
timation of the kinetic term support in regions with strong infall
motions. The kinetic energy is then computed using a modified
squared velocity given by:

v =0 - vf [0,<0]°

where (v)? is the modified square velocity used for the calcu-
lation of the volume kinetic contribution Ky (Eq. (4)), v is the
velocity, and v, its radial component. The radial component is
removed if and only if it is negative: components oriented out-
ward are kept, as well as rotation components. Doing so, we
use an adapted version of the virial theorem, that is consistent
with our goal of extracting collapsing structures. Regarding ®
(Eq. (6)), we have no information about the time derivative since
we are extracting structures from single simulation snapshots.
We approximate it by injecting the momentum conservation
equation in the surface integral (see Appendix A).

At each structure building iteration, all the virial contribu-
tions detailed above are estimated. An example of the structure
energy evolution as it is built iteratively is given in Fig. 1. The
energy is plotted as a function of the equivalent radius given by:

3\
Req = (E(v) > (7N

where V is the physical volume.
The acceleration term [ gives the rate of change of the
structure mass distribution. If / < 0, the structure should be
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contracting, while if 7 > 0 the structure should be expanding.
However, [ is an acceleration term, thus not a direct indica-
tor of the actual collapse of the structure. In other words, I
can be negative for a structure collapsing faster and faster, but
also for a structure expanding slower and slower. In that sense,
the first derivative of the momentum of inertia / is a much
more immediate and reliable indicator of actual collapse (see
discussion in Ballesteros-Paredes 2006). Nevertheless, the first
derivative of the momentum of inertia conveys much less phys-
ical interpretability than its second derivative, which provides
information about the boundedness of the structure and the
balance of all the energy contributions.

Since we aim to focus on the evolution of the gas mass dis-
tribution, the sink particles are not directly taken into account in
the calculations. If included here, sinks could strongly affect the
calculations of the center of mass position and velocity, and mis-
lead the study of the motion of the gas envelop itself. However,
the gravitational potential (¢ in Eq. (2)) takes into account the
presence of the sink masses. As a consequence, the sink particles
participate in the gravitational term through the potential.

As in Dib et al. (2007), we aim to lower numerical noise by
transforming the surface terms into volume integrals using the
divergence theorem. The volume integrals are estimated through
summations over all the cells belonging to the volume of the
structure. The gradient estimation follows the methods from
Hopkins (2015) (see Appendix B). When applying the virial the-
orem, we make an important distinction between Eulerian and
Lagrangian simulations. We estimate the energy contributions
by integrating over cell volumes. For Lagrangian simulations,
the particle physical volume is not well defined and summations
over particle volumes may lead to inconsistencies (Lucy 1977;
Gingold & Monaghan 1977). To circumvent this problem, we
build local AMR grids around the density peaks, so that each
AMR cell contains two Lagrangian particles or less. Then, phys-
ical quantities and gradients in the AMR cells are interpolated
from the surrounding Lagrangian particles (Price et al. 2011).
For Eulerian simulations, we apply the same gradient estima-
tion method and thus compute for each grid cell an artificial
smoothing length. Additional details are given in Appendix B.

We then use this formulation of the virial theorem to extract
collapsing structures. We do so by spatially building structures
around density peaks. The building is performed iteratively over
density, adding the densest parts of the structure neighborhood.
At each iteration, we apply the virial theorem to the structure,
and use the evolution of its energy as it grows in space to set its
boundary. We choose to iterate over density rather than using a
virial-based criterion. Indeed, we want to extract overdensities,
while an iteration based on the energy of the structure may pref-
erentially follow low-density velocity gradients rather than dense
material. Moreover, iterating on the energy is significantly more
computationally expensive.

2.2. Peak detection and sorting

We start by extracting all the density maxima and sort them to
keep only the significant peaks. The detection of the local den-
sity maxima is performed over the whole density cube. We call
local density maximum a cell that is denser than its N, closest
neighbors. We introduce here N,, the number of closest neigh-
bors than define the neighborhood of each cell. We set a peak
minimum density threshold at pgreshold = 107!° kg.m™3, equiv-
alent to ypreshola ~ 2 X 10° cm™, which is the typical order of
magnitude for prestellar cores (Motte et al. 2018a).
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The detected local density maxima are then sorted. We
aim to remove small density fluctuations that would not be
significant enough compared to their local environment. We dis-
criminate density maxima on their density contrast relative to
their surrounding. The threshold in density contrast is set by the
peak-to-saddle ratio (psr), defined as the ratio of the peak den-
sity to the density of the closest saddle point in 3D. To find the
closest saddle to the peak, we follow the density ridge building
a cell group iteratively, starting from the local density maxima
of density py. At each iteration, we add to the group the densest
cell of the neighborhood, where the neighborhood is defined as
the union of the M, closest neighbors of all cells belonging to the
group at previous iteration. The iteration stops and we store the
peak if the density contrast is sufficient, meaning p, of the last-
added cell is low enough compared to the peak density, following
Po > pst X pp. The psr default value is set to 1.75 (see discus-
sion in Sect. 3.2). If the density contrast to the saddle is not high
enough, the iteration also stops but the peak is discarded. This
happens if a cell denser than the local maximum is met, p, > po,
before meeting a low-enough saddle. Finally, if the last added
cell falls beyond 5000 au from the peak, the peak is discarded.

A discussion on those parameters is given in Appendix E.1.
The selected peaks will set the regions where we will look for
structures to extract. As we intend to extract 3D over-densities,
we use the peaks considered significant enough as seeds for the
structure building process. We sort all the selected peaks by
decreasing density, such that the densest peaks will be explored
first.

2.3. Structure building

Once the significant density peaks have been identified, we build
structures around them using another independent iterative pro-
cess. A structure is built adding the densest neighbors in its
vicinity at each iteration. Each iteration is divided in several
steps, whose principle is illustrated in Fig. 2. The process actu-
ally works in 3D even though the illustration is shown in 2D for
the sake of clarity.

(i) The initial peak is given by the black cell in Fig. 2a. The cells
belonging to the initial structure for the iteration are given
in dark gray. We start by determining the structure neigh-
borhood (light gray cells). It is defined as the set of cells
composed by the N, closest neighbors of each cells in the
structure. N, is set to 16 (see discussion in Sect. 2.5).

(i) A constraint on the shape of the structure is applied. The
neighbors that would deform too much the structure (red
cells in Fig. 2b) are discarded from this iteration. The shape
conditions are detailed below.

(iii)) Among the remaining neighbors, the densest cell (green cell
in Fig. 2¢) is selected to be added to the structure.

(iv) The selected neighbor is added to the structure, increasing
its size (see Fig. 2d). The new structure obtained is the initial
structure for the next iteration.

The constraints on the shape are set both on the convexity and

the elongation of the structure. The convexity is constrained

through the ratio of the structure volume, V, over the convex
hull volume:

%

- > Cconvexily~ (8)
(Vconvex—hull

The convex hull of a volume is the smallest shape that contains
all the segments connecting the volume cells: it is necessarily
larger than the structure volume it encompasses, and equal if the
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Fig. 2. [llustration of a single cell iteration. Structures are built around
density peaks by repeating this process iteratively. The initial peak is
given in black. The other cells belonging to the structure are given in
dark gray. The cells identified as part of the neighborhood are given in
light gray. The neighbors discarded because of the shape constraints are
given in red. The cell selected to be added to the structure is given in
green. (a) Neighborhood definition. (b) Shape-constraint discarding. (c)
Density-based selection. (d) Cell merging.

structure shape is perfectly convex. The elongation of the struc-
ture is constrained through the ratio of the distance d,,o from the
peak to the last-added cell n over the equivalent radius of the
structure:

an
Req

< Celongation . (9)

The convexity constraint ensures that the center-of-mass remains
inside the structure and prevents the formation of holes. The seg-
regation on the elongation prevents overly thin structures. Those
constraints aim to let significant freedom for the structure shape
to capture a large panel of possible collapsing objects while
ensuring the validity of the virial theorem application (Sect. 2.1).
These two parameters Ceonyexity and Celongation €an be adjusted by
the user and take 0.75 and 5 as default values, respectively. The
effect of these parameters is discussed in Sect. 3.3.

2.4. Boundary selection and stopping criteria

The previous step provides an energy profile, giving the virial
energy of the structure with respect to its size. Since we build
our structures iteratively, the last part of the energy profile is a
direct signature of the contribution of the last-added layers to the
integrated acceleration term /. If the energy profile increases, it
means the outer layer brought a positive contribution, with an
acceleration oriented outward. Thus we aim to set the structure
boundary at energy minima. To define the energy minima we use
the energy profile as defined by Eq. (1) and its first derivative.
The boundary selection process is illustrated in the Fig. 3.

Some noise appears in the energy profile due to the struc-
ture building process. Because of the shape constraints, cells may
be added from wherever within the neighborhood: two consec-
utively added cells are not necessarily spatially close. This may
introduce local variations in the resulting energy. To limit the
effect of this numerical noise in the boundary selection process,
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Fig. 3. Illustration of the boundary selection process. The dashed verti-
cal green lines correspond to the detected characteristic points, and the
small bottom numbers are the associated flag. The dashed black line
corresponds to the selected boundary of the structure Ry The dashed
blue line correspond to the position of the sink in the structure. The
gray region corresponds t0 Req < Rpin. (@) Energy of the structure as a
function of the structure size. The light red curve is the sum of all the
energy contributions (see Sect. 2.1). The thick red curve is the smoothed
profile used for the boundary selection process. The light red area is the
tolerance interval. (b) Density of the last-added cell as a function of the
structure size. The light red curve corresponds to the actual density of
the last-added cell. The thick red curve corresponds to the upper-limit
profile. (c) Projected density map. The white contour corresponds to the
projected structure boundary Riejec.

the energy profile and its first derivative are slightly smoothed.
The energy profile is given in Fig. 3a: the light red curve is
the original profile, and the opaque red line gives the smoothed
profile.

From the smoothed profile, we select the points that are
local minima of the energy profile considering a set of abscissa
interval sizes. We choose the energy minimum within a largest
interval, with smallest R.q in case of a tie. If there is not mini-
mum, we look for inflection points as extrema of the derivative:

we apply the same interval scheme on the derivative profile.
To each minimum or inflection point, we assign a flag that is
directly linked to the minimum interval size. Such flags provide a
confidence level for the boundary selection: the larger is the min-
imum, the more pronounced is the change in the structure energy
with respect to its size. We define an ad hoc length scale ARy
that we use to index all the abscissa intervals. We set AR}, to the
maximum value between the numerical resolution and 200 au:

ARpyse = max(200 au, Ax,,), (10)
where Ax,, is the highest spatial resolution of the simulation.
In the example of a STARFORGE simulation, it is taken as the
smallest smoothing length. We scope each point of the energy
profile and determine if it corresponds to a minimum in a set of
5 intervals centered on the point itself: 10, 5, 3, 2 and 1 times
ARpyse (=200 au, Eq. (10)). If a point is a local minimum, it gets
attributed the flag 1, 2, 3, 4 or 5 respectively depending on the
interval on which it is a local minimum, with flag 1 correspond-
ing to an interval of 10 X ARy,. To search for local minima on
scales lower than 1 X ARp,s, We look at null values from nega-
tive to positive on the first derivative of the energy profile ; these
points get attributed the flag number 6. In case no minimum is
detected, the boundary is set at inflection points, that can be sig-
natures of a change of collapse regime, for example a change in
the dominant term among the various virial contributions. The
inflection points are detected as extrema on the first derivative of
the energy profile: the same procedure is applied to the deriva-
tive profile, with flags going from 7 to 12. However, since we
want to keep only slope breaks, we do not scope all the minima
of the derivative profile, but rather maxima when the derivative
is negative and minima when the derivative is positive. The char-
acteristic points detected on the example profile are given by the
green vertical dashed lines in Fig. 3, with the associated flags
being the bottom green numbers. A summary of the flags is given
in Appendix D.

The core limit is set to the first occurrence of the lowest flag
from the previous list. If several points are detected with the
same flag (e.g., two flags number 1), we extract the structure
with the smallest R.q. The selected equivalent radius Rejec; that
sets the boundary of the structure (black dashed vertical line in
Fig. 3) still has to respect additional criteria. First, the structure
has to be large enough, filling the condition Rgejecy > Rin, Where
Rnin corresponds to a limit of 50 cells, given by the light gray
region in Fig. 3. Second, the structure energy has to be negative,
with a tolerance: %f(Rselect) < 0j(Rselect)- The tolerance is set as

a fraction of the absolute profile mean: ¢; = ﬂ%i |, given by the
red interval around the opaque line in Fig. 3a. Since no lower flag
can be detected afterward, we stop the iteration if a global energy
minimum is reached (flag equal to 1). To ensure such minimum
is reached, we require to have iterated further enough, the last
iteration radius must be higher than the selected radius plus half
of the maximum interval size: R, > Rgelect + 5 ARbase-

We additionally use the density profile to check if a dis-
tinct over-density is reached. From the structure building step,
we obtain a density profile giving the density of the last-added
cell. The density profile is given by the light red line in Fig. 3b. In
some regions, the profile appears noisy. This is mostly due to the
constraint on the shape, which makes the iteration follow only
partially the density ridges. It forces the structure to spatially
grow in all directions almost simultaneously to keep a reason-
ably deformed shape. As a consequence, cells of lower density
can be added in between cells part of the density ridge, creat-
ing noise on this profile. However, we try to extract the main
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information considering the highest density values of the pro-
file. In the example of a filament, the lower limit of the profile
may highly decrease following iteration in directions orthogonal
to the filament axis. Instead, the upper limit should follow the
density ridge values. Thus, the density profile used afterward is
the upper-limit of the actual profile, given by the opaque line in
Fig. 3b. It constitutes a step function, p,,, as a function of Req
where the value at each point is the local maxima in an arbitrary
abscissa interval set to ARpase.

We use this upper-density profile to detect neighbor over-
densities we consider as distinct. We consider reaching a distinct
neighbor object either if the density gets higher than the local
maximum, or another peak with a sufficient density contrast is
detected after a saddle. In the first case, the condition of reach-
ing a denser cell than the peak is simply given by: pup(Req) > po.
In that case, the neighbor detected is critical: since peaks are
explored by decreasing density, reaching denser cells than the
starting peak means the region has already been explored pre-
viously. In that case, the iteration stops, but a structure might
still be extracted at smaller scale if it fills the conditions on
the energy profile detailed above. In the second case, the con-
dition of reaching a peak with a sufficient density contrast is
given by: log p,p(Req) — log ming<g,, pup(R) > log nsr, with nsr
the neighbor-to-saddle-ratio set to 3. In that case, we let the iter-
ation continue on a predefined distance of 5 ARy, to allow
the detection of a global minimum (flag 1) at the saddle point.
The structure boundary Riejec still has to be lower than the point
where the neighbor detection criterion is met.

We build a global mask, updated after each structure extrac-
tion, identifying the cells belonging to extracted objects. Once a
structure is defined by the boundary selection process, we check
if at least 75% of the structure cells are free in the mask (mean-
ing most of the cells have not already been assigned to another
structure before) and if the number of such free cells exceeds 50.
In that case, the global mask is updated and the cells of the new
extracted object are labeled accordingly. If more than 25% of
the cells are already occupied by other structures, the new object
is not added to the mask. The projected mask for the example
structure is given by the white contour in Fig. 3c.

2.5. Acceleration strategies and approximations

Several approximations and simplifications are made to acceler-
ate the extraction process. Only a subdomain of the map (a box
of size 10 Rpyax) is considered around each peak. If a neighbor
of the structure (in the sense of the N, closest cells as defined
in Sect. 2.3) is out of the subdomain, the iteration stops immedi-
ately. As we aim to study prestellar and protostellar objects, we
fix a maximum physical size of Ry,x = 5000 au in equivalent
radius. Calling R}, the last iteration radius, iterations stops if
Riast > Rmax- To ensure physical consistency in the calculations
presented in Sect. 2.1, we set the minimum size of the struc-
tures to 50 cells. Since the local resolution changes from one
place to another inside the simulation, the equivalent radius of
the structure Rpi, corresponding to this lower-limit size of 50
cells has to be lower than a critical physical value of 2500 au,
set to half of the maximum physical size. If not, the local resolu-
tion is considered as not sufficient and the peak is discarded. If
the global mask is not free on the peak cell, meaning the density
peak is already part of a previously extracted structure, the peak
is skipped.

To reduce the execution time of the extraction process,
the three previous steps, namely structure building (Sect. 2.3),
virial theorem application (Sect. 2.1), and boundary selection

A231, page 6 of 19

(Sect. 2.4) are performed almost simultaneously. Every 10 build-
ing iterations, we check if the iteration can be stopped. This
enables to speed up the global extraction, especially for small
structures that are detected very fast and do not require a lot of
iterations.

In the structure building process (Sect. 2.3), the number N,
of nearest neighbors defining the local neighborhood of a cell is
set to 16. This value corresponds to a short range neighborhood
that enables a smooth growth of the structures while preventing
the formation of internal holes. For higher values, the iteration
might add neighbors that are not directly connected to the struc-
ture: the constraints on the shape will then force the structure to
reconnect to those distant neighbors in the following iterations,
leading to a discontinuous growth. In the peak sorting process
(Sect. 2.2), the growth smoothness does not matter. When look-
ing for local density maxima, we set the neighborhood size to
4 N, (64 neighbors). Increasing the neighborhood size enables
to reduce the number of density maxima detected and accelerate
this step. Closer maxima would be removed anyway by the peak
sorting. Then, when sorting the peaks, we build a structure to
follow the density ridge and see if the contrast to the background
in density is sufficient. Since we only aim to follow density ridge
without any constraint on the structure shape for this step, we
accelerate the iteration by increasing the neighborhood size to 2
N, (32 neighbors).

Moreover, the structures are actually built layer-by-layer
rather than cell-by-cell in order to improve the speed of the algo-
rithm. It means that, at each iteration, we do not add a single
neighbor to the structure, but rather a bunch of neighbor cells. As
an example, all the neighbors in Fig. 2c are added by decreasing
density until the equivalent radius has increased by a layer size
ARayer, corresponding to an iteration, that is set to:

ARbase
9
N layer

ARlayer = an

where Njayer sets the number of layers per ARy, in equiva-
lent radius. Default value is set to Njayer = 20, corresponding to
ARiayer ~ 10 au. We note that building the structure layer-by-
layer induces additional noise in the energy and density profiles.
The structure energy is estimated once every given abscissa
interval ARjyyer (i.€., once per layer instead of once per cell) to
accelerate the process. The convex-hull used for the constraint
on the shape (Sect. 2.3) is updated ten times per layer rather
than for each added cell. Building structures layer-by-layer rather
than cell-by-cell reduces significantly the number of calculations
to perform, especially for large structures for which layers may
include high number of cells. We observe the computation time
to be linear with the number of layers Nyaye,. This parameter gives
a resolution-equivalent parameter for the structure building and
energy calculation. However, a balance between accuracy and
acceleration has to be found here. If the number of layers is too
high, the computation time increases linearly whereas accuracy
may not change significantly. On the other hand, having a low
Niayer value reduces the execution time but affects the accuracy
of the resulting energy profile. The effect of this parameter on
the extraction is discussed in Sect. 3.3.

3. Benchmark

We tested the effects of the main parameters used in the
extraction process detailed in Sect. 2, namely the peak-density
threshold and the peak-to-saddle ratio for the peak sorting step,
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and the shape constraints and the layer size parameters for the
structure building step.

3.1. Simulation overview

We tested our extraction process on a magnetohydrodynamic
simulation of star-forming cloud from the STARFORGE project
(Grudi¢ et al. 2021) using the Lagrangian meshless finite-mass
code GIZMO (Hopkins 2015). The simulation setup is detailed
in Guszejnov et al. (2022). We use the simulation of a col-
lapsing cloud of mass M = 2 x 10* My with mass resolution
Am = 1073 M, and initial radius Rouq = 10 pc. The cloud was
initialized as a sphere with uniform density, surrounded by dif-
fuse gas with a density contrast of 1000, inside a 10 R¢jouq bOX.
The temperature was initialized at equilibrium with the interstel-
lar radiation field, for which Solar neighborhood conditions were
assumed. The metallicity was set to solar conditions. The turbu-
lence was initialized by applying a random velocity field with
power spectrum Ej oc k=2 and scaled to the kinetic virial param-
eter @iy = 2. The magnetic field was initialized as a uniform field
set by the energy ratio i Eigl = 0.1. The simulation ran in the ideal
MHD framework. The divergence cleaning for the magnetic field
was ensured by adding the source terms from Powell et al. (1999)
and Dedner et al. (2002) in conservation equations, and fol-
lowing the constrained gradient method described in Hopkins
(2016). Sink particles were created when a gas particle reached
a density exceeding a given threshold set to 3 x 10'% g.cm™,
and satisfied a virial and a tidal criterion (Grudié et al. 2021).
Feedback was taken into account, with stellar radiations, winds,
protostellar jets and supernovae included. We performed our
extractions on three snapshots at t = 4.93 Myr (153 sinks), t =
6.41 Myr (373 sinks) and t = 7.88 Myr (498 sinks).

3.2. Effect of the peak sorting parameters

Only density maxima above a given density threshold can be
used as structure seeds in the extraction process. However, all the
seeds do not necessarily lead to an extracted object. The number
of structures extracted with respect to the values of the peak sort-
ing parameters is given in Fig. 4. Since those parameters only
affect the sorting of the peaks and not the iterative construc-
tion of the structures, the extracted objects are identical. The
only thing that changes is the number of such extracted objects.
The total number of extracted structures (red line on Fig. 4)
remains almost constant below the reference value Pgyreshold ~
2 x 10° cm™ while the numbers of density maxima and density
peaks (blue and green lines, respectively) increase significantly
(more than a factor 10 for the number of density maxima). This
confirms this parameter value to be a reasonable choice which
removes most of the low-density regions where no additional
structures are extracted when explored. The number of extracted
structures drops down for higher threshold values, following the
trend of the number of detected density maxima and peaks.

The sorting of the local density maxima based on their
density contrast is controlled by the peak-to-saddle ratio (see
Sect. 2.2). When it is too low, the density fluctuations of the
cube are poorly filtered, resulting in keeping a high number of
peaks relative to all the density maxima. In that case, noise
spikes may be considered as significant peaks. When this param-
eter gets too high, the number of significant objects slowly tends
toward zero and peaks of interest for structure extraction may be
missed. The total number of detected density maxima (blue line
on Fig. 4) does not change since this parameter only affects the
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Fig. 4. Number of objects relative to the reference number of structures
with respect to the peak threshold (top) and the peak-to-saddle ratio
(bottom). The reference values are given by the dashed vertical black
lines. The dotted red line gives the number of structures extracted at a
given parameter value relative to the number of objects from the refer-
ence extraction. The dashed horizontal gray line shows N = N, The
dotted blue and green lines show the number of local density maxima
(before sorting) and density peaks (after sorting), respectively, rela-
tive to the reference number of extracted structures. The colored lines
and intervals correspond to the mean and standard deviation over three
snapshots.

sorting of those maxima. The total number of peaks kept after
sorting (green line) increases abruptly when the peak-to-saddle
ratio decreases, below the reference value psr = 1.75, while the
number of extracted structures (red line) seems to converge close
to psr = 1. For psr > 1.75, the number of peaks kept after sort-
ing decreases smoothly, and the resulting number of extracted
objects follows the same trend. This shows only a limited num-
ber of structures, with low density contrast, are actually removed
by setting psr=1.75. The proportion of density maxima kept after
sorting as a function of the peak-to-saddle ratio is given in Fig. 5.
We observe a significant change of slope close to a value of
2 for the peak-to-saddle ratio, which is commonly taken (see
for example Bleuler & Teyssier 2014). Below this value, many
small density fluctuations, detected as local maxima, are kept as
peaks. Above psr = 2, most of those fluctuations have been fil-
tered and only a limited number of significant peaks remain. To
avoid prematurely discarding intermediate structures that could
be meaningful, we choose a value psr = 1.75 slightly lower than 2.
On the three studied snapshots, this parameter results in keeping
as significant enough about 25% of all the density maxima. How-
ever, not all the peaks will necessarily lead to extractions due the
various criteria detailed in Sect. 2. With the peak-to-saddle ratio
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Fig. 5. Number of peaks kept after sorting relative to the total number of
detected density maxima as a function of the peak-to-saddle ratio. The
red line and interval are the mean and the standard deviation, respec-
tively, over three snapshots. The vertical dashed gray line is the default
parameter value.

set to 1.75, we observe that about 70% of the peaks considered
as significant are ultimately associated with extracted structures.
Complements on the effect of the peak sorting parameters on the
extraction are provided in Appendix E.1.

3.3. Effect of the structure building parameters

The convexity parameter (Eq. (8)) is defined as the ratio of the
structure volume over the volume of its convex hull. It belongs
to the [0, 1] interval, O corresponding to no constraint on the
convexity, and 1 to a perfectly convex volume. The convexity
parameters has default value of Ceopyexity = 0.75. The elongation
parameter (Eq. (9)) is defined as the maximum ratio of the dis-
tance from the last-added cell to the local density peak over the
equivalent radius. It belongs to the [1, +oo[ interval, 1 corre-
sponding to a perfectly circular object and +co to no constraint
on the elongation. We limit the study to the interval [1.5, 15]. We
do not test the parameter equal to 1 since it corresponds to the
limit case of perfect ball objects. The elongation parameter has
default value of Ceiongation = 5. In the assumption of a cylindrical
filament, the elongation limit can be translated to a constraint on
the aspect ratio:

3
Lf - 3 ((Celongation) - 1)
d; = 2 '

(12)

The calculation is detailed in Appendix E.2. For the default value
Celongation = 5, the upper limit for the aspect ratio is ~14. This is
intentionally very permissive, in order to capture the wide panel
of shapes collapsing structures can have. However, the differ-
ent criteria on the density profile detailed in Sect. 2.4 prevent
the merging of distinct overdensities within filamentary seg-
ments: those criteria enforce the iteration to stop before reaching
a neighbor peak with a high density contrast.

Those two parameters define the constraint set on the shape
of the structure. They affect how iteration is performed, espe-
cially the way it follows or not the density ridges. If the constraint
is strong either in elongation or convexity, the structure has to
spatially grow almost simultaneously in all directions, including
low-density regions. This obviously affects the energy estimation
as well, and the boundary selection process. The peak detection
step is not affected by those parameters: iterations start around
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the same peaks. We can perform one-to-one comparisons of the
structures from the so-called reference extraction (with default
values) and the test extractions varying the parameters.

The layer thickness (Eq. (11)) corresponds to the resolution
of the structure building process. It is set by the number of layers
Niayer that belongs to the [1, +oo[ interval, 1 corresponding to a
layer size set to ARp,se ~ 200 au, and +oo to a layer thickness that
tends toward zero (i.e., a single cell). We limit the study to the
interval [4, 40] in Niayer, corresponding to an interval [5, 50] au
in ARjayer. The default value is set to Nyayer = 20, corresponding
to a layer thickness of ARjyyer = 10 au.

The number of extracted structures with respect to the values
of the parameters is given in Fig. 6. When varying the con-
vexity parameter, the number of extracted structures does not
vary significantly, with a total number of structures (red points)
remaining between 1 and 1.1 relative to the reference extraction,
and a number of common structures with intersection-over-union
IoU > 0.5 (blue points) remaining above 75% of the reference
structure number. As expected, the accuracy is even better close
to the reference value at Ceonyexity = 0.75. Varying the elongation
parameter has a strong effect at low values, but has a very lim-
ited impact for values close to the reference, set to 5, and higher.
For Celongaion < 4, the relative number of objects increases up
to 1.2 relative to the reference, while common structures rarefy
with structures having IoU > 0.5 going down to 40%. How-
ever, the number of structures with IoU > 0.5 with reference
remains above 90% for Ceiongation > 4, and the total number
of extracted structures is almost at 1 for such parameter val-
ues. When varying the layer thickness parameter, the number of
extracted structures remains almost constant and the number of
structures with IoU >0.5 remaining above 90% of the reference
number of objects for ARjayer < 15 au. For layer thickness above
15 au, common structures slightly rarefy but the effect is really
weak, having still more 75% of objects with IoU > 0.5.

The effect of those parameters on the mass distribution of
the extracted structures is given in Fig. 7. The mass distributions
are plotted as complementary cumulative distribution functions
(ccdf). No clear trend appears for any of the parameters. The
mass distributions remain stable with respect to the three tested
parameters, with close distribution shapes and maximum mass
values. The extraction method shows a good robustness to
the parameters, especially with the purpose of studying mass
distributions. More details are provided in Appendix E.3.

4. Discussion

We compared the structures obtained with our virial-based
method vibes with two extraction algorithms based on density.

4.1. Density-based extraction algorithms

The first extraction algorithm is hop (Eisenstein & Hut 1998). It
assigns each cell above a given threshold ngye, to a peak, by suc-
cessively linking cells to their densest neighbor, until it reaches
a local maximum. The cells that are linked to the same peak
are grouped together. Groups linked by saddle densities higher
than a given saddle parameter ng,qqe are merged. Groups whose
density peak is lower than a peak parameter npcq are discarded.
Groups whose cell number is lower than a minimum cell number
fixed by the user are discarded as well. We used the implemented
ECOGAL wrapper (Colman et al. 2024) of the hop algorithm.
The second extraction algorithm is dendrogram (Rosolowsky
et al. 2008). The method is similar to a watershed segmentation,
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Fig. 6. Relative number of extracted objects with respect to the convex-
ity (top), elongation (middle), and layer thickness (bottom) parameters.
The dotted red line gives the number of structures extracted at a given
parameter value relative to the number of objects from the reference
extraction. The black vertical dashed lines give the reference values
for each parameter. The dotted green and blue lines show the rela-
tive number of objects having respectively a nonzero intersection and
intersection-over-union higher than 50% with an object from the refer-
ence extraction associated to the same density peak. The colored lines
and intervals give the mean and deviation over three snapshots. The
dashed horizontal gray line shows N = Nis.

starting from the density peaks and building a hierarchical tree.
The leaves of the tree (i.e., the last contours without distinct sub-
structures inside) are the structures we keep for this analysis to
force focusing on peaks. As for hop, only cells above a given
threshold min_value are considered. The density step min_delta
between isocontours and the minimum number of cells per struc-
ture are fixed by the user. We used the open-source Python
package astrodendro’.

! https://dendrograms.readthedocs.io
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Fig. 7. Mass distribution with respect to the convexity (top), elonga-
tion (middle), and layer thickness (bottom) parameters. The colored
lines correspond to the mass ccdf for various parameter values given
by the side colorbars. The red lines show the mass ccdf for the reference
parameter values. The dashed black lines corresponds to Salpeter slope
a=-1.35.

The extraction algorithms based on density are known to
be quite sensitive to their input parameters (Pineda et al. 2009;
Smullen et al. 2020). We tested the effect of the density thresh-
old parameter for both algorithms with variations from 10* cm™3,
density threshold value used in Offner et al. (2025), to 107 cm3,
which corresponds to the order of magnitude of the mean den-
sity observed in massive dense cores Louvet et al. (2014). For
hop, we kept a fixed peak factor of 2 and a saddle factor of 10,
having then npeax = 2 Router and Bgagdtle = 10 Mouier (Colman et al.
2024). For dendrogram, we set the step between density con-
tours min_delta equal to min_value. For both algorithms, the cell
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Fig. 8. Relative number of extracted objects with respect to the density
thresholds, noyer for hop (top) and min_value for dendrogram (bottom).
The dotted red line gives the number of structures extracted at a given
threshold value relative to the number of objects from the vibes extrac-
tion. The dashed horizontal gray line shows N = N,. The dotted green
and blue lines show the relative number of objects having respectively a
nonzero intersection and intersection-over-union higher than 50% with
avibes object associated to the same density peak. The colored lines and
intervals give the mean and deviation over three snapshots and several
vibes parameters.

neighborhood was set to 16 neighbors and the minimum number
of cell per structure was set to 50, corresponding to the default
values in vibes. The contour step parameter min_delta is also
critical, since interesting peaks may be missed if it is too large
while noisy fluctuations may be kept as real peaks if it is too
small. We did not study the effect of this parameter. The two-
dimensional algorithm getsf used by many observational core
studies will be used for a comparison in a future work.

4.2. Extraction comparison

The comparison of the number of structures extracted with
vibes, hop and dendrogram is given in Fig. 8. It is plotted for
different values of the threshold parameter, ngyer for hop and
min_value for dendrogram. The colored intervals give the stan-
dard deviation over three snapshots and several vibes parameters
detailed in Appendix F. The number of structures extracted by
the density-based algorithms is highly sensitive to the choice of
the threshold. Regarding hop, there is a large variation in the
number of detected objects with respect to 7., there is up to
one hundred times more extracted objects than with vibes for
Touer Delow 10° ¢cm™3, while it dramatically drops to zero for
Nouter Nigher than 107 cm™3. The number of detected structure
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increases as the threshold parameter decreases without conver-
gence, as expected when noise is not a limiting factor. The recall
of vibes objects, given by the number of objects with nonzero
intersection, is bad for low ngyue values: almost all of the vibes
objects are merged into a single hop structure and are therefore
considered as having a zero intersection with hop objects. The
other extracted structures with hop correspond to small density
fluctuations around the main structure. The recall then reaches
a peak at noyer = 10° cm™3, and finally drops down for higher
values: the main structure splits and the number of matching
objects between the vibes and hop increases, until nger gets too
high and the total number of hop objects drops down to zero.
Regarding dendrogram, the behavior is qualitatively the same
for the total number of extracted objects, with a higher number
of structures for low density-threshold values, and a drop to zero
when it increases. However, the effect of the threshold param-
eter is weaker. There are much less extracted objects than with
hop for low min_value (up to ten times the vibes number, against
fifty times for hop). The recall is much better: about 90% of
the vibes objects have a nonzero intersection with dendrogram
objects for low threshold, whereas it was almost zero for hop.
In conclusion, many hop or dendrogram structures extracted at
low-density are not gravitationally bound and we need to extract
all sources above 10° cm™ to be complete.

For the following analysis of the structure properties, we
focus on the snapshot at t = 4.93 Myr. Figure 9 shows column-
density maps with the projected extracted structures obtained
with the three methods. It shows the sensitivity of the extrac-
tions to the selected parameters. The density thresholds 7oy for
hop and min_value for dendrogram vary from 10* to 107 cm™.
For vibes, the layer size (given by the number of layers, see
Sect. 3.3) varies from 5 to 40 au. Contours with different col-
ors correspond to independent extractions. The sensitivity of hop
and dendrogram on the density threshold is striking, with large
structures extracted for low threshold values that are split when
the threshold increases. Vibes displays marginal variations with
respect to the layer parameter and extracts consistently com-
pact structures near the density peaks. It converges better and
extracts more compact structures at the chosen 10° cm™ thresh-
old. At high density thresholds, the structures extracted with
hop and dendrogram visually tend toward vibes structures. How-
ever, for such threshold, many structures are no longer extracted
and the completeness is low. Vibes removes the reliance on an
arbitrary density threshold and avoids the need to adjust this
threshold from subregion to subregion to be able to recover all
the structures, a practice that can introduce significant biases in
the extraction.

The comparison of the mass distributions between the vibes,
hop, and dendrogram extractions is given in Fig. 10. This com-
parison is performed over one single snapshot, with fixed vibes
parameters. The shape of the mass distribution is highly affected
by the threshold parameter for both density-based algorithms.
The higher masses appears to be very sensitive to the thresh-
old, especially regarding the hop extractions: for the minimum
tested values of nquer, SOme objects are detected with a mass of
almost 10* M, (the total mass of the simulation is 2 x 10* My).
As observed in Fig. 9, when the density threshold increases,
such big structures are split and the tail of mass distribution gets
steeper and steeper. For dendrogram, the effect is less visible but
similar: the high-mass part of the distribution shifts toward lower
values and the distribution is steeper when the threshold param-
eter increases. If such algorithms can be interesting tracers of
the density structure of the cloud, those results rise the question
of assuming that the extracted structures have mass distributions
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Fig. 9. Column density map with the projected extractions obtained
with vibes, hop, and dendrogram, with respect to the parameter given
by the colorbars. The lines are colored with respect to the parameter
value corresponding to the extraction. The vibes extractions (top) are
plotted for various Niayer, from 5 to 40. The hop extractions (middle) are
plotted for various gy, from 10* to 107 cm™3. The dendrogram extrac-
tions (bottom) are plotted for various min_value, from 10* to 107 cm™.

that can be compared to the IMF. Details on the sensitivity of the
powerlaw slope are given in Appendix F.

In order to test the cross-relationship between mass distri-
butions obtained varying the parameters of each algorithm, we
performed a series of Kolmogorov-Smirnov tests. We tested
compared the hop and dendrogram extractions with different
density thresholds to vibes extractions with several different
parameters (see Table F.1). The result of these tests is given
in Fig. 11. The incompatibility between the different extraction
methods appears clearly, with p values under the 0.05 thresh-
old. The vibes and dendrogram extractions are fully consistent to
each other, the mass distributions remaining compatible at 5%.
This is not the case for hop which has several mass distributions
that are not compatible to each other when varying the density
threshold.

For the following,the threshold parameters noyer for hop and
min_value for dendrogram are fixed at 10° cm~3. This value cor-
responds for both algorithms to the best recall relative to vibes
structures according to Fig. 8, defining the recall as the highest
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log M [Me]
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% of objects with My > M
log min_value[cm™3]

0 1 2 3
log M [Mo]

Fig. 10. Mass distribution of the structures extracted with hop (top)
and dendrogram (bottom) for different values of the density threshold
parameter noye, and min_value, respectively. The hop and dendrogram
cedf for the fixed threshold parameter at 10° cm™ are given in blue. The
thin colored lines correspond to the mass ccdf for different values of the
algorithm density threshold. The vibes mass ccdf is given in red. The
dashed black line corresponds to Salpeter slope @ = —1.35.
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Fig. 11. Matrix giving the p values for Kolmogorov-Smirnov tests
comparing mass distributions obtained for different parameters. The
lower triangle shows the p values and the upper triangle indicates
whether the null hypothesis (i.e., same underlying mass distribution) is
accepted (p > 0.05). Darkened pixels correspond to rejection of the null
hypothesis. The legend gives the parameter variation for each extrac-
tion algorithm (see Table F.1 for vibes). The dashed black lines split the
matrices with respect to the extraction tool: vibes, hop, and dendrogram.
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Fig. 12. Peak density with respect to the number of cells per structure.
The red squares, blue dots, and green stars correspond respectively to
vibes, hop, and dendrogram objects. The colors of the side histograms
lines correspond to the scatter plot colors. The dashed vertical gray line
corresponds to the lower limit of 50 cells.

number of nonzero intersection objects relative to the total num-
ber of extracted objects. This density approximately corresponds
to that of low-mass cores (Motte et al. 2018a).

The peak density as a function of the number of cells per
structure is given in Fig. 12. Vibes structures with similar number
of cells have a wide range of peak density: no clear corre-
lation appears between those two quantities. The distribution
reaches a clear maximum at the minimum number of 50 cells
(top histogram), which might represent the resolution limit of
our method. Regarding hop, the overall distribution of cell num-
bers per structure is much less uniform. Most of the extracted
objects are located at low peak density and small number of cells.
The few objects with density peaks higher than 10® cm™ are
defined with the highest number of cells. As shown in Fig. 9, the
densest parts of the cloud will be merged into a few very mas-
sive objects containing many cells, while the low density regions
will be gathered in numerous small structures with low-density
peaks (bottom left cluster in Fig. 12). The relative number of
objects with high peak density is also much lower than for vibes
(see right histogram in Fig. 12). Remind that on this plot, the
density threshold is set to 7y, = 10° cm™: this imbalance
between the few big massive high-density objects and the many
low-density small objects should be accentuated for lower val-
ues of noyer. Indeed, the maximum mass in Fig. 10 rises up to
thousands of solar masses for the lowest density thresholds. Den-
drogram shows an intermediate behavior, with a density peak
distribution much closer to vibes but still adding a high number
of low-density objects. It appears less sensitive to this minimum
number of cells than the two other algorithms.

The mass-size diagram is given in Fig. 13. Here, the equiv-
alent radius is a direct proxy of the structure volume (Eq. (7)).
Despite the clear maximum in the number of cells distribution
observed in Fig. 12 for vibes structures, the distribution of phys-
ical sizes is rather uniform from 300 to 5000 au in equivalent
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Fig. 13. Equivalent radius with respect to the mass of the structures. The
red squares, blue dots, and green stars correspond respectively to vibes,
hop, and dendrogram objects. The dashed vertical gray line gives to
the theoretical lower mass limit of 0.05 M, (corresponding to 50 cells).
The colors of the side histograms lines correspond to the scatter plot
colors. The dashed horizontal gray line corresponds to the 5000 au
maximum size for vibes objects. The dashed black line on the top his-
togram corresponds to Salpeter slope @ = —1.35. The dotted slope gives

VR
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radius. This is explained by variations in the local resolution:
in highly resolved regions of the simulation, 50 cells cover a
much smaller physical volume than in poorly resolved regions.
The distribution of hop objects physical size is very different.
This is a direct consequence of the density-based resolution in
the simulation: since Fig. 12 shows small objects in cell number
are concentrated in low-density regions (less resolved), the asso-
ciated physical size is higher than objects with similar number
of cells extracted in denser (more resolved) regions with vibes.
While vibes structures with low number of cells were extracted
with very different density peaks (covering regions with differ-
ent local resolution), all the small hop structures are extracted
in low density region, at the same local resolution. Thus, they
all have the same physical size, given by the distribution max-
imum (right histogram in Fig. 13), and the same mean density.
On the contrary, the dense and resolved regions will be merged
into huge and massive objects. This merging of peaks into wide
regions that is inherent to hop reduces the mean density of such
extracted object and make it tend toward the threshold density.
The dependance between the local density and the number of
cells for hop objects shown in Fig. 12 directly reflects in Fig. 13
with a clear correlation between the physical size and the mass.
We note that the structures extracted with hop (blue points)
closely follow a M oc qu relation, where the mean density of
all extracted structure is about constant, close to the selected
threshold, but varies instead by its volume. Although not neces-
sarily relevant when looking for high-density regions potentially
forming stars, the relation highlights a steep underlying density
PDF (Ballesteros-Paredes et al. 2012). This relation is much less
clear for vibes and dendrogram, whose structures have a mean
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density that varies significantly. This dependence between the
local density and the properties of the extracted structures should
be a problem when aiming to define prestellar objects, since
many other parameters are expected to influence the structure
properties. This density to cell number correlation does not exist
for vibes, while a physical size to mass correlation still appears.
Vibes also appears to be able to cover different ranges of physi-
cal sizes, smaller than hop in this example, but still higher than
two-dimensional extraction algorithms such as getsf, which tend
to extract only localized peaks (Men’shchikov 2021). Dendro-
gram seems to have an intermediate behavior, with a distribution
in physical size that is flatter than with hop. We note that some
structures have a lower mass than the theoretical lower mass limit
of 0.05 Mg, which is directly the minimum number of cells (50)
times the mass resolution (1073 M,). This is caused by the stel-
lar feedback implementation in STARFORGE, since particles
injected in the simulation by the sinks can have a lower mass
than the mass resolution.

5. Conclusion

We presented vibes, a novel method to extract structures from
numerical simulations. The vibes extraction tool has been devel-
oped from scratch in the format of a python package that is open
to the community”. This method detects overdensities and sets
their boundary using an adapted formulation of the virial theo-
rem as a physical criterion. We performed different extractions
on STARFORGE simulation snapshots, varying internal param-
eters of the vibes algorithm. The algorithm sensitivity to those
parameters appears to be low. We compared the vibes extraction
with two other extraction algorithms based on density, dendro-
gram and hop. Those algorithms appear highly sensitive to their
density threshold parameter, which induces a huge bias in the
extractions. The choice of the parameters for hop and dendro-
gram strongly affects the shape of the CMF, questioning the
relevance of a direct comparison to the shape of the IMF. On the
other hand, vibes does not require an arbitrary choice of parame-
ters that shape so critically the mass distribution of the structures
obtained. The setting of the structure boundary on a virial crite-
rion rather than a density threshold improves the accuracy and
homogeneity of the extracted structures.

Obtaining cores whose boundaries are physically motivated
opens a new avenue for the understanding of the origin of the
IMF. Knowing what dominates the energy budget of cores, we
will be able to link the general properties of the cloud with
what actually triggers the collapse of cores in all types of envi-
ronments. This will enable us to understand the key differences
between low and high-mass star-formation. Having cores phys-
ically motivated will help tracking them in time in numerical
simulations, enabling to assess their lifetime, their fluctuation
and how they correlate individually and statistically to the sink
particles they release, seeking for the origin of the stellar IMF.
The key question behind is: when the properties of a core (or a
sample of cores) are measured in observations, how correlated
are these measures with the star(s) the core(s) may form.
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Appendix A: Virial theorem derivation

The virial theorem provides the acceleration term for the mass
distribution of a known structure of volume V as a sum of var-
ious energy contributions. It is directly derived from the mass
conservation equation:

dp

Fr__vy. , Al
o (ov) (A.1)
and the momentum conservation equation:

dpv

vl -V .-l -Ty) - pVe, (A.2)

where p is the mass density, v is the velocity, ¢ the gravitational
potential. IT is the fluid pressure tensor:

H=pvev+ Pl (A.3)
and Ty, is the Maxwell stress tensor:
1 B?
Ty =—(B®B - —I], A4
M7 4 ( 2 ) A4

where B is the magnetic field, P the thermal pressure, and I is
the identity tensor.
The momentum of inertia of a structure is defined by:

I:fprde
v

In the Eulerian frame, the structure is assumed to be time-
independent i.e., the volume V and the position vectors r are
not functions of time. The time derivative of the momentum of
inertia is given by:

(A.5)

i= B_prz dv

= ). % (A.6)

Injecting the mass conservation equation (Eq. A.l), Eq. A.6
becomes:

i=- f V- (pv)r? dV (A7)
4%

Bringing the r* term inside the divergence:

V- (V) = -V - (ovi?) + 2pv -1, (A.8)

and using the divergence theorem:

fV-adefa-dS, (A.9)

v S

Eq. A.7 becomes:

i:—f(pvrz)-dS+2fpv-rdV (A.10)
S 4%

With the same hypothesis of time-independent volume, the
second derivative of the momentum of inertia is given by:

i:—f v -dS+2f AR
S ot v ot

Injecting the momentum conservation equation (Eq. A.2) and
dividing by % for convenience, Eq. A.11 becomes:

(%ﬂ) .dS

(A.11)

1

ljz_f[V.(H—TM)—pV(p]-rdV——f
2 v

2 S ot
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(A.12)

The tensor terms can be expressed as a sum of a volume and a
surface contribution thanks to the divergence theorem:

f(VH)rdV:f(a,HU)rjdV
(V ‘V

= L(ai(nijrj) = ILij(@rj) dV
= f(ai(nijrj) —IT;j6:j) AV
v

:f(V'(l'Lr)—Trl'I)dV
Vv

= f(Il'r)~dS—f Tri1 dV (A.13)
S vV
Thus, the virial theorem can be written as:
1. .
EI:W+T+K+M+<I) (A.14)

In our calculations, we compute separately all the following
terms:

Wz—fquﬁ-rdV
v

T:(LSPdV)+(—fSPr-dS)

Ty Ts
K:(fp(v’)de)+(—f(pv®v-r)~dS)
v S
Kv Ks
B2
M:(f —dV)+(f(TM-r)-dS)
v 2o S
Mv MS

. 1d )

o = > j;r pv - dS (A.15)
The volume and surface contributions are denoted as Xy and Xg,
respectively (X being 7, K or M) and are computed separately.
Since we are using single simulation snapshots, no informa-
tion about the time derivative is available here. With the same
approximation of volume and position being constant with time,
® can be written as given by:

¢:_1fr2@ds
S

A.16
2 ot ( )

The last term @ is then estimated injecting the momentum
conservation equation (Eq. A.2) in Eq. A.16, leading to the
expression given by:

b=5 [ 7 E-@-Ty) 470 as (A7)
S

Appendix B: Gradient estimation

All the derivatives are estimated with the method used in
GIZMO (Hopkins (2015)). For a scalar field f, a vector field f
or a tensor field F, the derivative are given by:

3

32
VA= D3 (5= £)BE (- xi)f wy+ 0G)

=1 =1

(B.1)
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P (x; - x ) wy + 00D (B2)

32 3 3
(V~f),«EZZZ (f; —f
j=1

a=1 p=1

32
(V F)ﬂ = Z Z 7 (Xj - X,‘)ﬁ w,~_,- + O(hlz),

3
j=1 a=1 p=1

(B.3)

with B; = E;!, where E?B = Zj(xj—xi)ﬁ(xj—xi>ﬂwij is a

weighted distance matrix. The normalized weights w;; are given
by the cubic spline kernel function W (|x — x,|, /;) (see Eq. B.4).

_— W(|Xl'—Xj|,h,')
VS WX = xil L By)

The cubic spline kernel (Monaghan & Lattanzio 1985) is given
by:

(B.4)

1+ gqu(qij -2) if0<g;<l1
W(gij, hi) = — 12-gq;)’ if1 <q;j<2, (B.5)
10 if 1 < g;;
where h; is the kernel size and ¢g;; = |X';—X/|

For Lagrangian codes, the smoothing length A; is directly
computed by the code itself. For Eulerian codes, we manage not-
regular grids such as AMR by building an artificial smoothing
length for each cell solving:

4
gﬂ'h?n(/’l,) = Nneigh’

where N, is a fixed parameter set to 32 and n(h;) =

2 W(|rj - ri|,hi). This enables to apply the same derivative
estimation process for any kind of code.

Appendix C: Computational test

We run a test of our computation of the virial terms, on the
following basic configuration:
— a box of size 10 kAU, with coordinates normalized between
0 and 1, with center set to (0.5, 0.5, 0.5).

— a gaussian density profile p(r) = pg exp( ) with devia-

20 5.2 |
tion o = 0.1 in box size and maximum densny po=1le—13
kg.m™3

— 10 particles, randomly drawn from a gaussian distribution
with same deviation than the density profile, so the local
number of particle is proportionnal to the physical density.

— aconstant temperature T = 10 K.

— an isothermal equation of state P = pc? = p-2-
2.35.

— a velocity field being the sum of a radial component and a
rotational component around the z axis v = ¢, + Cyo/Z X T,
with ¢,4g = —0.01 s~! and ¢,,; = 0.01 s71.

- a co7nstant magnetic field along the z axis B = B Z with B =
107" T.

We compute the virial terms for a perfect ball, centered on (0.5,

0.5, 0.5), with radius from 0.01 to 0.3 in box size (from 100 to

3000 AU). The comparison between the analytical solution and

each component of the virial theorem (see Eq. A.15) is given in

Fig. C.1. We note that the deviation increases for larger radii,

where the density of points decreases.
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Fig. C.1: Comparaison between the numerical and analytical solutions
for each term of the virial theorem. The red lines give the solution com-
puted by vibes. The blue lines give the analytical solution.

Table D.1: Flag classification.

Flag Point AR AR [AU]
1 Energy minimum 10A Rpase 2000
2 Energy minimum S5A Rpase 1000
3 Energy minimum 3A Rypase 600
4 Energy minimum 2A Rpase 400
5 Energy minimum A Rpase 200
6 Derivative zero / /
7 Derivative extremum 10ARpase 2000
8 Derivative extremum 5ARpase 1000
9 Derivative extremum 3ARpase 600
10 Derivative extremum 2ARpase 400
11 Derivative extremum ARpase 200
12 Second derivative zero / /

Appendix D: Flag classification

A summary of the flag classification is given in Table D.I.
Remind that in the search for inflection points, all the derivative
extrema are not considered. Only the derivative maxima when
the energy is negative and the minima when the energy is posi-
tive are kept. Those correspond to "flat" inflection points rather
than maximum slopes.

Appendix E: Benchmark complements
E.1. Peak sorting parameters

As in Sect. 3.3, we studied the effect of the two parameters defin-
ing the peak sorting process, the peak threshold and peak-to-
saddle ratio parameters (see Sect. 2.2), by running several extrac-
tions with different values on three different snapshots. The
peak threshold parameter sets the minimum value for peaks used
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as seeds for the extraction process. The default value is set
t0 Pihreshod = 1071° kg.m™3. The peak-to-saddle ratio sets the
minimum contrast for the peaks relative to their background to
be considered as significant enough and used as seeds for the
extraction process. The default value is set to psr = 1.75.

The comparison of the probability density function (pdf) of
the density is given in Fig. E.l. Since the high-density struc-

1004 7.0
. 6.5
10714 ;?—‘
10-2] 6.0 §
= 55 3
8 10-3 g
50 £
1044 <
=)
45 3
10754 5
4.0
10-54
T T T T T T T 35
-2 0 2 4 6 8 10

log n [cm~3]

5.0
100 45
101 4.0.2
p=!
©
—
10-2] 35 @
=
o 3
[a) 10-3 30 ©
A @
8
1074 oy
8
2.0
10-5 ~
1.5
10-6
1.0

2 0 2 4 6 8 10
log n [cm™3]

Fig. E.1: Density pdf with respect to the peak threshold (top) and peak-
to-saddle ratio (bottom) parameters. The dashed gray line correspond to
the total density pdf. The red line corresponds to the reference extrac-
tion. The light colored lines correspond to the extractions with different
parameter values.

tures are not affected by the peak sorting parameters, because
the associated peaks are always detected and kept after sorting,
the high-density part of the pdf is not expected to vary with
the parameter values. We observe the cut of the lower-density
parts for high peak threshold values, corresponding to the struc-
tures remove from the reference extractions observed in Fig. 4.
For thresholds lower than the reference value, the extracted den-
sity pdf remains almost the same. The difference is even less
significant when varying the peak-to-saddle ratio.

The comparison of the mass distributions for different values
of the peak sorting parameters is given in Fig. 10. The extracted
structures being the same in high-density regions, the high-mass
part of the distribution is not supposed to be affected by the
parameter values. Removing the low-mass structures for high
peak tresholds slightly shifts the distribution up, but does not
significantly affect its shape. The same effect is observed when
varying the peak-to-saddle ratio: the shape remains roughly the
same, and is just shifted vertically depending on the fraction of
low-mass objects removed by the choice of the parameter value.
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Fig. E.2: Mass distribution with respect to the peak threshold (top) and
peak-to-saddle ratio (bottom). The red line shows the mass ccdf for the
reference parameter value. The colored lines correspond to the mass
ccdf for the different parameter values given by the side colorbars.

The powerlaw slope estimated for the mass distributions
between the vibes, hop and dendrogram extractions is given in
Fig. E.3. The powerlaw fit has been performed with a maxi-
mum likelihood estimation (MLE, Clauset et al. 2009) using the
powerlaw package (Alstott et al. 2014). The slope is fitted with a
MLE considering the values higher than a lower limit xmin. For
both parameters, no significant difference appears when varying
the parameters on the selected intervals.

E.2. Relation between the elongation constraint and the
aspect ratio

In the assumption of a cylindrical filament, of diameter dy and
length Ly, the structure volume can be written:

2
4n df
V= ?Req = ﬂz

In this configuration, the maximum distance to the center in the
definition of the elongation constraint in Eq. 9 is:

2 2
v+ L

Ly. (E.1)

an,max = ) < Celongation Req‘ (E.2)
Combining those two equations, we obtain:
3/2
dr\? 2 dr\
(—f) > = (1 + (—f) . (E.3)
Lf 3 Celon gation Lf
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Fig. E.3: Powerlaw slope as a function of the fit lower limit xmin, for
different values of the peak threshold (top) and peak-to-saddle ratio
(bottom). The dotted black line corresponds to the Salpeter slope. The
colored lines correspond to the powerlaw fits for the different parameter
values given by the side colorbars.

. d . L .
Assuming L—; < 1, the aspect ratio d—: can be approximately

constrained by the Eq. 12.

E.3. Structure building parameters

In Sect. 3.3, we studied the effect of the structure building
parameters on the extraction. The effect of the structure build-
ing parameters on the density coverage of the extraction is given
in Fig. E.4. For all of them, the density pdf coverage is poorly
affected by the variation of the parameter values.

The powerlaw slope estimated for the mass distributions is
given in Fig. E.5 as a function of the convexity, elongation
and layer number parameters. Remind from Fig. 7 the maxi-
mum value was about 2 Mg. For each parameter, the estimated
slope is roughly the same for xmin below 0.1. Above this value,
significant differences appear. The mass maximum decreases
for high values of convexity, having for consequence a steeper
distribution tail and so a curve shifted to the top here.

We aimed to check the degree of similarity of the extracted
objects with the reference extraction. The masses of the extracted
structures relative to the masses of the reference structures are
given in Fig. E.6 with respect to the structure building parame-
ters. The reference structures correspond to the structures associ-
ated to the same density peaks in the reference extraction. In this
figure, only the structures having a nonzero intersection with an
object of the reference extraction are plotted. The trend is the
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Fig. E.4: Density pdf with respect to the convexity (top), elongation
(middle), and layer number (bottom) parameters. The dashed gray line
correspond to the total density pdf. The red line corresponds to the ref-
erence extraction. The light colored lines correspond to the extractions
with different parameter values.

same for the structure similarity as for the structure recall (i.e.,
the number of recovered objects from the reference extraction,
green and blue dots on Fig. 6). The ratio of the individual masses
over the reference remains very close to 1, with a standard devi-
ation lower than 0.25 in log (equivalent to a factor lower than
2) when varying the convexity constraint. For the elongation,
the similarity is even better for Cejongation = 4 but is significantly
degraded for lower values, with a standard deviation reaching
up to almost 0.5 in log for Ceongaion = 1.5, corresponding to
a factor higher than 3. This tends to show that there is a shift
value around 4 for the elongation above which the effet of the
constraint is limited. No global trend appears with the evolution
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Fig. E.5: Powerlaw slope as a function of the fit lower limit xmin, for
different values of the convexity (top), elongation (middle), and layer
number (bottom) parameters. The dotted black line corresponds to the
Salpeter slope. The colored lines correspond to the powerlaw fits for the
different parameter values given by the side colorbars.

of the extraction with respect to convexity, but a convergence is
observed for an elongation parameter higher than the reference
value Ceongation = 5. In the case of the layer number, no clear
trend can be observed, but the structure masses remain close to
the reference masses within a deviation lower than 0.25 in log.

Appendix F: Comparison with density-based
extraction

We performed a comparison of the extractions with hop and den-
drogram to the extraction with vibes. While varying the density
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thresholds of the density-based alogorithms, we also varied the
vibes parameters as detailed in Table F.1. Those parameters give
the standard deviation interval in Fig. 8, and are also used for the
Kolmogorov-Smirnov tests detailed in Fig. 11.

The powerlaw slope estimated for the mass distributions
obtained with hop and dendrogram is given in Fig. F.1. For hop,
the estimated powerlaw slope is very sensitive to the thresh-
old parameter. As discussed in Sect. 4.2, low values of ngyer
induce huge and very massive structures, that are split when the
threshold increases. Those big objects flatten the mass distribu-
tion for low ngyeer, and the high-mass tail get steeper and steeper
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Table F.1: Variations of the vibes parameters in the comparison with
hop and dendrogram.

Parameter Tested values Reference
log pinreshord [kg.m™]  [-16, -15.5, -14.5, -14] -15
peak-to-saddle ratio [14,1.6,1.9,2.1] 1.75
Celongation [3’ 4’ 6’ 7] 5
Ceonvexity [0.55, 0.65, 0.85, 0.95] 0.75
Mlayer [11, 15, 25, 30] 20
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Fig. F.1: Powerlaw exponent as a function of the threshold parameters,
Nouter fOT hop (top) and min_value for dendrogram (bottom). The dotted
black line corresponds to the Salpeter slope. The colored lines corre-
spond to the powerlaw fits for the different parameter values given by
the side colorbars.

as they split while ngy; increases. The behavior of dendrogram
is roughly the same, yet less pronounced.

The comparison of the probability density function (pdf) of
the density is given in Fig. F.2. As expected, all the extraction
methods cover well the densest parts of the snaphsot, however
behaving differently. The hop extraction shows a sharp transition
at the threshold value. Almost all the cells above this threshold
are associated to a structure in the end. This makes the algorithm
extremely sensitive to this threshold and it might be a problem
when aiming to define accurate mass reservoirs in the sense of
star formation. Indeed, the mass of the analyzed structures might
be artificially and significantly affected by the way the extraction
works. For dendrogram, the same effect is observed but with a
significant difference: all the pdf is not covered, meaning all the
cells above the threshold are not necessarily assigned to an ob-
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Fig. F.2: Density pdf of the extractions with hop (top) and dendrogram
(bottom) for different values of the corresponding threshold parameter
Nouer and min_value, respectively. The pdf fraction associated to vibes
structures is given in red. The pdf fraction associated to hop and dendro-
gram structures for the fixed threshold parameter at 10° cm™ are given
in blue. The total density pdf is given in gray.

ject. Part of the mass above the threshold falls between dendro-
gram contours, and is considered part of the background. If this
selection process might miss part of interesting mass, it makes
sense when trying to extract mass reservoirs as peaks above their
background, while the background itself is fully set by the den-
sity threshold in the case of hop. The vibes extraction shows
the same behavior, letting significant intermediate-density parts
of the simulation (around 10° cm™) outside of the extracted
objects, with no sharp transition caused by a density threshold.
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