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Resumen / A 1o largo de los afios, los estudios de asociaciones OB han aumentado debido a que las estrellas mis
masivas permiten un mayor conocimiento de la formacion estelar. De esta forma, se han desarrollado diferentes
simulaciones con el objetivo de comprender mejor las principales caracteristicas de estos grupos y analizar las
diferentes teorias sobre la formacion de estas asociaciones. Por este motivo, en este trabajo se han utilizado
gimulaciones de N cuerpos, considerando la expulsion de gas, para luego comparar los datos tedricos con log
observados, especificamente de la asociaciéon Vela OB2. Para esto se realizaron 3 simulaciones donde se considero
una eficiencia de formacion estelar de 0.1 y una distribucién fractal. En cada simulacién se consideré una masa
estelar de 2500, 3000 y 6000 M. Luego, al evolucionar el ctimulo se obtuvo temperatura y luminosidad de cada
una de las estrellas, se transformaron estos valores para obtener un diagrama Hertzsprung-Russell y asi poder
comparar con los datos obtenidos con Gaia DR3. Se encontré que a los 10 Myr, los datos de las simulaciones varian
bastante de los observacionales al considerar las estrellas de baja masa, lo que podria indicar que la correccién
bolométrica aplicada para obtener las magnitudes absolutas estd entregando valores con errores bastante grandes
o también podria deberse al calculo de Ggp — Grp que se obtiene con las temperaturas de las estrellas.

Abstract / Over the years, studies of OB associations have increased due to the fact that more massive stars
allow for a better understanding of star formation. Thus, different simulations have been developed with the
aim to better understand the main characteristics of these groups and to analyze the different theories about the
formation of these associations. For this reason, in this work we have used N-body simulations, considering gas
ejection, in order to compare the theoretical data with the observed data, specifically of the Vela OB2 association.
For this purpose, 3 simulations were performed where a star formation efficiency of 0.1 and a fractal distribution
were considered. In each simulation a stellar mass of 2500, 3000 and 6000 M« was considered. Then, as the cluster
evolved, temperature and luminosity were obtained for each of the stars, and these values were transformed to
obtain a Hertzsprung-Russell diagram to compare with the data obtained with Gaia DR3. It was found that at
10 Myr, the data from the simulations vary quite a lot from the observational data when considering low mass
stars, which could indicate that the bolometric correction applied to obtain the absolute magnitudes is giving
values with quite large errors or it could also be due to the calculation of Ggp — Grp that is obtained with the
temperatures of the stars.
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observational

1. Introduccion

OB associations are stellar groups containing a large
number of massive and young stars. Thus, the study of
these associations has increased in recent years thanks
to the progress of astronomical instruments that now
allow us to penetrate into the regions of star formation
and to know all the physical processes involved in order
to find the common characteristics between these groups
that have not yet been fully studied (Wright, 2020).

Among the main characteristics of OB associations
is the size of these regions, which can range from 10
to 500 pc (Melnik & Dambis, 2020). In addition, these
groups have a mass between 10% Mg, - 10* M, and a den-
sity less than 0.1 Mg pe? (Wright, 2020). Since these
regions are not very dense and have a large number of
massive stars, many studies have focused on the origin
of these groups and what were the processes that led to
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see them as they are today. There are two theories on
the formation of these associations. The first one con-
sists of the monolithic model, which explains that the
associations are an evolutionary stage of open clusters
(Lada & Lada, 2003), which fall apart due to different
physical processes during their evolution. On the other
hand, the hierarchical model points out that the forma-
tion of these clusters occurs in different regions of the
molecular cloud without following any pattern (Krui-
jssen, 2012), only regions of high density are needed to
generate stars.

Therefore. both observational and theoretical studies
have been carried out to understand the initial param-
eters that gave way to the formation of these groups,
with N-body simulations being one of the main ones to
test the monolithic model (Brown et al., 1997) since it
is possible to study the effect of gas expulsion from the
natal gas cloud (Baumgardt & Kroupa, 2007).
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This is why in our galaxy, several OB associations
have been studied in depth using both observational and
theoretical tools. One of the associations that has been
studied for its characteristics is Vela OB2. This associ-
ation is located at a distance of approximately 410 pc
(Zari et al., 2018) and contains an approximate mass
between 1300 Mg Armstrong et al. (2018) - 2330 M,
(Cantat-Gaudin et al., 2019).

During the last time, the observational study of this
association has greatly increased, especially thanks to
the new Gaia data (Gaia Collaboration et al., 2023),
which have allowed finding new members, specifically
low-mass stars. With these new data it has been possi-
ble to study the age of the association and to relate them
to nearby open clusters, which has made it possible to
establish certain limits of the association, although they
are still not very clear.

One of the main characteristics found in this associ-
ation is that it has different populations, so these groups
have been studied in order to understand the movements
and if there is any common pattern. On the other hand,
Vela is known for its like-ring structure (Sahu, 1992) and
it is believed that this distribution could be due to the
expansion of the Vela shell (Cantat-Gaudin et al., 2019).

Therefore, it is interesting to find the physical pro-
cesses that could lead to the formation of associations
such as Vela. For this reason, in this work we study the
effects of gas expulsion, assuming that this association
is the evolutionary stage of a cluster by adjusting differ-
ent initial parameters that allow us to create a possible
model of formation. Thus, these data are compared with
the updated Gaia DR3 data.

Section 2 shows all the adjustment of the simulations
and mentions how these data will be transformed in or-
der to be able to compare them with the observed data.
On the other hand, section 3 explains the procedure to
obtain the Gaia DR3 data. Section 4 gives the prelimi-
nary results of the comparisons and then discusses ways
to further refine the results in Section 5.

2. Simulations
2.1. Codes

To evolve a cluster with similar characteristics to Vela
OB2, the McLusTER (Kiipper et al., 2011) code was
emplyed to generate the initial conditions of the cluster
distribution. In this way, the mass of the cluster was
varied by generating different amounts of stars which
were distributed in a homogeneous sphere to which frac-
tality was applied, in order to obtain a random distri-
bution and thus simulate the filaments and overdensi-
ties where star formation occurs. The output of this
code provides the masses, positions and velocities of the
particles. These parameters are then entered into the
Nbody6++ code (Wang et al., 2015) and allows pre-
cise integration of many bodies, so that clusters can be
evolved to study the models that allows us to under-
stand the stellar systems today. With Nbody6++ it
is possible to fit a static background potential, which
in this study is simulating the potential of the natal gas
molecular cloud. For this, we assume the procedure used

by Farias et al. (2015), where this gas is determined by
the star formation efficiency. This gas remains static
until a certain time, when it will start to eject simu-
lating the first supernova explosions depending on the
mass of the massive stars, assuming in this case a time
of 4.5 Myr . Although this case is ideal, since there are
many factors that can affect the gas during the evolu-
tion of the cluster, it allow us a first approximation to
the possible paths for the formation of OB associations.
Therefore, 3 sets of simulations were performed, fitting 3
different masses of the clusters: 2500 Mg, 3000 M and
6000 M. A Kroupa IMF, a binary percentage of 10%
and an initial half-mass radius of 1 pc were assumed.

3. Data conversion

In order to compare the data from the simulations with
those observed from Vela OB2, it is necessary to trans-
form temperatures and luminosities of each star into
magnitudes and color. For this, first of all, in order to
relate temperatures to color, a 1 Myr and solar metallic-
ity isochrone was used (Nguyen et al., 2022), to obtain
the Gpp — Grp color obtained by the different bands
(blue Gpp, red Ggp) used by the Gala mission.Then,
the temperatures were arranged in ascending order to
obtain a fit considering up to 45000 K since the disper-
sion of the values after that temperature was very high,
then temperatures up to 52000 K were added by extrap-
olating the curve. With this, it would be possible to ob-
tain the color depending on the temperature of the stars
in the simulations. On the other hand, to find the abso-
lute magnitude of the stars, it is necessary to apply the
bolometric correction. For this purpose, the bolometric
correction function (BC) of Gaia * was obtained. This
function considers 4 parameters: surface temperature,
gravity, iron abundance [Fe/H] and alpha enhancement
[alpha/Fe]. In this case, average values were taken to
make the calculations more efficient. As Gaia only con-
siders temperatures between 2500 K < T < 25000 K,
it was necessary to fit another curve to reach the higher
temperatures. For this reason, the bolometric correction
curve found by Flower (1996) was adjusted for higher
temperatures in order to make a complete fit of the cor-
rections at all temperatures.

Finally, to obtain the magnitudes we first calculated
the bolometric magnitude and then, applying the bolo-
metric correction, we obtained the absolute magnitudes.

4. Observational data

To perform the comparison with the data obtained from
the simulation, new Gaia DR3 data were taken from
Vela OB2 using the characteristic values of each group
of the association used by Cantat-Gaudin et al. (2019).
For each group, the data were taken considering 1 degree
around the center of each group. In this way, members
were chosen by means of parallax ranges and proper
motions. The number of members found in each group
is shown in Table 1 and Figure 1 shows the distribution
of the groups.

*https://gitlab.oca.eu/ordenovic/gaiadr3_bcg
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Table 1. Coordinates of the different groups present in the
Vela 0B2_association and the number of members found.

Component « 1) Members
[deg]  [deg]
A 122.4 -474 146
B 122.0 -474 77
C 119.7 -494 127
D 117.4 -46.4 177
E 112.9 -47.0 13
F 125.0 -49.5 27
G 126.3 -40.9 51
H 126.9 -34.7 18
I 127.1 -48.0 50
J 120.1  -50.5 36
K 123.4 -36.3 44
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Fig. 1. Distribution of 11 groups found in Vela OB2 ob-
tained from Gaia EDR3.

Table 2. Number of stars of each simulation in each abso-
lute magnitude range.The first row corresponds to the values
obtained by (Cantat-Gaudin et al., 2019)

Mz <1 1< Mg<6 Mg>6
Reference 72 1018 2120
Sim 2500 Mg 106 516 3683
Sim 3000 Mg 95 687 4540
Sim 6000 Mg 206 1429 9648
5. Results

First, the data from the 3 simulations were taken at
a time of 10 Myr in order to compare with the data
analyzed in Cantat-Gaudin et al. (2019) where 10 and
32 Myr isochrones were used. By performing the
Hertzsprung-Russell (HR) diagram of the simulations
it is possible to see that they are quite similar for low
mass stars. In figure 2 all the curves can be seen. Only
in bright stars there is a small variation. The number
of stars with different absolute magnitude ranges was
calculated for comparison with those previously found.
A summary of all the values found for each simulation
is given in Table 2.

The 3000 M, simulation shows the closest approach
to the number of stars with magnitudes less than 1, al-
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though there is a discrepancy in the other ranges. When
considering stars with magnitudes greater than 6, it is
observed that the simulations contain a large number of
less massive stars, which could suggest that there are
still many more stars within the associations that have
not been observed.

On the other hand, taking the data obtained from
Gaia DR3, an HR diagram was constructed with all the
groups found in the association, to which an isochrone of
10 Myr was added. This can be seen in Figure 3, where
the dashed line corresponds to the isochrone mentioned
above.

The selection and the data previously obtained by
Cantat-Gaudin et al. (2019) agree, as they are within
the same magnitude ranges.

Finally, in order to check if the aforementioned ad-
justments would be in agreement with the observational
data of Vela, an HR diagram was made with observa-
tional data and including those obtained in the simula-
tions.

Figure 4 shows that the results obtained by the sim-
ulation only agree for magnitudes less than 6 when the
magnitude is set to a value, C' = —1. As previously
mentioned, for low-mass stars the 3 simulations over-
lap, so that only one curve is displayed. It is possible
that the inconsistency in the data is due to the fit that
allows us to find the absolute magnitudes, since assum-
ing averages increases the error in the data.

6. Conclusions

We conclude that the simulations have almost no varia-
tion in shape for different mass ranges at 10 Myr, so in
this case, only the number of stars with different mag-
nitudes are necessary values to compare with those ob-
tained observationally.

On the other hand, when analyzing the data from the
simulations we see that the 3000 My simulation agrees
best with the number of stars with magnitude less than
1 present in the Vela OB2 association, which also in-
dicates that it is likely that there is a larger number
of low-mass stars that have not yet been recognized as
members of the association. Even so, it is necessary to
add more initial parameters to obtain a better model,
since having N-body simulations is leaving out the true
functioning of the gas within the cluster and the contin-
uous star formation within the evolution of these. One
of the main conclusion of this research is that, although
it is possible to transform the characteristics of each
of the stars into magnitudes, it is necessary to improve
each of the steps for this process, since we see that when
calculating the magnitude of the stars, it is essential to
increase the precision of the bolometric correction and
thus avoid using an adjustment that may cause an in-
crease in the errors of the data or it may also be a cause
of the calculation of Ggp — Grp.
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Fig. 2. HR diagrams obtained from the simulations.
3000 M. Right panel: simulation of 6000 M.
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Fig. 3. HR Diagram of data taken from Gaia DR3. The
points correspond to the members found and the dashed line
corresponds to the 10 Myr isochrone, Av = 0.2.
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