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A B S T R A C T

Aims

In this thesis, we develop a new theoretical framework to generate
Besançon Galaxy Model Fast Approximate Simulations (BGM FASt)
to address fundamental questions of the Galactic structure and evolu-
tion by performing multi-parameter inference. The flexibility of BGM
FASt allows the inference of fundamental parameters related to the
stellar initial mass function, the star formation history, the density
distribution, the kinematics and the chemo-dynamics, among others.
BGM FASt allows the study of different Milky Way components (e.g.
thin disc, thick disc, halo or bulge-bar). In this thesis, we are focused
in the first application of our strategy to simultaneously infer the ini-
tial mass function (IMF) and the star formation history (SFH) in the
Milky Way disc.

Method

The BGM FASt strategy is based on a reweighing scheme, that uses
a specific pre-sampled simulation. It is also based on the assumption
that the distribution function of the generated stars in the Galaxy
can be described by an analytical expression, which contains the pa-
rameters to be inferred. We use BGM FASt together with an approx-
imate Bayesian computation algorithm to obtain the posterior prob-
ability distribution function of the inferred parameters, by automati-
cally comparing synthetic versus observed data. Our full strategy is
codified to run on Apache Spark and Apache Hadoop, which are en-
gines developed for business data analysis, suited to deal with large
surveys. Thanks to the codification of BGM FASt we implemented it
in the big data infrastructure known as Gaia Data Analytics Frame-
work (GDAF) at the University of Barcelona.

To evaluate the performance of BGM FASt, we execute a set of val-
idation tests. These tests aim to compare BGM FASt with the BGM
standard method. We compare density, colour, mass and age distribu-
tions of BGM FASt versus BGM standard simulations to analyse the
goodness of BGM FASt.

We present two scientific demonstration cases of BGM FASt where
we automatically compare synthetic versus Tycho-2 colour-magnitude
diagrams. In this step, we obtain for the first time using BGM an IMF
and SFH of the thin disc by exploring a 6-Dimensional parameter
space.
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Finally, we use Gaia data-release 2 magnitudes, colours, and paral-
laxes for stars with G<12 to explore a parameter space with 15 dimen-
sions. This parameter space includes the IMF and a non-parametric
SFH for the Galactic disc simultaneously. It is the first time that we
consider a non-parametric SFH for the thin disc component in the
Besançon Galaxy Model.

Results

The set of tests applied to BGM FASt show an excellent agreement
between equivalent simulations performed with BGM FASt and with
the standard BGM code. BGM FASt has resulted in being ∼ 104 times
faster. The excellent performance of BGM FASt demonstrates that it is
a very valuable tool to perform multi-parameter inference using mas-
sive data releases. The two scientific demonstration cases of our strat-
egy applied to Tyhco-2 data gives us, for the first time using BGM, a
full 6D posterior probability distribution function of the parameters
involved in the IMF and the SFH of the thin disc component.

After applying our strategy to Gaia DR2, we find an imprint of
a star formation burst 2-3 Gyr ago in the Galactic thin disc domain.
Our results show a decreasing trend of the star formation rate (SFR)
from 9-10 Gyr to 6-7 Gyr ago. This decreasing trend is followed by a
SFR enhancement starting at ∼ 5Gyr ago and continuing until ∼ 1Gyr
ago. This SFR enhancement is detected with high statistical signifi-
cance by discarding the null hypothesis of an exponential SFH. The
timescale and the amount of stellar mass generated during this SFR
enhancement event lead us to hypothesise that its origin, currently
under investigation, is not intrinsic to the disc. When we adopt a
non-parametric SFH the resulting IMF for the thin disc has a slope
of α3 ≈ 2 for masses M > 1.53M� and α2 ≈ 1.3 for the mass range
between 0.5 and 1.53 M�.

Conclusions

BGM FASt has allowed us to increase our knowledge about the stel-
lar initial mass function and the star formation history of the Milky
Way disc by applying it to Gaia data. Our results have shown that the
evolution of the star formation rate with time is much more compli-
cated than a simple mathematical exponential decreasing shape. Fur-
thermore, we have seen how the imposition of a mathematical form
for the SFH has a clear impact on the derivation of the slope of the
IMF at high masses. The excellent performance of our whole strategy
opens very promising perspectives, among them, the possibility to
study whether the stellar initial mass function variates with the time
evolution of the Milky Way or not.
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R E S U M E N L L E N G U A C ATA L A N A

En aquesta tesi hem desenvolupat un nou marc teòric per generar
simulacions ràpides i aproximades del model de Galàxia de Besanç̧on
(BGM), al qual anomenem BGM FASt. Aquest nou marc ens permet
abordar qüestions fonamentals sobre l’evolució i l’estructura de la
Via Làctia a través de la inferència de múltiples paràmetres. La flexi-
bilitat de BGM FASt ens permet derivar, entre altres, els paràmetres
fonamentals relacionats amb la funció inicial de massa estel·lar (IMF),
la història de formació estel·lar (SFH), la distribució de densitat, la
cinemàtica i la chemo-dinàmica. BGM FASt ens permet estudiar difer-
ents components de la Via Làctia com ara el disc prim, el disc gruixut,
l’halo o el bulb-barra. En aquesta tesis ens focalitzem en una primera
aplicació de la nostra estratègia per derivar simultàniament la funció
inicial de massa estel·lar i la història de formació estel·lar del disc
Galàctic.

El BGM FASt està basat en un sistema de pesos, que utilitza una
simulació prèviament mostrejada. L’estratègia assumeix que la fun-
ció de distribució de les estrelles generades a la Galàxia es pot de-
scriure amb una funció analítica que conté els paràmetres que volem
analitzar. En aquesta tesi comparem automàticament diagrames color-
magnitud sintètics i observats utilitzant BGM FASt conjuntament amb
un algoritme de computació Bayesiana aproximada (ABC) per tal
d’obtenir una probabilitat a posteriori dels paràmetres que volem de-
terminar.

Tota la nostra estratègia està codificada per correr en els entorns
computacionals d’Apache Spark i Apache hadoop, dos sistemes de-
senvolupats per l’anàlisis de dades en un entorn de negocis. Aquestes
eines estan especialment pensades pel tractament de volums enormes
de dades (Big Data), i en el camp de l’astrofísica ens permet abordar
l’ús de grans catàlegs observacionals, com és el cas del segon catà-
leg de dades de Gaia. Gràcies a l’esforç posat en aquesta codificació
BGM FASt ha estat implementat a la infraestructura de Big Data de la
Universitat de Barcelona coneguda com a Gaia Data Analytics Frame-
work (GDAF).

Per tal d’avaluar el rendiment i el funcionament de BGM FASt hem
executat una sèrie de tests de validació que han mostrat una gran con-
cordança entre les simulacions dutes a terme amb l’estratègia estàn-
dard de BGM i les simulacions dutes a terme amb BGM FASt. BGM
FAST ha resultat ser aproximadament deu mil vegades més ràpid que
BGM estàndard a l’hora de fer simulacions equivalents.
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Figure 1: Història de formació estel·lar pel cas principal a Mor et al. (2019).
Es mostren els valors més probables del ritme de formació estel·lar
per a cada bin d’edat. Els errors verticals indiquen els quantils 0.16

i 0.84 de la probabilitat a posteriori. Les barres d’error horitzontals
indiquen la mida dels bins d’edat. La línia de ratlles negra és un
ajust fet als resultats d’una Gaussiana més una exponencial. La
línia contínua gris és la part exponencial d’aquest últim ajust.

El bon funcionament de BGM FASt demostra que és una eina molt
valuosa per dur a terme inferència de múltiples paràmetres utilitzant
les dades del satèl·lit Gaia.

En aquesta tesi presentem uns primers casos científics de demostració
on utilitzem BGM FASt amb les dades de Tycho-2. En aquest pas hem
obtingut per primera vegada utilitzant BGM una IMF i una SFH del
disc prim havent explorat un espai de paràmetres sis-dimensional.

Finalment hem utilitzat les magnituds els colors i les paral·laxis del
segon catàleg de Gaia (Gaia DR2) fins a magnitud aparent G=12 per
tal d’explorar un espai de paràmetres de 15 dimensions. L’espai de
paràmetres inclou simultàniament la IMF i una SFH no paramètrica
pel disc Galàctic. Aquesta és la primera vegada que considerem una
SFH no paramètrica pel disc prim Galàctic en el Model de Galàxia de
Besançon.

La SFH resultant (figura 1) ens mostra una tendència decreixent
que comença fa 9-10 Gyr i s’estén fins fa 6-7 Gyr, aquest resultat és
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consistent amb la davallada del ritme de formació estel·lar (SFR) que
s’observa en el context cosmològics per desplaçaments al vermell més
petits que 1.8 (z < 1.8) (Rowan-Robinson et al., 2016). Els resultats
també són compatibles amb les evidències d’una davallada del ritme
de formació estel·lar a la Via Làctia com es mostra a Haywood et al.
(2018). Aquesta davallada que trobem podria estar lligada a una inter-
acció prèvia amb una altra galàxia. Les simulacions hidrodinàmiques
en el marc de l’existència d’una matèria fosca freda (ΛCDM) mostren
que després d’una fusió de galàxies hi ha un increment del ritme de
formació estel·lar seguit una davallada d’aquest (Di Matteo et al. 2008,
Fig.4). Aleshores, la davallada en el ritme de formació estel·lar que
mostren els nostres resultats, que comença fa uns 10 Gyr, podria es-
tar lligada a l’escenari de formació del thick disc Galactic proposat a
Helmi et al. (2018). Aquest escenari contempla una fusió de la Via Làc-
tia amb una altra galàxia fa més de 10 Gyr. Com es proposa en altres
treballs, la davallada del ritme de formació estel·lar que trobem po-
dria estar produïda per la presència de la barra Galàctica (Haywood
et al., 2016; Khoperskov et al., 2018). Aquests dos mecanismes que po-
den causar la davallada no són excloents. És important remarcar que
després de la davallada detectem un increment del ritme de formació
estel·lar que s’estén durant 4 Gyr. Aquest increment comença fa uns
5 Gyr i té un màxim fa 2-3Gyr. L’escala de temps d’aquest increment
juntament amb l’enorme quantitat de massa involucrada en aquest in-
crement ens porta a proposar que aquest recent increment del ritme
de formació estel·lar no és intrínsec al disc Galàctic i que podria es-
tar produït per una pertorbació externa. Addicionalment, l’increment
progressiu del ritme de formació estel·lar, la seva durada i el valor
del màxim suggereix que aquest increment podria ser degut a una
fusió recent amb una galàxia satèl·lit rica en gas. Aquesta fusió hau-
ria pogut començar entre fa 5 i 7 Gyr. Es necessiten l’anàlisi d’altres
paràmetres estel·lars, com ara metalicitats, per tal de validar o refutar
la hipòtesi.

En aquest treball hem demostrat que la determinació de pendent
de la funció inicial de massa estel·lar per les altes masses es veu al-
tament afectada per l’elecció de la forma funcional de la història de
formació estel·lar. Quan utilitzem una història de formació estel·lar no
paramètrica la IMF resultant pel disc prim de un pendent de α3 ≈ 3

per masses M > 1.53M� i α2 ≈ 1.3 pel rang de basses entre 0.5 i
1.53M�.

BGM FASt juntament amb el catàleg de Gaia DR2 ens ha permès
obtenir nova informació sobre la IMF i la SFH del disc Galàctic. Els
nostres resultats ens han mostrat que l’evolució del ritme de forma-
ció estel·lar al llarg del temps és molt més complex que una forma
exponencial decreixent. A més hem vist com la derivació del pendent
de la IMF a altes masses es veu directament influenciada per l’elecció
prèvia de la forma de la SFH.
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El bon funcionament de tota la nostra estratègia obre grans perspec-
tives de cara al futur, entre elles la possibilitat d’estudiar si la IMF és
universal o no.
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Part I

M O T I VAT I O N A N D C O N T E X T U A L I S AT I O N

In this part we provide a general introduction, a contex-
tualisation and the thesis outline. Here we give a first
overview of the presented works, we justify the topic, we
give a narrative thread for this thesis and we specify the
goals.





1
I N T R O D U C T I O N

the distribution function of the stars in the milky way

Since the times of William and Caroline Herschel who published in
1785 the first map of the Milky Way (Herschel, 1785), the understand-
ing of the structure and evolution of the Milky Way has always been
strongly linked to counting stars and studying their distribution func-
tion. Under very restrictive assumptions William Herschel studied
the distribution of the stars as a function of their coordinates. Set-
ting, for the first time, the limits of the Milky Way. Jacobus Kapteyn
(Kapteyn, 1922) introduced later the analysis of the distribution func-
tion of the stars as a function of their magnitude, by using a survey
of the apparent magnitude of the stars. Many years have passed since
Herschel and Kapteyn published their works and the star count anal-
ysis is still a key tool for the understanding of the Milky Way.

In the mid of the XX century, Edwin Ernest Salpeter studied the
mass distribution of the stars (Salpeter, 1955). Salpeter gave the first
mathematical function for the mass distribution of the stars at birth
which is known as the stellar initial mass function (IMF). Four years
later Maarten Schmidt introduced the concept of the rate of star for-
mation (Schmidt, 1959). He split his rate of star formation in two func-
tions, the luminosity function (depending on the absolute visual mag-
nitude of the stars) and what he called the rate function which carries
the time dependence part. Schmidt related the luminosity function
with the mass of the stars, but his concept of the star formation rate
was more in the direction of the number of stars born per interval
of time and interval of absolute magnitude. In the early 70s, Beat-
rice Tinsley introduced the concept of the birthrate of stars in a mass
interval (m+dm) in a time t. In Tinsley (1972) she proposed to split
the birthrate in a function depending only on mass and a function de-
pending only on time. She suggested a decreasing exponential law for
the time-dependent part. It is in her works of 1975 (e.g. Tinsley 1975)
where she explicitly defines the birthrate of stars per time interval
(t+dt) and mass interval (m+dm) as the multiplication of the IMF by
an exponential time-dependence function. Beatrice Tinsley not only
studied the distribution function of stars as a function of time and
mass, but she also included the chemical composition of stars. In Tins-
ley (1976) she presented a sizeable analytical formulation to study the
Chemical evolution of the solar neighbourhood. She also was a crucial
person in the development of the stellar population synthesis models,
which is one of the main tools used in this PhD thesis. It was in the
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4 introduction

mid-80s when Annie C. Robin and M. Creze (e.g. Robin & Creze 1986)
lay the groundwork for the creation of the Besançon Galaxy Model,
which is the stellar population synthesis model involved in this thesis.

The distribution function of the generated stars in the Milky Way

The mentioned works above, among others, were studying the dis-
tribution function of the stars as a function of different parameters.
Nowadays we can define a more general distribution function to de-
scribe the distribution function of all the stars ever born in the Milky
Way. This is the distribution function of the generated stars in the
Milky Way (D).

The function D carries on the information about the generation of
the stars in the Galaxy throughout the life of the Milky Way up to the
present. This distribution function contains all the information about
the stars ever born in the Galaxy including the distribution of age,
mass, metallicity, abundances and velocity, among others. D is de-
fined in a N-dimensional space that contains all the parameters that
can be involved in a distribution function of the generated stars in
the Galaxy. This distribution function is unknown, but its integration
over a different combination of parameters results in deeply studied
functions which characterise the structure and evolution of the stellar
populations in the Milky Way, such as the stellar initial mass function
(IMF), the star formation history (SFH), the age-metallicity relation,
the radial metallicity gradient, and also functions that are carrying in-
formation about the density distribution of the Galaxy or dynamical
and chemo-dynamical information.

Ideally, we would like to study the full D, this is for the moment
and for many years a chimera. But we can marginalise D for those pa-
rameters that we can not study at present and work in a more reduced
dimensional space. For the moment, the formulation presented in this
thesis is thought to analyse the distribution function of the generated
stars as a function of age, mass, metallicity, position, velocities, and
α-over-iron abundance ratio. Thus, the Galactic fundamental func-
tions related to these stellar parameters can also be analysed. As the
first application of this general formulation we are focused mainly in
analysing, through the Besançon Galaxy Model, two of these Galactic
fundamental functions : (1) The stellar initial mass function and (2)
the star formation history.

the besançon galaxy model

The Besançon Galaxy Model (BGM; Robin et al. 2003) is a stellar pop-
ulation synthesis model for the Milky Way. It is a potent and versatile
tool for the statistical analysis of the structure and evolution of the
Galaxy. Moreover, it is a valuable tool for the preparation of space,
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and ground-based observational instruments, and also for the valida-
tion of observational surveys.

BGM is continuously being updated by studying the different com-
ponents of the Milky Way, e.g. the bulge region Robin et al. (2012b),
where a boxy triaxial shape for the bar is fitted; the thick disc, Robin
et al. (2014), where two successive star formation episodes are pro-
posed or the thin disc Czekaj et al. (2014), where results point to a
decreasing SFH whatever IMF is assumed. Furthermore, the BGM
has been used to study the interstellar medium (Marshall et al., 2006),
and the dynamical consistency of BGM is discussed in Bienaymé et al.
(1987) and (Bienaymé et al., 2015).

Recently, BGM has been used to study the kinematics of the lo-
cal disc from the RAVE survey and the Gaia first data release (DR1)
(Robin et al., 2017), to evaluate the evolution of the Milky Way’s disc
shape over time (Amôres et al., 2017), to constrain Galactic and stel-
lar physics (Lagarde et al., 2017) and to study microlensing events
in the Galactic bulge (Awiphan et al., 2016). Furthermore, BGM has
also been useful, together with other Milky Way models, to study the
bulge bar (Simion et al., 2017) and for the validation of the Gaia DR1

(Arenou et al., 2017).
As mentioned in previous sections BGM is one of the key tools that

we use in this thesis to analyse the IMF and the SFH of the Milky Way
disc.

the initial mass function

The IMF describes the mass distribution of a star formation episode.
The IMF directly influences the chemical composition and luminosity
of galaxies as it determines the baryonic content and the light of the
Universe. Salpeter (1955) was the first to describe the IMF as a simple
power law dN = ξ(m)dm = km−αdm, and he estimated a power-
law index of α = 2.35, taking into consideration age of 6 Gyr for the
Milky Way. Since then, several fundamental works on the empirical
derivation of the IMF have been written, such those of Schmidt (1959),
Miller & Scalo (1979), Scalo (1986), Kroupa et al. (1993) and Kroupa
(2002a), among others. Even so, the shape of the IMF is still a mat-
ter of debate (e.g. Chabrier 2003). It has been suggested that the IMF
is closely related to the structure and fragmentation mechanism of
molecular clouds where the stars are formed. Thus, several attempts
to derive the IMF theoretically have been made in this context. For
example, Adams & Fatuzzo (1996) computed a semi-empirical mass
formula (SEMF) which provides the transformation between initial
conditions in molecular clouds and the final masses of forming stars
based on the idea that stars determine their masses through the action
of powerful stellar outflows. Key works when discussing the theory of
the IMF are the following: Larson (1992), assuming a two-dimensional
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molecular cloud and hierarchical fragmentation, derived a slope of
α = 3 for high masses and α = 3.3 for a more general IMF. In con-
trast, Padoan & Nordlund (2002), considering a turbulent fragmenta-
tion of molecular clouds, derived an IMF with a slope α = 2.33, sig-
nificantly flatter and very close to the Salpeter one. Elmegreen (1997)
obtained a slope value of α ≈ 2− 2.7 considering a turbulent fractal
molecular cloud. We need to bear in mind that several parameters
are degenerated when deriving the theoretical formation of the stel-
lar cores from the molecular clouds, i.e. coalescence of protostellar
cores, mass-dependence, accretion process, stellar feedback, or frag-
mentation. Thus, in this context, the empirical and semi-empirical
determination of the IMF can contribute to the understanding of the
star formation mechanism.

From the population synthesis side, several attempts have been
made to determine the IMF for different components of the Milky
Way. For example in Reylé & Robin (2001) and Robin et al. (2014), the
IMF of the thick disc component was studied using deep star counts
in different directions. Moreover, in Robin et al. (2000), the halo IMF
was investigated. In Just & Jahreiß (2010) the IMF was also evaluated.
Recently, the IMF of the thin disc was assessed by our team (Czekaj
et al., 2014) using Tycho-2 data and also by Rybizki & Just (2015) us-
ing an observational sample that consists of stars from the extended
Hipparcos catalogue and the Catalogue of Nearby Stars. The analysis
of the Milky Way IMF cannot be disentangled from the study of the
star formation history.

The Integrated Galactic IMF framework

The integrated Galactic IMF theory (e.g. Kroupa et al. 2013) is a frame-
work that allows us to introduce a more complex and rich scenario
for the initial mass function than the traditional definition of the IMF.
The IMF is usually defined as the stellar mass distribution of stars
formed during one event of star formation, where we can add: in
an initially gravitationally bounded system (e.g. cluster formed after
the collapse of a molecular cloud) for a more precise definition (e.g.
Jeřábková et al. 2018).

In figure 2 we present figure 1 in Jeřábková et al. (2018) which
allows us to visually explain the different definitions that can be used
inside the IGIMF framework. These definitions are accurately given in
Table 1 of Jeřábková et al. (2018). The galaxy wide IMF (gwIMF) is the
initial stellar mass function of newly formed stars in a whole galaxy,
and the composite IMF (cIMF) is the initial stellar mass function of the
IMFs of large regions within a galaxy. In the publications included in
this thesis, we use indistinctly composite IMF and integrated Galactic
IMF to refer to the composite IMF. All the resulting IMFs from our
work in this thesis shall be understood as a composite IMF. We want
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Figure 2: This is the Fig. 1 in Jeřábková et al. (2018). Scheme of a galaxy. Red
and orange stars represent its field population. The newly formed
stellar population is marked by coloured circles which represent
embedded stellar clusters. Right bottom panel: A young massive
embedded cluster. Right top panel: Young embedded cluster com-
plex composed of several low-mass embedded clusters.

to emphasise that when generally referring the stellar initial mass
function in introductions, discussions and titles we use IMF to refer
the pure IMF and the composite IMF indistinctly. We only specify it
when we consider it is necessary.

the star formation history

The other Galactic fundamental function that we deeply analyse in
this thesis is the star formation history (SFH). The Milky Way SFH
has been studied for many years (e.g. Miller & Scalo 1979, Twarog
1980, Haywood et al. 1997, Kroupa 2002b,Vergely et al. 2002, Cignoni
et al. 2006,Aumer & Binney 2009, Wyse 2009) but is still a hot topic
nowadays (e.g. Snaith et al. 2015, Haywood et al. 2018, Bernard 2018).
The SFH of the Milky Way disc contains essential information to un-
derstand the Galactic structure and evolution, including key informa-
tion of its merger history (e.g. Gilmore 2001). Recently, Antoja et al.
(2018) discovered, using Gaia data, that an external interaction per-
turbed the Galactic disc in the last billion years. Moreover, Helmi et al.
(2018) suggested that a merger led to the formation of the thick disc.
Furthermore, from the cosmological simulations in the framework of
ΛCDM, it is known that the probability that a Milky Way-like Galaxy
had a minor merger in the last 10 Gyr is high (e.g. Stewart et al. 2008).
These mergers can trigger stellar formation that we expect to detect
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in the observational catalogues when characterising the SFH of the
Galactic disc (e.g. Kruijssen et al. 2018).

The study of the SFH in large amounts of galaxies is essential to
understand the cosmological evolution of the universe. At the end of
this thesis, we have made an effort to put the SFH of the Milky Way
in a cosmological context by relating our results to the large scale
behaviour of the star formation rate (SFR) as a function of the red-
shift. In this global scenario, a high effort has been made in different
works to determine the SFH of satellite galaxies of the Milky Way and
the galaxies in the Local Group (e.g. Gallart et al. 1999, Gallart et al.
2005, Ruiz-Lara et al. 2015, Monteagudo et al. 2018). This works can
help to the understanding of the relation between the SFHs and the
interaction of galaxies, thus to help us to understand the SFH of the
Milky Way disc. Furthermore, recent and future surveys of the Milky
Way stellar populations are essential for the understanding of the star
formation history.

large surveys and the parameter exploration

The astrophysics community has successfully carried out important
ground-based and space missions generating huge data sets. Exten-
sive sky surveys with photometric and astrometric data, such as Gaia
data release 2 (DR2) (Gaia Collaboration et al., 2016, 2018), among
others, represent a challenge for Galaxy modelling in terms of both
the new types of data and the large amounts of data created. At the
same time, new statistical techniques are having a significant effect on
modern astronomy. The use of Bayesian statistics for the exploration
of large parameter spaces, together with Monte Carlo Markov Chains
(MCMC) or approximate Bayesian computation (ABC), among others,
are in rapid development. In this context, the unprecedented accuracy
of the Gaia DR2 data represents an excellent opportunity to search for
hints of star formation bursts in the Galaxy and to expand the knowl-
edge about the IMF using the population synthesis Besançon Galaxy
Model (BGM; Robin et al. 2003).

the besançon galaxy model in the gaia era

Nowadays, a BGM standard (BGM Std) simulation (e.g. Czekaj et al.
2014) has a computational cost that is not adapted to exploring large
parameter spaces using modern Bayesian iterative methods that re-
quire a very large number of simulations. To overcome this handicap
we have developed the BGM FASt, a theoretical framework to gen-
erate very fast Milky Way approximate simulations based on BGM.
This framework allows us to explore, among others, the parameter
spaces of the IMF, the SFH, and the density laws using ABC. The
flexibility of this new strategy presented in this thesis allows for the
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generation of fast approximate simulations for different Milky Way
components, such as thin disc, thick disc, halo, and bulge. One of
the big challenges for the success of this PhD thesis was the need for
computing hundred-thousands or million simulations of the Milky
Way to achieve our goals. To make it possible we not only developed
a theoretical framework, but we also have made the effort of codify-
ing our full strategy to run on Apache Spark1 and Apache Hadoop 2,
which are engines coming from business science suited to deal with
large surveys. Thanks to its codification, BGM FASt have been imple-
mented in the big data infrastructure at the University of Barcelona
known as Gaia Data Analytics Framework (GDAF).

brief summary of contents

In Part II we present our groundwork "Constraining the thin disc ini-
tial mass function using Galactic classical Cepheids" (Mor et al., 2017).
In Part III we present the work "BGM FASt: Besanç̧on Galaxy Model
for Big Data. Simultaneous inference of the IMF, SFH and Density in
the Solar Neighbourhood." (Mor et al., 2018). In Part IV we present
the IMF and the SFH unveiled by Gaia DR2 (Mor et al., 2019), the on-
line version of the "Nature Research Highlight" about our work done
in Mor et al. (2019) and future perspectives. A global summary of
the results, the discussion about the results and the final conclusions
are presented in Part V. In Appendix A, we present a complemen-
tary work where we show an example of how the Besançon Galaxy
Model can contribute to other topics, such as the study of background
contaminants of Young Stellar Objects candidates. In appendix B, we
briefly mention our contribution to the Gaia Data Processing and
Analysis consortium in the work packages 943 and 970-973 and fi-
nally, in Appendix C, we present a corrigendum of figures 8 and 9 in
Mor et al. (2017)

1 https://spark.apache.org/
2 https://spark.apache.org/





2
C O N T E X T U A L I S AT I O N

The narrative threat of this PhD thesis is the use of the Besançon
Galaxy Model to study the Milky Way Galaxy. Since the key paper
of Robin et al. (2003) the improvements and studies of the Besançon
Galaxy Model has been done step by step. We depart from the work
of Czekaj et al. (2014), where an important update of the BGM thin
disc component was implemented and tested against Tycho-2 data. In
figure 3 we summarise the BGM model as described in Czekaj et al.
(2014). The stars are generated following an IMF and a SFH, with a
continuous star formation during the disc evolution. The thin disc
population is divided into seven age sub-populations. The density
distribution of each subpopulation of the thin disc is assumed to fol-
low an Einasto density profile. The dynamical statistical equilibrium
is ensured by using the strategy described in Bienaymé et al. (1987).
Stellar evolutionary tracks and model atmosphere, combined with
an age-metallicity relation, allow us to go from masses, ages, and
metallicities to the space of the observables. In this process a three-
dimensional (3D) interstellar extinction map is adopted. The model
includes the generation of unresolved and resolved binary systems
according to an imposed spatial resolution.

Model A and Model B from Czekaj et al. (2014) were the best model
variants fitting the Tycho-2 data at that time as shown in their Figure
14. But the comparison of the models versus data was made only in
the 1-Dimensional colour distribution. Furthermore, a continuous ex-
ploration of the parameter space was not possible at that time because
of the computational cost of a BGM standard simulation. In this con-
text, we improve step by step in this thesis the BGM strategy to be
able to use Gaia data and to be able to perform a robust exploration
of the parameter space.

11
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Figure 3: Figure 3 in Czekaj et al. (2014). General scheme describing the
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mation they provide. In italics, we have marked the ingredients,
which are under study, in this paper.
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T H E S I S O U T L I N E

In Fig. 4 we show the step by step updates through the papers of this
thesis.

Mor et al . (2017): bgm standard + tycho-2 data + cepheids

We designed the Default Model and the rest Model variants to be
used in our first work Mor et al. (2017) based on the Models A and B
of Czekaj et al. (2014). A first small improvement that we have done
in this paper was to change the way of applying the photometric
transformation from Johnsosn to Tycho-2 bands. In the strategies for
comparison with observational data, we added the extra information
from the Galactic Classical Cepheids and even more important, in
the analysis of Tycho-2 data we jump from evaluating 1-dimensional
colour distributions in Czekaj et al. (2014) to statistically comparing
2-dimensional colour-magnitude diagrams in Mor et al. (2017). The
work presented in this paper has represented a significant improve-
ment in the fit of BGM to the Tycho-2 data compared with Czekaj
et al. (2014). We have to keep in mind that in 2017 we were not able
to continuously explore the parameter space because BGM FASt was
still not developed. Thus, we were limited to test a small set of simula-
tions with different assumptions in the fundamental parameters. As
a consequence, a lot of combinations of parameters that could give a
better fit were excluded. Later we have demonstrated consecutively in
Mor et al. (2018) Case A and B that other combinations of parameters
provide better fits to Tycho-2 data.

Mor et al . (2018): bgm fast + abc + tycho-2 data

As previously mentioned, in Mor et al. (2018) we have presented
our BGM FASt strategy. With this strategy, we can perform multi-
parameter inference using an Approximate Bayesian Computation al-
gorithm (ABC). In the Case A of this paper, we have taken the model
variants from Mor et al. (2017), and we have treated them all in single
parameter space by using an ABC to explore the SFH in each one of
the model variants from Mor et al. (2017) and using two different ex-
tinction models. This work has represented an improvement of the fit
with Tycho-2 data compared to Mor et al. (2017). In the case B of Mor
et al. (2018) we have jumped to the full exploration of a 6D parameter
space using Tycho-2 colour-mangitude diagrams. This step has rep-

13
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Figure 4: Schema to indicate the different tools and components used in
each article included in the main body of this thesis.

resented a significant improvement, as for the first time, for the thin
disc component, we have been able to explore a 6 dimensional param-
eter space continuously. In this work, we have been able to present
a full posterior probability distribution function for each one of the
inferred parameters.

Mor et al . (2019): bgm fast + abc + gaia dr2

Finally, in Mor et al. (2019) we have applied our strategy to Gaia DR2.
We use Gaia DR2 magnitudes, colours, and parallaxes for stars with
G<12 to explore a parameter space with 15 dimensions that simulta-
neously includes the initial mass function and a non-parametric star
formation history for the Galactic disc. This inference is performed
by combining BGM FASt and ABC. For the first time, we have consid-
ered a non-parametric SFH for the thin disc in the BGM model. This
new step, together with the capability of the Gaia DR2 parallaxes to
break degeneracies between different stellar populations, allowed us
to constrain the thin disc SFH and IMF better.



Part II

L AY I N G T H E G R O U N D W O R K





4
C O N S T R A I N I N G T H E T H I N D I S C I N I T I A L M A S S
F U N C T I O N U S I N G G A L A C T I C C L A S S I C A L
C E P H E I D S

In this chapter, we present our groundwork "Constraining the thin
disc initial mass function using Galactic classical Cepheids" (Mor
et al., 2017) where we study the IMF of the Galactic thin disc pop-
ulation using both Galactic classical Cepheids and Tycho-2 data.
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ABSTRACT

Context. The initial mass function (IMF) plays a crucial role in galaxy evolution and its implications on star formation theory make
it a milestone for the next decade. It is in the intermediate and high mass ranges where the uncertainties of the IMF are larger. This is
a major subject of debate and analysis both for Galactic and extragalactic science.
Aims. Our goal is to constrain the IMF of the Galactic thin disc population using both Galactic classical Cepheids and Tycho-2 data.
Methods. For the first time, the Besançon Galaxy Model (BGM) has been used to characterize the Galactic population of classical
Cepheids. We modified the age configuration in the youngest populations of the BGM thin disc model to avoid artificial discontinuities
in the age distribution of the simulated Cepheids. Three statistical methods, optimized for different mass ranges, have been developed
and applied to search for the best IMF that fits the observations. This strategy enables us to quantify variations in the star formation
history (SFH), the stellar density at Sun position and the thin disc radial scale length. A rigorous treatment of unresolved multiple
stellar systems has been undertaken, adopting a spatial resolution according to the catalogues used.
Results. For intermediate masses, our study favours a composite field-star IMF slope of α = 3.2 for the local thin disc, excluding
flatter values, e.g. the Salpeter IMF (α = 2.35). Our findings are broadly consistent with previous results derived from Milky Way
models. Moreover, a constant SFH is definitively excluded, the three statistical methods considered here show that it is inconsistent
with the observational data.
Conclusions. Using field stars and Galactic classical Cepheids, we found an IMF steeper than the canonical stellar IMF of associations
and young clusters above 1 M�. This result is consistent with the predictions of the integrated Galactic IMF.

Key words. stars: luminosity function, mass function – stars: variables: Cepheids – Galaxy: disk – solar neighborhood –
Galaxy: evolution

1. Introduction

Classical Cepheids are probably the best-known and most impor-
tant pulsating variable stars. Since Henrietta Swan Leavitt deter-
mined for the first time, in 1912, their period-luminosity relation
(Leavitt & Pickering 1912), classical Cepheids have become the
first ladder of the extragalactic distance scale, since they provide
accurate distances in the Local Universe. Now, in the Gaia era,
the expected thousands of Cepheids that are going to be detected
(Eyer & Cuypers 2000; Windmark et al. 2011; Mor et al. 2015),
again place these classical variable stars in a privileged position
when studying the structure of the Milky Way. In this work we
plan to update the youngest populations in the Besançon Galaxy
Model (BGM) making it capable to simulate a reliable popula-
tion of Cepheids. With this new configuration, and as a first step,
we aim to use the classical Cepheids as tracers of intermediate-
mass population to constrain the initial mass function (IMF) of
the thin disc.

The IMF describes the mass distribution of a star formation
episode. Together with the star formation history (SFH), it is one
of the most important functions to characterize the evolution of
the stellar populations in the Milky Way and external galaxies.

The chemical composition and luminosity of galaxies is directly
influenced by the IMF as it determines the baryonic content and
the light of the Universe. Salpeter (1955) was the first to describe
the IMF as a simple power law dN = ξ(m)dm = km−αdm and he
estimated a power-law index of α = 2.35, taking into considera-
tion an age of 6 Gyr for the Milky Way. Since then, several fun-
damental works on the empirical derivation of the Galactic IMF
have been written, such those of Schmidt (1959), Miller & Scalo
(1979), Scalo (1986), Kroupa et al. (1993), and Kroupa (2002)
among others. Even so, the shape of the IMF is still a matter of
debate, in particular for the high and intermediate stellar mass
range.

Several methods to derive the IMF consist either in analysing
the mass distribution of complex preprocessed samples, or by
fitting models to star counts in complete but limited samples.
Advantages and drawbacks of this last method are discussed in
this paper, keeping in mind that this approach depends on other
parameters such as the SFH, the density distribution, or the in-
terstellar extinction.

An important handicap when studying the IMF at intermedi-
ate and high masses is the low number of stars of these masses
that can be found in clusters or associations. The same occurs
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when using field stars just around few hundred parsecs from the
Sun. Classical Cepheids can solve the problem of poor statistics
at intermediate masses because they are bright and their distance
can be accurately determined. Soon Gaia will provide us with
thousands of them, but for the moment the most complete cata-
logues of Galactic classical Cepheids provide us with hundreds
of Cepheids in the intermediate stellar mass range. These hun-
dreds of Cepheids, together with the ≈800 000 stars from the
Tycho-2 catalogue (Høg et al. 2000) up to V = 11 (that is domi-
nated by low-mass stars), ensures good statistics to constrain the
IMF in the present work.

It have been suggested that the IMF is closely related to
the structure and fragmentation mechanism of molecular clouds
where the stars are formed. Thus, several attempts to derive the
IMF theoretically have been made in this context. For example,
Adams & Fatuzzo (1996) computed a semi-empirical mass for-
mula (SEMF) which provides the transformation between initial
conditions in molecular clouds and the final masses of forming
stars based on the idea that stars determine their own masses
through the action of powerful stellar outflows. For a particu-
lar SEMF, a given distribution of initial conditions theoretically
predicts a corresponding IMF. Key works when discussing the
theory of the IMF are the following: Larson (1992), assuming
a two-dimensional molecular cloud and hierarchical fragmenta-
tion, derived a slope of α = 3 for high masses and α = 3.3 for a
more general IMF. In contrast, Padoan & Nordlund (2002), con-
sidering a turbulent fragmentation of molecular clouds, derived
an IMF with a slope α = 2.33, significantly lower and very close
to the Salpeter one. Elmegreen (1997) obtained a slope value
of α ≈ 2–2.7 considering a turbulent fractal molecular cloud.
We need to bear in mind that several parameters are degener-
ated when deriving the theoretical formation of the stellar cores
from the molecular clouds, i.e. coalescence of protostellar cores,
mass-dependence, accretion process, stellar feedback, or frag-
mentation. In the case of intermediate and high-mass stars the
formation process is even more complex. Thus, in this context,
the empirical and semi-empirical determination of the IMF at in-
termediate and high masses can contribute to the understanding
of the star formation mechanism.

From a population synthesis point of view, several attempts
have made to determine the IMF for different components of
the Milky Way. For example in Reylé & Robin (2001) and
Robin et al. (2014), the IMF of the thick disc component was
studied using deep star counts in different directions. Moreover
in Robin et al. (2000), the halo IMF was investigated. Recently
the IMF of the thin disc was evaluated by our team (Czekaj et al.
2014) using Tycho-2 data and also by Rybizki & Just (2015) us-
ing an observational sample that consists of stars from the ex-
tended Hipparcos catalogue and the Catalogue of Nearby Stars.

In this work, we aim to constrain the thin disc IMF at inter-
mediate masses using the BGM. This tool is being updated each
year by studying the different components of the Milky Way,
e.g. the bulge region (Robin et al. 2012b), where a triaxial boxy
shape for the bar is fitted; the thick disc, Robin et al. (2014),
where two successive star formation episodes are proposed; the
thin disc (Czekaj et al. 2014), where results point to a decreasing
SFH whatever IMF is assumed. Furthermore the BGM has been
used to study the interstellar medium (Marshall et al. 2006),
Galactic kinematics and dynamics (e.g. Bienaymé et al. 2015),
to estimate micro-lensing probabilities (Awiphan et al. 2016;
Kerins et al. 2009) and it has has also been used for the prepara-
tion of the ESA Gaia astrometric mission (Robin et al. 2012a).
In a daily effort to update the BGM piece by piece, contributing
step by step to the knowledge of the different components of the

Milky Way, in this work we aim to update the youngest popu-
lations of the BGM thin disc, improving its fit with the Tycho-2
data and using it to constrain the IMF.

In Sect. 2, we briefly describe the BGM, the model ingredi-
ents, the characteristics of classical Cepheids in the BGM and
our strategy. In Sect. 3, we describe the observational sample.
In Sect. 4, we present our evaluation methods. Results are pre-
sented in Sect. 5, while discussion and conclusions are presented
in Sects. 6 and 7.

2. The Besançon Galaxy Model

The Besançon Galaxy Model has proved to be an efficient tool
to test the Milky Way galaxy structure and evolution scenarios.
Last updates are described in Robin et al. (2003), Robin et al.
(2012b), Robin et al. (2014) and Czekaj et al. (2014), whereas
its dynamical consistency is discussed in Bienaymé et al. (1987)
and Bienaymé et al. (2015). In this study, we are interested in
generating a full sky set of data to be compared with both
Tycho-2 data and the most complete catalogues of Galactic
Cepheids. These catalogues are complete up to a bright limit in
apparent magnitude, thus with a dominant contribution from the
thin disc population and a small contribution from the thick disc
(expected ≈10%) and the halo (expected ≈0.3%).

2.1. The thin disc population

The thin disc component is described in Czekaj et al. (2014). The
stars are generated following an IMF and an SFH, with a con-
tinuous star formation during the disc evolution. The thin disc
population is divided into seven age sub-populations with the
age intervals described in Bienaymé et al. (1987). The density
distribution of each sub-population of the thin disc is assumed
to follow an Einasto density profile as described in Robin et al.
(2012b) Sect. 2.1, except for the youngest sub-population which
follows the expression described in Robin et al. (2003). The
main parameters for the characterization of the Einasto profiles
are the eccentricities of the ellipsoid (ε, that is the axis ratio), the
scale length of the disc (Rd) and the scale length of the disc hole
(Rh). A velocity dispersion as a function of age is adopted and,
each time the IMF and the SFH is changed, new structure pa-
rameters (e.g. the eccentricities of the ellipsoids ε) are computed
to keep the dynamical statistical equilibrium (Bienaymé et al.
1987). Stellar evolutionary tracks and model atmosphere, com-
bined with an age-metallicity relation, enable us to go from
masses, ages, and metallicities to the space of the observables.
In this process a 3D interstellar extinction model is assumed.

BGM thin disc simulations work following the scheme of
Fig. 3 from Czekaj et al. (2014). The SFH, a key ingredient of
the simulation, determines the amount of stars generated in each
one of the seven age sub-populations. Once a star is created, we
assign an age and a metallicity to it. The ages are drawn ran-
domly from the uniform distribution in the interval of the given
age sub-population. The metallicity is drawn for each star from
its own age, according to the age-metallicity relation adopted.
When the age, mass, and metallicity are established, we inter-
polate the stellar evolutionary tracks and find the position of the
star in the Hertzsprung-Russell diagram.

The model includes the generation of unresolved and re-
solved binary systems according to an imposed spatial resolu-
tion. The binarity treatment is well described in Sects. 2.2.2 and
4.3. of Czekaj et al. (2014). Binaries are generated following the
scheme proposed by Arenou (2011), also used to generate the
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Gaia Universe Model (Robin et al. 2012a). To decide if each
newly created star is either a single or primary component of
multiple system, the model uses a probability density function
that depends on the mass of the object and its luminosity class.
The mass-ratio distribution between system components, esti-
mated from observations (Arenou 2011), takes into account the
spectral type and mass of the primary component.

Hereafter, our initial default model (hereafter DM) will be
Model B of Czekaj et al. (2014). Model B is the model proposed
in Czekaj et al. (2014), which gave better results in different
studies (e.g. Robin et al. 2014), moreover it is used nowadays as
the thin disc model for the Gaia Object Generator (Robin et al.
2012b; Luri et al. 2014). Table 5 of Czekaj et al. (2014) shows
the set of thin disc ingredients adopted to fit Tycho-2 data us-
ing the radial scale length parameters detailed in Robin et al.
(2003). The stellar evolutionary models used are those of
Chabrier & Baraffe (1997) for M < 0.7 M�, Bertelli et al. (2008,
2009) for 0.7 M� < M < 20 M�, and Bertelli et al. (1994)
20 M� < 120 M�.

2.2. Generation of classical Cepheids

The instability strip (IS) is the region of the Hertzprung-Russel
diagram occupied by the pulsating variable stars, including clas-
sical Cepheids. The hotter and cooler boundaries of the IS are
called the blue edge and red edge, respectively. For this work, up
to apparent magnitude V = 9, that is for stars around solar neigh-
bourhood, we adopt the blue edge as log(Teff) = −(log(L/L�) −
62.7)/15.8 from Bono et al. (2000b) and red edge as log(Teff) =
−(log(L/L�) − 40.2)/10.0 from Fiorentino et al. (2013), both
derived from Cepheid pulsation models at solar metallicity. For
Cepheids at larger heliocentric distances (magnitudes 9 < V ≤
12), and given the radial metallicity gradient of the Milky Way
(e.g. Genovali et al. 2014), we decided to keep the same red age
and to use as the blue edge the one derived from pulsation mod-
els at lower metallicity (z = 0.008) from Fiorentino et al. (2013),
that is log(Teff) = −(log(L/L�) − 52.5)/13.1.

We impose a luminosity cut in the range 2.7 ≤ log(L/L�) ≤
4.7. This luminosity cut constrains the effective temperature of
the Cepheids to about 4000 ≤ Teff ≤ 7000 K (Bono et al. 1999).

The masses of our simulated Cepheids, selected with the
boundaries of the IS described above, are found to be between
3 and 11 M� with a few reaching up to 15 M� (see Fig. 1).
These values are in good agreement with the mass ranges in the
literature. To start with, the classical review from Cox (1980)
established the Cepheid mass range between 3 and 15 M�.
More recent studies, such as Caputo et al. (2005), found masses
between 5 to 15 M�. Using evolutionary models, Bono et al.
(2000a) estimated a minimum mass of ≈3.25 M� for low metal-
licity Cepheids and ≈4.75 M� for Cepheids with solar metal-
licity. The upper limit given by both Bono et al. (2000a) and
Alibert et al. (1999) could depend on metallicity and it is in the
range 10−12 M�. More recently, Anderson et al. (2014), also us-
ing stellar model but including stellar rotation, predict masses
from 4 to 10 M�. This agreement between literature and our
generated Cepheid mass distribution using the BGM reinforce
both the boundaries of the IS adopted and the BGM Cepheid-
generation strategy.

The age distribution of our simulated Cepheids is presented
in Fig. 2. Most of our simulated Cepheids have ages of be-
tween 20 and 200 Myr, well compatible with the values de-
rived by Bono et al. (2005), who estimated ages from ≈25 Myr
to ≈200 Myr, based on evolutionary and pulsation models. The

Fig. 1. Mass distribution of the simulated Galactic classical Cepheids
for 10 runs. The plot corresponds to the default model. The mass is
expressed in solar masses.

shape of the age distribution obtained here using BGM is dis-
cussed in Sect. 2.3.

With regard to binary fraction, our simulations show that
about 68% of classical Cepheids are contained in a binary sys-
tem. This percentage is consistent with values from the litera-
ture (e.g. Szabados 2003 estimated about 60–80% of Cepheids).
None of our simulated Cepheids are secondary components of
a multiple system. To generate these objects as secondaries, pri-
mary stars should have M > 3.5 M� and we have checked that
only about 2% of stars up to V = 12 fulfil this condition. Further-
more, this probability becomes negligible when imposing the
secondary to be in the instability strip.

Czekaj et al. (2014) adopted a spatial resolution of 0.8 arcsec
according to the resolution of Tycho-2 catalogue. In the cited
work, it was noted that most of the simulated binaries have an-
gular separation smaller than 0.5 arcsec. The Cepheid catalogues
used here could have worse resolutions than Tycho-2, thus the
distribution of the simulated angular separation enables us to
adopt the same 0.8 arcsec resolution for the Cepheids without
compromising the total number of star counts.

2.3. Cepheid ages to constrain the BGM youngest
populations

In Fig. 2, we show the age distribution of the simulated classi-
cal Cepheids with a black dotted line up to apparent magnitude
V = 12 using the DM. Like the other stars, the Cepheids are gen-
erated following an SFH and an IMF, as described in Sect. 2.1.
Since classical Cepheids are young stars they belong to the sub-
population 1 and 2 of the thin disc component of the BGM. Al-
though the range of the ages shown in Fig. 2 is compatible with
the ages of Cepheids (Bono et al. 2005), its distribution presents
a double peak which has not been seen in the empirical data.
This is an artefact that comes from a discontinuity between sub-
populations 1 and 2 of the thin disc in the BGM. In the present
work, we modified the age interval of these two youngest sub-
populations to avoid this discontinuity. In the initial DM, the
first population covered an age interval between 0 and 0.15 Gyr,
while the second sub-population covered the age range 0.15 to
1 Gyr. From now on, the age range of the first sub-population
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Fig. 2. Age distribution of the simulated Galactic classical Cepheids for
10 runs. The black dotted line is for the initial default model. The red
solid line is for the modified default model after the update of the age
intervals of the youngest populations of the BGM.

and second sub-population of our DM will be set from 0.0 to
0.10 Gyr and between 0.10 to 1 Gyr respectively. Thus, once the
age interval for sub-population 1 and 2 is redefined, all the ma-
chinery of the BGM is set up and rerun, e.g. the amount of stars
generated in the so-called new sub-population 1 and 2 is derived
from the SFH, and the integrals over time will be computed ac-
cording to the new age range. A new BGM simulation is used
to update the Cepheid age distribution. In Fig. 2, we show in red
the age distribution of the simulated Galactic classical Cepheids
with the revised DM. Now the age distribution follows a smooth
single peak distribution. As seen in Sect. 5, this modification of
the age ranges improves the fit of the BGM with Tycho-2 data in
the Galactic plane.

2.4. Model variants and strategy

In Fig. 3, we present the scheme of the seven model variants
proposed to constrain the thin disc IMF. To evaluate which is the
best of the tested IMFs (see Sect. 2.5) it is mandatory to analyse
not only the changes that are due to the IMF, but also evaluate
the impact of other key ingredients on the mean properties of the
simulated catalogues. Work performed in Czekaj et al. (2014),
Robin et al. (2012b), and previous experience has allowed us to
identify the SFH, the stellar density at the Sun position, and the
radial scale length as the key parameters most affecting the star
count analysis that we perform in this paper.

By departing from the DM, changing only the IMF, we con-
structed the two other main model variants (see Fig. 3). Those
are the Salpeter Variant (SV) and the Haywood-Robin variant
(HRV). In Sect. 2.5, we further describe the IMFs used. The
impact of thin disc radial scale length variations is tested, as-
suming the scale length of Robin et al. (2003; Rd = 2530 pc
and Rh = 1320 pc) for the DM and changing it to the values of
Robin et al. (2012b; Rd = 2170 pc and Rh = 1330 pc) in the
default model A variant (DAV). These new scale lengths have
been obtained by fitting 2MASS data towards the bulge region
in Robin et al. (2012b). To evaluate the effects of the variation
in the local stellar mass density, we tested the values of Wielen
(1974; 0.039 M�/pc3 ) in the default model B variant (DBV) and
Jahreiß & Wielen (1997; 0.033 M�/pc3) used in the DM. Both

values are selected because they are used in the best-fit mod-
els in Czekaj et al. (2014) and they represent a good range of
the values published in the literature. To analyse the effects pro-
duced by changes in the SFH, we assumed the decreasing SFH
by Aumer & Binney (2009) for the DM and a constant SFH in
the default model C variant (DCV). Additionally, to further study
the Haywood-Robin IMF, we test the variant HRVB, which has
the HRV parameters but using 0.039 M�/pc3 as the local stellar
mass density.

For the sky areas with longitude between –100 and 100
and latitudes between –10 and 10 the model variants presented
in Fig. 3 have been tested with two different extinction mod-
els, Marshall et al. (2006) and Drimmel & Spergel (2001). Us-
ing this strategy, we are able to identify what the impact of the
interstellar extinction is in our Cepheids data, most of them con-
tained in the Galactic plane. All the other thin disc model in-
gredients are maintained as fixed. Its values are those adopted
by Czekaj et al. (2014), Tables 2 and 5. Once a full set of pa-
rameters is adopted, thus for each of the seven variant mod-
els in Fig. 3, we applied dynamical constraints as described in
Bienaymé et al. (1987), solving the Poisson equation, using the
Caldwell & Ostriker (1981) rotation curve for constraining the
dark halo density, and deriving the eccentricities of the Einasto
profiles for each thin disc sub-component from the collision-
less Boltzmann equation, assuming dynamical statistical equi-
librium. The resulting values for the Einasto eccentricities are
given in Tables 1 and 2.

2.5. Initial mass function

In Fig. 4, we present the normalised IMFs that we proposed to
test. They are described using the classical analytical approxi-
mation ξ(m):

dN
dm

= ξ(m) = k · m−α = k · m−(1+x) (1)

where N is the number of stars, m is the mass (in M�), and k is
the normalisation constant. We propose to check the two IMFs
that better fit the Tycho-2 data (Czekaj et al. 2014). The slope of
these IMFs at intermediate masses are on the upper limit values
found in the literature (see Kroupa 2002). Additionally, to cover
most of the range of variation of the slope, we include the clas-
sical IMF of Salpeter (1955) with α = 2.35, as representative of
the lowest values. In Table 3, we present the slopes and limiting
masses for the tested IMFs.

In Fig. 4, we present the three tested IMFs normalized in
the range between 0.09 and 120 M�. The normalization has
been done in terms of mass. To get the mass locked within
each mass interval, one must solve

∫
m · ξ(m)dm for each mass

range. The sum of the obtained result for each mass interval is
then normalized to one using the continuity coefficients Ki as∑

i Ki ·
∫ mi+1

mi
m · ξ(m)dm = 1, i being the index of the mass in-

terval considered (i = 1, 3), see Czekaj et al. (2014) Sect. 2.2.1.
Looking at Fig. 4, we can anticipate the general lines of the sim-
ulations. Salpeter IMF will produce more stars in the range be-
tween 0.09 and 0.5 M� while in the range between 0.5 to about
5 M�, it will produce less stars than the two other tested IMFs.
From about 5 M� to 120 M�, Salpeter IMF will be the IMF that
produces more stars. If we take a look at the tested IMFs in
the Cepheid mass range, it is clear that Salpeter will dedicate
more mass to the Cepheid production than the other two IMFs.
We note, however, that the Salpeter IMF generates less low-
mass Cepheids (in the range ≈3 M� to ≈6 M�) and much more
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Fig. 3. Scheme of the seven model variants tested in the present paper. For the three main variants, DM, HRV, and SV only the IMF has been
changed. The DCV differs from the DM in the SFH, DBV differs from DM in the stellar density at Sun position, and DAV differs from DM on the
thin disc radial scale length. The HRV has its own variant in stellar density at Sun position, the HRVB.

Table 1. Thin disc local densities M�/pc3.

Sub-population Age (Gyr) DM HRV DBV DCV HRVB SV DAV
1 0–0.10 0.00131 0.00117 0.00147 0.00207 0.00133 0.00113 0.00128
2 0.10 –1 0.00541 0.00504 0.00639 0.00808 0.00589 0.00468 0.00530
3 1–2 0.00427 0.00404 0.00499 0.00557 0.00483 0.00382 0.00417
4 2–3 0.00291 0.00284 0.00351 0.00339 0.00341 0.00275 0.00292
5 3–5 0.00496 0.00502 0.00580 0.00485 0.00596 0.00496 0.00498
6 5–7 0.00510 0.00526 0.00601 0.00393 0.00620 0.00535 0.00506
7 7–10 0.00944 0.00997 0.01122 0.00543 0.01183 0.0103 0.00953

Total thin disc 0.0334 0.0333 0.0394 0.0333 0.0395 0.0330 0.0332

Notes. Contribution to the total dynamical mass of the 7 sub-populations (see Sect. 2.1) for each one of the model variants in Fig. 3.

Table 2. Thin disc eccentricities of the 7 sub-populations (see Sect. 2.1) for each one of the model variants in Fig. 3.

Sub-population Age (Gyr) DM HRV DBV DCV HRVB SV DAV
1 0–0.10 0.0140 0.0140 0.0140 0.0140 0.0140 0.0140 0.0140
2 0.10–1 0.0205 0.0204 0.0197 0.0210 0.0196 0.0205 0.0231
3 1–2 0.0292 0.0292 0.0281 0.0299 0.0280 0.0292 0.0327
4 2–3 0.0441 0.0440 0.0426 0.0450 0.0424 0.0441 0.0489
5 3–5 0.0565 0.0564 0.0547 0.0576 0.0545 0.0565 0.0624
6 5–7 0.0642 0.0641 0.0622 0.0654 0.0619 0.0642 0.0707
7 7–10 0.0647 0.0645 0.0627 0.0659 0.0624 0.0646 0.0712

high-mass Cepheids (M > 6 M�) than the other tested IMFs.
Kroupa-Haywood IMF will produce a few more Cepheids than
Haywood-Robin IMF.

3. Classical Cepheid observational data
Our strategy requires us to compare well-defined samples which
are complete up to a limit in apparent magnitude. Whereas this
is trivial for simulated BGM samples, observational data have
to be treated rigorously. Currently, the most complete Cepheid
catalogues with good Cepheid variability classification are the
Berdnikov catalogue (Berdnikov 2008) with 577 stars and the
DDO catalogue (Fernie et al. 1995) with 509 stars, with both
catalogues being compilations of photometric data for known
Cepheids. We tested that 95% of Cepheids up to V = 9
are contained in both catalogues, thus in the present work we

have used the photometric data from the Berdnikov catalogue
(for Cepheids up to V = 9) since it is the most up-to-date
one. For fainter magnitudes, we used the ASAS Catalogue of
Variable Stars (hereafter ACVS) from Pojmanski (2002) and
Pojmanski et al. (2006). The telescopes for this survey are in-
stalled in the southern hemisphere from where stars with decli-
nation δ ≤ 29 can be observed. ACVS contains 809 stars classi-
fied exclusively as classical Cepheids. Whereas the quality of the
light curves in the Bernikov catalogue ensures the stars are well
classified as classical Galactic Cepheids, the classification in the
ACVS catalogue, which is built using small telescopes thus hav-
ing less accurate light curves, could contain some contaminants
from other variable types. To minimize the contamination, we
work only with those Cepheids in ACVS that are concentrated
in the Galactic plane.

A17, page 5 of 12



A&A 599, A17 (2017)

Table 3. Slopes and mass limits for the tested IMFs.

IMF M1 α1 M2 α2 M3 α3 M4

Salpeter 0.09 2.35 – 2.35 – 2.35 120
Haywood-Robin 0.09 1.6 1.0 3.0 – 3.0 120

Kroupa-Haywood 0.09 1.3 0.5 1.8 1.53 3.2 120

Notes. The M1, M2, M3, and M4 are the limiting masses (when necessary) and the α1, α2 and α3 are the corresponding slopes. The values of the
M1 and M4 are fixed according to the limiting masses of the evolutionary tracks.
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Fig. 4. Three tested IMFs in the range between 0.09 and 120 M� nor-
malized. The blue solid line is for Salpeter IMF, the red thick dashed line
is for Kroupa-Haywood, and the green thin dashed line is for Haywood-
Robin. We note how for a fix total amount of mass, Salpeter IMF is the
IMF that generates less stars in the interval ≈0.5 to ≈6 M�, but more
stars at M > 6 M� and at M < 0.5 M�

The type II Cepheids, the old, low-mass counterpart to the
classical Cepheids are believed to belong to the thick disc.
They are difficult to disentangle from classical Cepheids. For
the brightest Cepheids, for which large amounts of photomet-
ric data is available and the chemical composition is known (e.g.
Andrievsky et al. 2002; Lemasle et al. 2007), the amount of con-
tamination from type II Cepheids is negligible. For the faintest
Cepheids of our sample, since we concentrate on the Galactic
plane, where the contribution of the thick disc is small, the con-
tamination from type II Cepheids is not significant for our study.

Classical Cepheids are variable stars with large amplitude
variations in visual magnitude. As a result, caution is necessary
when defining the photometric parameters setting the limiting
magnitude. The Berdnikov catalogue provides both the visual
magnitude at maximum (Vmax) and minimum brightness (Vmin).
ACVS provides the visual magnitude at maximum brightness
(Vmax) and the amplitude (δV). To accurately determine the mean
magnitude of a Cepheid, template lightcurves should be used.
But, as we are conservative when selecting the limiting magni-
tude for the completeness of the catalogues, we can approximate
Vmean by (Vmax + Vmin)/2 for Berdnikov data and by Vmax + δV/2
for ACVS. With this definition in mind, several considerations
arise when comparing simulated and observed data.

Since our BGM simulations do not include brightness vari-
ability information (see Sects. 2.1 and 2.2), it is appropriate to
consider the magnitude from the evolutionary tracks as the one
associated to the mean intrinsic brightness of the star. The light
curve of the Cepheids can be assumed as being symmetric at first

approximation; then the probability of finding a Cepheid in any
point of its period between Vmax and Vmin is uniform.

Owing to Cepheid variability, one might wonder whether
a bias in the star counts similar to Malmquist bias could be
introduced when cutting the sample in Vmean apparent magni-
tude. To quantify this effect, we have taken the full Berdnikov
data, and assigned a random phase to each star in the cata-
logue. This process was done by assigning a V magnitude to
each star in the range [Vmin, Vmax] with a uniform probability.
This process was repeated to generate 10 000 realisations of
the catalogue and a cut to V = 9 was applied in each realisa-
tion. These 10 000 realisations gave us a mean number of counts
of 141 ± 2 Cepheids up to V = 9. Then we verified that the
same number of Cepheids (141 stars) was obtained when a cut
at Vmean = 9 was applied. From this test, we prove that the com-
parison of observed and simulated data can be done using Vmean
as the limiting magnitude.

The next step was to set up the faint-end apparent mag-
nitude completeness limit values for each catalogue. For both
Berdnikov and ACVS catalogues, this limit was evaluated as in
Monguió et al. (2013). The limiting magnitude was computed as
the mean of the magnitudes at the maximum peak star counts
in a magnitude histogram, and its two adjacent bins, before and
after the peak, weighted by the number of stars in each bin. In
Monguió et al. (2013), it was estimated that the limiting mag-
nitude computed with this method provides the 90% complete-
ness limit. They confirmed it by using complete catalogues. Fol-
lowing this strategy, we obtain the 90% completeness limit of
Berdnikov catalogue at V = 9.5, for ACVS we obtained the
90% completeness at V = 12.4. From these results it is rea-
sonable to consider the Berdnikov catalogue complete at V = 9
and the ACVS catalogue complete at V = 12. To summarize,
our observed sample has 141 classical Cepheids from full sky
with visual magnitude up to V = 9 (Bernikov catalogue) and
279 Cepheids in the magnitude range 9 ≤ V ≤ 12 with δ ≤ 29
and |b| ≤ 10 (from ACVS). This observational constraint can be
well modelled in our simulated BGM sample.

4. Statistical tools for IMF’s evaluation

Three different statistical methods are used to search for the best
IMF fitting the observations. As will be seen, the information
provided by each of them is fully complementary. Furthermore,
whereas a unique method could converge to the non-optimal so-
lution, a robust conclusion is obtained when consistency among
the three is obtained.

4.1. Absolute Cepheid counts

Our first evaluation method is as simple as comparing the to-
tal number of simulated Cepheids versus the observations. This
method allows us to test which IMF and model variant is able to
reproduce the total number of classical Cepheids up to a given
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limit in apparent magnitude. This strategy shows us how all the
machinery of the BGM, which incorporates most of the current
knowledge about the Milky Way, is able to generate the observed
amount of a certain type of stars in a specific evolutionary stage.
It is the first time that the BGM is used to test such a specific
population as classical Cepheids.

Each one of the model variants in Fig. 3 was simulated ten
times, and the mean of the resulting star counts was computed.
To quantify the differences between model and data, we use a
basic estimator, χ2 = (Nobs − Nsimu)2/Nobs. This exercise is done
for each one of the two extinction models considered, resulting
in a total of 280 simulations on the MareNostrum supercom-
puter. This evaluation method has the following drawback: it
could be possible to find a combination of parameters that works
properly when fitting the Cepheid observational data, but it could
fail when trying to fit the observational data of other stellar popu-
lations or the whole sky. A given IMF could be able to reproduce
the absolute number of Cepheids up to a given limiting magni-
tude, but this does not prove its goodness in a general sense. To
overcome this drawback, in Sect. 4.2 we introduce the reduced
likelihood test to be applied to a full sky sample (in this case
Tycho-2 data) and, in Sect. 4.3, a probabilistic approach that in-
volves all populations as well as Cepheid data.

4.2. Reduced likelihood applied to Tycho-2 data

This method was designed to search for the IMF and model
variant that gives a better fit with Tycho-2 data in the region
of low latitudes |b| ≤ 10◦. As mentioned, we are searching for
the IMF that best fits the Cepheids but also the full thin disc
population. The Galactic plane was selected because, as known,
the youngest population, and thus classical Cepheids, are well
concentrated in this region. The reduced likelihood for Poisson
statistics has been selected to undertake this work as described
in Bienaymé et al. (1987). The absolute value of this likelihood
needs to be understood as a good distance estimator to evaluate
the differences between the simulations and the observations in
terms of star counts. As pointed out in Bienaymé et al. (1987),
this method avoids the bias introduced by the chi-square fit, at
least for small numbers.

For each model variant (Fig. 3), a distance is computed be-
tween simulated and observed star counts, taking the absolute
value of the following expression:

Lr =

N∑

i=1

qi · (1 − Ri + ln(Ri)), (2)

where Lr is the reduced likelihood for a Poisson statistics
(Kendall & Stuart 1973; Bienaymé et al. 1987) and qi and fi the
number of stars in the data and the model respectively. Ri is de-
fined as the quotient between both (Ri = fi/qi). This reduced
likelihood becomes zero when the simulation and the observa-
tions have the same number of stars in each bin, and Lr = 0 is
its maximum value. |Lr| can be understood as a metric for the
distance between simulations and observations in terms of star
counts in a 2D grid. The smaller the value of |Lr|, the closer it is
to the observational data.

This reduced likelihood is applied to the 1D colour (B− V)T
distribution (1D plots like the ones used in Czekaj et al. 2014)
and to the 2D case of the colour–magnitude diagram distribution
(hereafter CMD) used in Robin et al. (2014).

4.3. The probabilistic Bayesian approach

This third evaluation method has been developed to simultane-
ously use, in a Bayesian probabilistic approach, data from both
Cepheids and all stellar populations found in the disc. It is also
applicable to the full sky star count distribution.

We want to quantify how good a given IMF is able to re-
produce the probability to find a Cepheid each time a star is
observed. As known this probability depends on the apparent
limiting magnitude of the sample. Hereafter, for simplicity, this
probability is called the Cepheid fraction. We aim at quantify-
ing, within the tolerance interval, the probability that our model
variant, which is being evaluated, has the same Cepheid frac-
tion as the observations. This strategy is equivalent to the one re-
cently proposed by Downes et al. (2015). These authors applied
the method to establish the number fraction of stars with cir-
cumstellar discs among low mass stars and brown dwarfs. The
method imposes choosing a tolerance threshold when compar-
ing simulated and observed Cepheid fraction (e.g. 15%). This
threshold defines a tolerance interval in the 2D probability space
established by these two Cepheids fractions.

Our problem is a two-state problem: for a given observed
star, either it is a Cepheid or it is not, i.e. we have a so-called
success if the observed star is a Cepheid and a so-called failure if
it is not. As already known, this can be described by the binomial
distribution.

Let f Obs
Cep and f sim−IMF

Cep be the observed and the simulated
Cepheid fraction. Since these probabilities are independent, we
can write the full posterior probability distribution function in
the 2D space as

P
(

f obs
Cep, f sim−IMF

Cep |data
)

= P
(

f obs
Cep|data

)
∗ P

(
f sim−IMF
Cep |data

)
, (3)

where P
(

f obs
Cep|data

)
and P

(
f sim−IMF
Cep |data

)
are binomial distribu-

tions, thus each of them can be computed following

P
(

fCep|data
)

=
(
( fCep)NCep · (1 − fCep)Ntot−NCep

)
. (4)

Substituting these expressions in Eq. (3) and adopting a uniform
prior, the posterior full 2D probability can be expressed as

P
(

f obs
Cep, f sim−IMF

Cep |data
)

= C ·
(
( f obs

Cep)
NObs

Cep · (1 − f obs
Cep)NObs

tot −NObs
Cep

)
∗

∗
(
( f sim−IMF

Cep )
Nsim−IMF

Cep · (1 − f sim−IMF
Cep )Nsim−IMF

tot −Nsim−IMF
Cep

)
, (5)

where C is the normalisation constant. Following Downes et al.
(2015), Eq. (3), the integral, over the full tolerance area, of
the posterior probability distribution function (Eq. (5)) gives the
probability that the observations and the model variant have the
same Cepheid fraction.

As mentioned, this method can be applied to full sky data.
In our case, owing to Cepheid observational constraints (see
Sect. 3), it will be applied to the full sky data for samples up
to V = 9 and to δ ≤ 29◦ and |b| ≤ 10◦ area for the magnitude
range 9 ≤ V ≤ 11. This upper limit of V = 11 is imposed, in this
case, by the completeness of the Tycho-2 catalogue (Czekaj et al.
2014).

5. Results

The three evaluation methods described in the previous sec-
tion have been applied to Cepheids and Tycho-2 data. We note
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Fig. 5. Testing the IMF. Cepheid counts for the complete region up
to V = 12. Up to V = 9 the observational Cepheid catalogues are
considered as being complete for the whole sky while for the inter-
val 9 < V ≤ 12 they are supposed to be complete for δ ≤ 29. In the
interval 9 < V ≤ 12, an additional cut (|b| ≤ 10) is applied to avoid
contamination of the observational sample. The green line indicates the
observational counts, the grey region is the region within 1σ. Filled red
dots are for the simulations with the Marshall et al. (2006) extinction
model, while blue triangles are simulations with the Drimmel & Spergel
(2001) extinction model. Error bars are due to Poisson noise. We note
how the DM, that is Kroupa-Haywood IMF, is the variant that better fits
the observational data, while HRV, that is Haywood-Robin IMF and SV
(Salpeter IMF), are more than 5σ away from the observational data.

that each of these methods is dominated by a specific range of
masses. Whereas in the absolute Cepheid count method the dom-
inant masses are in the range 3–15 M�, that is in the mass range
of our Cepheids, in the likelihood method the most dominant
objects are the low mass stars in Tycho-2 catalogue. And, in a
complementary way, the resulting probabilities in the Bayesian
method are influenced by both low and intermediate mass.

In Fig. 5, we present the comparison of the absolute Cepheid
counts as part of the first evaluation method. We can see how
the DM, which uses Kroupa-Haywood IMF, nicely fits the ob-
servational data with a χ2 = 0.4, while Haywood-Robin IMF
(HRV) and Salpeter IMF (SV) are more than 5σ away from the
observed data with χ2 = 32 and χ2 = 55, respectively. Thus,
our first evaluation method places the Kroupa-Haywood IMF as
the best to reproduce the absolute Galactic Cepheid counts. We
emphasize that, although Czekaj et al. (2014) showed that the
extinction model can play a significant role in star count com-
parisons, our analysis shown in Fig. 5 does not critically de-
pend on it. However it should be noted that Marshall’s extinction
model covers only about half of the Galactic plane (|l| ≤ 100◦),
so any difference between extinction models should come from
this area. In a similar way, we have checked that, in terms of star
count computation, the already reported Marshall underestima-
tion of extinction (e.g. Czekaj et al. 2014) at short heliocentric
distances compensates the underestimation of Drimmel’s model
with regards to Marshall’s model at distances that are larger than
about 1 kpc. We would need more accurate extinction maps (for
example from future Gaia data) to treat the absolute Cepheid
counts in the solar neighbourhood more robustly.

As mentioned in Sect. 2.5, we want to evaluate and quantify
the impact in previous results when changing critical ingredi-
ents, such as the radial scale length of the thin disc, the stellar
density at Sun position, and the SFH. In Fig. 6, we present a

Fig. 6. Testing variations on radial scale length, stellar density at Sun
position, and SFH. Cepheid counts for the same completeness regions as
Fig. 5. The green line indicates the observational counts, the grey region
is the region within 1σ. Notice how DAV (changed scale length) and
DM (default model) are really close to the observational data. The sim-
ulations have been made taking into consideration the Marshall et al.
(2006) extinction model. Hence reasonable changes in the radial scale
length have small effects in the total Cepheid counts. DBV (local stel-
lar density variant) is still close to observational data. As expected, a
change in SFH (DCV) is critical for the comparison of Cepheid counts
in absolute terms.

comparison between observational data and model variants for
which these parameters have been changed. To quantify the im-
pact of a change in the radial scale length, we need to look at the
differences between the DAV model, with a radial scale length
of 2170 pc and the DM, where a radial scale length of 2530 pc
is used. We note in Fig. 6 that this difference is small and both
DM and DAV fit the observational data properly. Since the stellar
density at the position of the Sun is fixed in BGM, a change in
the radial scale length means, for simulations in the Solar neigh-
bourhood, a change in the stellar density distribution towards the
Galactic centre, compensated for by an opposite change towards
the Galactic anticentre.

As expected, an increase in the stellar density at Sun posi-
tion from 0.033 M� pc−3 in the DM to 0.039 M� pc−3 in the DBV
Model variant produces an increase of the Cepheid counts, how-
ever this deviation is only at 1–2 sigma from the observed values.
Finally, we quantified the effects of considering a constant SFH
instead of the decreasing SFH proposed by Aumer & Binney
(2009) and used in the DM. We verified that the impact of con-
sidering a constant SFH is critical and simulations deviate from
the observed star counts by more than 5σ. Although not shown in
the figure, model variant HRVB with Haywood-Robin IMF and
local stellar density of 0.039 is still generating too few Cepheids
(352) at more than 3σ from observational data with χ2 = 11.6,
indicating that the IMF effect is dominant over the local stel-
lar density. To conclude, the absolute count method applied here
demonstrates that, even with reasonable changes in stellar den-
sity and radial scale length, the Kroupa-Haywood IMF is still the
best option to reproduce observed Cepheid counts.

In Tables 4 and 5, we present the results when applying the
reduced likelihood method (see Sect. 4.2) to the 1D (B − V)T
colour distribution and 2D Colour–Magnitude Diagram respec-
tively. In this analysis, we test the model variants presented
here using Tycho-2 data (all populations) in the Galactic plane.
To compare our results with Czekaj et al. (2014), we have also
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Table 4. Absolute values of the reduced likelihood for the models fitted
to Tycho-2 data in the Galactic plane using colour distributions.

Thin disc model Extinction model |Lr|

Model A (Czekaj et al. 2014) Marshall 6350
Model B (Czekaj et al. 2014) Marshall 15 653

HRVB Marshall 5130
Default Model (DM) Marshall 5302

DAV Drimmel 4300

Notes. |Lr| is a good distance estimator between the simulations and
the observations in terms of star counts in a 2D grid to quantify its
differences. Smaller values correspond to better fits.

Table 5. Absolute values of the reduced likelihood for the models fitted
to Tycho-2 data in the Galactic plane using colour–magnitude diagrams.

Thin disc model Extinction model |Lr|

Model A (Czekaj et al. 2014) Marshall 9037
Model B (Czekaj et al. 2014) Marshall 18 357

HRVB Marshall 7708
Default Model (DM) Marshall 6936

DAV Drimmel 5645

Notes. |Lr| is a good distance estimator between the simulations and
the observations in terms of star counts in a 2D grid to quantify its
differences. Smaller values correspond to better fits.

computed the reduced likelihood for Models A and B of the
mentioned paper. The results (see Tables 4 and 5) confirm that
Model A, using Haywood-Robin IMF, fits the Galactic plane re-
gions better than Model B as reported in Czekaj et al. (2014). We
have obtained smaller values of |Lr| for our DM and DAV model
variant than the values obtained for Model A and Model B,
which means that our best models are improving the results
of Models A and B of Czekaj et al. (2014) when fitting BGM
with Tycho-2 data in the Galactic plane. This improvement is
probably due to both the new age range assigned to the sub-
populations 1 and 2 of the thin disc (Sect. 2.4) and the new strat-
egy adopted to apply photometric transformation1. For simplic-
ity, we do not list the |Lr| values corresponding to all the model
variants presented in Fig. 3 in these tables, only the best of our
models are shown. We note that, although in the 1D case the
HRVB model variant, with the Haywood-Robin IMF, has the
second smallest |Lr|, this is no longer the case when we consider
the 2D CMD, where the best models use Kroupa-Haywood IMF.

This evaluation method leads us to favour Kroupa-Haywood
as the best IMF for the Galactic plane. Furthermore, we can con-
firm that this model variants improve the fit with the observa-
tional data with respect to the ones on Czekaj et al. (2014).

In Fig. 7, we present the colour (B − V)T distribution in the
Galactic plane (|b| ≤ 10◦) for Tycho-2 (solid-black) data and for
simulations using: (1) Model A from Czekaj et al. (2014; dotted-
black); (2) Model B from Czekaj et al. (2014; dotted-blue); and
(3) Our DAV model variant (solid-red), our best fit model vari-
ant. As can be seen, the blue peak around (B − V)T ≈ 0.15
that does not match Tycho-2 data with old Models A and B
(Czekaj et al. 2014) is now perfectly well reproduced when our
new DAV model variant is considered.
1 Johnson V magnitudes have been transformed to Tycho-2 (VT ) fol-
lowing the strategy proposed in ESA (1997; see Vol. 1, Table 1.3.4).
Transformations have been applied before adding the extinction and,
for unresolved binary systems, before merging fluxes.

Fig. 7. Colour (B − V)T distribution for the Galactic plane (|b| ≤ 10).
The black solid thick line is for Tycho-2 catalogue, the dotted blue and
black lines are respectively for models A and B of Czekaj et al. (2014),
the red solid thin line is for our model variation DAV, which gives the
best fit with the observational data.

Fig. 8. Absolute differences in star counts in the colour–magnitude di-
agram between Tycho-2 data and Model B from Czekaj et al. (2014) in
the Galactic plane.

In the red peak of the colour distribution, it can be seen that
all models are shifted by about 0.05 mag from the observed data.
This is a long-standing problem, most probably related to the
stellar atmosphere models used in the simulation or to the pho-
tometric transformation for red giants. As this does not impact
our present study, we will consider it in a future paper.

In Figs. 8 and 9, we present the absolute residuals in star
counts between model and Tycho-2 data in the Galactic plane
in the colour–magnitude distribution. Figure 8 is created using
Model B from Czekaj et al. (2014) whereas, in Fig. 9, our DAV
variant is used. We note how this model variant improves the
results in the overall diagram and even more in the blue region.
However, as commented above, some significant differences still
remain, specifically in the faint red region.

As a final step, and to add statistical robustness to previ-
ous conclusions, we applied the probabilistic Bayesian approach
(Sect. 4.3), to study the Cepheid fraction, which simultaneously
combined Cepheids and Tycho-2 data. In Fig. 10 we show, for
those model variants differing by less than 1–2σ from obser-
vational data in Figs. 5 and 6, the full 2D posterior probability
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Fig. 9. Absolute differences in star counts in the colour–magnitude dia-
gram between Tycho-2 data and DAV variant simulation in the Galactic
plane.

distribution function of the Bayesian problem. All models plot-
ted here are generated using Kroupa-Haywood IMF. The white
region is the tolerance region, the full posterior 2D distribu-
tion function is integrated over the tolerance region searching
for the IMF giving higher probability to reproduce the observed
Cepheid fraction up to V = 11. Whereas the DM has a ≈85%
probability of having the same observed Cepheid fraction as the
Milky Way, up to V = 11, the DAV has a ≈78% while DBV is
just in the ≈50%. The HRVB, with Haywood-Robin IMF gives
us only a probability of ≈60% (not plotted here). We checked
that all the other model variants using Salpeter or Haywood-
Robin IMF always give probabilities smaller than ≈30%. The
Kroupa-Haywood IMF is the tested IMF with the highest prob-
ability to reproduce the observed Cepheid fraction. To sum up,
the Kroupa-Haywood IMF gives the best results out of all the
evaluation methods used.

For completeness, in Fig. 11 we compare the (B−V)T colour
distribution for the whole sky Tycho-2 data with our best fit
Model variant (DAV) implemented here. We note how the fit of
our model with the whole sky young population in the blue peak
of the (B − V) histogram has significantly improved.

6. The IMF in the solar neighbourhood

All methods and data evaluated in the previous section point
towards the Kroupa-Haywood IMF as the one that best fits
Cepheids and Tycho-2 data. This IMF is described with a sim-
plified analytical form with three truncated power laws. Using
field stars and Cepheids, our fits point towards a slope of about
α = 3.2 at intermediate masses, and excludes the flatter values
of α = 2.35 of Salpeter IMF. We now want to discuss the scope
of these results both in terms of star formation environment and
time evolution in the Galactic disc. Our results were obtained
using Galactic Cepheids at all Galactic longitudes located up to
≈2 kpc from the Sun. Thus, the derived IMF reflects the mass
distribution of the formation episodes that took place in the last
200 Myr (upper limit of the Cepheid age) over this region. Our
IMF should be understood as a composite IMF, as described in
Kroupa et al. (2013), one of the best references and review in
this field recently published. Instead of being an IMF derived
from an individual cluster or association, our IMF is the sum of
all stellar IMFs from the star formation episodes in the local thin
disc environment.

The comparison of our results (α = 3.2) with those in the
literature is complex. To begin with, studies using clusters and
OB associations (e.g. Massey 1998) show that, for stars more
massive than the Sun, the IMF can be well approximated by a
single power-law function with the Salpeter index α = 2.35.
As mentioned in Kroupa & Weidner (2003), there is a discrep-
ancy between the slope of the IMF obtained using field stars
(αfield) and the slope of the IMF obtained from stars belong-
ing to a cluster (αcluster). This discrepancy (αfield > αcluster) can
be explained by the fact that low mass clusters are more abun-
dant than the most massive clusters, then the contribution of the
low mass clusters to the field stars is higher. The abundant low
mass clusters do not have massive stars, while the rare massive
clusters do, and this leads to a steepening of the composite IMF
(αfield > αcluster), which is a sum of all the IMFs in all the clus-
ters that spawn the Galactic field population (Kroupa & Weidner
2003).

Several other studies have derived the IMF using field stars.
We should mention the classical work of Scalo (1986) who de-
rived a slope of α = 2.7 for M > 1 M�. To compare studies with
our results one has to keep in mind that the complexity grows
owing to the different ingredients assumed in each case. Critical
parameters such as the SFH, the mass-luminosity relation, the
age of the disc, the accuracy in stellar distances, the stellar evo-
lutionary models, or the corrections owing to multiple systems,
among others, play a significant role. Kroupa et al. (1993), one
of the most referenced works, derived a slope of α = 2.7±0.4 ex-
plicitly applying a correction for the unresolved multiple stellar
systems mostly for late-type stars. The effects of the unresolved
multiple systems on the derivation of the IMF are also discussed
in Sagar & Richtler (1991), Kroupa & Weidner 2003 and, for the
high masses, in Weidner et al. (2009). We want to emphasize that
the binary treatment performed here (see Sects. 2.1 and 2.2) en-
ables us to specifically take into account the angular resolution of
the catalogues used, thus the treatment of the unresolved systems
is rigorous and its effects are implicitly accounted for. More in
favour of our IMF at intermediate masses is its consistency with
the observed stellar density at Sun position and with the Galac-
tic rotation curve of Caldwell & Ostriker (1981), all fitted inside
the BGM in a consistent scenario that incorporates dynamical
constraints (see Sect. 2.4).

To finalize, we cite the recent work of Rybizki & Just (2015).
These authors, also using a population synthesis model as a tool
for the derivation of the IMF, obtained a slope of α = 3.02
for supersolar masses, which is only slightly flatter than our
value. The strength of their method is their combined use of N-
body simulations, Galaxia code (based on BGM as default, see
Sharma et al. 2011), and Markov chain Monte Carlo techniques
to explore the full parameter space. To conclude, Haywood et al.
(1997), Rybizki & Just (2015) and the present work point to-
wards a slope of the field stars IMF of about α ≈ 3 at inter-
mediate masses.

7. Conclusions

Three different statistical methods have been used to search for
the best IMF that simultaneously fits both the Galactic classi-
cal Cepheids and the whole sky Tycho-2 data. All methods are
in agreement with the Kroupa-Haywood IMF (Table 3) with a
slope of α = 3.2 for intermediate masses. Using both field stars
and Galactic classical Cepheids, we have found an IMF that
is steeper than the canonical stellar IMF for the intermediate
masses, both in associations and young clusters. This result is
consistent with the predictions of the Integrated Galactic IMF
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Fig. 10. Full 2D posterior probability distribution function. The white stripe shows the tolerance interval region. The plot is for the three cases in
Fig. 6 that needs a disambiguation: top left panel: DM; top right panel: DBV (different local density); bottom panel: DAV (best fit model with
new scale length). Note here how DM and DAV are almost completely inside the tolerance region, while DBV is half out. DM has an ≈85% of
probability to have the same observed Cepheid fraction as the Milky Way up to magnitude V = 11, while DBV is just in the ≈50%.

(IGIMF). The three statistical methods considered here show
that a constant SFH is not in agreement with the observational
data, thus supporting the star formation history as decreasing in
time in the Galactic thin disc.

For the first time, we use the BGM to characterize the
young population of classical Cepheids and use the most up-
dated boundaries of the Instability Strip. The BGM enables
us to properly place the stellar evolutionary models in the
context of the Milky Way evolution modelling. The BGM is
now capable of providing mass and age distributions of classi-
cal Cepheids. We have used the most complete catalogues of

Galactic classical Cepheids to confirm these objects as good trac-
ers of the intermediate-mass population when constraining the
IMF.

The updated BGM population synthesis model inferred by
the Cepheid analysis and undertaken in the present work rep-
resents an improvement on the fit with Tycho-2 data, compared
with Czekaj et al. (2014). With Gaia, thousands of Galactic clas-
sical Cepheids will be detected, and the BGM is now ready for
the scientific exploitation of these upcoming extremely accurate
data. In a future study, we aim to consider a non-parametric IMF
unlinked from any imposed analytical form and use approximate
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Fig. 11. Colour (B− V)T distribution for the whole sky. The black solid
thick line is for Tycho-2 catalogue, the dotted blue and black lines are,
respectively, for Models A and B of Czekaj et al. (2014), the red solid
thin line is for our model variation DAV.

Bayesian computation methods to explore a larger space of pa-
rameters using Gaia data.
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B G M FA S T: B E S A N Ç O N G A L A X Y M O D E L F O R B I G
D ATA . S I M U LTA N E O U S I N F E R E N C E O F T H E I M F,
S F H , A N D D E N S I T Y I N T H E S O L A R
N E I G H B O U R H O O D

In this chapter, we present the work "BGM FASt: Besanç̧on Galaxy
Model for Big Data. Simultaneous inference of the IMF, SFH and Den-
sity in the Solar Neighbourhood." (Mor et al., 2018) which is the core
of this PhD thesis. In this work, we extensively describe a new theo-
retical framework to generate Besançon Galaxy Model Fast Approx-
imate Simulations (BGM FASt) to address fundamental questions of
the Galactic structure and evolution performing multi-parameter in-
ference. As the first application of our strategy we simultaneously
infer the stellar initial mass function, the star formation history and
the stellar mass density in the solar neighbourhood.
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ABSTRACT

Aims. We develop a new theoretical framework to generate Besançon Galaxy Model Fast Approximate Simulations (BGM FASt) to
address fundamental questions of the Galactic structure and evolution performing multi-parameter inference. As a first application
of our strategy we simultaneously infer the initial-mass function (IMF), the star formation history and the stellar mass density in the
solar neighbourhood.
Methods. The BGM FASt strategy is based on a reweighing scheme, that uses a specific pre-sampled simulation, and on the assump-
tion that the distribution function of the generated stars in the Galaxy can be described by an analytical expression. To evaluate the
performance of our strategy we execute a set of validation tests. Finally, we use BGM FASt together with an approximate Bayesian
computation algorithm to obtain the posterior probability distribution function of the inferred parameters, by automatically comparing
synthetic versus Tycho-2 colour-magnitude diagrams.
Results. The validation tests show a very good agreement between equivalent simulations performed with BGM FASt and the stan-
dard BGM code, with BGM FASt being ∼104 times faster. From the analysis of the Tycho-2 data we obtain a thin-disc star formation
history decreasing in time and a present rate of 1.2 ± 0.2 M� yr−1. The resulting total stellar volume mass density in the solar neigh-
bourhood is 0.051+0.002

−0.005 M� pc−3 and the local dark matter density is 0.012± 0.001 M� pc−3. For the composite IMF, we obtain a slope
of α2 = 2.1+0.1

−0.3 in the mass range between 0.5 M� and 1.53 M�. The results of the slope at the high-mass range are trustable up to
4 M� and highly dependent on the choice of extinction map (obtaining α3 = 2.9+0.2

−0.2 and α3 = 3.7+0.2
−0.2, respectively, for two different

extinction maps). Systematic uncertainties coming from model assumptions are not included.
Conclusions. The good performance of BGM FASt demonstrates that it is a very valuable tool to perform multi-parameter inference
using Gaia data releases.

Key words. Galaxy: fundamental parameters – solar neighborhood – Galaxy: stellar content – stars: formation – methods: analytical –
methods: statistical

1. Introduction

Recently, the astrophysics community has successfully carried
out important ground-based and space missions generating very
large data sets. Large sky surveys with photometric and astro-
metric data, such as Gaia data release 2 (Gaia Collaboration
2018), among others, represent a challenge for Galaxy modelling
in terms of both the new types of data and the large amounts of
data created. At the same time, new statistical techniques are
having a significant effect on modern astronomy. The use of
Bayesian statistics for the exploration of large parameter spaces,
together with Monte Carlo Markov chains (MCMC) or approx-
imate Bayesian computation (ABC), among others, are in rapid
development.

Several attempts have been done to generate fast Milky
Way simulations (e.g. Girardi et al. 2005; Jurić et al. 2008;
Sharma et al. 2011 or Pasetto et al. 2016). It is demonstrated that
the Galaxy models from Sharma et al. (2011) and Pasetto et al.
(2016) can be used to explore large parameters spaces
under machine-learning algorithms, MCMC, and ABC (e.g.
Rybizki & Just 2015; Pasetto et al. 2016). The Galaxia code is

able to work in two different modes: it can simulate the Milky
Way from a Galaxy model based on Robin et al. (2003), or from
N-body simulations. The fast performance of Galaxia relies on
its sampling technique and its clever strategy adopted to avoid
the simulation of unnecessary stars. The strategy of Pasetto et al.
(2016) to perform fast simulations of the Milky Way is based on
the use of distribution functions. It constructs colour-magnitude
diagrams (CMDs) of single stellar populations from N-body
simulations, with low computational cost (Pasetto et al. 2012).

The Besançon Galaxy Model (BGM; Robin et al. 2003) is
also a stellar population synthesis model for the Milky Way. It is
a very powerful and versatile tool for the statistical analysis of
the structure and evolution of the Milky Way. Moreover, it is a
valuable tool for the preparation and validation of catalogues for
space- and ground-based observational instruments and surveys.
Recently, BGM was used to study the kinematics of the local
disc from the RAVE survey and the Gaia first data release (DR1;
Robin et al. 2017), to evaluate the evolution of the Milky Way’s
disc shape over time (Amôres et al. 2017), to constrain Galac-
tic and stellar physics (Lagarde et al. 2017), to constrain the
local initial-mass function (IMF) using Galactic Cepheids and
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Tycho-2 data (Mor et al. 2017), and to study microlensing events
in the Galactic bulge (Awiphan et al. 2016). Furthermore, BGM
has also been useful, together with other Milky Way models, to
study the bulge bar (Simion et al. 2017) and for the validation of
the Gaia DR1 (Arenou et al. 2017). Nowadays, a BGM standard
(BGM Std) simulation (e.g. Czekaj et al. 2014) has a computa-
tional cost that is not adapted to exploring large parameter spaces
using modern Bayesian iterative methods that require a very
large number of simulations. To overcome this handicap we have
developed a theoretical framework to generate very fast Milky
Way approximate simulations based on BGM. This framework
allows us to explore, among others, the parameter spaces of
the IMF, the star formation history (SFH), and the density laws
using ABC. The flexibility of the strategy presented here allows
for the generation of fast approximate simulations for different
Milky Way components, such as thin disc, thick disc, halo, and
bulge. Our full strategy is codified to run on Apache Spark1

(Zaharia et al. 2012) and Apache Hadoop2, which are engines
coming from business science suited to deal with large surveys.
Thanks to its codification, BGM FASt is implemented in the big
data infrastructure known as Gaia Data Analytics Framework
(GDAF, e.g. Tapiador et al. 2017). As a first application of this
complex strategy we use ABC algorithms, BGM, and Tycho-2
data to constrain the IMF, the local SFH, the local stellar mass
density, and the thin-disc density laws.

In Sect. 2 we describe the BGM, and in Sect. 3 we present
the framework to generate the BGM fast approximate simula-
tions (BGM FASt). In Sect. 4 we describe the treatment of the
local dynamical statistical equilibrium in the context of BGM
FASt. In Sect. 5 we briefly describe the approximate Bayesian
computation technique applied to explore the parameter space
of the fundamental functions of the Milky Way. In Sect. 6 we
present an evaluation of the BGM FASt performance in the solar
neighbourhood. Results are presented in Sect. 7 while a discus-
sion and conclusions are presented in Sects. 8 and 9.

2. The Besançon Galaxy Model

In the present paper we use the following versions of the Galactic
components of BGM chosen from a compromise between recent
and stable updates.

For the stellar halo component we use the model from
Robin et al. (2014) and for the bulge-bar region we use the
model described in Robin et al. (2012). For the thick disc com-
ponent we use the model from the best fit obtained in Robin et al.
(2014) which is a thick disc with two main star-formation
episodes at 10 and 12 Gyr. For the thin disc component we use
the model described in Czekaj et al. (2014) with the updates on
the parameters introduced in Mor et al. (2017). The local dynam-
ical statistical equilibrium of BGM is ensured by dynamical con-
straints based on Bienaymé et al. (1987). The last dynamics and
kinematics updates from Bienaymé et al. (2015) and Robin et al.
(2017) are not considered in the present paper and will be incor-
porated in the near future.

2.1. BGM star-generation strategy

The BGM has two main working modes to compute the genera-
tion of the stars in the Galaxy. The traditional approach relies on
using a precomputed Hess diagram (Robin et al. 2003), while the
more updated approach is able to generate the stars from a given

1 https://spark.apache.org/
2 http://hadoop.apache.org/

set of fundamental functions (e.g. IMF, SFH, age-metallicity
among others), making them evolve using a desired set of stel-
lar evolutionary models (Czekaj et al. 2014). For each Galactic
component we can choose whether we want to simulate it using
the Hess diagram or the updated strategy. Alternatively, from the
updated star-generation strategy we can build a Hess diagram
from a given set of fundamental functions, and ingest it into
BGM code afterwards to be used in a traditional way.

In this section we summarise the stellar generation strat-
egy described in Czekaj et al. (2014), henceforth referred to as
our standard strategy. Initially this strategy was developed for
the thin-disc component but nowadays it can be used for other
Galactic components.

In the BGM Std strategy, to generate stars born τ years ago
for a given Galactic i-component (e.g. thin disc, thick disc, halo
and bulge-bar), we start from a given total surface mass density
at the position of the Sun (Σi

�). We then use the SFH (ψi
�(τ)) to

distribute the surface mass density along τ as follows:

Σi
�(τ) ≈ Σi

� · ψi
�(τ). (1)

For simplicity, the current version neglects the radial migra-
tion. We setup the model so that the stars are born in the plane.
We then redistribute them in the process of secular evolution by
using the surface-to-volume mass density ratio at the position of
the Sun (H(τ, x̄�) = Σ�(τ)/ρ�(τ)) to compute the volume stellar
mass density from Σi

�, as follows

ρi(τ, x�, y�, z�) =
Σi
�(τ)

Hi(τ, x�, y�, z�)
=

Σi
� · ψi

�(τ)
Hi(τ, x�, y�, z�)

, (2)

where we have expressed the position x̄ in Cartesian Galactic
coordinates as (x, y, z). The volume mass density is distributed
throughout the Galaxy as

ρi(τ, x, y, z) = ρi(τ, x�, y�, z�) · Ri(τ, x, y, z), (3)

whereRi(τ, x, y, z) are the density laws for the given i-component
and Ri(τ, x�, y�, z�) = 1. We can then write Hi(τ, x�, y�, z�) as
the integral of the density law along the vertical direction at the
position of the Sun:

Hi(τ, x�, y�, z�) =
Σi
�(τ)

ρi(τ, x�, y�, z�)
=

∫

∀z

Ri(τ, x�, y�, z) dz. (4)

Finally, from Eqs. (2)–(4), we can write the distribution of the
volume mass density along position and age as follows

ρi(τ, x̄) =
Σi
� · ψi

�(τ)
Hi(τ)

· Ri(τ, x̄), (5)

where for simplicity we call Hi(τ) to Hi(τ, x�, y�, z�). As
explained in Czekaj et al. (2014), the IMF distributes this mass
density in three mass ranges. The star generation process goes
through all the volume elements in the Galaxy. First, in a given
volume element, for a given age sub-population the age of
the star is drawn uniformly within the age limits. Afterwards,
the mass of the star is drawn from the IMF. Next, the metal-
licity is assigned depending on the age and position of the
stars. In the most updated versions, the α-elements-to-iron abun-
dance ([α/Fe]) is assigned to each star with a given probability
(Lagarde et al. 2017). The evolutionary stage is then assigned to
the star by interpolating the stellar evolutionary tracks. In a fol-
lowing step, the process assigns to the generated star a given
probability to be the primary component of a stellar multiple
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system. This probability is assigned following the guidelines of
Arenou (2011). Finally, if the star is flagged as a primary compo-
nent of a stellar multiple system, the standard strategy generates
a secondary star with a mass drawn from the probability distri-
butions described in Arenou (2011).

For consideration in the following sections we define a BGM
Std simulation to be one that works using the standard stellar
generation strategy or a fixed Hess diagram built from the stan-
dard stellar generation strategy.

2.2. Standard thin disc component

The thin disc component is described in Czekaj et al. (2014). The
stars are generated as described in Sect. 2.1. The thin disc popu-
lation is divided in seven age sub-populations. Usually the cho-
sen age intervals are those described in Bienaymé et al. (1987)
but for the two youngest populations we use the age limits
described in Mor et al. (2017). The density distribution of each
sub-population of the thin disc is assumed to follow an Einasto
density profile as described in Robin et al. (2012), except for the
youngest sub-population which follows the expression described
in Robin et al. (2003). These profiles are characterised by the
eccentricities of the ellipsoid (i.e. the axis ratio), the radial
scale length of the disc (hR), and the radial scale length of the
disc hole (hRh). A velocity dispersion as a function of age is
adopted and the dynamical statistical equilibrium is ensured by
using the strategy described in Bienaymé et al. (1987). Stellar
evolutionary tracks and model atmosphere, combined with an
age-metallicity relation, allow us to go from masses, ages, and
metallicities to the space of the observables. In this process a
three-dimensional (3D) interstellar extinction map is adopted.

3. Framework for the Besançon Galaxy Model Fast
Approximate Simulation

A BGM Std simulation has a computational cost of ∼432 h of
CPU time for a simulation of 106 stars, excluding the use of
iterative methods like ABC or MCMC to explore large param-
eter spaces. Hence, we have developed a new method, called
BGM FASt, which is able to robustly simulate the Galaxy with
a computational cost of ∼240 s of CPU time for a simulation
of 106 stars. Thanks to the use of Apache Hadoop and Apache
Spark environments (Zaharia et al. 2012) the computational cost
should not scale with the number of stars as is the case in stan-
dard environments (Julbe, priv. comm.).

3.1. The BGM FASt concept

The BGM FASt is a population-synthesis simulation of the
Milky Way, obtained from a clever modification of a BGM Std
simulation. The BGM FASt development is based on the dis-
tribution function of the generated stars (Di). The Di carries
on the information about the generation of the stars in the i-
component of the Galaxy (e.g. thin disc, thick disc, halo, bulge-
bar) throughout the life of the given component up to the present
day. This distribution function contains the chemo-dynamical
information that is classically expressed by fundamental func-
tions such as the IMF, the SFH, density distribution, the age-
metallicity relation, and the radial metallicity gradient, among
others. The Di is defined in a N dimensional space (¶i) for each
of the i-components of the Galaxy. This N dimensional space
contains all the parameters that can be involved in a distribution
function of the generated stars in the Galaxy. Let us introduce

the parameter space as follows:

¶i ≡ τ × M × Z × x̄ × v̄ × p̄, (6)

where τ is the present age of the stellar object, M and Z are its
initial mass and metallicity, and x̄ and v̄ are position and velocity,
respectively. p̄ accounts for other independent parameters that,
for some specific purposes, would be interesting to have explic-
itly introduced in the distribution function. The α-elements-
to-iron abundance ratio ([α/Fe]) is an example of one of the
possible p̄ parameters and we treat this in the following
section.

The strategy to generate a BGM FASt begins with the choice
of a specific Mother Simulation with an imposed set of funda-
mental functions. We use Mother Simulation to refer to a BGM
Std simulation used as a seed to generate a BGM FASt simu-
lation. This Mother Simulation is used as a main constituent to
generate one or several BGM FASt simulations with different
assumptions for the fundamental functions. The idea behind the
BGM FASt strategy is that the number of stars generated in a
given interval of the parameter space (Ni(∆¶)) is proportional
to the mass dedicated to generate stars for that given interval
(Mi(∆¶)):
Ni(∆¶) ∝ Mi(∆¶), (7)

where ∆¶ ≡ (∆τ,∆M,∆Z,∆x̄,∆v̄,∆ p̄). Equation (7) is valid for
both the Mother Simulation and the BGM FASt simulation. If ∆¶
is small enough, we can write a proportion between the number
of stars and the masses relating both the Mother Simulation and
the BGM FASt simulation:

NFASt
i (∆¶)
NMSt

i (∆¶) ∝
MFASt

i (∆¶)
MMSt

i (∆¶) · (8)

Then we can approximate the number of stars for a given interval
for a BGM FASt simulation as follows:

NFASt
i (∆¶) ≈ M

FASt
i (∆¶)

MMSt
i (∆¶) · N

MSt
i (∆¶). (9)

Let us call weight to the mass ratio of Eq. (9):

wi =
MFASt

i (∆τ,∆M,∆Z,∆x̄,∆v̄,∆p̄)

MMSt
i (∆τ,∆M,∆Z,∆x̄,∆v̄,∆p̄)

, (10)

where we compute the mass dedicated to generate stars, in a
given interval, from the distribution function of the generated
stars that we present in following sections.

In practice, we generate a BGM FASt simulation by apply-
ing a weight to each star of the Mother Simulation. This is done
according to the parameters of the star, such as mass, age, posi-
tion, and distance, among others. Thus, the resulting simulation
is an approximation of the BGM Std simulation that would be
obtained with the standard BGM star generation process.

We present the theoretical framework and the practi-
cal implementation for the generation of a BGM FASt as
follows.

First, in Sect. 3.2, we describe the distribution function of the
generated stars Di in the most generic context and its relation
with the masses involved in Eq. (10). This allows us to intro-
duce the classical fundamental functions, such as the IMF and
the SFH, and functions describing more complex scenarios. In a
following step we consider a set of assumptions and approxima-
tions to reach a Di function compatible with the Di implicitly
involved in a BGM Std simulation.
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Next, in Sect. 3.3, we discuss the treatment of stellar multiple
systems as modelled in a BGM. We introduce the probability of
obtaining a binary system at birth in our approximated Di. The
obtained expressions are useful for both the process ensuring the
local dynamical statistical equilibrium and the computation of
the surface mass stellar density at the position of the Sun. Finally
after describing a generalizable weight expression, in Sect. 3.4,
we constrain it to the BGM context including stellar multiple
systems.

3.2. The distribution function of the generated stars

3.2.1. Generic context and fundamental functions

In this section we describe the distribution function of the gen-
erated stars in its most generic context. Under the given defini-
tion of the parameter space (¶i) we can precisely define some
of the parameters belonging to p̄. It is convenient for future
purposes to write the distribution function Di(τ,M,Z, x̄, v̄, p̄)
accounting explicitly for the ratio [α/Fe]. Subsequently,
[α/Fe] is considered as one of the p̄ parameters and we
can write Di(τ,M,Z, x̄, v̄, [α/Fe], p̄′) in the N dimensional
space:

¶i ≡ τ×M×Z × x̄× v̄× p̄ = τ×M×Z × x̄× v̄× [α/Fe]× p̄′. (11)

In our line of action, for the moment, we are interested in explic-
itly representing age, mass, metallicity, position, velocity, and
the ratio [α/Fe] in the distribution function. Subsequently we
marginalize Di(τ,M,Z, x̄, v̄, [α/Fe], p̄′) over the rest of the p̄′
parameters:

Gi(τ,M,Z, x̄, v̄, [α/Fe]) =

∫

∀ p̄′ ∈ ¶i,

Di(τ,M,Z, x̄, v̄, [α/Fe], p̄′) dp̄′,

(12)

where Gi is the distribution function of the generated stars for
the i-component in the reduced space ¶ir:
¶ir ≡ τ × M × Z × x̄ × v̄ × [α/Fe]. (13)

For simplicity let us henceforth refer to [α/Fe] using only α.
The Gi(τ,M,Z, x̄, v̄, α) distribution function is such that the

integral over all the parameters that belong to the parameter
space is the total number of generated stars in the i-component
of the Galaxy:

∫

∀ τ,M,Z̄,x̄,v̄,α ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α) dτ dM dZ dx̄ dv̄ dα = Ni, (14)

and if we multiply by the mass before the integration, we have
the total mass of the generated stars for the i-component of the
Galaxy:

∫

∀ τ,M,Z̄,x̄,v̄,α ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α)·M dτ dM dZ dx̄ dv̄ dα = Mi. (15)

The mass of Eq. (7) can then be expressed as the integral of the
distribution function for a given interval in the parameter space
(∆¶ir):
Mi(∆τ,∆M,∆Z,∆x̄,∆v̄,∆α)

=

∫

∀ τ,M,Z̄,x̄,v̄,α ∈∆¶ir

Gi(τ,M,Z, x̄, v̄, α) · M dτ dM dZ dx̄ dv̄ dα, (16)

and we can write Eq. (10) as

wi =

∫

∆¶ir
GFASt

i (τ,M,Z, x̄, v̄, α) · M d¶r
∫

∆¶ir
GMSt

i (τ,M,Z, x̄, v̄, α) · M d¶r
, (17)

where d¶r ≡ dτ dM dZ dx̄ dv̄ dα.
The true Gi(τ,M,Z, x̄, v̄, α) distribution function is unknown,

but its marginalization over combinations of parameters results
in deeply studied functions such as the IMF, the SFH, the age-
metallicity relation, the radial metallicity gradient, and also func-
tions carrying information about the density distribution of the
Galaxy or dynamical and chemo-dynamical information. Let us
exemplify mathematically how some of these fundamental func-
tions can be treated related to the distribution function.

The marginalization over the parameters τ,Z, x̄, v̄ and α
within the values that belong to the ¶ir space can be written as:

∫

∀ τ,Z,x̄,v̄,α ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α) dτ dZ dx̄ dv̄ dα = ξi(M), (18)

where ξi(M) is the composite IMF for each one of the i-
components. Marginalizing now the Gi over M,Z, x̄, v̄, α within
the values that belong to the ¶ir space we have the τ distribution
of the generated stars that can be interpreted as the SFH of the
whole i-component:

∫

∀M,Z,x̄,v̄,α ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α) dM dZ dx̄ dv̄ dα = Ψi(τ). (19)

If we are interested in studying how the τ distribution depends
on the position, we can then perform a marginalization over M,
Z, v̄ and α, obtaining

∫

∀M,Z,v̄,α ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α) dM dZ dv̄ dα = fi(τ, x̄). (20)

If in Eq. (20) we set x̄ = x̄�, the position of the Sun, then the
resulting function can be interpreted as the SFH at the position
of the Sun.

The functions involving metallicity, such as the age-
metallicity relation or the radial metallicity gradient, could
also be considered in BGM FASt. If we marginalize
Gi(τ,M,Z, x̄, v̄, α) over mass, α, and phase-space we get the Z
distribution of stars formed τ years ago:

∫

∀M,x̄,v̄,α ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α) dM dx̄ dv̄ dα = χi(τ,Z). (21)

The radial metallicity gradient can be deduced from a more
complex expression obtained marginalizing Gi over age, mass,
velocity and α:

∫

∀ τ,M,v̄,α ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α) dτ dM dv̄ dα = ηi(Z, x̄). (22)

This latter expression is the position and metallicity distribution
of the generated stars throughout the life of the i-component.
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Finally, information about chemo-dynamics and kinematics
can be introduced with the following two equations.

∫

∀M,x̄, α ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α) dM dx̄ dα = Qi(τ,Z, v̄), (23)

∫

∀M,Z, α ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α) dM dZ dα = Ki(τ, x̄, v̄). (24)

The spatial distribution of the volume mass density ( ρi
g(x̄))

that has been dedicated to generating stars for the Galactic i-
component throughout its life can be written as follows

ρi
g(x̄) =

∫

∀ τ,M,Z̄,v̄,α ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α) · M dτ dM dZ dv̄ dα. (25)

In the following steps it is useful to have the equation of the
mass density dedicated to generating stars born τ years ago in a
position x̄:

ρi
g(τ, x̄) =

∫

∀M,Z̄,v̄ ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α) · M dM dZ̄ dv̄ dα. (26)

Until now, we have described the distribution function of
the generated stars in the Galaxy in a generic context. We have
emphasised that our strategy can be generalizable and any of the
fundamental equations described above (Eqs. (18)–(24)) can be
used if we are able to write an analytical expression for them.

3.2.2. The approximate solution

In this section we find an approximation to the distribution func-
tion of the generated stars compatible with BGM. At the same
time this approximation aims to be extensible to other models
of the Galaxy that use similar star-generation strategies. As the
exploration of the velocity spaces is not included in the present
paper, for simplicity we do not consider the kinematic part here.
Our goal is therefore to find an approximate solution to the inte-
gral

∫
∀ v̄ ∈ ¶ir Gi(τ,M,Z, x̄, v̄, α) dv̄.

In this context the first assumption comes from a traditional
strategy (e.g. Tinsley 1980), assuming that mass and age distri-
butions are separated. Splitting the mass function from the func-
tion of τ and x̄ as follows

ξi(M) · Fi(τ, x̄). (27)

Moreover, the BGM assumes a metallicity distribution that
depends on position and age. We can therefore introduce, in
the equations, the probability that a star of a given age in a
given position has a metallicity Z: Pi(Z|τ, x̄). Furthermore, BGM
has recently included the possibility to use [α/Fe], a parame-
ter which affects the stellar evolutionary tracks (Lagarde et al.
2017), assuming, from observational surveys, a certain probabil-
ity that a given star has a given [α/Fe]. In general, for a given
i-component, this probability depends on the age, the position,
and the metallicity of the star and we denote it as Pi(α|τ,Z, x̄).

From Eq. (27), and the metallicity and [α/Fe] distributions,
we can write:
∫

∀ v̄ ∈ ¶ir

Gi(τ,M,Z, x̄, v̄, α) dv̄

≈ ξi(M) · Fi(τ, x̄) · Pi(Z|τ, x̄) · Pi(α|τ,Z, x̄),
(28)

where the assumptions and approximations behind the math-
ematical expression of the functions Fi(τ, x̄), Pi(Z|τ, x̄) and
P(α|τ,Z, x̄) are imposed to be compatible with the BGM. Equa-
tion (28) assumes, from the statistical point of view, that the
probability to generate a star with mass M and the probability to
generate a star τ years ago in a given position are conditionally
independent. This means that the IMF is assumed to be indepen-
dent of time and position.

The standard star-generation strategy described in Sect. 2.1
guides us by using Eq. (5) to approximate the function Fi(τ, x̄)
as follows

Fi(τ, x̄) ≈ Σi
� · ψi

�(τ)
Hi(τ)

· Ri(τ, x̄), (29)

where Σi
� is the stellar surface mass density (∗/pc2) of the gener-

ated stars at the position of the Sun for the Galactic i-component,
Hi(τ) is the surface-to-volume-density ratio at the position of the
Sun, Ri(τ, x̄) is the density distribution, and ψi

� is the SFH in the
solar neighbourhood.

Taking into account the approximations implicitly or explic-
itly adopted in standard BGM we present a solid solution for the
following integral
∫

∀ v̄ ∈ ¶ir

Gi (τ,M,Z, x̄, v̄, α) dv̄

≈ Σi
� · ψi

�(τ)
Hi(τ)

· Ri(τ, x̄) · ξi(M) · Pi(Z|τ, x̄) · Pi(α|τ,Z, x̄),

(30)

where the IMF is normalized as
∫
∀M ∈ ¶ir ξ(M) · M dM =

1, the SFH in the solar neighbourhood is normalized as∫
∀ τ ∈Πr

ψ�(τ) dτ = 1, and by definitionPi(Z|τ, x̄) andPi(α|τ,Z, x̄)
are normalized to 1. Ri(τ, x̄) and Hi(τ) are such that the integral
over the whole parameter space of Gi(τ,M,Z, x̄, v̄, α) gives the
total number of generated stars in the Galactic i-component.

For simplicity, as BGM Std does, we assume an axi-
symmetric structure with no radial migration. Additionally, we
assume that for a given volume element, dρ

dt ≈ 0, where ρ is
the stellar volume mass density. These assumptions allow us to
use the density distributions (Ri(τ, x̄)) described in Robin et al.
(2003) and Robin et al. (2014), derived to match the present den-
sity distribution of each Galactic i-component.

3.3. Handling of the stellar multiple systems

The probability of obtaining a multiple system at birth in a star
formation event is unknown, very complex, and can depend on
many parameters, such as the metallicity, the mass of the molec-
ular cloud, the turbulence, mass segregation, mass competition,
and mass accretion rate (e.g. Bonnell et al. 2007; Kroupa et al.
2013). For these reasons, the BGM approach (e.g. Czekaj et al.
2014; Robin et al. 2012) is performed adopting an empirical law
to match the observed present distribution function of multiple
stellar systems (Arenou 2011). This approach assigns a certain
probability to a generated star of being the primary component
of a multiple system, depending on its mass and its luminosity
class. Inside our framework this means a dependence on mass,
age, and, through the stellar evolutionary models, Z and α. This
probability is therefore P(bin|τ,M,Z, α).

Let us refer to the generated star susceptible to be flagged
as either the single star or primary component of the binary sys-
tem as the “primal star”. Once a primal star is decided as being a
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primary component of a multiple system, a secondary star is gen-
erated with a mass m. The mass m of the secondary is assigned
following a probability distribution function (PDF) that depends
mainly on the mass M and the luminosity class of the primary
component, leading to P(m|τ,M,Z, α).

We introduce the stellar multiple systems in BGM FASt
by simplifying their treatment under two assumptions: (1) The
masses of primal stars (singles and primaries) are drawn from
the IMF while the mass of the secondary follows the empirical
laws described above, and (2) the age of the primary star follows
the SFH, while the age of the secondary is assumed to be the
same as the primary (i.e. both components were born together).
With these two assumptions, the multiple stellar systems can be
introduced in our analytical approach at low computational cost.
We can compute first, at the position of the Sun, the surface mass
density of secondary stars (Σi,$

� ) as a function of the surface mass
density of the primal stars (Σi,4

� ) and afterwards compute Σ
i,4
� as

a function of Σi
�. We begin by expressing Σi

� as

Σi
� = Σ

i,4
� + Σ

i,$
� . (31)

Subsequently, the stellar volume mass density of primary stars
at the position of the sun for the i-component is given by

ρi,4
g (x̄�) ≈

∫

∀ τ,M,Z, α ∈ ¶ir

Σ
i,4
� · ψi

�(τ)
Hi(τ)

· R(τ, x̄�) · ξi(M) · M

· Pi(Z|τ, x̄�) · Pi(α|τ,Z, x̄�) dτ dM dZ dα, (32)

and the stellar volume mass density of secondary stars at the
position of the sun for the i-component is given by

ρi,$
g (x̄�) ≈

∫

∀ τ,M,Z, α, ∈ ¶ir

mmax∫

mmin

Σ
i,4
� · ψi

�(τ)
Hi(τ)

· R(τ, x̄�) · ξi(M)

· Pi(Z|τ, x̄�) · Pi(α|τ,Z, x̄�) · P(bin|τ,M,Z, α)
· P(m|τ,M,Z, α) m dm dτ dM dZ dα. (33)

We also want to compute the surface mass density; then, if we
leave out Hi from the integrand of Eq. (33), we get the surface
mass density of secondary stars at the position of the Sun:

Σ
i,$
� ≈ Σ

i,4
�

∫

∀ τ,M,Z, α ∈ ¶ir

mmax∫

mmin

ψi
�(τ) · ξi(M) · Pi(Z|τ, x̄�)

· Pi(α|τ,Z, x̄�) · P(bin|τ,M,Z, α)
· P(m|τ,M,Z, α) · m dm dτ dM dZ dα. (34)

Finally, Σ
i,4
� is computed from Σi

� using Eqs. (31) and (34).
This result is very useful for both determining the weight

function when considering multiple stellar systems as imple-
mented in BGM (Sect. 3.4) and computing the local dynamical
statistical equilibrium (Sect. 4). In Sect. 4 we also particular-
ize the computation of Σ

i,4
� when specifically using the thin disc

component as described in Czekaj et al. (2014).

3.4. The weight

The strategy developed in previous sections allows us to give the
analytical expression to compute the weights. These weights are
able to transform the distribution of stars in the Mother Simu-
lation, linked to a given set of Galactic fundamental functions,

into the distribution of the stars linked to other Galactic funda-
mental functions adopted for a BGM FASt simulation. From (17)
and (30) we obtain an expression for the weights applicable to
Galaxy models that sample the stars from a distribution function
of the form of Eq. (28), considering the assumptions discussed
in Sect. 3:

wi(τ,M,Z, x̄, α) ≈

∫

∆¶ir

Σ
i,FAS t
� ·ψi,FAS t

�
HFASt

i (τ) · RFASt
i (τ, x̄)

∫

∆¶ir

Σ
i,MS t
� ·ψi,MS t

�
HMSt

i (τ) · RMSt
i (τ, x̄)

· ξ
FASt
i (M) · M · PFASt

i (Z|τ, x̄) · PFASt
i (α|τ,Z, x̄) · d¶r

ξMSt
i (M) · M · PMSt

i (Z|τ, x̄) · PMSt
i (α|τ,Z, x̄) · d¶r

· (35)

In the BGM context, including multiple stellar systems and
taking into account the scenario described in Sect. 3.3, the
weight that we apply in practice to generate a BGM FASt simu-
lation is the following

wi(τ,M,Z, x̄, α) ≈

∫

∆¶ir

Σ
i,4,FAS t
� ·ψi,FAS t

�
HFASt

i (τ) · RFASt
i (τ, x̄)

∫

∆¶ir

Σ
i,4,MS t
� ·ψi,MS t

�
HMSt

i (τ) · RMSt
i (τ, x̄)

· ξ
FASt
i (M) · M · PFASt

i (Z|τ, x̄) · PFASt
i (α|τ,Z, x̄) · d¶r

ξMSt
i (M) · M · PMSt

i (Z|τ, x̄) · PMSt
i (α|τ,Z, x̄) · d¶r

, (36)

where we have substituted Σi
� with Σ

i,4
� from Eq. (35).

In our approach, the stellar evolutionary tracks are the same
for both the Mother Simulation and the BGM FASt simulation.
For simplicity, the probabilities Pi(Z|τ, x̄) and Pi(α|τ,Z, x̄) are
imposed and we are not going to explore them; they are equal
for both the Mother Simulation and the BGM FASt simulation
and we can marginalize the numerator and denominator over Z
and α to obtain the final expression for the weights:

wi(τ,M, x̄) ≈

∫

∆τ,∆M,∆x̄

Σ
i,4,FAS t
� ·ψi,FAS t

�
HFASt

i (τ) · RFASt
i (τ, x̄)

∫

∆τ,∆M,∆x̄

Σ
i,4,MS t
� ·ψi,MS t

�
HMSt

i (τ) · RMSt
i (τ, x̄)

· ξ
FASt
i (M) · M · dτ dM dx̄

ξMSt
i (M) · M · dτ dM dx̄

. (37)

In practice, the weight in Eq. (37) is applied to each single
star and each stellar system. This means that both the primary
and the secondary components of the stellar system are weighted
with the same value, according to the parameters of the primary
component. We choose this way to apply the weights because
in BGM Std the mass and age of the secondary star are drawn
according to the mass and the age of the primary star. This choice
ensures that the mass and age distributions of the primal stars
in a BGM FASt simulation follow the pertinent IMF and SFH,
and that the mass distribution of the secondary stars follows the
empirical distributions described in Arenou (2011).

The choice of the intervals for the integrals must be discussed
for each particular case. Generally they must be small enough
to preserve Eqs. (8) and (9). For tests and cases presented in
the present paper, the choice of the mass interval is set to be
very small (0.025 M�). For a given star of age τ we set the limits
of the integral to be the age limits of the age sub-populations
to which the star belongs. Finally, as the BGM Std generation
strategy assigns the density of its centre to the whole volume
element, in BGM FASt we do not need to perform a volume
element integral.
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4. Local dynamical statistical equilibrium (LDSE)

By local dynamical statistical equilibrium we understand that, at
the position of the Sun, the mass density distribution and the
potential satisfy both the Poisson equation and the first-order
moment of the collisionless Boltzmann equation for the vertical
direction (Bienaymé et al. 1987). In this approach we consider
axi-symmetry to solve both equations. To solve the first-order
moment of the collisionless Boltzmann equation in the verti-
cal direction, we also assume steady state, isothermal state, and
decoupled radial and vertical motions. One possible methodol-
ogy to ensure the LDSE is described in Czekaj et al. (2014) and
summarised in Sect. 4.1. As it requires a computational time that
is not affordable for the methodology presented in this paper, we
develop here analytical (Sect. 4.2) and approximate (Sect. 4.4)
methods that ensure LSDE, significantly reducing the computa-
tional cost.

4.1. Full LDSE

The iterative strategy described in Czekaj et al. (2014) performs,
for a given set of Galactic fundamental functions, a local nor-
malization and a sphere simulation around the Sun to compute
at the position of the Sun: the surface mass density of the gener-
ated stars, Σ�, the volume mass density of the stars generated τ
years ago, that is ρg(τ, x̄�), and the volume mass density for stars
generated τ years ago which are not stellar remnants at present,
that is ρ(τ, x̄�)3. We define the stars which are not remnant at
present as those with τ ≤ Tlim(M,Z, α), where Tlim(M,Z, α) is
the maximum age that a star of a given mass, metallicity, and
[α/Fe] reaches without becoming a remnant object. The stellar
mass density at the position of the Sun is fitted with the stars
that are not remnants at present and the white dwarfs’ density is
added separately. The mass lost by the stars during their evolu-
tion and the interaction between components of a stellar multi-
ple system are neglected. The total mass in stars, plus that of the
interstellar medium, the dark matter, and the central mass, allows
us to compute the radial force. At this stage, the dark matter den-
sity distribution and the central mass is adjusted such that the
model rotation curve fits the observations, the fit is done using
the least-squares method in velocity. Finally, the Poisson and the
first-order moment of the collisionless Boltzmann equation in
the vertical direction are iteratively solved. The whole strategy
is iterated from the beginning until convergence is reached.

4.2. Analytical LDSE

In this analytical approach to ensure LDSE, we follow the pro-
cess described in Sect. 4.1, but instead of using a simulation of
a sphere around the Sun, we analytically derive the surface mass
density of the generated stars (Σ�), the volume mass density of
the stars generated τ years ago (ρg(τ, x̄�)), and the volume mass
density for stars generated τ years ago which are not remnant at
present (ρ(τ, x̄�)). As this approach concerns only the thin-disc
component, from now on we avoid the use of the index i.

Using Eq. (31) we can express Σ� as the sum of the sur-
face density for primal stars (Σ4�) and the surface density for
secondary stars (Σ$

�). In an equivalent way, the ρg(τ, x̄�) for the
generated stars can be expressed as

ρg(τ, x̄�) = ρ4g (τ, x̄�) + ρ$
g(τ, x̄�), (38)

3 We note that the equivalent nomenclature for ρg(τ, x̄�) and ρ(τ, x̄�) in
Czekaj et al. (2014) is ρall

� (i) and ρobs
� (i).

and the stellar volume mass density of the stars with τ ≤
Tlim(M,Z, α) can be expressed as

ρ(τ, x̄�) = ρ4(τ, x̄�) + ρ$(τ, x̄�). (39)

Now we want to derive the stellar volume mass density of the
primal stars at the position of the Sun ρ4g (τ,Z, x̄�, α). Therefore,
from equation (32) we obtain

ρ4g (τ,Z, x̄�, α) ≈
∫

∀M ∈ ¶r

Σ4� · ψ�(τ)
H(τ)

· ξ(M) · M

· P(Z|τ, x̄�) · P(α|τ,Z, x̄�) dM. (40)

At this stage we assume that at the position of the Sun all the
stars have solar metallicity Z = Z� and for the moment BGM
assumes that the α-elements-to-iron abundance for the thin disc
is α = α�. The probabilities for Z and α then become

P(Z|τ, x̄�)
{

1, if Z = Z�
0, otherwise

, (41)

and

P(α|τ,Z, x̄�)
{

1, if α = α�
0, otherwise

. (42)

Combining Eqs. (40)–(42) we can approximate ρ4g (τ, x̄�) by

ρ4g (τ, x̄�) ≈
∫

∀M ∈ ¶r

Σ4� · ψ�(τ)
H(τ)

· ξ(M) · M dM. (43)

As mentioned above, the fit with the observational value of
the volume stellar mass density at the position of the Sun is done
with the stars with τ ≤ Tlim(M,Z, α). Therefore, as a next step,
we need to derive an analytical expression for the density of non-
remnant primal stars at the position of the Sun. This is given by

ρ4(τ,Z, x̄�, α) ≈
∫

∀M ∈ ¶r

O(τ,M,Z, α) · Σ4� · ψ�(τ)
H(τ)

· ξ(M) · M

· P(Z|τ, x̄�) · P(α|τ,Z, x̄�)dM, (44)

where the function O(τ,M,Z, α) discussed in Sect. 4.3 is defined
as

O(τ,M,Z, α) =

{
0, τ > Tlim(M,Z, α)
1, τ ≤ Tlim(M,Z, α)

. (45)

As before, we assume all the stars at the position of the Sun
have Z = Z� and α = α� (Eqs. (41) and (42)), thus

ρ4(τ, x̄�) ≈
∫

∀M ∈ ¶r

O(τ,M,Z�, α�)·Σ
4
� · ψ�(τ)
H(τ)

·ξ(M)·M ·dM. (46)

Up to now we have derived analytical expressions for the
volume densities of the primal stars ((43) and (46)). To complete
Eqs. (38) and (39) we need to derive the analytical expressions
for the mass density of secondary components. Considering
Eq. (33) we can write ρ$

g(τ,Z, x̄�, α):

ρ$
g(τ,Z, x̄�, α) ≈

∫

∀M∈ ¶ir

mmax∫

mmin

Σ4� · ψ�(τ)
H(τ)

· ξ(M) · P(Z|τ, x̄�)

· P(α|τ,Z, x̄�) · P(bin|τ,M,Z, α)
· P(m|τ,M,Z, α) · m dm dM. (47)
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Next, to continue reducing computational time, we assume that
the mass of the secondary is only dependent on the mass of the
primary component P(m|τ,M,Z, α) ≈ P(m|M) and we consider
this probability is uniform and given by

p(m|M) ≈


1
M−Mmin

, if Mmin < m ≤ M
0, otherwise

, (48)

where Mmin is the minimum mass needed to generate a star. This
expression states that the mass of the secondary star is always
equal or less massive than the corresponding primary compo-
nent.

We introduce a second approximation assuming that for a
given generated primal star the probability of being the primary
component of a multiple system is given by

P(bin|τ,M,Z, α) ≈
{

0, τ > Tlim

P(bin|M), 0 < τ ≤ Tlim
. (49)

This probability, as defined, is not null only for the non-
remnant stars. Therefore, using Eq. (45), it can also be expressed
as p(bin|τ,M,Z, α) = O(τ,M,Z, α)·p(bin|M). In other words, this
approach assumes that the probability of being a primary compo-
nent of a binary system is null for those stars which are remnant
at present. Introducing Eqs. (48) and (49) in (47), we have

ρ$
g(τ,Z, x̄�, α) ≈

∫

∀M∈ ¶ir

mmax∫

mmin

O(τ,M,Z�, α�) · Σ4� · ψ�(τ)
H(τ)

· ξ(M)

· P(Z|τ, x̄�) · P(α|τ,Z, x̄�)
· P(bin|M) · P(m|M) · m dm dM. (50)

The above assumptions imply that secondary stars are never rem-
nants, thus ρ$(τ,Z, x̄�, α) = ρ$

g(τ,Z, x̄�, α).
As done for primal stars, we assume that all the stars at the

position of the Sun have solar metallicity Z = Z� and α = α�.
Therefore,

ρ$(τ, x̄�) = ρ$
g(τ, x̄�) ≈

M=Mmax∫

M=Mmin

m=Mmax∫

m=Mmin

O(τ,M,Z�, α�)

· Σ4� · ψ�(τ)
H(τ)

· ξ(M) · P(bin|M) · P(m|M) · m dm dM.

(51)

As done for primal stars, we leave out H(τ) from (51) to
reach the expression for Σ$

�:

Σ$
� ≈

τ=τend∫

τ=0

M=Mmax∫

M=Mmin

m=Mmax∫

m=Mmin

O(τ,M,Z�, α�) · Σ4� · ψ�(τ) · ξ(M)

· P(bin|M) · P(m|M) · m dm dM dτ. (52)

At this point we have on hand all the analytical expressions
to compute the Σ� that fits the observed stellar mass density at
the position of the Sun (ρ�obs) for the thin disc stars with τ ≤
Tlim(M,Z, α). To do so we use Eqs. (51) and (46) in (39) and
set ρ(τ, x̄�) = ρ�obs, with ρ�obs being the observed stellar mass
volume density at the position of the Sun for stars which are not
remnant at present. We then solve the resulting equation for Σ4�
and compute Σ� from (31) and (52).

For the practical implementation of the analytical approach
developed in this section we adopt Mmin = 0.09 M� and Mmax =

120 M�, the mass range of the evolutionary models we are using
at present (Chabrier & Baraffe 1997; Bertelli et al. 2008, 2009).
For p(bin|M) in Eq. (49) we follow the expression for main
sequence stars in Arenou (2011).

4.3. The non-remnant fraction (Ω)

The O function (45) is directly related with the stellar evolution-
ary tracks considered through the expressions of Tlim(M,Z, α).
We define Tlim(M,Z, α) as the maximum age for which a star of
a given mass, metallicity, and α-elements-to-iron abundance is
still not a stellar remnant. As discussed in the previous section,
for the O function we consider solar metallicity Z = Z� and solar
α = α�. We use, for the moment, the stellar evolutionary tracks
Bertelli et al. (2008) and Chabrier & Baraffe (1997) considered
in Czekaj et al. (2014) which do not consider the α-element
abundance; therefore Tlim(M,Z, α) = Tlim(M,Z). From the men-
tioned stellar evolutionary tracks we derive Tlim(M,Z�) fitting
three truncated logarithmic expressions to the two-dimensional
(2D) grid of mass and age limit for Z = Z�. We end up with the
following expressions
for M/M� ≥ 7.

Tlim(M,Z�) ≈ exp(−1.6 · ln(M) + 20.8) (53)

for 2.2 < M/M� < 7.0,

Tlim(M,Z�) ≈ exp(−2.7 · ln(M) + 23.0) (54)

for 2.0 < M/M� < 2.2,

Tlim(M,Z�) ≈ exp(−2.7 · ln(2.2) + 23.0) (55)

for M/M� ≤ 2.2,

Tlim(M,Z�) ≈ exp(−3.5 · ln(M) + 23.3). (56)

With these latter expressions we have everything we need
for the execution of the analytical LDSE as described in Sect.
4.2. At this point, to take into account that the BGM Std strat-
egy samples the age of the stars uniformly inside each age sub-
population (see Sect. 2.2) we substitute the O function by the Ω
function in the equations of Sect. 4.2. The Ω(τ,M,Z�) function
is defined as

Ω(τ,M,Z�) =



1, Tlim(M,Z�) > T j
end(τ)

Tlim(M,Z�)−T j
ini(τ)

T j
end(τ)−T j

ini(τ)
, T j

ini(τ) ≤ Tlim(M,Z�) ≤ T j
end(τ)

0, Tlim(M,Z�) < T j
ini(τ),

(57)

where T j
ini(τ) and T j

end(τ) are respectively the low and high age
boundaries for each of the seven age sub-populations of the thin
disc ( j = 1 . . . 7). We note that T j

ini(τ) and T j
end(τ) obviously

depend on τ, because the age τ of the star establishes the j-sub-
population to which the star belongs. We emphasise that the Ω
function defined above gives the fraction of stars which are not
remnant at present and is constant with τ inside the limits of
each age sub-population. Furthermore, when defining O and Ω
functions we are neglecting both the entangled evolution of stars
belonging to the multiple stellar systems and the mass lost by
the star during its evolution. If in the future we want to imple-
ment the effect of the mass lost by the stars during its evolution,
we can do this by introducing a new function, L(τ,M,Z, α), into
the equations, accounting for the fraction of mass that a given
star has lost during its evolution up to the present time. If at
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some point we are interested in accounting for the entangled
evolution of a stellar multiple system then we need to imple-
ment the desired evolutionary model of stellar systems directly in
the BGM Std strategy, generate a Mother Simulation, and finally
modify Tlim accordingly.

4.4. Approximate LDSE

In Sects. 4.2 and 4.3 we explained how, in the full process
to ensure the LDSE (Sect. 4.1), we can substitute the entire
simulation of a sphere around the Sun by crafted analytical
expressions which are computationally undemanding. Here we
complete the construction of an approximate LDSE strategy by
complementing Sects. 4.2 and 4.3 with a final assumption to
make the process even faster. As described in Sect. 4.1 in the
full LDSE process, the central mass and the dark matter density
distribution is adjusted such that the model rotation curve fits
the observations. We can avoid the computational cost of this
adjustment by assuming that the central mass density and the
dark matter density distribution are invariant under variations of
the Galactic fundamental functions4.

We now test the performance of the approximate LDSE to
evaluate the assumptions that we made and to constrain its range
of validity. In the following section we present a set of tests com-
paring the results obtained when applying the full LDSE process
against the results of our approximate LDSE.

4.5. Validation of the approximate LDSE

We develop three tests to evaluate the goodness of our approx-
imate method (Sects. 4.2–4.4). These tests quantify the differ-
ences, when using the approximate instead of full method, in
some of the key parameters resulting from the LDSE process. All
the tests are performed using the seven model variants described
in Mor et al. (2017) that were built with different assumptions of
the IMF, the SFH, and the density laws. In Table 1 we present
their main parameters. These model variants cover the range of
parameters that we want to explore in this paper well, and there-
fore they are a good set to perform the tests. The parameters for
the thin disc density laws which are not listed in Table 1 are
adopted to be the same as used in Mor et al. (2017), being the
functional forms of the density laws listed in Robin et al. (2003).
The rest of the model ingredients which are not specifically
indicated in Table 1, for example the atmosphere models, the
stellar evolutionary tracks, the age-metallicity relation, and the
age-velocity dispersion, are adopted to be the same as in
“Model B” listed in Table 5 of Czekaj et al. (2014).

In the first test we show that our approximate method obtains
a rotation curve compatible with the one resulting from the
full method. For all model variants, we obtain differences of
less than 2% in the rotational velocity between a galactocen-
tric radius from 3 kpc to 14 kpc. Moreover these differences are
much smaller than discrepancies between the observational val-
ues (e.g. Caldwell & Ostriker 1981 and Sofue 2015). In Fig. 1
we present the results for the two model variants where we found
the highest discrepancies between the rotation curve obtained
from both methods. The discrepancies along the curve from
3 kpc to 14 kpc are always smaller than 5 km s−1. Thus we con-
sider that the approximated LDSE is valid within these galacto-
centric radii.

4 In practice we impose that the central mass density and the dark mat-
ter density distribution take the values of the Default Model Variant in
Mor et al. (2017).

Table 1. Parameters for the SFH, the IMF and the density laws of the
seven model variants adopted from Mor et al. (2017).

ID SFH IMF Dens. law
γ (Gyr−1) α1 α2 α3 x1 x2 ρ� (M� pc−3) hR (pc)

DAV 0.12 1.3 1.8 3.2 0.5 1.53 0.033 2170
DM 0.12 1.3 1.8 3.2 0.5 1.53 0.033 2530
DBV 0.12 1.3 1.8 3.2 0.5 1.53 0.039 2530
DCV 0.00 1.3 1.8 3.2 0.5 1.53 0.033 2530
HRV 0.12 1.6 1.6 3.0 0.5 1.00 0.033 2530
HRVB 0.12 1.6 1.6 3.0 0.5 1.00 0.039 2530
SV 0.12 2.35 2.35 2.35 0.5 1.53 0.033 2530

Notes. We show: (1) the three slopes of the initial mass function (α1,α2

and α3) and the two mass limits (x1 and x2) between the three truncated
power laws of a Kroupa-like type; (2) the stellar volume mass density
at the position of the Sun ( ρ�); and (3) the radial scale length of the old
thin disc (hR).

The second test compares for each model variant the eccen-
tricities of the Einasto density profiles which are fitted inside the
process that ensures the LDSE. The Einasto eccentricities are
computed for each one of the seven age sub-populations of the
thin disc. In all cases we find differences smaller than 0.7%.

Our third test compares the local volume stellar mass density
of all the thin-disc age sub-populations. For each model variant
we check our capability to recover the density values of Table 1
of Mor et al. (2017). The discrepancies are within the error bars
and are always smaller than 5%.

We want to point out that these tests are the first empirical
demonstration that our strategy for the BGM FASt simulation is
well founded. Whereas it is true that they validate the equations
behind the weight function, they do not evaluate the capabilities
of the weight function itself to generate a BGM FASt simula-
tion. To do so we need to directly test distributions of observ-
able parameters obtained with BGM FASt simulations. Tests on
age and mass distribution are also needed to deeper validate the
BGM FASt strategy. These tests are presented in Sect. 6 and
Appendix A.1.

5. ABC to infer Galactic fundamental functions

5.1. The ABC method

For very complex models such as the BGM, to obtain the
exact likelihood function is mathematically impossible or com-
putationally prohibitive. In these cases the ABC algorithms
allow us to compute an approximate posterior PDF of the
explored parameters. In this paper we use a sequential Monte
Carlo approximate Bayesian computation algorithm (SMC-
ABC) because of its balance between high acceptance rate and
independence of the outcomes. The algorithm that we use is fur-
ther described in Jennings & Madigan (2017), and is available
as a python package named astroABC. The SMC-ABC method
is an improvement of basic ABC acceptance-rejection sampling
(ARS-ABC) to optimise the acceptance rate. The basic ARS-
ABC contains the theoretical bases of the SMC-ABC algorithm.
This latter first generates a proposed set of parameters θ̄ from
the prior PDF. Subsequently, the algorithm generates the simu-
lated data using the proposed set of parameters in a given model,
and finally the set of parameters is accepted as part of the pos-
terior PDF if the simulated data (Dsimu) are equal to the real
data (D); otherwise θ̄ is rejected and we start the process again.
This algorithm is very restrictive because it is almost impossi-
ble to find a model with a given set of parameters that perfectly
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Fig. 1. Two examples of the comparison between the rotation curve
obtained with both the full process to ensure LDSE and the rotation
curve obtained with the approximate LDSE. Top panel: results for
the DAV variant from Mor et al. (2017). Bottom panel: results for the
HRBV variant from Mor et al. (2017). The green triangles show the
data points derived from the Caldwell & Ostriker (1981) rotation curve
assuming R0 = 8000 pc and V0 = 230 km s−1 for the Sun. The magenta
triangles show the data points of the rotation curve from Sofue (2015).
For Sofue data, error bars are provided by the author, while we have
estimated the errors of the data from Caldwell & Ostriker (1981) fol-
lowing the expressions and tables in their paper.

reproduces the data. Usually one uses the ARS-ABC, relaxing
the condition Dsimu = D and approximating the method as
follows
(1) Generate θ̄ from the prior PDF.
(2) Simulate dataDsim from the modelM with parameters θ̄.
(3) Calculate the distance δ(D,Dsim) betweenD andDsim.
(4) Accept θ̄ if δ is smaller than a given threshold (υ) δ ≤ υ;

return to 1.
This approximate algorithm needs to adopt an adequate distance
metric δ and a threshold υ. When υ → 0, the algorithm is sam-
pling exactly from the posterior PDF. Very small values of υ
diminish the acceptance rate of the algorithm, and therefore the
choice of υ must be a compromise between computational cost
and accuracy of the posterior PDF. We want to emphasise that
ARS-ABC samplers generate independent outcomes; each itera-
tion is independent from the previous.

Other ABC methods, like the so-called free likelihood
MCMC samplers (MCMC-ABC), are also built to optimise the
acceptance rate. The MCMC-ABC increases the acceptance rate
by modifying MCMC sampling algorithms (such as Metropolis-
Hastings) to be able to work without the need of the likelihood
(Marjoram et al. 2003), but the price paid in this case is that the
outcomes are dependent (Marjoram et al. 2003). In a different
way, the SMC-ABC improves the acceptance rate with a double

entangled optimisation. For each iteration, the algorithm uses
kernels to assign a higher sampling probability to the sets of
parameters with better results. The resulting new sampling prob-
ability is used in the next iteration. In other words, regions of the
parameter space with better results are visited more frequently.
The application of kernels in the limits of the prior PDF can
sometimes produce a posterior PDF slightly wider than the limits
stated by the prior PDF. The use of the kernels is complemented
with an adaptive threshold υ, where the upper and lower limits
have to be set. This allows to go from a more relaxed threshold
in the first iterations down to a small threshold for the last ones,
optimising the sampling of the posterior PDF in terms of com-
putational time. We emphasise that for a given expression for the
distance metric and a given υ, the outcomes are still independent
in the SMC-ABC.

Now we need to choose the data in accordance with the
parameters that we want to infer. Observations can only pro-
vide a small subset of all the potential data defining the Milky
Way system. This limitation forces us to search for summary
statistics, which are of a lower dimension and are incomplete.
If the chosen summary statistics, S, are statistically sufficient
for D then the posterior PDF under the summary data P(θ|S)
is equivalent to the posterior PDF under the full data P(θ|D).
In practice it is very difficult, or impossible, to formally iden-
tify rigorous summary statistics sufficient forD. As suggested in
Marjoram et al. (2003) we use a more heuristic approach for our
specific problem. In the following section we propose summary
statistics S that capture information on the θ̄ essential parame-
ters of the Milky Way. Once sufficient statistics are established,
D is replaced by S in the algorithm as done in Marjoram et al.
(2003). The theoretical basis for these algorithms can be found
in Marin et al. (2011), Beaumont et al. (2009) and Sisson & Fan
(2010), for example.

5.2. Bayesian inference in the solar neighbourhood

For the appropriate use of the ABC algorithm described above,
we need to define, for each of the specific scientific goals that
we want to achieve, our sufficient statistics S, a distance met-
ric δ, and a threshold υ. For both the evaluation of the BGM
FASt performance (Sect. 6) and the science demonstration cases
(Sect. 7), we consider as our sufficient statistics S the star counts
in a binned four-dimensional space of position, apparent mag-
nitude, and observed colour. This means that for the purposes
of this paper we define our sufficient statistics as the number
of stars in each bin of latitude, longitude, visual Tycho mag-
nitude (VT ), and Tycho-2 colour (B − V)T . Specifically, our S
is the colour-magnitude diagram split in three latitude ranges:
(|b| < 10), (10 < |b| < 30), and (30 < |b| < 90). We choose
the bin size of the colour-magnitude diagram to be large enough
to allow for a robust statistical analysis to be performed, but
small enough to avoid loosing information. As mentioned in
the previous section, our choice of S is based on our previous
experience when comparing BGM with observational data. We
know that the observed colour-magnitude diagrams in different
regions of the sky offer very valuable information to constrain
the IMF, the SFH, the local stellar mass density, and the density
laws (e.g. Mor et al. 2017; Robin et al. 2014, 2012). In some of
these papers these colour-magnitude diagrams have already been
used as sufficient statistics combined with ABC algorithms (e.g.
Robin et al. 2014). Furthermore, in Czekaj et al. (2014) it was
demonstrated that the division of the sky into the three above-
mentioned latitude ranges is very useful to analyse the Galactic
fundamental functions by fitting BGM to Tycho-2 data. In our
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star counts analysis we always work inside the completeness
limits of the observational catalogues and therefore our sufficient
statistics when using Tycho-2 data are limited at VT = 11 where
Tycho-2 is complete up to 99%.

Once our sufficient statistics are defined, we need to choose
the distance metric to quantify differences between the observed
and simulated data, δ (Sobs,Ssimu). We use this to compare the
simulated Ssimu and the observed Sobs data. For this paper
we use the following expression, which we call Poissonian
distance:

δP (Sobs,Ssimu) =

∣∣∣∣∣∣∣

N∑

i=1

qi · (1 − Ri + ln(Ri))

∣∣∣∣∣∣∣
, (58)

where Ri is defined as the quotient Ri = fi/qi and qi and fi are
the number of stars in the data and the model, respectively. Addi-
tionally, we penalise the cases where there are no stars observed
in the bin but the model predicts stars to be present by replac-
ing qi and fi in the formula with qi + 1 and fi + 1, respectively.
The defined distance metric becomes zero when the simulation
and the observations have the same number of stars in each bin.
The smaller the value of the distance metric, the closer Ssimu
is to Sobs. From Kendall & Stuart (1973) and Bienaymé et al.
(1987) we know this formula is a good choice for the compari-
son between observed and simulated colour-magnitude diagrams
in terms of star counts. Furthermore, in Mor et al. (2017) we
already introduced the idea that expression (58) can be under-
stood as a distance metric.

Finally, we choose an upper limit and a lower limit for the
threshold υ by experimenting with different values to have a
good balance between computational cost and accuracy of the
posterior PDF.

6. Evaluating BGM FASt at the solar neighbourhood

In this section we evaluate the behaviour of BGM FASt in the
solar neighbourhood and we demonstrate that the performance
of the BGM FASt strategy is independent of the Mother Sim-
ulation. In Sect. 6.1 we use both BGM FASt and BGM Std to
simulate the solar neighbourhood. We then analyse the resulting
samples limited in apparent magnitude by comparing colour dis-
tributions and CMDs. Additionally, we extend the comparison
to mass and age distributions for a deeper analysis of the BGM
FASt performance. We do these comparisons in the complete-
ness regime of Tycho-2 catalogue, and therefore we use samples
limited in Tycho visual apparent magnitude (VT ) up to 11, where
Tycho-2 is complete at 99%.

In Sect. 6.2 we present a test for the BGM FASt framework
together with the ABC algorithm, consisting in exploring the
parameter space of the SFH, demonstrating that we are able to
correctly recover an imposed SFH in the solar neighbourhood.

6.1. BGM FASt versus BGM Std

To evaluate the performance of the BGM FASt we compare sim-
ulations generated with the same sets of fundamental functions
obtained from both the BGM FASt and BGM Std strategy. We
have selected five model variants from Mor et al. (2017): DAV,
DBV, DCV, HRV and SV. All of them constitute a good frame-
work to analyse the BGM FASt behaviour in the solar neighbour-
hood as they adequately cover the parameter space that we want
to explore with BGM FASt in Sect. 7. For each model variant we
perform the tests using both the Drimmel & Spergel (2001) and

Marshall et al. (2006) extinction maps5. The main set of compar-
isons aims to evaluate the behaviour of BGM FASt when using
as Mother Simulation the best fit variant from Mor et al. (2017)
(the DAV variant) obtained using Galactic Cepheids and Tycho-2
data. The DAV variant is our choice for the Mother Simula-
tion when exploring a six-dimensional (6D) parameter space in
Sect. 7.2. In the tests we evaluate the effects of changing one or
more parameters of the fundamental functions when generating
BGM FASt simulations according to the model variants DBV,
DCV, HRV and SV.

Additionally we repeat the comparisons but use the DCV
variant (constant SFH) as the Mother Simulation. These addi-
tional tests help us to evaluate the BGM FASt performance
in several aspects. First, they allow us to demonstrate whether
or not the performance of the BGM FASt strategy is indepen-
dent of the Mother Simulation. Second, we are able to anal-
yse possible dependencies on the total number of stars of the
Mother Simulation. Third, they allow us to study simultaneous
changes of the IMF and the SFH. Finally, they provide us with
more data, which can be used to better interpret the obtained
results.

In Table 2 we summarise the parameters of the IMF, the
SFH, and the density laws for the variants involved in the tests.
The functional form for the SFH is assumed to be an exponen-
tial law, the IMF is assumed to be a three-times-truncated power
law and the density profiles are assumed to be of Einasto shape.
In the first column we show the parameters that we use for the
Mother Simulation: the DAV and DCV. In the second column we
show the parameters for the BGM FASt simulations. The same
parameters are also used to perform BGM Std simulations. We
mark in bold text the parameters that have been modified from
the Mother Simulation to generate the BGM FASt simulation.
In the third column (FASt vs. Std) we present a summary of
the global results comparing BGM FASt with BGM Std simu-
lations, δp is for the Poissonian distance from Eq. (58) and %
refers to the discrepancies of the total number of stars between
BGM FASt and BGM Std simulations, that is ((# Stars in BGM
FASt – # Stars in BGM Std)/# Stars in BGM Std) ∗100. We note
that for all cases except the SV variant the discrepancies in the
total number of stars is smaller than 4%. When looking to the
Poissonian distance metric we note that all the values are below
2000, except, again, for the SV variant. The Poissonian distance
between BGM FASt and BGM Std simulations is one order of
magnitude smaller than the difference between the best fit variant
from Mor et al. (2017) and Tycho-2 data.

When comparing colour, age, and mass distributions
between BGM FASt and BGM Std, for the cases of Table 2,
we note that in general the differences in relative counts per bin
are smaller than 5% (see Figs. A.1–A.3, for details). In some
cases, such as when using the IMF (SV variant) from Salpeter
(1955) or when changing the mass limits of the IMF (HRV vari-
ant), the difference in the youngest population of the thin disc
and for the high mass range can reach about 10%. These differ-
ences are also reflected in the colour distributions. We demon-
strate in Appendix B that these discrepancies (>10%) come from
the sampling noise involved in the BGM Std generation strategy.
Occasionally, mostly for flat values of the IMF at high masses,
the mass distribution of the youngest massive stars is influ-
enced by the distribution of sampling noise in very low-mass

5 The Marshall et al. (2006) extinction map covers the longitude
ranges −100 < l < 100 and the latitude ranges |b| < 10. Therefore,
when simulating with the Marshall map we use the Drimmel map for
the rest of the sky.
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Table 2. Summary of the results of the BGM FASt vs. BGM Std tests and the parameters for the SFH, the IMF, and the density laws of the model
variants.

Parameters of the Mother Simulation Parameters of BGM FASt and BGM Std. simulations FASt vs. Std Ext.
SFH IMF Dens. law ID SFH IMF Dens. law δp %
γ α1 α2 α3 x2 ρ� hR γ α1 α2 α3 x2 ρ� hR

0.12 1.3 1.8 3.2 1.53 0.033 2170 DBV∗ 0.12 1.3 1.8 3.2 1.53 0.039 2530 1178 +2.38 D
685 +0.57 M

DCV∗ 0.00 1.3 1.8 3.2 1.53 0.033 2530 1623 +3.7 D
932 +2.00 M

(DAV) HRV 0.12 1.6 1.6 3.0 1.00 0.033 2530 1722 +1.49 D
1450 –0.55 M

SV 0.12 2.35 2.35 2.35 1.53 0.033 2530 2284 –5.22 D
2642 –7.01 M

0.00 1.3 1.8 3.2 1.53 0.033 2530 DAV∗ 0.12 1.3 1.8 3.2 1.53 0.033 2170 1893 –1.13 D
1683 +0.77 M

DBV∗ 0.12 1.3 1.8 3.2 1.53 0.039 2530 1698 +1.43 D
1866 +1.60 M

(DCV) HRV 0.12 1.6 1.6 3.0 1.00 0.033 2530 1748 +0.47 D
1939 +0.48 M

SV 0.12 2.35 2.35 2.35 1.53 0.033 2530 2993 –6.26 D
3144 –8.87 M

Notes. x1 = 0.5 for all the model variants. The units for this table are the same as in Table 1. The variants marked with an asterisk are those which
are less affected by the sampling noise discussed in Appendix B. The final column indicates the assumed 3D extinction map in each case; it can
be Drimmel & Spergel (2001) (D) or Marshall et al. (2006) (M).

reservoirs6. The sampling noise in very-low-mass reservoirs pro-
duces, on average, more stars than predicted by the imposed dis-
tribution function for the mass range between 1.53 M� and 4 M�.
From Appendix B, we deduce that we must use a Mother Sim-
ulation such that the combination of the imposed fundamental
function minimises the effects of the noise in the very small mass
reservoir; this is the case of the DAV variant, for example.

After the analysis presented in this section and also in
Sect. 4.5 we conclude that BGM FASt is performing correctly
in the solar neighbourhood.

6.2. Recovering an imposed SFH

To show that BGM FASt together with the ABC algorithm is
capable of inferring a given parameter, we perform several tests
trying to recover an imposed SFH of the thin disc. We assume
the SFH to be a decreasing exponential function:

ψ = Kψ · eγτ, (59)

where Kψ is the normalization constant, γ is the inverse of the
characteristic timescale (e.g. Snaith et al. 20157) and τ is the
time. The coordinate origin of the τ space is at present (τ = 0)
and the values are positive in the direction backwards in time,
to the past, until the age of the thin disc (in this case we impose
τ = 10 Gyr). We use one BGM Std simulation, with an imposed
value of γ, playing the role of the observations, and we use one
BGM Std simulation, with an imposed γ, as a Mother Simulation
to generate BGM FASt simulations while mapping the parameter
space.

6 As described in Czekaj et al. (2014) Eq. (1) in each age bin, the mass
available to be spent on star production in a given volume element, is
the mass reservoir.
7 We want to emphasise that we use different nomenclature from
Snaith et al. (2015).

We use Eq. (58) as a distance metric and the sufficient statis-
tics S described in Sect. 5.2. The threshold υ is set to be small
enough to obtain statistically significant results. The simulations
are covering the full sky with a limiting apparent magnitude
of VT = 11 to mimic the completeness selection function of
Tycho-2. Moreover we added the Tycho-2 photometric errors to
the simulated observables (Czekaj et al. 2014; Mor et al. 2017).
The first test consists in using a BGM Std simulation with
γ = 0.12 Gyr−1 as the observational data and as the Mother Sim-
ulation. For the second test, we use a BGM Std simulation with
γ = 0.12 Gyr−1 as observational data and another BGM Std sim-
ulation with γ = 0.00 Gyr−1 as the Mother Simulation. Our third
test consists in using a BGM Std simulation with γ = 0.00 Gyr−1

as observational data and another BGM Std simulation with
γ = 0.12 Gyr−1 as the Mother Simulation, that is, the inverse
of the second test. We find that in the three tests presented here
our strategy succeeded in recovering the imposed γ value with a
narrow posterior PDF. The posterior probability distribution for
the γ parameter resulting from the last test is plotted in Fig. 2.
In green we show the prior PDF while in red we plot the pos-
terior PDF. It is interesting to see how from a given prior PDF
we end up with a posterior PDF of a very different shape. This is
expected as according to the Bayesian statistics theory, the bet-
ter the information coming from the data, the smaller the depen-
dency of the posterior PDF on the prior PDF.

7. BGM FASt science demonstration cases

To show the capabilities and the strength of BGM FASt sim-
ulations, we present two science demonstration cases using
Tycho-2 data. We want to prove that our BGM FASt strategy
together with the ABC algorithm obtain consistent results by
analysing data from the solar neighbourhood. The solar vicinity
is a good region to start with, allowing comparisons with previ-
ous results. In both cases we use Tycho-2 data with VT < 11. We
transform the photometry from Johnson to Tycho as done in
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Fig. 2. Probability distribution function for the inverse of the character-
istic time scale (γ parameter) of the thin disc SFH, assuming a decreas-
ing exponential shape. The right vertical blue dotted line indicates the
γ value of the Mother Simulation used in the test. The left black dot-
ted vertical line (γ = 0) indicates the value to be recovered by the test.
In green we show the prior PDF assumed for the test (uniform distribu-
tion between −0.05 and 0.20). In red we show the resulting approximate
posterior PDF P(γ|data).

Mor et al. (2017). Following Czekaj et al. (2014) we adopt a spa-
cial resolution of 0.8 arcsec, according to the Tycho-2 catalogue,
to decide if the binary stellar systems are resolved or unresolved.
In addition, we add photometric errors to the simulations to
mimic Tycho-2 data. In both cases, for the ABC, we use the suf-
ficient statistics defined in Sect. 5.2 and the distance metric from
Eq. (58). The lower limit of the threshold is chosen in each case
to be large enough to ensure the existence of sets of parameters
(θ̄) able to fulfil the condition δP < υ ( that is: ∃ θ̄ | δP(θ̄) < υ)
and at the same time to be small enough to achieve an accurate
posterior PDF.

7.1. Case A: The SFH in the solar neighbourhood

The goal of case A is twofold. On one hand, we evaluate 12 sets
of parameters under variations of the thin disc SFH to analyse
which one best fits the observational data, obtaining a posterior
PDF for the SFH under the given prior. On the other hand, the
obtained results allow us to decide which Mother Simulation and
parameter space are the best to design case B (see Sect. 7.2).

For case A we work in a 2D space. The first dimension is
the inverse of the characteristic time scale (γ) for a SFH mod-
elled with an exponential law (see Eq. (59)). The second dimen-
sion is the projection of all the other parameters involved in the
thin disc simulation, which we call the Variant dimension. For
the γ parameter of the SFH we choose a uniform prior within
γ = 0 (constant SFH) and γ = 1/3. We set these limits to be
the minimum and maximum value of the inverse of the charac-
teristic timescale compatible with the data in Snaith et al. (2015,
their Fig. 5), when fitting a SFH with an exponential shape. To
build the prior for the variant dimension we select six model vari-
ants (DAV, DM, DBV, HRV, HRVB and SV) whose details are
shown in Table 1 and Sect. 4.5. These model variants, using two
different extinction maps, one from Drimmel & Spergel (2001)

Fig. 3. P(γ|data) (in green) Approximate posterior PDF for the γ param-
eter resulting from case A, given the adopted prior (see text). The ver-
tical red dotted line indicates the mode of the distribution γ = 0.13
with an uncertainty in the range indicated by the two black verti-
cal lines corresponding to the quantiles 0.16 and 0.84, respectively
(γ = 0.13+0.04

−0.03 Gyr−1). We obtain these results when using as observa-
tional data the stars in Tycho-2 catalogue with visual apparent magni-
tude VT < 11. In blue we show the adopted prior PDF.

and the other from Marshall et al. (2006), constitute 12 sets of
parameters belonging to our second dimensional space. We then
assign a prior probability of 1

12 to each set. This is a very restric-
tive prior and limits our exploration to 12 slices of the full param-
eter space.

In Fig. 3 we present the projection to the γ space of the
approximate posterior PDF. The obtained value for the γ param-
eter is γ = 0.13+0.04

−0.03 Gyr−1. In Fig. 4 we present the projection to
the Variant space of the approximate PDF. We show here that the
DAV variant with Drimmel extinction map is the most probable
result. We also show that variants using the Drimmel extinction
map are carrying more than 80% of the probability. Moreover,
the variants using Salpeter IMF has almost null probability.

In Fig. 5 we present, for the accepted sets of parameters in
the ABC algorithm, the Poissonian distance (δP) as a function of
the γ parameter for the 12 model variants in the Variant space.
The variant giving the best fit (smaller δp) is the DAV variant
using the Drimmel extinction. Furthermore, we want to empha-
sise that this variant gives a better fit in a large range of γ values,
that is, from γ ≈ 0.10 to γ ≈ 0.16. As discussed for Fig. 4, the
four variants closest to the data (pink, cyan, green and red) use
the Drimmel extinction map. We show using the horizontal solid
line how three variants (HRVB, DM and DBV) with different
combinations of parameters could result in the same Poissonian
distance (δP) to Tycho-2 data. We note that within 1σ (black dot-
ted vertical lines show the 0.16 and 0.84 quantiles) in Fig. 5,
the DAV variant can have a δP that is compatible with the δP of
HRVB, DM and DBV variants.

By analysing the obtained approximate posterior PDF we
can state that when modelling the SFH as a simple exponen-
tial law (allowing constant SFH when γ = 0) our results
point to a decreasing SFH in the solar neighbourhood with
γ = 0.13+0.04

−0.03 Gyr−1. However, we must keep in mind that in
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Fig. 4. P(Model|data): approximate posterior PDF for the variants (see
Table 2) given the adopted prior (see text). We obtain these results when
using as observational data the stars in Tycho-2 catalogue with visual
apparent magnitude VT < 11. Variants whose names end with “-D”
use the extinction maps from Drimmel & Spergel (2001) while names
ending with “-M” use those from Marshall et al. (2006). With a dotted
blue line we show the adopted prior PDF.

our parameter space the dimension of the SFH is continuously
covered while the second dimension is discrete. Therefore, non-
considered combinations of the full parameter space could lead
to a better fit with Tycho-2 data (see case B).

As mentioned above, the results obtained from case A guide
us for the design of case B. We want to choose a Mother Sim-
ulation for case B as close to the observational data as possible.
This choice minimises the effects of the approximations taken
in BGM FASt and also the effects due to noise explained in
Appendix B. From Fig. 4 it is clear that the Mother Simulation
for case B should be the DAV variant.

Finally, to design the parameter space of case B we must try
to include both the most important parameters as well as the ones
that produce degeneracies in the results. From Figs. 4 and 5 it
is clear that the IMF and the SFH produce important variations
on the results. In Fig. 5 we note that the stellar volume mass
density at the position of the Sun is causing degeneracy among
three models differing by the IMF and the SFH. Therefore, the
parameter space of case B should contemplate the IMF, the SFH,
and the density laws.

7.2. Case B: Simultaneous inference of the SFH, the IMF,
and the density laws

In this second science demonstration case we explore a 6D
parameter space of the IMF, the SFH, and the density laws for the
thin disc component. As in case A, the SFH is assumed to be an
exponential law. Therefore, one of the dimensions is the inverse
of the characteristic timescale γ. The IMF is assumed to be a
Kroupa-like IMF; this is a three truncated power law with three
slopes α1, α2, and α3 and two mass limits x1 and x2. For sim-
plicity in this case we fix x1 = 0.5 M� and x2 = 1.53 M� which
are the values used in the best-fit models from Czekaj et al.
(2014). Finally, for the thin disc density laws we use as main
parameters the scale length (hR) and the thin disc stellar volume
mass density at the position of the Sun (ρ�). As the youngest
sub-population is too young to be considered isothermal, the
dynamical constraints are not applied on the population with age
less than 0.10 Gyr and its hR is fixed to be the one assumed in
Robin et al. (2003), that is hR = 5000 pc. We explore the scale-

Fig. 5. This plot is built from the results of Case A shown in Figs. 6
and 7. Each point in the plot represents a set of parameters accepted
by the ABC algorithm as part of the posterior PDF. For each accepted
set we plot the Poissonian distance (δP) as a function of the inverse
of the characteristic timescale (γ parameter) of an assumed decreasing
exponential SFH. δP is computed using the expression of Eq. (58); the
smaller the value of δP, the better its agreement with the data. Dotted
horizontal line gives the δP value around the best fit (δP ≈ 16 000) and
the solid horizontal line is to emphasise the degeneracy for three dif-
ferent sets of parameters of the model variants (see Table 2). The verti-
cal dashed black lines denote the quantile 0.16 (left) and quantile 0.84
(right) for the distribution of Fig. 3. The vertical red dashed line is for
the mode of the γ distribution in Fig. 3. We obtain these results when
using as observational data the stars in the Tycho-2 catalogue with visual
apparent magnitude VT < 11. Variant/extinction map combinations are
as described in Fig. 4.

length value for the rest of the age sub-populations assuming that
it is independent of the age.

The Mother Simulation that we use in this case B is the
DAV variant (see Table 2). We use the 3D extinction map
from Drimmel & Spergel (2001) and additionally an alterna-
tive 3D extinction map called Stilism. This new map was
constructed using the method of Capitanio et al. (2017) but set-
ting the Marshall et al. (2006) map as a prior at a distance of
1.5 kpc. The full process is explained in Lallement et al. (2018,
their Sect. 5). This map is still at the testing stage. However, we
find it interesting to include this preliminary version in our study
because it is the most updated 3D extinction map built specially
for the BGM.

To sum up, we explore a 6D space that includes γ, α1, α2,
α3, hR and ρ�. For all of these parameters we consider a uniform
prior PDF within the values of Table 3. In the Bayesian strat-
egy for the parameter inference the assumption of the prior is
of marginal importance if the data are good enough to constrain
the explored parameters. Our choice for the low and high limits
aims to cover the range of values reported in the literature for the
explored parameters.

In Figs. 6 and 7 we show the corner plot resulting from the
6D exploration using BGM FASt and the ABC algorithm, using
the Drimmel and Stilism 3D extinction maps, respectively. The
green histograms are the 1D marginal posterior PDFs obtained
directly from the ABC algorithm. The blue solid lines are the
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Table 3. Lower and upper limits of the imposed initial uniform Prior
PDF for each of the explored parameters.

Parameter Lower limit Upper limit

γ 0.00 0.30
α1 0.5 2.0
α2 0.5 3.0
α3 0.5 4.0
hR 2000 2600
ρ� 0.030 0.040

Notes. Units are as in Table 1.

posterior PDFs of the six explored parameters accounting explic-
itly for the differences between BGM FASt and BGM Std simu-
lations. To build these PDFs we first assume that the computed
Poissonian distance between simulations and observations has
a Gaussian error, with σ equal to the mean Poisson distance8

(δP) between BGM FASt and BGM Std simulations (σ = 1445).
Then, for each set of parameters accepted by the SMC-ABC
algorithm, we transform their single distance δp to a Gaussian
distribution centred on the pertinent δp and with σ = 1445.
After this transformation we recompute the 1D distributions and
finally, normalizing accordingly, we get the blue PDFs.

The results point towards a decreasing SFH with γ =
0.09+0.03

−0.02 Gyr−1 (using Drimmel) and γ = 0.14+0.03
−0.02 Gyr−1 (using

Stilism). We obtain almost the same value of the slope of the
IMF at the low mass range of α1 = 0.5+0.6

−0.3 when using the Drim-
mel map and α1 = 0.5+0.6

−0.2 when using the Stilism map. The same
occurs for the IMF slope in the mass range between 0.5 M� and
1.53 M� where we obtain values of α2 = 2.2+0.1

−0.3 and α2 = 2.1+0.1
−0.4

when using Drimmel and Stilism maps, respectively. For masses
greater than 1.53 M�, we find a very steep IMF with a slope value
of α3 = 3.7+0.2

−0.2 for the Drimmel map and a more common slope
for Stilism (α3 = 2.9+0.2

−0.2). The value obtained for the thin disc
stellar mass volume density at the position of the Sun is ρ� =
0.039+0.002

−0.004 M� pc−3 and ρ� = 0.039+0.002
−0.005 M� pc−3 for Drimmel

and Stilism, respectively. The radial scale length for the thin disc
component has large uncertainty, being hR = 2268+372

−318 pc and
hR = 2151+247

−421 pc for Drimmel and Stilism, respectively.
In both corner plots (Figs. 6 and 7) we can see in the 2D

projection of the PDF the correlations (degeneracies) between
the explored parameters. The γ parameter of the SFH is clearly
correlated with the α2 and α3 slopes of the IMF. Steeper values
of the SFH correspond to flatter slopes of the IMF. This effect
is largely discussed in the literature (e.g. Haywood et al. 1997;
Aumer & Binney 2009). Steeper values of the SFH lead to less
young stars and hence less massive stars alive at present. Flat-
ter IMFs are therefore needed to compensate for this effect and
reproduce the observations. On the contrary, flatter values of the
SFH produce more young stars and hence more massive stars
alive at present. Steeper IMFs are therefore needed to compen-
sate this effect and reproduce the observations. We also note the
correlation between the density ρ� and the second slope of the
IMF (α2). A flatter slope corresponds to smaller density and a
steeper slope to higher density. One possible explanation for this
is based on two facts. First, about 60% of our sample belongs
to the mass range of α2. Second, in general for fixed values of
α1 and α3, the smaller the value of α2, the higher the amount of

8 The mean is computed from Table 2 considering only the 8 tests (ID
name with *) whose results are marginally affected by the noise at low
mass reservoir described in Appendix B.

mass dedicated to generate stars in its mass range. As a conse-
quence, flatter slopes need smaller values of ρ� to fit the data.
The last correlation that can be seen in the figure is between α1
and α2 because of the continuity at the IMF mass limit.

Using the most probable values shown in Figs. 6 and 7, we
built two new model variants, the Most Probable (MP) vari-
ant for Drimmel and Stilism extinction maps, respectively. In
Fig. 8, we present the apparent visual magnitude Tycho (VT )
versus Tycho (B − V)T colour divided in three latitude ranges,
|b| < 10, 10 < |b| < 30, and 30 < |b| < 90 and for the
whole sky. The colour-map shows the Poissonian distance (δLr)
between model and Tycho-2 data computed for each bin. This
visualisation allows us to identify differences between model
and data in the CMDs. The fifth column is for the MP model
variant using the Drimmel extinction map versus Tycho-2. In
the fourth column, for comparison, we show the DAV model
variant versus Tycho-2, in order to show the improvement that
the MP variant represents with respect to the best fit model
obtained in Mor et al. (2017). The improvements are significant
in the three latitude ranges, with a clear impact on the bluest
half ((B − V)T < 1.0) of the diagrams while the reddest half
((B − V)T > 1.0) behaves almost equally for the DAV and MP
variants.

Previous works fitting the BGM thin disc component with
observational data result in an excess of blue stars in the simula-
tions at all latitudes (Czekaj et al. 2014; Mor et al. 2017). As can
be seen in Fig. 8, the MP variant is improving the fit on the blue
side, where young stars dominate, in all latitude ranges, even in
the high latitudes where the impact of the assumption of a 3D
extinction map is expected to be small.

In Fig. 9 we present the colour distribution of Tycho-2 data
(green) and the MP variant (red) using the Drimmel extinction
map. Our Bayesian approach allows for the first time to intro-
duce error bars in this comparison that account for the 1σ level.
The agreement of MP with Tycho-2 is very good in the blue peak
while, as already reported in Czekaj et al. (2014) and Mor et al.
(2017), the red peak is shifted by about 0.05 magnitudes to the
right.

Finally, we ran a BGM Std simulation of the MP variants,
using both Drimmel and Stilism extinction maps, and then we
have compared this with our BGM FASt simulation confirming
that the differences between them are within the 5% reported
in Sects. 4 and 6 (see detailed tests in Appendix A.2). To per-
form these two BGM Std simulations we previously ran the
full process to ensure the local dynamical statistical equilibrium
(see Sect. 4). With the obtained results we have the local den-
sities of the Milky Way components for the MP variant and
the eccentricities of the Einasto density profiles (ε) for the age
sub-populations of the thin disc. The results are shown in Table
4, the components tagged with an asterisk are imposed while
the others are derived in our strategy. We obtain a total volume
mass density in the solar neighbourhood of 0.113+0.002

−0.005 M� pc−3

and a local dark matter density of 0.012 ± 0.001 M� pc−3.
For the total stellar volume mass density of the thin disc we
obtain 0.047+0.002

−0.005 M� pc−3 (see the Table 4 for details on the
density of each thin disc age range). Finally, for the total
stellar volume mass density in the solar neighbourhood we
obtain 0.051+0.002

−0.005 M� pc−3.

7.3. The local star-formation scene

In this section we discuss the results obtained in Sect. 7.2. The
whole IMF that we have obtained for the thin disc component,
when using the Stilism 3D extinction map, is, within 1σ level,
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Fig. 6. Corner plot with the projection of the approximate posterior PDF obtained from the exploration of the six parameters of the thin disc
component, including the IMF, the SFH, and the density laws. The vertical solid red lines and the vertical green dashed lines indicate the mode
and the median for each parameter, respectively. For α3, the median and the mode are superimposed. Green 2D contours and 1D distributions are
for the distributions obtained directly from the ABC algorithm. The blue 1D posterior PDFs are built by accounting, in the posterior PDF, for the
differences between BGM Std and BGM full simulations (see text). The vertical black dashed lines indicate the quantiles 0.16 and 0.84 of this
distribution. On top of each 1D histogram the mode of the distribution and the interval of the 0.16 and 0.84 quantiles for the blue distributions are
indicated. In black at the top right of each one of the 2D panels we show the Pearson’s correlation coefficient. The magenta cross indicates the
parameters of the adopted Mother Simulation. γ is the inverse of the characteristic timescale when assuming an exponentially decreasing SFH. α1,
α2 and α3 are the slopes of the IMF assumed to be a three-times truncated power law with the mass limits fixed at x1 = 0.5 M� and x2 = 1.53 M�. ρ�
is the thin disc stellar volume mass density at the position of the Sun and hR is the radial scale length of the thin-disc density profile assumed to be
an Einasto shape (see units in Table 1). We obtain these results assuming the Drimmel & Spergel (2001) extinction map and using as observational
data the stars in Tycho-2 catalogue with visual apparent magnitude VT < 11.

compatible for all mass ranges with the Galactic-field IMF given
in Kroupa et al. (2013, their Eq. (59)). For the very-low-mass
range, our results (α1 = 0.5+0.6

−0.3) are compatible with a flat func-
tion and have large uncertainties. We have to take into account
that the number of stars with M/M� < 0.5 in our simula-
tions is smaller than 0.02% of the total sample; this is about
100 stars with very low weight in the comparison of synthetic

versus observed CMDs. The integral over the whole mass range
from 0.09 M� to 0.5 M� is in this case more important than the
slope itself. The value obtained for the second slope of the IMF,
in the mass range from 0.5 M� to 1.53 M�, is α2 = 2.2+0.1

−0.3 and
it is very close to the value reported in Kroupa et al. (2008)
(α2 = 2.2±0.5) and not far from the Salpeter IMF (α = 2.35). We
stress that about 60% of our simulated sample belongs to stars
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Fig. 7. As in Fig. 6 but using the Stilism extinction map.

in this second mass range. For the high-mass range we found
an IMF slope not compatible with Salpeter IMF (α = 2.35) at
∼3σ level. We obtain α3 = 3.7+0.2

−0.2 (with Drimmel 3D extinc-
tion map) and α3 = 2.9+0.2

−0.2 (with Stilism 3D extinction map).
We want to emphasise that our slope of the IMF at high mass
range is only valid up to 4 M� as we estimate that in our sam-
ples just 1% of the stars have masses larger that 4 M�. As largely
discussed in Mor et al. (2017), the IMF considered in BGM is
a composite IMF (or Integrated Galactic IMF; IGIMF). More-
over, the Tycho-2 data are a mixture of stars in the field and clus-
ters. The abundant low-mass clusters do not have massive stars
while the rare massive clusters do. This leads to a steepening

of the composite IMF (αfield > αcluster), which is a sum of all
the IMFs in all the clusters that spawn the Galactic population
(Kroupa & Weidner 2003; Kroupa et al. 2013). Additionally, the
deduced shape of the IMF, when studying field stars, could be
influenced by the dynamical ejection of OB stars from dynam-
ically unstable cores of young clusters (Elmegreen & Scalo
2006). This may lead to IMFs that are steeper than those of
Salpeter (1955) because, as dynamical work suggests, the less
massive members of a core of massive clusters are preferentially
ejected (Clarke & Pringle 1992; Pflamm-Altenburg & Kroupa
2006). In Kroupa & Weidner (2003), the authors point toward
αfield & 2.8, compatible with our results. Scalo (1986) obtain
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Fig. 8. Colour-magnitude diagram ( apparent visual magnitude Tycho (VT ) vs. Tycho (B − V)T colour) divided into three latitude ranges: first row:
|b| < 10, second row: 10 < |b| < 30 third row: 30 < |b| < 90 and for the whole sky (bottom row). The colour-map of the first, second, and third
columns shows the logarithm of the star counts in each bin. First column: Tycho-2 data, second column: best-fit model variant from Mor et al.
(2017) (DAV) obtained using Galactic classical Cepheid and Tycho-2 data, and third column: MP variant combination of the most probable value
for six parameters explored in Sect. 7.2. The BGM simulations performed for this figure use the Drimmel extinction map. The colour map of
the fourth and fifth rows represents the Poissonian distance computed for each bin. The total distance indicated in each plot is the Poissonian
distance (δP) computed using Eq. 58. The smaller the value of δP, the better the agreement. fourth column: Poissonian distance between DAV
and Tycho-2, and fifth column: Poissonian distance between MP and Tycho-2. Observational data and simulations are samples limited in visual
apparent magnitude considering the stars with VT < 11.

α = 2.7 for stars with M > 1M� and in Kroupa et al. (2013) a
slope of α = 2.7 ± 0.4 is reported for masses M & 1M�, both
within 1σ of our result obtained with Stilism 3D extinction map.
Also compatible with our results is the work of Rybizki & Just
(2015), that, from the population synthesis side, using Galaxia
(Sharma et al. 2011), obtained a slope of α = 3.02 ± 0.06 at
the high mass range. Some studies found steeper values, such
as for example Miller & Scalo (1979) who reported a galactic
field IMF of α ≈ 3.3, and later Massey (1998) who found very
steep values of the IMF of OB stars in the field for the SMC
and LMC, with values around α ≈ 4.5 (while they found values
similar to those of Salpeter (1955) for stars in OB associations).
We note here that the value of the slope depends on the specific
range of masses upon which it is based. Finally, we note that,
as reported in Kroupa & Weidner (2003), the mass function of
the clusters themselves over the mass range of 10 M�–107 M�
can be represented with a power-law with slope β. Analysing
the results presented in Kroupa & Weidner (2003, see their
Fig. 2) our results favour values of the slope of the clusters’ mass
function of β ≥ 2.

The posterior PDF that we obtain for the inverse of the
characteristic timescale of the thin disc SFH assuming a sim-
ple exponential law is not compatible with flat values. When we
adopt the extinction map from Drimmel & Spergel (2001) we
obtain γ = 0.09+0.03

−0.02 Gyr−1. This is compatible with the value
obtained by Aumer & Binney (2009, see their Table 8: γ ≈ 0.09)
when considering the SFH of the thin and thick discs separately.
The value obtained when using the Stilism extinction map is
γ = 0.14+0.03

−0.02 Gyr−1, that is, very close to the results obtained
in our case A (γ = 0.13+0.04

−0.03 Gyr−1), and falls in the high range
of the values discussed in Aumer & Binney (2009). Although
the γ values that we obtain depend on the assumption of the 3D
extinction map, the value that we estimate for the present rate of
star formation in the disc (averaged along the last 100 Myr) is
very similar for both, being 1.2 ± 0.2 M� yr−1. This is possible
because the total surface mass density at the position of the Sun
is found to be higher for the case of γ = 0.14. Our result is com-
patible with the values found by Robitaille & Whitney (2010)
(0.68−1.45 M� yr−1) derived from Spitzer young stellar objects.
Additionally, Licquia & Newman (2015) obtain a value for the
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Fig. 9. Colour distribution of MP variant and Tycho-2 with a limit in
magnitude of VT = 11. Our Bayesian approach allows us to compute
the error bars (dotted blue) from the simulations computed using the
parameters inside the 1σ level of the posterior PDFs shown in Fig. 6.

current Milky Way rate of star formation of 1.65 ± 0.19 which
accounts for both the disc and the bulge. Using chemical data,
Snaith et al. (2015) found a higher value of the present rate of
star formation, that is, approximately 2 M� yr−1.

We focus now on our findings for the density laws. For the
radial scale length (hR) of the thin disc component we obtain
a wide posterior PDF showing large uncertainties. Tycho-2 data
up to a magnitude of VT = 11 cover heliocentric radii up to
1.5−2 kpc. Therefore the constraints that can be obtained on
the radial scale length counting the stars over all the longi-
tude ranges, as we do, are weak. Nonetheless the most prob-
able value obtained when using the Stilism extinction map
(hR = 2151 pc) is very close to the value obtained in Robin et al.
(2012) (hR = 2170 pc). For the total stellar volume mass
density at the position of the Sun (ρ�) we obtain a value of
ρ� = 0.051+0.002

−0.005 M� pc−3 (see Table 4). Excluding white and
brown dwarfs, we obtain a value of 0.044+0.002

−0.005 M� pc−3, com-
patible within 1σ with the results in Bovy (2017) where he
found a value for the giants + main sequence stars in the solar
neighbourhood of 0.040 ± 0.002 M� pc−3, and within 2σ with
McKee et al. (2015) who found a value of 0.036±0.005 M� pc−3.
The results from Reid et al. (2002) (0.034−0.037 M� pc−3)
and Flynn et al. (2006) (0.0334M� pc−3) point towards lower
values. We obtain a local dark matter volume density of
0.012+0.001

−0.001 M� pc−3 when fitting the Galactic rotation curve in
the process to ensure the LDSE. This value is compatible with
Catena & Ullio (2010), Salucci et al. (2010), McMillan (2011)
and Bovy & Tremaine (2012). Our value for the local total mass
density (0.113+0.002

−0.004M� pc−3) is compatible with the values of
Korchagin et al. (2003) (0.1−0.11 M� pc−3), Holmberg & Flynn
(2000) (0.102 ± 0.1M� pc−3), and van Leeuwen (2007) (0.112 ±
0.019M� pc−3); all three were obtained with Hipparcos data.

We discuss below four points that could impact our parame-
ter inference: (1) the fixed ingredients of BGM, (2) the Tycho-2
photometric error modelling, (3) the assumptions on the other
Galactic components in the BGM (e.g. thick disc, halo, and
bulge-bar) and (4) the choice of extinction map.

The assumptions for the fixed ingredients of the BGM, for
example, atmosphere models, stellar evolutionary tracks, chem-
ical distribution, or the mass limits of the IMF x1 and x2, could
produce degeneracies between the fixed ingredients and the

explored ingredients or biases introduced by the fixed ingredi-
ents. One example of these biases could be the shift of the red
peak between simulations and Tycho-2 data observed in Fig. 9
that was already reported in Czekaj et al. (2014) and Mor et al.
(2017). This shift could be caused by several of the fixed BGM
ingredients, for example the atmosphere models, the stellar evo-
lutionary tracks, the photometric transformation between John-
son and Tycho bands, or the treatment of unresolved stellar
multiple systems. In practice, a shift in the red peak implies that
there is no combination of the six explored parameters that is
able to exactly reproduce the data, and therefore the obtained
posterior PDFs are affected by this impossibility. We suspect that
this is the reason why the improvements on the fit comparing the
MP variant with the DAV variant are mostly concentrated in the
blue half of the CMD (see Fig. 8).

The Tycho-2 photometric error modelling could be an addi-
tional source of uncertainty for the derivation of the SFH and
IMF parameters. Assumptions on the other galactic components
considered in the BGM could also influence the results. The
amount of stars from the inner region of the Galaxy and the halo
in the solar neighbourhood is known to be negligible. We esti-
mate that less than 0.5% of the stars in our sample belong to the
halo. The density of the bulge/bar stars is much smaller, even
null. Therefore, our assumptions on the structure of the halo and
the bulge/bar marginally affect our results. The case of the thick
disc component is more complex. We assume the structure of
the thick disc from Robin et al. (2014) with two star-formation
episodes at 10 Gyr and 12 Gyr. With these assumptions we esti-
mate that the amount of thick-disc stars in our sample is about
10%. This is small but not negligible. Most of these stars have
ages of the order of 10 Gyr, and thus have a similar age to the
older stars from the thin disc. The consideration of other age
distributions for the thick disc would imply that the thin and
thick discs overlap in different age ranges. Thus the results on
the thin disc, as shown here, could be impacted by our (fixed)
hypotheses on the thick-disc SFH. This question will be con-
sidered in the near future. Other structures, such as the spiral
arms, are not considered in the model, and therefore irregulari-
ties in the spatial density distribution are smoothed in the BGM.
The simulated CMDs that fit the Tycho-2 CMDs are thus result-
ing from a smoothed simulated solar neighbourhood, while the
Tycho-2 CMDs can result from inhomogeneous structures, such
as clusters, associations, and resonant structures. This is why we
emphasise that the IMF that we are deriving is the composite
IMF (or integrated galactic IMF) as we are not simulating the
inhomogeneities of the star formation in the Galactic disc.

As we can see throughout this paper the choice of the extinc-
tion map is a critical ingredient for our parameter inference.
An overestimation or underestimation of the extinction gener-
ally leads to an underestimation or overestimation of the star
counts that could bias our results. An example of the effects of
the choice of the extinction map is the different IMFs (at high
masses) and SFHs that we are obtaining for Drimmel and Stil-
ism extinction maps. On average, the absorption of the Stilism
map is higher than that of the Drimmel map, producing slightly
smaller star counts, especially in the blue. As a consequence,
to fit the observations when using the Drimmel map we need a
steeper slope of the IMF, at high masses, because in the Drimmel
map the bluest stars are less absorbed than in the Stilism map.
The differences in the absorption of both maps is also respon-
sible for the slightly different SFHs. For the moment we do not
have enough evidence to decide which map is more precise. In
a future paper, external tests of the Stilism map will be provided
to answer this question.
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Table 4. Local densities M�/pc3.

Component Age (Gyr) ρ� (D) ε(D) ρ� (S) ε (S)

Thin disc 1 0–0.10 0.0015+0.0001
−0.0002 0.0140 0.0013+0.0001

−0.0002 0.0140
2 0.10–1 0.0069+0.0003

−0.0007 0.0210 0.0060+0.0003
−0.0007 0.0209

3 1–2 0.0055+0.0003
−0.0006 0.0299 0.0048+0.0003

−0.0006 0.0298
4 2–3 0.0037+0.0002

−0.0004 0.0451 0.0033+0.0002
−0.0004 0.0448

5 3–5 0.0061+0.0003
−0.0006 0.0577 0.0059+0.0003

−0.0006 0.0574
6 5–7 0.0060+0.0003

−0.0006 0.0655 0.0063+0.0003
−0.0006 0.0652

7 7–10 0.0103+0.0005
−0.001 0.0660 0.0123+0.0005

−0.001 0.0657
Brown and white dwarfs* 0.0071 0.0071
Total thin disc 0–10 0.047+0.002

−0.004 0.047+0.002
−0.005

Young thick disc* 10 0.0036 0.0036
Old thick disc* 12 0.0005 0.0005
Stellar halo* 14 4.1e-05 4.1e-05
Total stellar component 0.051+0.002

−0.004 0.051+0.002
−0.005

ISM* 0.05 0.05
Dark matter halo 0.012+0.001

−0.001 0.012+0.001
−0.001

Total 0.113+0.002
−0.004 0.113+0.002

−0.005

Notes. Contribution to the total dynamical mass of the population components from BGM Std performed with the obtained most probable values
(MP variant). Columns with (D) present the values obtained when using the Drimmel extinction map while columns with (S) present the values
obtained when using the Stilism map. Additionally, we present the eccentricities of the Einasto density profiles for the age sub-populations of the
thin disc component. The components marked with an asterisk are fixed and not derived in this paper.

8. BGM FASt in the context of Galaxy modelling

We have presented the BGM Fast Approximate Simulations
(BGM FASt) which is a strategy to generate Milky Way sim-
ulations at low computational cost. The computational time of a
BGM FASt simulation represents only 0.02% of the equivalent
simulation using the BGM Std strategy. We dedicate the follow-
ing paragraphs to contextualising BGM FASt in the environment
of the Galaxy models. We consider, for this contextualisation,
the Galaxy models that could be fast enough to be used together
with iterative processes like machine learning, ABC, or MCMC
to study the structure and evolution of the Milky Way.

The Galaxy model from Pasetto et al. (2016) is also a popu-
lation synthesis model to deal with large amounts of data from
surveys of the Milky Way. It allows for very quick computa-
tion of CMDs from the distribution function in a given line
of sight avoiding star-by-star sampling. This is a very valu-
able property to work with iterative inference processes such
as ABC or genetic algorithms. However, when making compar-
isons with observational data other than that from CMDs (e.g.
parallax or proper motions), star-by-star sampling (e.g. Fig. 15
in Pasetto et al. 2016) is required. Our strategy, on the other
hand, starts with a Mother Simulation which is already sampled
and therefore BGM FASt never needs to re-sample star-by-star.
This allows for quick generation not only of CMDs but also
distributions of other observables such as parallax or proper
motions. Moreover, the CMDs built with BGM FASt have a rig-
orous treatment of the stellar multiple systems, where we con-
sider if a stellar multiple system is merged or resolved accord-
ing to the angular resolution of the observational catalogue to
be compared with the simulations. This effect is not considered
in the quick CMDs of Pasetto et al. (2016). These authors paid
special attention to the kinematic constraints and dynamical con-
sistency of the model. As in BGM FASt, the authors consider sta-
tionary state but they emphasise the non-isothermality of the disc
and the formulation for the mixed terms of the Jeans equation
obtained with consistency from the potential; their method ends

up with a dynamical consistency stronger than the one adopted
in BGM FASt where isothermal state is considered and radial
and vertical motions are assumed to be decoupled. However, as
described in Sect. 4, the process that ensures LDSE in BGM
FASt runs at a very cheap computational cost. Without doubt
the stronger point of the Galaxy model in Pasetto et al. (2016),
in relation to BGM FASt, is the introduction of the spiral arms
as a perturbation of the stellar distribution function. Although
they have a perturbed disc, they still compute its dynamical con-
straints with the same Poisson solver as in Robin et al. (2003),
which makes the assumption of an axi-symmetric potential to
solve the Poisson equation. In the future we may consider a sim-
ilar technique (to that used in Robin et al. 2012) for BGM FASt,
such as the possibility of introducing spiral arms in BGM FASt
using an axi-symmetric Mother Simulation.

TRILEGAL has been used as a prior for a Bayesian study
but its computational cost is probably too expensive for param-
eter exploration using iterative algorithms. Initially it provided
only photometry of any field of the Galaxy but no kinematic
parameters such as proper motions or radial velocities. Nowa-
days, TRILEGAL incorporates a kinematic module. Dynamical
consistency is not analysed in Girardi et al. (2005). Compared
with TRILEGAL we consider BGM FASt to be more adapted to
exploiting extremely large surveys.

Galfast (Jurić et al. 2008) takes advantage of the use of graph-
ics processing units (GPUs) instead of central processing units
(CPU), and due to the computational cost reported in Juric et al.
(2010), it could be fast enough to be used, in some cases, together
with Bayesian iterative techniques. However, as pointed out in
Loebman et al. (2014) this galaxy model does not consider inputs
such as SFH, age-metallicity relation, or the IMF. It is simply
a sophisticated Monte Carlo generator designed to produce a
snapshot of the current sky with the stellar content consistent
with SDSS observations and where initially the luminosity func-
tion was taken from Kroupa et al. (1993). Therefore, nowadays
Galfast is not ready to infer the IMF and SFH as BGM FASt is.
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Galaxia code from Sharma et al. (2011) is, for the moment,
fast enough to work with modern Bayesian techniques as seen in
Rybizki & Just (2015). Galaxia can sample stars from an N-body
simulation by splitting each N-body particle into several stel-
lar populations of different ages and masses, imposing a given
IMF and SFH. On the one hand, the possibility to sample stars
from an N-body simulation is a clear advantage from the point
of view of dynamical consistency, as the N-body evolves natu-
rally from the interaction of the particles. On the other hand, if
one samples an N-body model with Eq. (11) from Sharma et al.
(2011), for a given N-body particle, the kinematic behaviours
of the young and old stars are going to be exactly the same,
thus not following the Jeans equation. Another approach using
Galaxia was taken by Rybizki & Just (2015), where they apply
the SFH to build the N-body simulation, each particle being rep-
resentative of an age range. They subsequently use Galaxia to
simply convert each particle to a single stellar population for a
given IMF. They include the Jeans equation implicitly when cal-
culating the local SFH for their volume complete sample (their
Fig. 1). Recalculating the N-body input for different SFHs is
computationally inexpensive but the use of Galaxia to explore
the IMF is relatively slow. Here, BGM FASt is faster than
Galaxia (Rybizki, J. private comm.). Alternatively, if one wants
to study the SFH and the IMF simultaneously with Galaxia, one
can use it in the analytical model mode based on the model
by Robin et al. (2003). In Galaxia, the code can be edited to
update the density distribution to the latest versions of the BGM
(e.g. Robin et al. 2012; Robin et al. 2014; Czekaj et al. 2014).
In BGM FASt, it is also straightforward to work with the most
updated version of the BGM Std simply by changing the Mother
Simulation. For the moment, Galaxia is not incorporating a rig-
orous treatment for the resolution of the stellar multiple systems
according to the angular resolution of the pertinent observational
catalogue as we do in BGM FASt. Therefore, CMDs coming
from Galaxia do not consider this effect. Galaxia in its analyti-
cal mode uses the same dynamical constraints as Bienaymé et al.
(1987), as we do in BGM FASt. The sampling of the distribution
function used in Galaxia is known to be very efficient. It incorpo-
rates, among others, a clever strategy that, given an imposed lim-
iting apparent magnitude for the simulation, they computes the
lowest stellar mass that can generate a visible star, and then they
exclusively generate stars with masses above this limit. Their
sampling strategy is one of the clues that makes Galaxia a tool
fast enough to use it in an iterative processes.

In summary, several Galaxy models and codes have been
built to explore the structure and evolution of the Milky Way.
Their advantages and disadvantages depend on the specific sci-
entific goals. They are certainly all extremely valuable tools for
the study of the Galaxy but BGM FASt is especially suited to
exploring more complex models with more free parameters, as
is needed, for example, when working with Gaia data.

9. Conclusions

We have developed, tested, and applied a new framework to per-
form BGM Fast Approximate Simulations (BGM FASt). We
have shown BGM FASt to be a powerful tool to study the
Milky Way using modern computational Bayesian techniques.
This strategy allows one to explore large parameter spaces using
huge observational surveys (e.g. Gaia DR2). We have demon-
strated the robustness of BGM FASt through several validation
tests. In the context of dynamical consistency, we have shown
that the results obtained using the approximate method to ensure
LDSE, implemented in BGM FASt, are totally compatible with

the results obtained with the full LDSE, implemented in BGM
Std. We have rigorously compared colour-magnitude diagrams
and distributions of mass, age, and colour obtained from both
BGM FASt and BGM Std, demonstrating the superior perfor-
mance of BGM FASt. Thanks to the structure of BGM FASt,
any improvement on the Galaxy model used as the Mother Sim-
ulation is naturally incorporated.

As examples of application of BGM FASt, we have pre-
sented two science demonstration cases using solar neighbour-
hood data. Of special scientific interest is case B, where we have
explored a 6D space of the thin disc component, including the
SFH, the IMF, and the density laws, using Tycho-2 and assuming
two 3D extinction maps, one from Drimmel & Spergel (2001)
and another from Stilism (Lallement et al. 2018). We have seen
that the values of the slopes of the IMF at the first and second
mass ranges (α1 and α2), the values of the thin disc stellar mass
density at the position of the Sun ( ρ�), and the values of the thin
disc radial scale length (hR) are almost independent of our choice
of 3D extinction map. The results obtained for the composite
IMF (or IGIMF) for the low mass range (α1 = 0.5+0.6

−0.3) are com-
patible with a flat function and have large uncertainties. In the
mass range between 0.5 M� and 1.53M� we obtain α2 = 2.1+0.1

−0.3.
The value for the total stellar mass density in the solar neighbour-
hood is 0.051+0.002

−0.005M� pc−3 and the local dark matter density was
found to be 0.012 ± 0.001 M� pc−3. We obtain a total mass vol-
ume density in the solar neighbourhood of 0.113+0.002

−0.005M� pc−3

(see Table 4). The value of the radial scale length for the thin
disc is obtained with very large uncertainties (e.g. 2151+421

−247 pc
using Stilism). Our results show that the determination of the
slope of the IMF at the high mass range (α3) and the inverse of
the characteristic time scale of the SFH (γ) is degenerated with
the choice of the 3D extinction map. We have obtained a very
steep slope of α3 = 3.7+0.2

−0.2 using the Drimmel extinction map
and a more common slope α3 = 2.9+0.2

−0.2 using the Stilism extinc-
tion map. However, both results discard a Salpeter (1955) slope
at the ∼3σ level. Our result of the α3 at high mass ranges favour
values of β greater than 2.0 for the mass function of the clus-
ters (see Fig. 2 in Kroupa & Weidner 2003). Finally, for the SFH
we have obtained γ = 0.09+0.3

−0.2 and γ = 0.14+0.3
−0.2 when using the

maps of Drimmel and Stilism, respectively. Despite the differ-
ences in the shape of the two SFHs that we found, the present
rate of star formation that we derived from them is almost iden-
tical, being 1.2 ± 0.2 M� yr−1. With the obtained results we have
notably improved the fit of the BGM with the solar neighbour-
hood stellar content. We conclude that the BGM with these new
parameters will provide a better tool to simulate new Milky Way
surveys.

BGM FASt framework will also allow us, in the future,
to constrain the kinematics, the age-metallicity, and chemo-
dynamics, among others. Increasingly complex expressions for
the IMF are also possible, such as for example ones includ-
ing dependencies of the IMF with the metallicity, as done in
Jerabkova et al. (2018). Time variation of the thin disc struc-
ture can also be introduced as in Amôres et al. (2017). Moreover,
BGM FASt can also be used to constrain the SFH (and the age
of the thin disc) considering a more flexible, non-parametric dis-
tribution. The structure of the BGM FASt code is built in order
to work efficiently with the ABC algorithms but it can be used
with other techniques, such as for example machine learning
tools. Although BGM FASt is designed to work with a BGM
simulation, as a Mother Simulation it can be used with simu-
lations from other Galaxy models that can be described with
Eq. (28) even assuming different functional forms of the
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fundamental functions. In this case, Eq. (35) should be used to
compute the weights. The next step in this work will be the use
of the Gaia data together with a non-parametric SFH in BGM
FASt.

To conclude, we want to stress that BGM FASt also
constitutes a large technical step in population synthesis galaxy
modelling, as for the first time a simulation of the Milky Way is
performed using the Apache Hadoop and Apache Spark envi-
ronments (Zaharia et al. 2012). The appropriate big data plat-
form and the efficient ABC algorithm that we use together with
the BGM FASt allow us to address fundamental questions of
the Milky Way structure and evolution using extremely large
surveys.
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Loebman, S. R., Ivezić, Ž., Quinn, T. R., et al. 2014, ApJ, 794, 151
Marin, J.-M., Pudlo, P., Robert, C. P., & Ryder, R. 2011, ArXiv e-prints

[arXiv:1101.0955]
Marjoram, P., Molitor, J., Plagnol, V., & Tavaré, S. 2003, Proc. Nat. Acad. Sci.,

100, 15324
Marshall, D. J., Robin, A. C., Reylé, C., Schultheis, M., & Picaud, S. 2006, A&A,

453, 635
Massey, P. 1998, in The Stellar Initial Mass Function (38th Herstmonceux

Conference), eds. G. Gilmore, & D. Howell, ASP Conf. Ser., 142, 17
McKee, C. F., Parravano, A., & Hollenbach, D. J. 2015, ApJ, 814, 13
McMillan, P. J. 2011, MNRAS, 414, 2446
Miller, G. E., & Scalo, J. M. 1979, ApJS, 41, 513
Mor, R., Robin, A. C., Figueras, F., & Lemasle, B. 2017, A&A, 599, A17
Pasetto, S., Chiosi, C., & Kawata, D. 2012, A&A, 545, A14
Pasetto, S., Natale, G., Kawata, D., et al. 2016, MNRAS, 461, 2383
Pflamm-Altenburg, J., & Kroupa, P. 2006, MNRAS, 373, 295
Reid, I. N., Gizis, J. E., & Hawley, S. L. 2002, AJ, 124, 2721
Robin, A. C., Reylé, C., Derrière, S., & Picaud, S. 2003, A&A, 409, 523
Robin, A. C., Marshall, D. J., Schultheis, M., & Reylé, C. 2012, A&A, 538,

A106
Robin, A. C., Reylé, C., Fliri, J., et al. 2014, A&A, 569, A13
Robin, A. C., Bienaymé, O., Fernández-Trincado, J. G., & Reylé, C. 2017, A&A,

605, A1
Robitaille, T. P., & Whitney, B. A. 2010, ApJ, 710, L11
Rybizki, J., & Just, A. 2015, MNRAS, 447, 3880
Salpeter, E. E. 1955, ApJ, 121, 161
Salucci, P., Nesti, F., Gentile, G., & Frigerio Martins, C. 2010, A&A, 523,

A83
Scalo, J. M. 1986, Fund. Cosmic Phys., 11, 1
Sharma, S., Bland-Hawthorn, J., Johnston, K. V., & Binney, J. 2011, ApJ, 730,

3
Simion, I. T., Belokurov, V., Irwin, M., et al. 2017, MNRAS, 471, 4323
Sisson, S., & Fan, Y. 2010, ArXiv e-prints [arXiv:1001.2058]
Snaith, O., Haywood, M., Di Matteo, P., et al. 2015, A&A, 578, A87
Sofue, Y. 2015, PASJ, 67, 75
Tapiador, D., Berihuete, A., Sarro, L. M., Julbe, F., & Huedo, E. 2017, Astron.

Comput., 19, 1
Tinsley, B. M. 1980, Fund. Cosmic Phys., 5, 287
van Leeuwen, F., ed. 2007, in Hipparcos, the New Reduction of the Raw Data,

Astrophysics and Space Science Library, 350
Zaharia, M., Chowdhury, M., Das, T., et al. 2012, in Presented as part of the

9th USENIX Symposium on Networked Systems Design and Implementation
(NSDI 12) (San Jose (USENIX): CA), 15

A79, page 22 of 29



R. Mor et al.: BGM FASt for big data

Appendix A: Testing BGM FASt vs. Std
simulations

In this appendix we aim to present the detailed figures of the tests
BGM FASt versus BGM Std reported in Sect. 6 when comparing
the behaviour of colour, mass, and age distributions. Addition-
ally we provide a comparison of colour, mass, and age distribu-
tion between the MP variant (using the combination of the six
most probable of the explored parameters) simulated with BGM
FASt and the MP variant (defined in Sect. 7.2) simulated using
BGM Std.

A.1. Testing the BGM FASt performance

In Figs. A.1–A.3 we present the colour, age, and mass distri-
butions of the tests BGM FASt versus BGM Std presented and
discussed in Sect. 6. The age distribution is grouped by age-
subpopulation (see Sect. 2.2). Comments on these data are pre-
sented in Sect. 6.1.

A.2. Testing the MP variant

To test if the obtained BGM FASt MP variant is equivalent
to the BGM Std MP variant we have repeated the tests of

Sects. 4.5 and 6.1 for this new variant. We have compared
the eccentricities of the Einasto density profiles and the stel-
lar volume mass density at the position of the Sun obtained
from both the approximate local dynamical statistical equilib-
rium used in BGM FASt and the full LDSE used in the stan-
dard BGM. We find differences of the eccentricities of the
Einasto density profiles always smaller than 1% while we find
differences in the stellar volume densities at the position of
the Sun smaller than 3%. Additionally we have checked that
the difference in the local dark matter density is about 3.5%
with negligible effects on the rotation curve as demonstrated in
Sect. 4.5. These differences are inside the margins reported in
Sect. 4.5.

In Fig. A.4 we present the colour, age, and mass distribution
of the MP variant using the Drimmel & Spergel (2001) extinc-
tion map. The age distribution is grouped by age-subpopulation
(see Sect. 2.2). From Sect. 6 we conclude that differences
between BGM FASt and BGM Std are usually below 5%. There-
fore, the error bars in the plots are set to be 5% of the star
counts in the bin to visualise that the differences are smaller.
We note that within the error bars both distributions match each
other very well, demonstrating that BGM FASt provides a good
approximation to the BGM standard for the best model variant
fitting Tycho-2 data.
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Fig. A.1. Colour distribution,(B − V)T , for the BGM FASt vs. BGM Std tests presented in Table 2. All the plotted simulations use the
Drimmel & Spergel (2001) extinction map. The dotted blue line is for the Mother Simulation (DAV variant for the first column and DCV variant
for the second column). The thin green line and the thick red line signify BGM Std and BGM FASt simulations, respectively.
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Fig. A.2. Age sub-population distribution for the BGM FASt vs. BGM Std tests presented in Table 2. All the plotted simulations use the
Drimmel & Spergel (2001) extinction map. The blue dotted line is for the Mother Simulation (DAV variant for the first column and DCV variant
for the second column). The thin green line and the thick red line signify BGM Std and BGM FASt simulations, respectively. The error bars are
set to be 5% of the stars in the bin to visualise if the differences are below or above it.
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Fig. A.3. Mass distribution for the BGM FASt vs. BGM Std tests presented in Table 2. All the plotted simulations use Drimmel & Spergel (2001)
extinction map. The dotted blue line is for the Mother Simulation (DAV variant for the first column and DCV variant for the second column). The
thin green line and the thick red line signify BGM Std and BGM FASt simulations, respectively. The error bars are set to be 5% of the stars in the
bin to visualise if the differences are below or above it.
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Fig. A.4. Top panel: (B−V)T distribution. Middle panel: star counts for
each of the seven age sub-populations of the thin disc assumed in the
BGM. Bottom panel: mass distribution. The simulations are done using
the combination of the six most probable parameters (MP variant) with
the Drimmel & Spergel (2001) extinction map; in red the simulation is
done with BGM FASt while in black it is done with BGM Std. The
error bars are set to be 5% of the stars in the bin to visualise that the
differences between BGM FASt and BGM Std are below it. The simu-
lations are samples limited in visual apparent magnitude VT < 11 and
photometric errors are not considered.

Appendix B: Evaluating the sampling noise in BGM

B.1. Sampling noise in BGM Standard

In this section we analyse the star-generation strategy of BGM
Std to demonstrate that the discrepancies larger than 5% that
we find occasionally when comparing BGM FASt and BGM Std
(see Sect. 6 and Appendix A) can be explained by the sampling
noise for very-low-mass reservoirs in BGM Std.

As described in Eq. (1) of Czekaj et al. (2014), for each thin-
disc age sub-population the mass available to be spent on star
production in a given volume element is quoted as the mass
reservoir.

In Fig. B.1 we present, for the youngest sub-population of
the thin disc component in BGM and for masses bigger than
1.53 M�, the relative differences in star counts per mass bin
between the sampled stars and the stars predicted by the imposed
distribution functionG(τ,M,Z, x̄, v̄, α) along 104 realisations. We
expect that the Poisson distribution describes the distribution of
the number of sampled stars of a given interval (e.g. mass or age)
along the 104 realisations. The red boxes in the figure represent
the relative differences between the sampled stars and the stars
predicted by G(τ,M,Z, x̄, v̄, α) if the sampling distribution would
follow exactly a Poisson distribution centred on the predicted
theoretical value. The black boxes are the relative differences in
star counts per mass bin between the stars generated by BGM
Std and the stars predicted by the imposed G(τ,M,Z, x̄, v̄, α)
along 104 realisations. In the left panel we show the result for
a mass reservoir of 104 M� for a Salpeter IMF while in the mid-
dle and right panels we show the results for a mass reservoir
of 150 M� for a Salpeter IMF (middle) and Kroupa-like IMF
(right). We note that for the mass reservoir of 104 M� the BGM
standard generation behaves as expected and approximately fol-
lows the Poisson distribution. We detect small discrepancies with
the Poisson distribution that are caused by the fact that the mass
in the mass reservoir runs out. It is important to notice that the
mean value of the distribution coincides with the expected the-
oretical value, differing from each other by less than 0.01%.
Regarding the middle panel (Salpeter IMF), we note that for the
first three mass bins the noise is not Poissonian (red boxes are
for Poisson distribution centred in the predicted value) and is
clearly biased towards higher values, thus producing and over-
sampling the stars with masses 1.53 M� < M < 4.5 M�; the grey
shadow emphasises this bias towards higher values. In the right
plot (Kroupa-like IMF) we note that the deviation from the Pois-
son noise is much smaller, marginally affecting the distribution.

We can conclude that when the mass reservoir is large
enough (M > 104 M�), we can consider as a first approximation
that the probability of an occurrence of a star generation event is
not affecting the probability of the occurrence of the following
star generation event (necessary condition for a Poisson distribu-
tion). The results therefore approximately follow a Poisson dis-
tribution. When the mass reservoir is small (e.g. M < 500 M�)
the approximation that the probability of the occurrence of two
star generation events is conditionally independent is no longer
valid and as a consequence the obtained distribution is slightly
biased and does not follow the Poisson distribution.

We have performed the test for all populations and masses.
We only find remarkable effects for the youngest population and
for masses larger than M > 1.53 M� when the slope of the IMF
in the high mass range is flat. It is important to emphasise that we
roughly estimate that only about 10% of the stars in the samples
that we use in this paper (up to VT = 11) are generated in mass
reservoirs small enough to be affected by the effects discussed in
this appendix.

The discrepancies bigger than 5% found in colour, mass, and
age distributions (Figs. A.1–A.3) between BGM FASt and BGM
Std simulations that we reported in Sect. 6 can be explained by
the non-Poissonian sampling noise that we found in BGM Std
for the youngest sub-populations at the high mass range when
the mass reservoir is small. The comparisons in Sect. 4.5 of the
densities in a sphere around the Sun are only minorly affected
by this as BGM Std, when working in the sphere mode, has very
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Fig. B.1. Left panel: behaviour of the noise in BGM Std when the mass reservoir is large. This behaviour is obtained by reproducing a full star
generation process of a mass reservoir of 104 M� for the youngest age sub-population 104 times. The limits of the boxes show the position of the
first and the third quartile. The limits of the bars show the position of −1.5 · IQR and +1.5 · IQR, where IQR is the interquartile range. Everything
beyond the limits of the bar is considered an outlier. In black we show the relative differences in star counts between the expected number of stars in
a given mass bin and the number of stars obtained with the standard BGM generation strategy. The red boxes show what these relative differences
would be if the generation were to precisely follow a Poisson distribution centred in the expected value. The noise behaves approximately as a
Poisson distribution, as expected. Middle and right panels: behaviour of the noise in BGM Std when the mass reservoir is small. This is obtained
by by reproducing a full star generation process of a mass reservoir of 150 M� for the youngest age sub-population 104 times. This small mass
reservoir only appears occasionally. The middle panel is for very flat slopes of the IMF at high mass range (in this case α3 = 2.35). The right
panel is for an IMF slope of α3 = 3.2 closer to the best slopes fitting the data. In black we show the relative differences in star counts between the
expected number of stars in a given mass bin and the number of stars obtained with the standard BGM generation strategy. The red boxes show
what these relative differences would be if the generation were to precisely follow a Poisson distribution centred in the expected value. The grey
shadow emphasises the differences between the distribution obtained with BGM Std and the one that would follow exactly a Poisson distribution.
We note that the effect is very small for the right panel. We show the results only for masses up to 5.5 M� as about 99% of the stars in the simulated
samples (limited at VT = 11) have masses smaller than 5.5 M�.

large mass reservoirs to generate the stars at the position of the
Sun. It is important to note that the non-Poissonian noise has
a minor effect on the BGM simulations that better fit the thin
disc at the solar neighbourhood. Work is in progress to further
diminish the effects of the noise in the small mass reservoirs.

B.2. Weighting the sampling noise in BGM FASt

The BGM Std simulation that we use as a Mother Simulation
is a random realisation of an imposed distribution function for
the generated stars in the Galaxy (G(τ,M,Z, x̄, v̄, α)). As a con-
sequence when we weight the stars in BGM FASt strategy we
also weight the noise. This implies, as we demonstrate in this
appendix, that the noise in a BGM FASt simulation is approxi-
mately a factor

√
w̄ of the noise in the Mother Simulation (where

w̄ is the mean weight applied to the Mother Simulation).
If we perform n realizations of a BGM Std simulation with an

imposed G, the distribution of the number of stars Xi in a given
interval of a given parameter, along the n realisations, can be
approximated by a Poisson distribution. If the number of stars
is large enough, the Poisson distribution can be approximated
by a Gaussian distribution with µ = E[Xi] and σ2 = E[Xi],
where E[Xi] is the expected number of stars in the interval given
by the imposed distribution function of the generated stars in
the Galaxy (G(τ,M,Z, x̄, v̄, α)). We discuss below which is, for
n realisations of a BGM FASt simulation, the distribution of
the number of stars Xi in a given interval of a given parameter.
We start from a Mother Simulation with an imposed distribution
function GMSt such as that in a given interval E[XMSt

i ] = NMSt,
where NMSt is the expected number of stars. Performing n reali-
sations, we obtain, as discussed above, an approximately Gaus-
sian distribution with µMSt = E[XMSt

i ] = NMSt and σ2
MSt =

E[XMSt
i ] = NMSt. The sample mean, for a given interval, of the n

Fig. B.2. Distribution of weights applied to the Mother Simulation
to obtain the MP variant when using the Drimmel & Spergel (2001)
extinction map. The vertical dashed lines indicate the 0.16 and 0.84
quantiles.

realisations of the Mother Simulation is known to be an unbiased
estimator for µ, and is computed as follows

X̄MSt =
1
n

n∑

i=1

XMSt
i . (B.1)

The sample variance of the n realisations is known to be an unbi-
ased estimator for σ2, and is computed as follows

S 2
MSt =

1
n − 1

·
n∑

i=1

(XMSt
i − X̄MSt)2. (B.2)
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Next, we build n realisations of a BGM FASt simulation with
an imposed distribution function, GFASt, applying the pertinent
weights wi to the stars of the n realisations of the Mother Simu-
lation. We assume here that the mean weight applied to a given
interval of a given parameter is approximately the same for the n
realisations, that is w̄. The expected number of stars in the inter-
val for the BGM FASt is therefore E[Xi] = w̄ · NMSt. If the dis-
tribution were Poissonian we would expect, as discussed above,
a Gaussian with µ = w̄ · NMSt and σ2 = w̄ · NMSt. As the n reali-
sations of the BGM FASt are built from the n realisations of the
Mother Simulation then we can write XFASt

i = w̄ · XMSt
i and the

sample mean X̄FASt as follows

X̄FASt =
1
n

n∑

i=1

XFASt
i =

1
n

n∑

i=1

w̄ · XMSt
i = w̄ · X̄MSt, (B.3)

For n → ∞ we can write µFASt = w̄ · µMSt and that is exactly
the expected value of stars in the given range for BGM FASt as
mentioned above, E[XFASt

i ] = w̄ · NMSt.
Now if we compute the sample variance:

S 2
FASt =

1
n − 1

·
n∑

i=1

(XFASt
i − X̄FASt)2 (B.4)

=
1

n − 1
·

n∑

i=1

(w̄ · XMSt
i − w̄ · X̄MSt)2 = w̄2 · S 2

MSt, (B.5)

for n → ∞ we can write σ2
FASt = w̄2 · σ2

MSt = w̄2 · NMSt
but we note that the variance for the Poisson distribution with
E[Xi] = w̄ · NMSt would be σ2 = w̄ · NMSt. As a consequence,
the noise in BGM FASt simulation is a factor

√
w̄ of the noise

that a BGM Std simulation would have in its place. Therefore,
σFASt =

√
w ·σS td. This effect causes an increase or reduction of

the variance proportional to the value of the weight. In the range
of the parameter space that we are exploring, the mean values
of the weights used go from about 0.8 to about 1.20. In Fig. B.2
we present the distribution of the weights needed to generate the
MP variant. Its mean value is 1.023 while the quantiles 0.16 and
0.84 take the values 0.90 and 1.14, respectively. In this case the
distribution of the weights is such that the effects discussed in
this section are very small, as can be seen in Fig. A.4 when com-
paring the colour distribution of the MP variant simulated with
BGM FASt and BGM Full. If for future studies we need weights
much further away from 1 to explain the observational data, it
will be necessary to introduce one or more intermediate steps to
run BGM Std simulations closer to the data to perform the final
parameter exploration.

A79, page 29 of 29





Part IV

T H E I M F A N D T H E S F H U N V E I L E D B Y G A I A





6
G A I A D R 2 R E V E A L S A S TA R F O R M AT I O N B U R S T
I N T H E D I S C 2 - 3 G Y R A G O

In this chapter, we present our work "Gaia DR2 reveals a star forma-
tion burst in the disc 2-3 Gyr ago" (Mor et al., 2019) where we infer
the IMF and SFH using Gaia DR2 data.
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ABSTRACT

We use Gaia data release 2 (DR2) magnitudes, colours, and parallaxes for stars with G < 12 to explore a parameter space with 15
dimensions that simultaneously includes the initial mass function (IMF) and a non-parametric star formation history (SFH) for the
Galactic disc. This inference is performed by combining the Besançon Galaxy Model fast approximate simulations (BGM FASt)
and an approximate Bayesian computation algorithm. We find in Gaia DR2 data an imprint of a star formation burst 2–3 Gyr ago in
the Galactic thin disc domain, and a present star formation rate (SFR) of ≈1 M�/yr. Our results show a decreasing trend of the SFR
from 9–10 Gyr to 6–7 Gyr ago. This is consistent with the cosmological star formation quenching observed at redshifts z < 1.8. This
decreasing trend is followed by a SFR enhancement starting at ∼5 Gyr ago and continuing until ∼1 Gyr ago which is detected with
high statistical significance by discarding the null hypothesis of an exponential SFH with a p-value = 0.002. We estimate, from our
best fit model, that about 50% of the mass used to generate stars, along the thin disc life, was expended in the period from 5 to 1 Gyr
ago. The timescale and the amount of stellar mass generated during the SFR enhancement event lead us to hypothesise that its origin,
currently under investigation, is not intrinsic to the disc. Thus, an external perturbation is needed for its explanation. Additionally,
for the thin disc we find a slope of the IMF of α3 ≈ 2 for masses M > 1.53 M� and α2 ≈ 1.3 for the mass range between 0.5 and
1.53 M�. This is the first time that we consider a non-parametric SFH for the thin disc in the Besançon Galaxy Model. This new
step, together with the capabilities of the Gaia DR2 parallaxes to break degeneracies between different stellar populations, allow us
to better constrain the SFH and the IMF.

Key words. Galaxy: evolution – Galaxy: disk – Galaxy: stellar content – Hertzsprung-Russell and C-M diagrams –
stars: luminosity function, mass function – galaxies: interactions

1. Introduction

The star formation history (SFH) of the Milky Way disc contains
essential information to understand the Galactic structure and
evolution, including key information of its merger history (e.g.
Gilmore 2001). Recently, Antoja et al. (2018) discovered, using
Gaia data, that an external interaction perturbed the Galactic
disc in the last billion years. Moreover, Helmi et al. (2018) sug-
gested that a merger led to the formation of the thick disc. Fur-
thermore, from the cosmological simulations in the framework
of ΛCDM, it is known that the probability that a Milky Way-
like Galaxy had a minor merger in the last 10 Gyr is high (e.g.
Stewart et al. 2008). These mergers can trigger stellar formation
that we expect to detect in the observational catalogues when
characterising the SFH of the Galactic disc (e.g. Kruijssen et al.
2019). The analysis of the Milky Way SFH cannot be disentan-
gled from the study of the stellar initial mass function (IMF),
as discussed in Haywood et al. (1997) and Aumer & Binney
(2009), for example. In this context, the unprecedented accu-
racy of the Gaia data release 2 (DR2) data (Gaia Collaboration
2016, 2018) represents a great opportunity to search for hints
of star formation bursts in the Galaxy using the population syn-
thesis Besançon Galaxy Model (BGM; Robin et al. 2003). Pre-
vious studies performed with BGM used catalogues of colours

and apparent magnitudes to perform parameter inference (e.g.
Robin et al. 2014; Mor et al. 2018), carrying some degeneracies
mostly due to the lack of information of the intrinsic luminos-
ity of the stars. Now, for the first time, Gaia parallaxes help
us to break some of the degeneracies between different stellar
populations for a large stellar sample. Following the approach
proposed in Mor et al. (2018) here we compare synthetic versus
observed full-sky magnitude-limited stellar samples by using a
Bayesian approach to simultaneously explore a non-parametric
SFH, a three truncated power-law IMF, and the disc density laws.
This is the first time that, using BGM, the SFH of the thin disc is
considered non-parametric. In practice this means that we infer
the surface star formation rate (SFR) of nine age bins from 0
to 10 Gyr. We summarise our method in Sect. 2. In Sect. 3 we
present the observational sample used and in Sect. 4 we discuss
the analysis of the data. The resulting SFH and IMF are pre-
sented and discussed in Sect. 5. Finally, in Sect. 6 we present the
conclusion.

2. BGM FASt for Gaia

We use an approximate Bayesian computation (ABC) algorithm
(Jennings & Madigan 2017) together with the Besançon Galaxy
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Table 1. Age intervals, priors, and posterior PDFs (see Sects. 4 and 5)
for the 15 inferred parameters for our fiducial case (see text).

Parameter Units Age (Gyr) µS σS Posterior

Σ1
� M� pc−2 0−0.1 0.17 0.5 0.16+0.07

−0.04

Σ2
� M� pc−2 0.1−1 1.62 3.0 2.2+0.4

−0.5

Σ3
� M� pc−2 1−2 2.07 3.0 6.5+1.4

−1.4

Σ4
� M� pc−2 2−3 2.39 3.0 8.7+2.7

−2.1

Σ5
� M� pc−2 3−5 5.92 6.0 12.1+4.1

−4.5

Σ6
� M� pc−2 5−7 7.86 8.0 7.7+5.7

−4.1

Σ7
� M� pc−2 7−8 5.62 6.0 5.8+7.2

−2.9

Σ8
� M� pc−2 8−9 5.62 6.0 7.4+5.7

−4.4

Σ9
� M� pc−2 9−10 5.62 6.0 9.8+5.9

−5.3

ρ
young
� × 10−3 M� pc−3 ≈10 3.6 3.6 2.6+0.7

−0.4

ρold
� × 10−3 M� pc−3 ≈12 0.5 0.5 0.6+0.7

−0.3

α1 − All 0.5 0.5 −0.5+0.8
−0.5

α2 − All 2.1 0.5 1.3+0.3
−0.3

α3 − All 2.9 0.5 1.9+0.2
−0.1

hR pc 0.10−10 2151 274 1943+190
−370

Notes. The prior PDFs are Gaussians centred on µS with variance σ2
S .

These PDFs are truncated at 0 except for the slopes of the IMF. The
µS are taken from Fig. 7 of Mor et al. (2018). The µS of the nine Σ

j
�

are obtained by integrating, for each age interval, the exponential SFH
given in the mentioned figure. For the eleven density parameters the σS
is chosen big enough to allow the 0 to be inside 1σ. The σS for the hR
is chosen to be the same as resulting in Mor et al. (2018). For the three
slopes of the IMF the σS is set to 0.5.

model fast approximate simulations (BGM FASt, Mor et al. 2018)
to infer a parameter space with 15 dimensions. BGM FASt is
an analytical framework to perform very fast Milky Way simu-
lations based on BGM. The theory of BGM FASt and the basis
of the parameter inference strategy that we use in this work is
extensively described in Mor et al. (2018). Summarising, our iter-
ative parameter inference strategy works as follows. First we sam-
ple a set of 15 parameters from the prior probability distribution
functions (PDFs); we choose these to be wide Gaussians cen-
tred on the results of Mor et al. (2018; see their Figs. 6 and 7).
Subsequently, we perform a new BGM FASt simulation using the
sampled parameters as inputs. We then define M$ as a combi-
nation of Gaia observables: M$ = G + 5 · log10($/1000) + 5,
where $ is the parallax of the star. If the parallax accuracy and
the interstellar absorption go to zero (σ$ → 0 and AG → 0), the
M$ becomes the absolute magnitude of the star. We then use the
Poissonian distance metric1 (δP; Eq. (58) from Mor et al. 2018)
to compare synthetic versus Gaia DR2 M$-colour (GBp − GRp)
distributions for the whole sky divided into three latitude ranges
(|b| < 10, 10 < |b| < 30 and 30 < |b| < 90). If the resulting
Poissonian distance is smaller than an imposed threshold, the
given set of 15 parameters is accepted as part of the posterior PDF.
Otherwise it is rejected. We set the threshold to be small enough
to ensure that we discard all the combinations of parameters that
give worse results than the best model in Mor et al. (2018).

We infer the 15 parameters listed in Table 1 which are the
following: the thin disc radial scale length (hR) for populations

1 We know from Kendall & Stuart (1973) and Bienaymé et al. (1987)
that the Poissonian distance is a good choice for the comparison. For
simplicity it can be understood as a goodness-of-fit: the shorter the Pois-
sonian distance, the closer the simulation to the observations.

older than 0.10 Gyr; the three slopes of a three truncated power-
law IMF, α1 (for 0.09 M� < M < 0.5 M�), α2 (for 0.5 M� < M <
1.53 M�), and α3 (for 1.53 M� < M < 120 M�); the present vol-
ume stellar mass density of the thick disc at the position of the
Sun for the BGM young (ρyoung

� ) and old (ρold
� ) components of the

thick disc (Robin et al. 2014); and the surface stellar mass den-
sity at the position of the Sun (Σ j

�) of the generated stars along
the life of the thin disc, for nine intervals of age. These nine val-
ues of Σ

j
� divided by the interval of age become the mean surface

SFR per age bin (M� Gyr−1 pc−2). All of them together consti-
tute a non-parametric SFH. Each complete and robust inference
of the full set of parameters requires 2 × 104 CPU hours in the
Spark environment of the Big Data platform at the University of
Barcelona. We used more than 105 h of CPU.

The fixed model ingredients are described in Mor et al.
(2018) following Robin et al. (2003, 2012), and Czekaj et al.
(2014). We adopt the photometric transformation of Evans et al.
(2018) to transform the simulated data from Johnson to Gaia
bands. The error modelling of astrometric and photometric
data and the angular resolution of the stellar multiple sys-
tems (0.04 arcsec) are chosen accordingly to Gaia Collaboration
(2018). We define as our fiducial case the one that uses a non-
parametric SFH and the Stilism extinction map (Lallement et al.
2018). This is the most recent extinction map specifically devel-
oped to be used in BGM. The prior PDFs adopted for our fiducial
case are shown in Table 1.

3. Gaia DR2 observational sample

We use, from Gaia DR2, the G mean magnitude, the colours
(GBp−GRp), and the parallaxes ($) for a full-sky sample limited
to stars with magnitude G < 12. The completeness of the sam-
ple is estimated using the pre-cross-match of Gaia DR2 with
Tycho-2 catalogue from the Gaia archive. First, we take all stars
in this cross-match with VT < 11, where Tycho-2 is 99% com-
plete (Høg et al. 2000). We then compare the obtained number
of stars with the number of stars in Tycho-2 with the same mag-
nitude limit. The results obtained show that the cross-match has
∼2% less stars than Tycho-2. Additionally, Gaia DR2 is known
to be complete from G = 12 to G = 17 (Gaia Collaboration
2018). Therefore, it is plausible to assume that, for G < 12,
the catalogue is more complete closer to G = 12. As a conse-
quence, we expect that for G < 12 the catalogue is at least as
complete as for VT < 11. Therefore, we estimate that the Gaia
DR2 catalogue is about 97% complete up to G = 12. Addi-
tionally, we feel it necessary to mention that about 1% of the
data have either no colours or have no parallax. We also limit
our model-versus-data comparison in the colour range where the
photometric transformation of Evans et al. (2018) is valid; this is
the range of colour (GBp−GRp) from −0.47 to 2.73. To avoid the
white and brown dwarfs, which for the moment are treated inde-
pendently of the thin disc in BGM, we consider only stars with
M$ < 10. The total number of stars in the Gaia DR2 subsample
used is 2890208.

4. Analysis of the data

In Table 2 we present the model variants considered here and
the resulting Poissonian distance for each one. The MP-S was
obtained from a fit to Tycho-2 photometry and its main param-
eters are reported in Fig. 7 of Mor et al. (2018). The remain-
ing model variants in the present work result from fitting Gaia
DR2 data using photometric data and parallaxes. As shown in
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Table 2. Summary of the considered model variants, the adopted SFH,
extinction map, data used for the fitting and Poissonian distance (δP).

Model SFH Extinction Fitted to δP

MP-S Exponential Stilism Tycho-2 V < 11 7.5 × 105

G12Exp-S Exponential Stilism Gaia DR2 G < 12 7.4 × 105

G12NP-S Non-param. Stilism Gaia DR2 G < 12 5.6 × 105

G12NP-D Non-param. Drimmel Gaia DR2 G < 12 5.4 × 105

G12NP-M Non-param. Marshall Gaia DR2 G < 12 6.0 × 105

Notes. The G12NP-S is our fiducial case. The MP-S model was derived
in Mor et al. (2018; see their Fig. 7), its slopes of the IMF are α1 = 0.5,
α2 = 2.1 and α3 = 2.9. The extinction maps named Stilism, Drim-
mel, and Marshall are from Lallement et al. (2018), Drimmel & Spergel
(2001), and Marshall et al. (2006), respectively.

this table, the Poissonian distance of the models that use a non-
parametric SFH is smaller than that of the models with an expo-
nential SFH. We want to emphasise the fact that the difference
in the Poissonian distance between G12NP-S (our fiducial case;
see Sect. 2) and G12NP-D is not large enough to settle on which
extinction map is better.

In Fig. 1 we show a density map, M$, as a function of the
Gaia colour (GBp − GRp) for the three latitude ranges consid-
ered. For the stars with 10 < M$ < −1 we set the bin size to
0.05 mag in colour and 0.25 mag in M$. For stars with M$ < −1
the bin size is enlarged to 0.5 mag in colour and 1 mag in M$ to
allow a robust statistical analysis; these stars, which represent
7% of the sample, are not shown in the figure. Even though M$

is not strictly the absolute magnitude, we refer to this density
map as if it were a true Hertzsprung-Russel diagram. The first
column shows the Gaia DR2 data, the second column shows
the MP-S model variant, and the third column shows the best-
fit model obtained in this work for our fiducial case (G12NP-
S). The fourth and fifth columns show the differences, in star
counts per bin, between our Gaia DR2 sub-sample and both the
old MP-S and the new G12NP-S. With this new fit we improve
the agreement of the model with the data for the three latitude
ranges. Focusing on the bright end (M$ < −1), the improvement
is significant mostly in the Galactic plane.

The first feature of Fig. 1 that we want to comment on is
the following. In the Gaia DR2 data, we can see a blob of
stars (mostly in blue) below the main sequence (MS) that is not
reproduced in the simulations. These are stars that are flagged
with a bad colour-excess (Evans et al. 2018) in the Gaia cata-
logue and represent only 0.1% of our sample. By comparing the
fourth and fifth columns of Fig. 1, we can see how the agree-
ment with Gaia data is better when using the non-parametric
SFH (G12NP-S). Both the excess of stars detected in the MP-S
around the MS region and the deficit of stars in the region with
0.5 < (GBp − GRp) < 1.0 and 1.5 < M$ < 3 are clearly dimin-
ished in the new G12NP-S.

The high quality of the new information given by Gaia data
reveals new discrepancies between model and data. Most of
these discrepancies could come from several assumptions on the
fixed ingredients of the BGM model that, as largely discussed in
Sect. 7.3 of Mor et al. (2018), can impact our parameter infer-
ence. Here we discuss the discrepancies that we see in the fifth
column of Fig. 1, grouped into three main areas: the red giant
branch (RGB), the MS, and the region of stars with 3 < M$ < 4
and 0.5 < (GBp − GRp) < 1, hereafter referred to as the square
region. In the RGB region, we notice that in the simulations the
position of the RGB clump is shifted and that it is less extended

than in the observations. In this region, the asymptotic giant
branch bump is less dense in the simulations; this effect is mostly
seen at intermediate latitudes. In the MS region, we detect a
clear sequence where the simulation has an excess of stars and,
immediately above, a clear sequence with a deficit of stars. We
also notice that in the square region the simulation has a deficit
of stars. This last effect is stronger at high and intermediate lat-
itudes. As expected, these differences are caused by a mixture
of factors. From a first analysis of our simulations we conclude
that the thick disc modelling and the stellar evolutionary models
are the two main ingredients causing the discrepancies. There
are other ingredients that can contribute to these discrepancies
however: the assumed colour transformation; the radial metallic-
ity distribution; the age-metallicity relation; and the atmosphere
models, which mostly have their impact in the MS and RGB;
the rate of mass loss assumed in the stellar evolutionary mod-
els; the assumption of the extinction map, mostly affecting the
RGB; and finally, the assumed resolution of the stellar multiple
systems mostly affecting the MS. Work is in progress to more
thoroughly analyse these discrepancies, to confirm their causes,
and to improve the BGM model accordingly.

5. The resulting SFH and IMF

In the last column of Table 1 we show the results of the 15
inferred parameters for our fiducial case. In this section we focus
on the discussion of the resulting IMF2 and the non-parametric
SFH of the thin disc. In Fig. 2 we present the nine values of
the local mean surface SFR as a function of age that consti-
tute the SFH. In this figure we show the results for our fidu-
cial case (G12NP-S). Additionally, to evaluate the impact of
the choice of the extinction model in our results, we present
the inferred SFH when using the Drimmel & Spergel (2001)
(G12NP-D) and Marshall et al. (2006)3 (G12NP-M) extinction
maps (see Table 2). We notice that the differences in the SFR
among them are not larger than 1.5σ. Regardless of the choice
of the extinction map we can see a general decreasing trend from
9–10 Gyr to 6–7 Gyr ago followed by a SFR enhancement event
beginning about 5 Gyr ago. This enhancement event is of about
4 Gyr in duration with a maximum at about 2–3 Gyr ago and with
a final decreasing trend until the present time. We would like to
point out that our results do not rule out an earlier beginning for
this SFR enhancement event, nor a constant (or slightly decreas-
ing) SFR with a value of about 7 M� Gyr−1 pc−2 from 10 Gyr ago
until 1 Gyr ago, with a very sharp and fast drop in the last 1 Gyr.
We estimate from our best-fit model that about 50% of the mass
used to generate stars throughout the life of the thin disc was
expended in the period from 5 to 1 Gyr ago.

To evaluate the statistical significance of the enhancement
event we compare the values of the non-parametric SFH of our
fiducial case (G12NP-S) with both: (1) the values of the SFH
obtained when imposing an exponential SFH in BGM and per-
forming the fit with Gaia data (G12Exp-S results) and (2) the
values of an exponential shape fitted to the G12NP-S results
using the least squares method (grey dashed line in Fig. 2). This
fitted exponential shape is purely mathematical and does not nec-
essary make physical sense. The statistical significance of the
points in the SFR enhancement event for the first and second

2 As largely discussed in Mor et al. (2017), the IMF considered in
BGM is a composite IMF (or Integrated Galactic IMF; IGIMF).
3 The Marshall et al. (2006) extinction map covers the longitude
ranges −100 < l < 100 and the latitude ranges |b| < 10. Therefore,
Drimmel map is used for the rest of the sky.
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Fig. 1. M$ vs. Gaia colour GBp−GRp for the stars with G < 12 divided into three latitude ranges: first row: 30 < |b| < 90; second row: 10 < |b| < 30;
third row: |b| < 10. The colour-map of the first, second, and third columns shows the logarithm of the star counts in each bin. The first column is
Gaia DR2 data and the second column is the most probable model variant from Mor et al. (2018), which has an exponential SFH and whose IMF
has α3 ≈ 3. The third column is for the best-fit model using a non-parametric SFH, whose IMF has α3 ≈ 2 (this work). The BGM simulations
performed for this figure use the Stilism extinction map. In the fourth column we show, for each bin, the difference of star counts MP-S minus
Gaia DR2 data. In the fifth column we show, for each bin, the difference of star counts G12NP-S minus Gaia DR2 data. Observational data and
simulations are limited here at G < 12 and 10 < M$ < −1.

cases are the following: 2.8σ and 2.5σ for the point at 2.5 Gyr
ago (the relative maximum); 3σ and 1.5σ for the point at 1.5 Gyr
ago, and finally 1.5σ and 0.8σ for the point at 4 Gyr ago. To eval-
uate the significance of the event as a whole we perform two tests
with the following two null hypotheses: (1) the SFH is expo-
nential and follows the results of the G12Exp-S variant and (2)
the SFH follows the fitted mathematical exponential shape (grey
dashed line in Fig. 2). In a subsequent step, for both tests, we
assume that the distribution of the SFR at each age bin follows a
Gaussian centred in the values given by the null hypothesis and
with σ estimated from the obtained posterior PDF. Afterwards,
for both null hypotheses, we compute the p-value for the points
at 1.5, 2.5, and 4 Gyr ago. We finally obtain a p-value of the
global event by combining the individual p-values using Fisher’s
Method. The results give p-values of <0.001 and =0.002, for
hypotheses (1) and (2), respectively; we therefore reject both null
hypotheses.

To mathematically characterise the SFR enhancement event
we fit a bounded exponential plus a Gaussian function to
the results (black dashed line in Fig. 2), obtaining for the

Gaussian component µ = 2.57 Gyr and σ = 1.25 Gyr. In Fig. 2
we additionally show the exponential part of this last fit (grey
solid line) where we see how the SFH of our fiducial case fol-
lows an exponential shape from 10 Gyr until 6–7 Gyr ago. From
all the performed tests we conclude that the SFR enhancement
that we find is statistically significant.

Our findings that the thin disc SFH does not follow a sim-
ple decreasing shape until the present are in good agreement
with Snaith et al. (2015), and Haywood et al. (2016, 2018) who
found, using data with metallicities and assuming a fixed IMF,
the existence of an SFR quenching followed by a reactivation.
Kroupa (2002a), using stellar kinematics, found the SFH to
behave similarly. The relative maximum of the SFR that we find
at 2–3 Gyr ago is compatible with the results of Vergely et al.
(2002) and Cignoni et al. (2006) that, using Hipparcos data in a
sphere of 80 pc around the Sun and assuming a fixed IMF, found
maximum peaks at 1.75–2 Gyr ago and 2–3 Gyr ago, respec-
tively. Recently, Bernard (2018), in a tentative work using TGAS
data, pointed towards the existence of a relative maximum also
located 2–3 Gyr ago.
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Fig. 2. Most probable values of the mean SFR for the age bin obtained
from the posterior PDF. The vertical error bars indicate the 0.16 and
0.84 quantiles of the posterior PDF. The horizontal error bars indicate
the size of the age bin. The grey and black dashed lines are, respec-
tively, an exponential function and a distribution formed by a bounded
exponential plus a Gaussian, fitted to the G12NP-S results. The grey
solid line is the exponential part of this exponential plus Gaussian fit.
See Table 2 for details of the SFH and extinction maps used.

In Fig. 3 we show the resulting slopes (α) of the inferred IMF
as a function of stellar mass and a compilation of results in the
literature. For the mass range between 0.5 M� and 1.53 M� we
find α2 = 1.3± 0.3, in very good agreement with Rybizki & Just
(2015) who found α = 1.49 ± 0.08 (in the range 0.5 M� < M <
1.4 M�). For masses larger than 1.53 M� we find α3 = 1.9+0.2

−0.1,
which is flatter than the α3 obtained by Salpeter (1955) and
Kroupa (2002b). For the low-mass range (0.09 M� < M <
0.5 M�) we obtain values between α1 = −1 and α1 = 0.5. We
must keep in mind our estimation that about 99.6% of the stars in
our sample have masses between 0.5 M� and 10 M�, with only
0.1% of the stars in our sample belonging to the lowest mass
range, and that of the order of 104 stars have M > 10 M�. We
also want to compare our results with two works that consider
a non-universal IMF. These are the recent works of Dib & Basu
(2018) and Jeřábková et al. (2018; see Appendix A). We note
that, as in our results, their IMFs have a shallower shape than the
values of Kroupa or Salpeter. The information from Gaia par-
allaxes, when imposing an exponential SFH, brings the result-
ing α3 to be ≈2.5. This is flatter than in our previous works
(Mor et al. 2017, 2018) but compatible with the α3 ≈ 2.7 of
the IGIMF (e.g. Kroupa et al. 2013). When we adopt a non-
parametric SFH we find α3 ≈ 2, more in the direction of
Zonoozi et al. (2019). We know from Mor et al. (2018; e.g. their
Fig. 7) that when characterising the IGIMF from star counts the
correlation of α3 with the SFH is high. In our previous works,
the fact that we were imposing an exponential SFH resulted in
a steeper α3. These correlations between the α3 and the SFH
are also observed in our present work. We find that the α3 is
anti-correlated with the four Σ

j
� values for the age bins from

0.1 to 5 Gyr, with a Pearson’s correlation coefficient going from
about −0.8 to about −0.5. We also note that these four surface
densities (Σ j

�) are also correlated among them, with coefficients

Fig. 3. Values of the slopes of the IMF obtained in this work together
with a compilation of results in the literature. The dotted vertical lines
indicate the mass limits of the three truncated power-law IMF that we
adopt here (x1 = 0.5 and x2 = 1.53). See Table 2 for details on the SFH
and extinction maps used.

from about 0.3 to 0.5. We want to emphasise that the effects
of these correlations in the results (Table 1, Figs. 2 and 3) are
already taken into account when we provide the 0.16 and 0.84
quantiles of the posterior PDFs. From the surface SFR of the
youngest population (1.6+0.7

−0.4 M� Gyr−1 pc−2) we find the present
SFR in the disc to be about 1 M�/yr. This result is very sen-
sitive to the disc scaling of the youngest population. We also
find a radial scale length of hR = 1943+190

−370 compatible with
Robin et al. (2012). For robustness we repeated our analysis
by adding to the Gaia DR2 parallaxes the offset of 0.029 mas
reported in Lindegren et al. (2018), concluding that the impact
on the derived IMF and SFH is much smaller than the impact of
the choice of the extinction map.

6. Conclusion

For the first time we have considered a non-parametric SFH for
the thin disc in the BGM model. This new step, together with
the capability of the Gaia DR2 parallaxes to break degenera-
cies between different stellar populations, allowed us to better
constrain the thin disc SFH and IMF. The resulting SFH shows a
decreasing trend from 9–10 to 6–7 Gyr ago that is consistent with
the quenching observed in a cosmological context for redshifts
z < 1.8 (e.g. Rowan-Robinson et al. 2016) and is also compatible
with the evidence of the quenching in the Milky Way reported
in Haywood et al. (2018). The quenching that we find could be
linked to a previous merger event. Simulations in the framework
of ΛCDM show that after a merger, there is an enhancement of
the star formation followed by a quenching (e.g. Di Matteo et al.
2008, Fig. 4). This would be compatible with the thick-disc for-
mation scenario recently proposed in Helmi et al. (2018) with
a merger which occurred more than 10 Gyr ago. As suggested
in other works, the quenching that we find could also be par-
tially produced by the presence of a galactic bar (Haywood et al.
2016; Khoperskov et al. 2018). The two quenching mechanisms
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discussed here are not mutually exclusive but complemen-
tary. After the quenching, we detect a 4 Gyr duration SFR-
enhancement event starting at about 5 Gyr ago and with a max-
imum at 2–3 Gyr ago. The large timescale of this recent SFR
enhancement event, together with the large amount of mass that
we estimate to be involved in it (see Sect. 5), lead us to propose
that this recent event is not intrinsic to the disc but is produced
by an external perturbation. Furthermore, the slow increase of
the star formation process, its duration, as well as the high abso-
lute value of the maximum suggest that this could be produced
by a recent merger with a gas-rich satellite galaxy that could have
started between about 5 and 7 Gyr ago. However, an analysis of
other stellar parameters (e.g. metallicities) would be needed to
favour this hypothesis over other possible scenarios.

Work is in progress to more thoroughly analyse the Gaia
DR2 data by extending our study to fainter magnitudes, updating
the stellar evolutionary models and the thick disc modelling.
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Appendix A: Treatment of the IMFs from Dib & Basu
(2018) and Jeřábková et al. (2018)

To be able to compare the IMFs of Dib & Basu (2018) and
Jeřábková et al. (2018) with the IMF that we obtain in this work
we need to perform an adequate treatment. For the case of
Dib & Basu (2018), to be able to compare the slopes, we fit a
three truncated power-law IMF to their results when they assume
aΓ = 0.5, aγ = 0.5, and aMch = 0.5 (see their Fig. 1). We
plot this result in Fig. 3. The case of Jeřábková et al. (2018) is
slightly more complex as their IMF depends on the SFR and
metallicity. From our results we estimate a mean SFR (in M�/yr)
and a mean metallicity for each one of the age bins considered.
Then from Yan et al. (2017) and Jeřábková et al. (2018) we get a
resulting IMF for each age bin (using galIMF4). Finally we com-
pute a weighted mean of the IMF depending on the total mass for
each age bin. The total integrated galactic IMF is then plotted in
Fig. 3.

4 https://github.com/Azeret/galIMF
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N AT U R E R E S E A R C H H I G H L I G H T

In this chapter, we attach the online version of the "Nature Research
Highlight" about our work in Mor et al. (2019) that appears in the sec-
tion "Nature Research Highlights" of Nature Volume 568 Issue 7753,
25 April 2019, 436–436.
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O N G O I N G W O R K A N D F U T U R E TA S K S

In this chapter we summarize our ongoing and future work.

bgm fast for the thick disc component

This work is being developed inside the ISSI project "Gaia-BGM: Ex-
ploiting Gaia data with the Besançon, population synthesis model for
understanding our Galaxy evolution" led by Annie C. Robin (http://
www.issibern.ch/teams/gaiabgm/). We plan, together with C. Reylé,
to perform a simultaneous fit of the Galactic thin and thick discs to
the Gaia data. This work requires both to increase the number of
parameters to be inferred and to increase the Gaia sample towards
fainter magnitudes. The exploration of the SFH and IMF is going to
be done for both the Galactic thin and the thick discs beyond 10 Gyr
ago. It is mandatory in this project to use the new stellar evolutionary
tracks computed by N. Lagard (e.g. Lagarde et al. 2017).

is the imf universal?

The universality of the IMF is a very controversial point. We could
contribute to this discussion by studying the variation of the IMF
with time in the Milky Way to disentangle whether it changes or not.

Two different approaches are envisaged to evaluate the change of
the IMF with time: (1) The use of BGM FASt alone with Gaia data
and (2) the use of Gaia data together with a combination of BGM
FASt with GalIMF (Yan et al. 2017; Jeřábková et al. 2018).

BGM FASt alone

BGM FASt can study the variations of the IMF with time, as its high
adaptability allows to choose a different IMF for each one of the age
bins considered. Thus, we are able to simultaneously infer the star
formation rate and the IMF for different ages using Gaia data and
an approximate Bayesian algorithm (Jennings & Madigan, 2017). This
approach requires a large number of parameters to be inferred. This
means four parameters per each age bin considered: it requires one
value of the SFR and three slopes of the IMF. On the one hand, this
strategy is compelling as we do not need to pre-impose any relation
between the IMF and the age, SFR or metallicity. But on the other
hand, it requires considerable computational time to reach a good
sample of the posterior probability distribution function. A different
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approach would be a combination of BGM FASt with GalIMF that
would reduce the computational cost.

Combining BGM FASt with GalIMF

In the future, we would like to use Gaia data together with a com-
bination of BGM FASt with GalIMF (Yan et al. 2017; Jeřábková et al.
2018) to study how the IMF changes with time. At present GalIMF
allows obtaining the composite IMF given a SFR and a metallicity, by
assuming a relation between them. In Mor et al. (2019) we did a first
simple combination of BGM FASt and GalIMF by comparing our ob-
tained composite IMF with the composite IMF resulting from GalIMF
when adopting our resulting SFH, having a good agreement for the
high mass slope of the IMF.

One step beyond, the flexibility of BGM FASt allow us to combine it
with GalIMF to perform the parameter inference using Gaia data. The
overall fitting strategy will work as described in Mor et al. (2018) and
Mor et al. (2019). But here the ABC algorithm will be only in charge
to sample the SFR for each age bin. The composite IMF is going to
be obtained simultaneously at each iteration from GalIMF using the
given value of the SFR and the mean metallicity of each age bin. The
given SFR and composite IMF is going to be used in BGM FASt to per-
form a simulation, and the strategy will evaluate simultaneously at
each iteration the SFR and the composite IMF by comparing the sim-
ulation with Gaia data. This combination of BGM FASt and GalIMF
is going to reduce the computational cost needed for the inference, in
comparison with the strategy that uses BGM FASt alone. The price
paid for the substantial reduction of the computational cost is that in
this case, we are pre-imposing a dependence of the IMF with metallic-
ity and SFR. Thus, in our results, the composite IMF will change with
the SFR and metallicity as imposed in GalIMF. As a consequence, this
strategy will need a final step to evaluate if the changes in the com-
posite IMF that we will find between different age bins are significant
or not. We want to emphasise that an advantage of using BGM FASt +
GalIMF here is that GalIMF provides both the IMF and the composite
IMF. Thus, with a fit with Gaia data, we would be able to obtain the
SFH, the composite IMF and the IMF.
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Part V

S U M M A RY O F T H E R E S U LT S , D I S C U S S I O N
A N D C O N C L U S I O N

In this part we provide a global summary of the obtained
results, the discussion of these results and the final con-
clusions
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S U M M A RY O F T H E R E S U LT S A N D D I S C U S S I O N

During the progress of this PhD thesis, we have prepared the tools
and strategies for the scientific exploitation of Gaia data step by step.
As the solar vicinity is an excellent region to start with, we have ap-
plied the developed tools first to Tycho-2 data limited at magnitude
VT < 11. Once we succeeded with Tycho-2, we finally have jumped
to Gaia DR2 data.

In Mor et al. (2017) (see Part II) three different methods have been
used to search, among seven model variants, which one give closer
results to both the Galactic classical Cepheids and the whole sky
Tycho-2 data. As shown in Figs. 5 and 6 (figures 8 and 9 of Mor
et al. 2017), the improvement of the thin disc component that repre-
sent the work in Mor et al. (2017) in comparison with Czekaj et al.
(2014) is very important. The differences between the Model and the
Tycho-2 data are significantly reduced. This improvement together
with a well-established and studied set of seven Model Variants plays
a fundamental role in the rest of the PhD thesis. We have to keep in
mind that at that epoch we were not able to continuously explore the
parameter space of the Galactic fundamental functions because BGM
FASt was still not developed. Thus, we were limited to test a small
set of simulations with different assumptions in the fundamental pa-
rameters (e.g. different IMFs). As a consequence, a lot of combina-
tions of parameters that could provide a better fit to the observational
data were excluded. For this reason, it was crucial to develop a new
method that allows for multi-parameter inference.

In Mor et al. (2018) (see Part III) we have developed, tested, and ap-
plied a new framework to perform fast simulations of the Milky Way:
BGM Fast Approximate Simulations (BGM FASt). We have shown
BGM FASt to be a powerful tool to study the Milky Way using mod-
ern computational Bayesian techniques. This strategy allows explor-
ing large parameter spaces using huge observational surveys (e.g.
Gaia DR2).

As examples of the application of BGM FASt, we have presented
two science demonstration cases using solar neighbourhood data. Of
particular scientific interest is the case where we have explored a 6D
space of the thin disc component, including the SFH, the IMF, and the
density laws, using Tycho-2 cutting at limiting magnitude VT < 11

and assuming two 3D extinction maps, one from Drimmel & Spergel
(2001) and the new Stilism map from (Lallement et al., 2018). We
have seen that the values of the slopes of the IMF for the mass ranges
0.09M� < M<0.5M� and 0.5M� < M < 1.53M� (α1 and α2 respec-
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Figure 5: Absolute differences in star count in colour–magnitude diagram
between Tycho-2 data and Model B from Czekaj et al. (2014) in the
Galactic plane. This is the figure 8 in Mor et al. (2017)

Figure 6: Absolute differences in star count in the colour-magnitude dia-
gram between Tycho-2 data and DAV variant simulation in the
Galactic plane. This is figure 9 in Mor et al. (2017)
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Figure 7: Colour distribution of MP variant and Tycho-2 with a limit in mag-
nitude of VT = 11. Our Bayesian approach allows us to compute
the error bars (dotted blue) from the simulations computed using
the parameters inside the 1σ level of the posterior probability dis-
tribution functions. This is figure 9 in Mor et al. (2018)

tively), the values of the thin disc stellar mass density at the position
of the Sun (ρ�), and the values of the thin disc radial scale length (hR)
are almost independent of our choice of 3D extinction map.

This work has allowed for the first time to be able to show error
bars in the 1D comparison with Tycho-2 data based on the posterior
probability distribution function of each parameter given by the ap-
proximate Bayesian algorithm (See Fig. 7). However, the lack of infor-
mation on the intrinsic brightness of the stars leads to some degenera-
cies between the stellar population in the colour-apparent magnitude
diagrams.

It is in Mor et al. (2019) (see part IV), where for the first time,
we have considered a non-parametric SFH for the thin disc in the
BGM model. This new step, together with the capability of the Gaia
DR2 parallaxes to break degeneracies between different stellar popu-
lations, allowed us to constrain the thin disc SFH and IMF better. It is
the first time we have applied our BGM FASt strategy to Gaia data in
a complete stellar sample of about 3 million stars coming from Gaia
DR2 limited at G < 12. This union of BGM FASt with Gaia DR2 data
has been very fruitfully obtaining very interesting results.
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the star formation history

Following we present a discussion on the SFH of the thin disc con-
sidering the results obtained in Mor et al. (2017, 2018, 2019). In our
first work (Mor et al. 2017) the study of the SFH was a secondary
goal. All the model variants considered used the same SFH (expo-
nential with γ = 0.12) except one model variant that used a constant
SFH (γ = 0). The best of the seven model variants analysed in Mor
et al. (2017) used an exponential SFH with γ = 0.12. The three statis-
tical methods, used in Mor et al. (2017), to compare the simulations
with the observational data, show that the model variant that used
a constant SFH is inconsistent with the observational data. However,
we have to keep in mind that in this first work we were limited to
study only seven model variants, and only one of the model variants
assumed a constant SFH. Thus, to have a more robust result on the
SFH we should, at least, to explore all the γ space of the SFH for each
one of the model variants in Mor et al. (2017). This is exactly what
we have done in the Case A of Mor et al. (2018) where we found
that among the used model variants the DAV model variant using
Drimmel & Spergel (2001) extinction map was still the best of them
but with a slightly steeper SFH with γ = 0.13+0.04

−0.04Gyr
−1. Although

Case A represents an acceptable improvement of the exploration of
the parameter space, the only full explored parameter is the γ of the
SFH. In case B of Mor et al. (2018) we finally explored the parameter
space of the IMF and the SFH by exploring a full 6D space simul-
taneously. In Mor et al. (2018) using a Bayesian technique, we have
found that the posterior probability distribution function for the in-
verse of the characteristic time scale (γ) was not compatible with a
constant SFH (γ = 0) independently on the choice of the 3D extinc-
tion map. However, the obtained value of γ was dependent of the
extinction map, being γ = 0.09+0.03

−0.03Gyr
−1 when using Drimmel &

Spergel (2001) and γ = 0.14+0.3
−0.2 using Stilism extinction map (see Fig.

8 for the results using Stilism map).
Finally, in Mor et al. (2019), we do a significant step towards the un-

derstanding of the Milky Way SFH. For the first time a non-parametric
SFH is considered in BGM, and Gaia parallaxes are used. Our find-
ings (see Fig. 9 for the main results) in Mor et al. (2019) show that
the thin disc SFH does not follow a simple decreasing shape until
the present. These results are in good agreement with Snaith et al.
(2015), Haywood et al. (2016), and Haywood et al. (2018) who found,
using data with metallicities and assuming a fixed IMF, the existence
of an SFR quenching followed by a reactivation. Kroupa (2002b), us-
ing stellar kinematics, found the SFH to behave similarly. The relative
maximum of the SFR that we find at 2-3 Gyr ago is compatible with
the results of Vergely et al. (2002) and Cignoni et al. (2006) that, using
Hipparcos data in a sphere of 80 pc around the Sun and assuming a
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Figure 8: Corner-plot with the projection of the approximate posterior prob-
ability distribution function obtained from the exploration of the
six parameters of the thin disc component, including the IMF, the
SFH, and the density laws. The vertical solid red lines and the
vertical green dashed lines indicate the mode and the median for
each parameter, respectively. For α3, the median and the mode
are superimposed. Green 2D contours and 1D distributions are for
the distributions obtained directly from the ABC algorithm. The
blue 1D posterior probability distribution functions are built by ac-
counting, in the posterior PDF, for the differences between BGM
Std and BGM full simulations. The vertical black dashed lines in-
dicate the quantiles 0.16 and 0.84 of this distribution. On top of
each 1D histogram, the mode of the distribution and the interval
of the 0.16 and 0.84 quantiles for the blue distributions are indi-
cated. In black at the top right of each one of the 2D panels, we
show the Pearson’s correlation coefficient. The magenta cross indi-
cates the parameters of the adopted Mother Simulation. γ is the
inverse of the characteristic timescale when assuming an exponen-
tially decreasing SFH. α1, α2 and α3 are the slopes of the IMF
assumed to be a three-times truncated power law with the mass
limits fixed at x1 = 0.5M� and x2 = 1.53M�. ρ� is the thin disc
stellar volume mass density at the position of the Sun and hR is the
radial scale length of the thin-disc density profile assumed to be
an Einasto shape. We obtain these results assuming the Stilism ex-
tinction map and using as observational data the stars in Tycho-2
catalogue with apparent visual magnitude VT < 11. This is figure
7 in Mor et al. (2018)
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Figure 9: SFH for the fiducial case in Mor et al. (2019). Most probable val-
ues of the mean SFR for the age bin obtained from the posterior
PDF. The vertical error bars indicate the 0.16 and 0.84 quantiles
of the posterior PDF. The horizontal error bars indicate the size
of the age bin. The black dashed line is a distribution formed by
a bounded exponential plus a Gaussian, fitted to the G12NP-S re-
sults. The solid grey line is the exponential part of this exponential
plus Gaussian fit.

fixed IMF, found maximum peaks at 1.75-2 Gyr ago and 2-3 Gyr ago,
respectively. Recently, Bernard (2018), in a tentative work pointed to-
wards the existence of a relative maximum also located 2-3 Gyr ago.
We want to emphasise that there is an uncertainty on the position
of the maximum of the peak linked to the assumption of the stellar
evolutionary models.

To evaluate the statistical significance of the enhancement event, we
compare the values of the non-parametric SFH of our fiducial case
(G12NP-S) with both: (1) the values of the SFH obtained when im-
posing an exponential SFH in BGM and performing the fit with Gaia
data (G12Exp-S results), and (2) the values of an exponential shape
fitted to the G12NP-S results using the least squares method (grey
dashed line in Fig. 2). This fitted exponential shape is purely mathe-
matical and does not necessarily make physical sense. The statistical
significance of the points in the SFR enhancement event for the first
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and second cases are the following: 2.8σ and 2.5σ for the point at 2.5
Gyr ago (the relative maximum); 3σ and 1.5σ for the point at 1.5 Gyr
ago, and finally 1.5σ and 0.8σ for the point at 4 Gyr ago. To evaluate
the significance of the event as a whole we perform two tests with
the following two null hypotheses: (1) the SFH is exponential and
follows the results of the G12Exp-S variant and (2) the SFH follows
the fitted mathematical exponential shape (grey dashed line in Fig. 2).
In a subsequent step, for both tests, we assume that the distribution
of the SFR at each age bin follows a Gaussian centred in the values
given by the null hypothesis and with σ estimated from the obtained
posterior PDF. Afterwards, for both null hypotheses, we compute the
p-value for the points at 1.5, 2.5, and 4 Gyr ago. We finally obtain a
p-value of the global event by combining the individual p-values us-
ing Fisher’s Method. The results give p-values of <0.001 and =0.002,
for hypotheses (1) and (2), respectively; we, therefore, reject both null
hypotheses.

"Popping effect": Are the massive stellar cluster adding a kinetically hot
component to the Galactic field population?

In Kroupa (2002b) he derived the SFH of the Milky Way disc by
studying the vertical velocity dispersion of the stars as a function
of time. His obtained results are also shown in Zonoozi et al. (2019).
In their findings, they detect a quenching at about 5-6 Gyr ago with
a posterior enhancement of the SFR and a recent decreasing of the
SFR. These results are very similar to the ones that we obtain in Mor
et al. (2019), and they were obtained with a very different method.
In Kroupa (2002b) he proposes that as higher the SFR more clusters
(and more massive) are being formed, as more massive clusters are
being formed higher is their contribution to the disc heating. It is
clear that the SFH of the Milky Way disc (Mor et al., 2019) is reflected
in the stellar velocity dispersion (Kroupa, 2002b). This would imply
that embedded clusters would have to pop by contributing the disc
heating. However, this extra heating of the disc would be also pro-
duced by external perturbations or other mechanisms. Both scenarios
are not necessary mutually exclusives. It is important to further in-
vestigate in this direction in order to disentangle which mechanisms
dominate in the heating shown in Kroupa (2002b).

the stellar initial mass function

From the tested model variants in Mor et al. (2017), the three statis-
tical methods used show that the model variant that is closer to the
observations the one with α1 = 1.3, α2 = 1.8 and α3 = 3.2. However,
only three different IMFs were tested, and many interesting combina-
tions for the three α parameters were not explored.
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In the case B of Mor et al. (2018) the results obtained for the compos-
ite IMF for the low mass range (α1 = 0.5+0.6

−0.3) are compatible with a
flat function and have large uncertainties. In the mass range between
0.5M� and 1.53M� we obtain α2 = 2.1+0.1

−0.3. Our results show that
the determination of the slope of the IMF at the high mass range (α3)
and the inverse of the characteristic time scale of the SFH (γ) is degen-
erated with the choice of the 3D extinction map. We have obtained a
very steep slope of α3 = 3.7+0.2

−0.2 using the Drimmel extinction map
and a more common slope α3 = 2.9+0.2

−0.2 using the Stilism extinction
map (see Fig. 8 for the results using Stilism map).

Finally, in Mor et al. 2019 (See Fig. 10 ) we have obtained for the
mass range between 0.5M� and 1.53M� α2 = 1.3± 0.3, in very good
agreement with Rybizki & Just (2015) who found α = 1.49± 0.08 (in
the range 0.5M� < M < 1.4M�). For masses larger than 1.53M� we
find α3 = 1.9+0.2

−0.1, which is flatter than the α3 obtained by Salpeter
(1955) and Kroupa (2002a). For the low-mass range (0.09M� < M <

0.5M�) we obtain values between α1 = −1 and α1 = 0.5. We must
keep in mind our estimation that about 99.6% of the stars in our sam-
ple have masses between 0.5M� and 10M�, with only 0.1% of the
stars in our sample belonging to the lowest mass range, and that of
the order of 104 stars have M > 10M�. We also want to compare
our results with two works that consider a non-universal IMF. These
are the recent works of Dib & Basu (2018) and Jeřábková et al. (2018).
The work of Dib & Basu (2018) accounts for a cosmic variation of the
shape of the IMF while in the case of Jeřábková et al. (2018) the varia-
tion of the IMF depends on the star formation rate and the metallicity.
We note that, as in our results, their IMFs have a shallower shape than
the values of Kroupa or Salpeter however we want to mention that
it does not mean that our work points to the non-universality of the
IMF.

impact of the sfh and gaia parallaxes on the determi-
nation of the imf

In Mor et al. (2019) we have included the Gaia parallaxes in our fit
by performing a fit to Gaia data up to G=12. The Gaia parallaxes
break some degeneracies between stellar populations. The new in-
formation from Gaia parallaxes, when imposing an exponential SFH,
change our results from α3 ≈ 2.9 (using Tycho2 in Mor et al. 2018) to
α3 ≈ 2.5 (using Gaia data in Mor et al. (2019),G12Exp-S model). This
value is compatible with the α3 ≈ 2.7 of the IGIMF (e.g. Kroupa et al.
2013). Thus, only adding the new information from Gaia parallaxes
our result is modified from α3 = 2.9 (using Tycho2) to α3 = 2.5 (using
Gaia data). When we adopt a non-parametric SFH, and we use Gaia
data we find a more canonical α3 (α3 ≈ 2), more in the direction of
Zonoozi et al. (2019) where they find an IGIMF close to the Canonical.
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Figure 10: Values of the slopes of the IMF obtained in this work together
with a compilation of results in the literature. The dotted vertical
lines indicate the mass limits of the three truncated power-law
IMF that we adopt here (x1 = 0.5 and x2 = 1.53). See Table 2 for
details on the SFH and extinction maps used. Figure 3 in Mor
et al. (2019)
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We know from Mor et al. (2018) (e.g. their Fig. 7) that when character-
ising the IGIMF from star counts the correlation of α3 with the SFH
is high with a Pearson’s correlation coefficient of -0.6. These correla-
tions between the α3 and the SFH are also observed in our present
work. We find that the α3 is anti-correlated with the four Σj� values
for the age bins from 0.1 to 5 Gyr, with a Pearson’s correlation coef-
ficient going from about −0.8 to about −0.5. It is clear in our studies
that when in the past we forced the IMF to be of an exponential shape
we were forcing the fit to go towards steeper slopes α3. While when
we let the SFH be non-parametric, we obtain flatter values. From all
the work developed up to the present date, we learned that each time
that we gave more freedom to the shape of the SFH, it had an impact
on the determination of the slope of the IMF at high masses. Thus in
the future selecting a different binning that give more freedom to the
shape of the SFH could lead to slightly different α3.

It is important to emphasise that the results presented here depend
on the fixed ingredients of the Besançon Galaxy Model which we are
not exploring yet, particularly the case of the thick disc model pa-
rameters and the stellar evolutionary models. Work is in progress to
more thoroughly analyse the Gaia DR2 data by extending our study
to fainter magnitudes, updating the stellar evolutionary models and
the thick disc modelling.



10
C O N C L U S I O N S

We have developed, tested, and applied a new framework to perform
BGM Fast Approximate Simulations (BGM FASt). We have shown
BGM FASt to be a powerful tool to study the Milky Way using mod-
ern computational Bayesian techniques. This strategy allows us to ex-
plore large parameter spaces using huge observational surveys (e.g.
Gaia DR2 and future Gaia data releases). We have demonstrated the
robustness of BGM FASt through several validation tests. In the con-
text of dynamical consistency, we have shown that the results ob-
tained using the approximate strategy, implemented in BGM FASt,
are compatible with the results obtained with the full strategy, im-
plemented in BGM Standard. We have rigorously compared colour-
magnitude diagrams and distributions of mass, age, and colour ob-
tained from both BGM FASt and BGM Std, demonstrating the supe-
rior performance of BGM FASt.

We have successfully used the population synthesis Besançon Galaxy
Model to study the stellar initial mass function and the star formation
history in the Milky Way thin disc region. The resulting SFH shows a
decreasing trend from 9-10 to 6-7 Gyr ago that is consistent with the
quenching observed in a cosmological context for redshifts z < 1.8
(e.g. Rowan-Robinson et al. 2016) and is also compatible with the evi-
dence of the quenching in the Milky Way reported in Haywood et al.
(2018). The quenching that we find could be linked to a previous
merger event. Simulations in the framework of ΛCDM show that af-
ter a merger, there is an enhancement of the star formation followed
by a quenching (e.g. Di Matteo et al. 2008, Fig. 4). This would be
compatible with the thick-disc formation scenario recently proposed
in Helmi et al. (2018) with a merger which occurred more than 10

Gyr ago. As suggested in other works, the quenching that we find
could also be partially produced by the presence of a galactic bar
(Haywood et al., 2016; Khoperskov et al., 2018). These two quenching
mechanisms are not mutually exclusive but complementary. It is im-
portant to emphasise that later on, after the quenching, we detect a
4 Gyr duration SFR-enhancement event starting at about 5 Gyr ago
and with a maximum at 2-3 Gyr ago. The long timescale of this re-
cent SFR enhancement event, together with the large amount of mass
that we estimate to be involved in it lead us to propose that this re-
cent event is not intrinsic to the disc but is produced by an external
perturbation. Furthermore, the gradual increase of the star formation
process, its duration, as well as the high absolute value of the maxi-
mum suggest that this could be produced by a recent merger with a
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gas-rich satellite galaxy that could have started between about 5 and
7 Gyr ago. Future analysis of other stellar parameters (e.g. metallici-
ties) is needed to favour or refuse this hypothesis over other possible
scenarios. In this work, we demonstrate that the determination of the
slope of the IMF at high masses is affected by choice of the functional
form of the SFH function. When we adopt a non-parametric SFH the
resulting IMF for the thin disc has a slope of α3 ≈ 2 for masses
M > 1.53M� and α2 ≈ 1.3 for the mass range between 0.5 and 1.53

M�.
BGM FASt framework developed during the PhD will allow us in

the future to constrain the kinematics, the age-metallicity, and chemo-
dynamics, among others. Increasingly complex expressions for the
IMF are also possible, for example the ones including dependencies
of the IMF with the metallicity, as done in Jeřábková et al. (2018).
Time variation of the thin disc structure can also be introduced as
in Amôres et al. (2017). The structure of the BGM FASt code is built
to work efficiently with the ABC algorithms, but it can be used with
other techniques, for example machine learning tools. Although BGM
FASt is designed to work with a pre-sampled BGM simulation, it can
be used with simulations from other Galaxy models.

We want to stress that BGM FASt also constitutes a technical step
in population synthesis galaxy modelling. For the first time, a simula-
tion of the Milky Way has been performed using the Apache Hadoop
and Apache Spark environments. The appropriate big data platform
and the efficient ABC algorithm that we have used together with the
BGM FASt allow us to address fundamental questions of the Milky
Way structure and evolution using extremely large surveys.
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A
G A I A D R 2 V I E W O F T H E L U P U S V- V I C L O U D S : T H E
C A N D I D AT E D I S K L E S S Y O U N G S T E L L A R O B J E C T S
A R E M A I N LY B A C K G R O U N D C O N TA M I N A N T S

In this appendix, we present a complementary work where we show
an example of how the Besançon Galaxy Model can contribute to
other topics, such as the study of background contaminants of Young
Stellar Objects candidates.

My contribution to this paper has been to estimate the number of
background Giants in the sky fields of the Lupus V and the Lupus VI
clouds using the stellar population synthesis Besançon Galaxy Model.
This estimation allowed us to confirm that the number of background
contaminants that we find in the paper is of the order of the estimated
red giants of spectral types M7, M8, M9, C-type and S-type in the Lu-
pus V and Lupus VI fields predicted by the Besanç̧on Galaxy Model.
Furthermore, this estimation allowed us to show that the number of
contaminants that we find in the paper is entirely plausible and it is
in line with the number of the reddest giants. This step was necessary
to confirm our result.

The contribution to this paper is well reflected in the second col-
umn of page 4 of the document A&A 615, L1 (2018)

Literally:
"Furthermore, the low location close to the galactic plane of the Lupus V

cloud (b ∼ 8.8 ), and the even lower location of the Lupus VI cloud (b ∼ 6.3),
implies that contamination from background giants can be much higher than
in star-forming re- gions well away from the galactic plane, as also pointed
out by Dunham et al. (2015). We verified the number of background gi-
ants expected in the Gaia catalog in these regions of the sky by exploring
the content of the Gaia Universe Model Snap- shot (GUMS; Robin et al.
2012). We selected all the stars with G < 21.5 mag from the same region of
the sky as the one that we queried from the Gaia archive (see Sect. 2). The
number of se- lected stars is of the same order of magnitude as those found
in the Gaia archive. By exploring the color-magnitude diagram for these
targets, we found that there are ∼ 3 × 10 4 and ∼ 10 5 background giants in
these fields, of which the majority (∼ 65–75%) are red giants. Furthermore,
the number of background contam- inants found here is of the order of the
estimated red giants of spectral types M7, M8, M9, C-type and S-type in
the Lupus V and Lupus VI fields predicted by GUMS, that is, 50 and 150
in the Lupus V and Lupus VI fields, respectively. These are the red- dest
giants, and are the likely contaminants of the Spitzer YSO selection criteria.
This means that the number of background gi- ants erroneously classified as
Class III YSO candidates in pre- vious Spitzer surveys of these regions is
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just a tiny fraction of the total number of background objects. This implies,
on the one hand, that the high fraction of contaminants present in these sam-
ples is in line with the number of the reddest giants, while there are orders
of magnitude more giants in the field."
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ABSTRACT

Extensive surveys of star-forming regions with Spitzer have revealed populations of disk-bearing young stellar objects. These have
provided crucial constraints, such as the timescale of dispersal of protoplanetary disks, obtained by carefully combining infrared data
with spectroscopic or X-ray data. While observations in various regions agree with the general trend of decreasing disk fraction with
age, the Lupus V and VI regions appeared to have been at odds, having an extremely low disk fraction. Here we show, using the
recent Gaia data release 2 (DR2), that these extremely low disk fractions are actually due to a very high contamination by background
giants. Out of the 83 candidate young stellar objects (YSOs) in these clouds observed by Gaia, only five have distances of ∼150 pc,
similar to YSOs in the other Lupus clouds, and have similar proper motions to other members in this star-forming complex. Of these
five targets, four have optically thick (Class II) disks. On the one hand, this result resolves the conundrum of the puzzling low disk
fraction in these clouds, while, on the other hand, it further clarifies the need to confirm the Spitzer selected diskless population with
other tracers, especially in regions at low galactic latitude like Lupus V and VI. The use of Gaia astrometry is now an independent
and reliable way to further assess the membership of candidate YSOs in these, and potentially other, star-forming regions.

Key words. stars: pre-main sequence – stars: formation – astrometry

1. Introduction

The timescale on which protoplanetary disks evolve is a key
constraint on planet formation and disk evolution models. Ob-
servations show that the fraction of young stellar objects (YSOs)
surrounded by optically thick disks decreases exponentially with
time with a typical timescale of ∼2–3 Myr (e.g., Haisch et al.
2001; Hernández et al. 2007; Fedele et al. 2010).

In this context, the very low disk fraction of about 15% de-
rived with Spitzer in the Lupus V and VI clouds by Spezzi et al.
(2011), significantly smaller than the value of about 50%
(Merín et al. 2008) for the nearby 2–3-Myr-old (Alcalá et al.
2014; Frasca et al. 2017) Lupus I and III clouds, appears to be
at odds with the general trend. Indeed, if the age of these clouds
is compatible with that of the other parts of the Lupus com-
plex, and the candidate diskless (Class III) YSOs are confirmed
to be members of the cloud population, other processes would
be required to explain the particularly fast dispersal of disks

? ESO Fellow.

(Spezzi et al. 2011), such as external photoevaporation or higher
binarity fraction (e.g., Facchini et al. 2016; Rosotti & Clarke
2018). Since the Class III population of Spitzer-selected candi-
date YSOs is known to be contaminated by background objects
with contaminant fractions between 25 and 90% (Dunham et al.
2015), independent data must be used to confirm the YSO sta-
tus of the candidates. An analysis of 31 of these YSO candidates
in these two clouds, conducted by Romero et al. (2012) using
optical spectroscopy, showed that this sub-sample of the popu-
lation is made up of background contaminants. In a re-analysis
of the same Spitzer data by Dunham et al. (2015), 11 objects in
Lupus V and 17 in Lupus VI were classified as likely asymptotic
giant branch (AGB) contaminants. However, the majority of the
Spitzer candidates are still to date not confirmed as legitimate
YSOs.

Here we adopt another powerful method, independent of
the one used by Romero et al. (2012), to discriminate mem-
bers of the star-forming region from background contaminants.
We explore the astrometric parameters for the whole YSO
candidate population of the Lupus V and VI clouds from the
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recent Gaia (Gaia Collaboration 2016) data release 2 (DR2,
Gaia Collaboration 2018a; Lindegren et al. 2018). Using their
parallax, as well as their proper motions and location on the
color-magnitude diagram, we can determine the real nature of
the candidate YSOs in these clouds to further constrain how pro-
toplanetary disks evolve.

2. Sample and data

The Lupus cloud complex is a well-known nearby low-mass
star-forming complex located at a distance of ∼150–200 pc
(Comerón 2008; Gaia Collaboration 2018a). It is composed of
several molecular clouds, whose density peaks, or clumps, are
usually referred to as distinct clouds. In particular, the largest
CO molecular cloud of the complex contains the Lupus III, IV,
V, and VI clouds (Tachihara et al. 2001). Lupus was one of the
targets of the Spitzer Legacy surveys From Molecular Cores to
Planet-forming Disk (c2d, PI: N. Evans; Evans et al. 2009) and
Gould’s Belt (GB, PI: L. Allen; Dunham et al. 2015). Among
the various regions targeted in these surveys, the list of YSO
candidates from which Spezzi et al. (2011) derived the compara-
bly low disk fraction includes 43 and 45 objects in the Lupus V
and VI clouds, respectively. The analysis of the same dataset by
Dunham et al. (2015) confirmed the candidate YSO status for 32
and 28 of these targets, respectively, while suggesting that the re-
maining objects are likely AGB contaminants. Furthermore, they
suggest that the contaminant fraction among the Class III YSO
candidates could be as high as 90%. In this work, we use the
complete initial list by Spezzi et al. (2011) for the analysis.

2.1. Gaia data collection

We have downloaded the data from the Gaia archive using
the ADQL queries reported in Appendix A. We first select all
objects within 243.5◦ <RA< 246.9◦ and −38.5◦ <Dec<−36.3◦
(Lupus V) and 244.4◦ <RA< 247.8◦ and −42.1◦ <Dec<−38.7◦
(Lupus VI). These searches find, in the Gaia DR2 catalog, a total
of 663071 targets in the Lupus V region of the sky and 1517387
in the Lupus VI field. We then use the cross-match of the Gaia
catalog with the 2MASS catalog provided by the Gaia consor-
tium within the Gaia DR2 to find the best match within radii of
1′′ (see Appendix A), and find, in the same regions of the sky,
188053 matches for the Lupus V cloud region, and 440565 for
the Lupus VI region.

We then proceed by matching the catalog of candidate YSOs
by Spezzi et al. (2011) with the Gaia DR2 catalog. We check that
the matches between Gaia and the catalog by Spezzi et al. (2011)
are always with angular separations .0.3′′. We find a total of
39 out of 43 matches for the Lupus V region, and 44 out of 45
for the Lupus VI region. The objects with no Gaia counterpart
are the faintest in the samples (J ∼ 13–16 mag, K ∼ 15 mag). The
one candidate YSO in Lupus VI with no match is classified by
Spezzi et al. (2011) as Flat source, while three of the four targets
with no match in Lupus V are classified as Class III, and the last
one as Class II based on their Spitzer infrared(IR)-excess up to
24 µm.

3. Analysis of Gaia data

The first indication that an object is a member of the Lupus com-
plex is found by examining its parallax. The distribution of par-
allaxes for the YSO candidates in these two clouds is shown
in Fig. 1. Of these targets, only five objects in Lupus V have

Fig. 1. Histogram of measured parallaxes for the candidate YSOs pro-
posed by Spezzi et al. (2011) in the Lupus V (top) and Lupus VI
(bottom) clouds. Highlighted in red are the objects with parallax
>5 mas. These are five objects in the Lupus V cloud, which are the only
real YSOs among the Spitzer-selected candidates.

parallaxes larger than 5 mas, corresponding to distances smaller
than 200 pc, while all the other objects have parallax .2 mas,
implying distances larger than 500 pc. No candidate YSOs in
the Lupus VI region have parallax >1 mas. This information
already suggests that most of the candidate YSOs selected by
Spezzi et al. (2011) are, in reality, background objects.

We also explored whether there is any dependence of the
measured parallaxes of the YSO candidates with their position
in the sky, and we find that the five objects with parallaxes
larger than 5 mas are all in low-extinction parts of the cloud,
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Fig. 2. Proper motion of the Gaia targets in the field of view of the
Lupus V region, highlighting the candidate young stellar objects with
red circles, and the five confirmed young stars with cyan circles.

mainly on the west side, in the direction of the Lupus III cloud
(see Appendix B). We also find that four of the YSO candi-
dates with parallaxes larger than 5 mas, and therefore distances
smaller than 200 pc, are classified as Class II by Spezzi et al.
(2011), and that the remaining one is classified as Class III.
This classification is confirmed also by Dunham et al. (2015),
and none of these five targets are flagged as likely being AGB
contaminants. These five objects have a weighted mean paral-
lax of 6.662± 0.013 mas, corresponding to a mean distance of
∼150 pc. If the Lupus clouds are at 150 pc (e.g., Comerón 2008),
then three of these targets are in the cloud, while one is in front
of it and one behind it.

To further investigate whether the closer YSO candidates are
different from the background objects, we show in Fig. 2 the
proper motion for the YSO candidates in the Lupus V cloud.
Four out of the five objects with parallaxes larger than 5 mas are
all clustered at µ∗α ∼−9 mas yr−1, µδ ∼−25 mas yr−1, and the last
one has µ∗α ∼−20 mas yr−1, µδ ∼−34 mas yr−1. These are very
different values from those of the bulk of the candidate YSOs,
which are found to have µ∗α ∼ −2 mas yr−1, µδ ∼−2 mas yr−1, the
same parameter space as most of the Gaia targets in the field
of view, which are mainly background objects. The difference
in the proper motion space of these closer YSO candidates sug-
gests that they are a homogeneous group that is kinematically
distinct from the more distant objects. This confirms that they
most likely belong to the cloud population. When comparing the
proper motion values for the five close-by targets with those of
other confirmed YSOs in the Lupus complex (López Martí et al.
2011), these are found in very good agreement with those with
higher proper motion in this region. This confirms these five ob-
jects as members of the Lupus star-forming region.

Finally, we collect the G, BP, RP magnitudes for all
the targets included in the Gaia DR2 catalog. Following
Gaia Collaboration (2018b), we convert the G magnitudes into
absolute magnitudes as MG = G + 5 + 5 log10(ω/1000), with ω
being the parallax in milliarcseconds. Since this works only for
targets with measured magnitudes and positive parallaxes, the

Fig. 3. Absolute magnitude vs color for the candidate YSOs in the Lu-
pus V (top) and Lupus VI (bottom) regions with positive parallax and
available Gaia magnitudes. Only the four confirmed young objects in
Lupus V with available Gaia magnitudes have color and magnitudes
compatible with age <10 Myr, according to the overplotted extinction-
free isochrones.

absolute magnitude versus color plots in Fig. 3 show only a
fraction of the YSO candidates. Nevertheless, the comparison
of the position of the YSO candidates on these color-magnitude
diagrams, especially when compared with the isochrones by
Marigo et al. (2017), shows that four out of five of the nearby
targets in Lupus V are indeed young objects with isochronal
ages between 3 and 10 Myr, while all the other YSO candidates
are instead located in the part of the color-magnitude diagram
compatible with the locus of giants. No BP and RP magnitudes
are available for one of the five bona fide YSOs in Lupus V.
Neglecting the effect of interstellar extinction has a minor im-
pact, as these young objects are all located in regions of the
clouds where E(B–V) is smaller than 1.4 mag (see Appendix B),
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Table 1. Properties of the confirmed YSOs in the Lupus V region.

2MASS J Gaia DR2 ID RA Dec parallax
(deg) (deg) (mas)

16191403-3747280 6021420630046381440 244.80843901 −37.79119223 6.568± 0.042
16172485-3657405 6021662385163162240 244.35352824 −36.96138759 6.760± 0.067
16172475-3657332 6021662385163163648 244.35306973 −36.95935461 6.588± 0.082 ...
16171811-3646306 6021805356032645504 244.32543416 −36.77529065 5.957± 0.179
16192684-3651235 6021745462701109376 244.86172975 −36.85671498 8.910± 0.187

µ∗α µδ G BP RP Lada
(mas yr−1) (mas yr−1) (mag) (mag) (mag) Class
−8.56± 0.10 −24.10± 0.06 13.78 14.93 12.62 II
−9.21± 0.14 −25.68± 0.08 14.51 16.12 13.28 III
−7.14± 0.18 −25.50± 0.10 14.79 16.06 13.61 II
−9.03± 0.36 −23.32± 0.20 17.64 ... ... II
−20.18± 0.33 −34.04± 0.24 16.72 18.87 15.33 II

Notes. Reference epoch: 2015.5. Lada classes are from Spezzi et al. (2011).

and this would just change the isochronal age of the objects by
.1 Myr (Table 1).

4. Discussion

Only five out of 83 candidate YSOs in the Lupus V and VI clouds
are confirmed YSOs. These five targets have similar proper mo-
tions to other YSOs in the Lupus complex and four of them
have IR excess typical of Class II objects. They could either
be a different population with respect to the nearby Lupus III
cloud, or members of the latter. If they are an independent pop-
ulation, then the disk fraction found here could seem too high
for their age (some millions of years). However, the age es-
timate is subject to large uncertainties (e.g., Soderblom et al.
2014) and we cannot asses whether we have a complete cen-
sus of this putative YSO population of Lupus V. It is to be ex-
pected that a larger population of diskless YSOs is also present in
this cloud. The location of the clouds being to the east supports
instead the hypothesis that these objects are members of Lu-
pus III, and they are located off-cloud, like the YSOs studied by
Comerón et al. (2009).

The lack of confirmed YSOs in Lupus VI and the small
number of confirmed YSOs in Lupus V could imply that either
star formation has not started in these clouds, like in the Musca
cloud north of the Chamaeleon complex (Gregorio Hetem et al.
1988; Cox et al. 2016), or that these clouds are actually relatively
sterile. Spezzi et al. (2011) discussed the fact that the extinction
maps for these regions peak at AV . 6 mag, which is in the range
of values where star formation is highly inefficient (Lada et al.
2013). Therefore, it is indeed possible that these clouds are not
able to form stars now.

This work advocates caution when dealing with the conclu-
sions derived from disk statistics based on large numbers of
Spitzer-selected Class III objects, which are prone to contam-
ination by unrelated types of objects, as extensively discussed
also by Dunham et al. (2015). This effect is lower in regions
dominated by a high density of Class II YSOs, which are se-
lected with a much higher level of confidence by Spitzer color
criteria. Indeed, the spectroscopic follow-up of Spitzer surveys
carried out by, for example, Oliveira et al. (2009) in the Ser-
pens region, or Alcalá et al. (2014, 2017) in the Lupus I, III,
and IV clouds, looking for the presence of lithium, Hα, and sev-
eral other indicators of youth, have shown that about 95% of the

Spitzer Class II candidates are confirmed as legitimate YSOs.
Only a handful of contaminant background giants are found in
these regions (see also Dunham et al. 2015; Frasca et al. 2017).
In the case of Lupus V and VI, however, the candidate YSOs
were mainly Class III, and also Oliveira et al. (2009), as well as
Romero et al. (2012) and Dunham et al. (2015), have shown that
the fraction of contaminants can be larger than 50% for diskless
stars. Furthermore, the low location close to the galactic plane
of the Lupus V cloud (b∼ 8.8◦), and the even lower location of
the Lupus VI cloud (b∼ 6.3◦), implies that contamination from
background giants can be much higher than in star-forming re-
gions well away from the galactic plane, as also pointed out by
Dunham et al. (2015). We verified the number of background gi-
ants expected in the Gaia catalog in these regions of the sky
by exploring the content of the Gaia Universe Model Snap-
shot (GUMS; Robin et al. 2012). We selected all the stars with
G < 21.5 mag from the same region of the sky as the one that we
queried from the Gaia archive (see Sect. 2). The number of se-
lected stars is of the same order of magnitude as those found in
the Gaia archive. By exploring the color-magnitude diagram for
these targets, we found that there are ∼3× 104 and ∼105 back-
ground giants in these fields, of which the majority (∼65–75%)
are red giants. Furthermore, the number of background contam-
inants found here is of the order of the estimated red giants of
spectral types M7, M8, M9, C-type and S-type in the Lupus V
and Lupus VI fields predicted by GUMS, that is, 50 and 150 in
the Lupus V and Lupus VI fields, respectively. These are the red-
dest giants, and are the likely contaminants of the Spitzer YSO
selection criteria. This means that the number of background gi-
ants erroneously classified as Class III YSO candidates in pre-
vious Spitzer surveys of these regions is just a tiny fraction of
the total number of background objects. This implies, on the one
hand, that the high fraction of contaminants present in these sam-
ples is in line with the number of the reddest giants, while there
are orders of magnitude more giants in the field. On the other
hand, this also implies that not all of the background objects are
classified with Spitzer as Class III YSO candidates, as many are
correctly excluded by the color-color selection criteria.

On top of spectroscopy and the detection of X-ray emission
from these YSO candidates, we have shown here that the analy-
sis of the astrometric properties of the targets obtained with Gaia
is a powerful tool to discriminate between bona fide YSOs and
contaminants.
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5. Conclusions

Here, we investigate the astrometric properties of the Spitzer se-
lected candidate YSOs in the Lupus V and VI clouds and find
that only five targets have parallaxes larger than 5 mas, proper
motions compatible with other YSOs in the Lupus complex, and
occupy the right region of the color-magnitude diagram to be
considered YSOs. Of these five objects, four are shown to have
optically thick disks based on their Spitzer colors. This recon-
ciles the disk fraction in Lupus V–VI with the other regions in the
Lupus clouds complex, without the need to invoke an exception-
ally short disk lifetime. These targets are located at d ∼ 150 pc
and have ages between 3 and 10 Myr. These objects are either
members of the Lupus V region, or off-cloud YSOs of Lupus III.
In the former case, it is possible that several Class III objects in
this region have not yet been detected by previous surveys. Fur-
thermore, these two clouds, to our knowledge only hosting a total
of five YSOs, are possibly sterile or have not yet begun forming
stars.

The remaining 78 YSO candidates in these clouds present
in the Gaia DR2 catalog are not YSOs, but background objects,
mainly red giants. Previous claims of an anomalously low disk
fraction can therefore be explained by the very low star forma-
tion activity in Lupus V and VI, the low reliability of selection
criteria based on Spitzer colors when applied to Class III sources,
and by the low galactic latitude of both clouds, which increases
the areal density of potential contaminants.

The work presented here highlights the power of the astro-
metric information supplied by Gaia as a new fundamental tool
to obtain reliable samples of bona fide members of nearby star-
forming regions.
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Appendix A: ADQL queries

Part of sky of Lupus V:

SELECT
gaia.solution_id, gaia.designation, gaia.source_id, gaia.ref_epoch, gaia.ra, gaia.ra_error, gaia.dec,

gaia.dec_error, gaia.parallax, gaia.parallax_error, gaia.parallax_over_error, gaia.pmra, gaia.pmra_error,
gaia.pmdec, gaia.pmdec_error, gaia.astrometric_gof_al, gaia.astrometric_params_solved, gaia.phot_g_mean_mag,
gaia.phot_bp_mean_mag, gaia.phot_rp_mean_mag, gaia.radial_velocity, gaia.radial_velocity_error
FROM gaiadr2.gaia_source as gaia
WHERE

gaia.dec > -38.5 AND gaia.dec < -36.3
AND gaia.ra > 243.5 AND gaia.ra < 246.9

Part of sky of Lupus VI:

SELECT
gaia.solution_id, gaia.designation, gaia.source_id, gaia.ref_epoch, gaia.ra, gaia.ra_error, gaia.dec,

gaia.dec_error, gaia.parallax, gaia.parallax_error, gaia.parallax_over_error, gaia.pmra, gaia.pmra_error,
gaia.pmdec, gaia.pmdec_error, gaia.astrometric_gof_al, gaia.astrometric_params_solved, gaia.phot_g_mean_mag,
gaia.phot_bp_mean_mag, gaia.phot_rp_mean_mag, gaia.radial_velocity, gaia.radial_velocity_error
FROM gaiadr2.gaia_source as gaia
WHERE

gaia.dec > -42.1 AND gaia.dec < -38.7
AND gaia.ra > 244.4 AND gaia.ra < 247.8

And also the following data cross-matched with 2MASS:

SELECT
*

FROM gaiadr2.gaia_source as gaia
INNER JOIN gaiadr2.tmass_best_neighbour as xmatch ON gaia.source_id = xmatch.source_id
INNER JOIN gaiadr1.tmass_original_valid as tmas ON tmas.tmass_oid = xmatch.tmass_oid
WHERE

gaia.dec > -38.5 AND gaia.dec < -36.3
AND gaia.ra > 243.5 AND gaia.ra < 246.9
AND xmatch.angular_distance < 1.0

SELECT
*

FROM gaiadr2.gaia_source as gaia
INNER JOIN gaiadr2.tmass_best_neighbour as xmatch ON gaia.source_id = xmatch.source_id
INNER JOIN gaiadr1.tmass_original_valid as tmas ON tmas.tmass_oid = xmatch.tmass_oid
WHERE

gaia.dec > -42.1 AND gaia.dec < -38.7
AND gaia.ra > 244.4 AND gaia.ra < 247.8
AND xmatch.angular_distance < 1.0

Appendix B: Parallaxes as a function of position in the sky

Here we explore whether there is any dependence of the measured parallax on the position of the objects in the sky, which could
imply that only portions of the clouds contain YSOs. Figure B.1 shows that there is no trend of parallaxes with declination, and that
the five targets with parallax >5 are, in fact, located at different declinations within the Lupus V cloud. Instead, Fig. B.2 shows that
all the objects with parallax >5 mas are on the west side of the cloud. In these figures, the YSO candidates classified as Class II
objects are highlighted with a blue cross.

We show the location of the candidate YSOs and the actual members in Fig. B.3 superimposed on the extinction map by
Schlegel et al. (1998)1. The members are found to be in the lower extinction part of the cloud, and mainly on the west side of it,
thus in the direction of the Lupus III cloud.

1 Obtained at https://irsa.ipac.caltech.edu/applications/DUST/
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Fig. B.1. Parallaxes of candidate YSOs as a function of declination for objects in the Lupus V (left) and Lupus VI (right) region of the sky. Blue
crosses indicate candidate Class II objects, cyan crosses candidate transition disk objects.

Fig. B.2. Parallaxes of candidate YSOs as a function of right ascension for objects in the Lupus V (left) and Lupus VI (right) region of the sky.
Blue crosses indicate candidate Class II objects, cyan crosses candidate transition disk objects.
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Fig. B.3. Extinction map from IRAS and COBE/DIRBE (Schlegel et al. 1998). Contours correspond to these values of E(B–V): 0.66, 0.91, 1.17,
1.42, 1.68. The symbols of two of the members overlap.
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We have contributed into the Coordination Unit 9 of the Gaia Data
and Analysis Consortium (DPAC) in the following work packages:
Work Package 943 (Comparing models with data; Data Validation),
Work Package 970 (Science Enabling Applications) and Work package
973 (Data Mining).

gaia data validation task (wp 943)

The Gaia validation task inside the DPAC in the work package 943

aims to compare the data to be published with well-established Galaxy
models (in our case the Besançon Galaxy model). We have contributed
in the WP 943 in three main aspects: (1) The elaboration of codes able
to mimic the Gaia data errors, (2) The construction of Hess diagrams
for the for the Gaia Universe Model (GUMS; Robin et al. (2012a)) and
the Gaia Object Generator (GOG; Luri et al. (2014)) and (3) To provide
and test BGM simulations for Gaia data validation.

Codification to enable Gaia data validation

We have developed a code able to mimic the TGAS errors to be used
in the Besançon Galaxy Model for testing model versus data in the
validation task of the Gaia data release 1. Moreover, we have modified
an existent code to make it able to mimic astrometric and photometric
errors for different data releases. Furthermore, we have adapted the
BGM code to be able to simulate BGM using the photometric G, GBp
and GRp bands of Gaia.

The Hess diagrams

The BGM model machinery incorporates spatial density distributions
to extend the stellar population densities in the Solar Neighbour-
hood through the whole galaxy. It translates the Hess Diagram for
each Galactic component (thin disc, thick disc, halo, etc.) to a full-sky
simulation with its Gaia observables (parallax, apparent magnitude,
and colours). This machinery allows to generate the mock catalogues
GUMS (Robin et al., 2012a) and GOG (Luri et al., 2014) which are
useful for Gaia Data validation tasks.

In 2016 we built a first Hess diagram for GUMS and GOG based
on the Model B (Czekaj et al., 2014). This Hess diagram was pub-
lished as a Gaia Image of the Week (https://www.cosmos.esa.int/
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Figure 11: Hess Diagram for the thin disc population in the solar neighbour-
hood published in Mor et al. (2017b). Simulated with BGM Model
B from Czekaj et al. (2014)

web/gaia/iow_20160211) and also in figure 3 of Mor et al. (2017b).
This Hess Diagram represents a big improvement in the generation
of important Galaxy tracers, such as giant stars at different stages of
evolution (i.e., Red Clump), and also in pre-main sequence stars at
low masses for the youngest stellar populations. White Dwarfs are
treated separately and thus not included here. The above-mentioned
diagram areas are statistically robust thanks to the rescale of 400 runs
of the Solar Neighbourhood Sphere, with a total of about 925 million
simulated stars. At the beginning of 2019, we generated a new Hess
diagram with the G12NP-Exp model from Mor et al. (2019) to be used
in for Gaia data release three validation tasks.

The BGMBTG simulations

We performed several simulations for the validation of Gaia Data.
These simulations were used in Arenou et al. (2017) to validate the
Gaia Data Release 1. The work done is described in the Technical
Note GAIA-C9-TN-UB-RMC-001 where we tested our simulated data
against Tycho-2 data. The Technical note is available online at http:
//www.rssd.esa.int/doc_fetch.php?id=3325145.

https://www.cosmos.esa.int/web/gaia/iow_20160211
https://www.cosmos.esa.int/web/gaia/iow_20160211
https://www.cosmos.esa.int/web/gaia/iow_20160211
http://www.rssd.esa.int/doc_fetch.php?id=3325145
http://www.rssd.esa.int/doc_fetch.php?id=3325145
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data mining and science enabling applications (wp 970

and 973)

We have collaborated in the work packages 970 and 973 by designing
test cases for the Gaia Data Analytics Platform (GDAF), an infrastruc-
ture partially funded and developed under the frame of the GENIUS
project (FP7). The main goal of GDAF, running under the Apache
Spark and Apache Hadoop environments, is to provide to the scien-
tists a data mining platform for the scientific exploitation of the Gaia
archive. In this context, we have implemented the first scientific case
for the GDAF platform with the ultimate goal of deriving the IMF and
the SFH, this is the BGM FASt case which is extensively described in
this Thesis. This science case for GDAF is implemented in Pyspark to
run in the platform.

It is the plan for a near future, inside the work package 973 tasks,
to build Big data infrastructures using GDAF as a prototype. It has
been already discussed in the meetings of the work package 973 that
BGM FASt is going to be a very helpful tool to test the performance
of these new Big Data infrastructure that are going to be built in the
coming years. BGM FASt will allow to check both, the short term
performance of the new infrastructures (high performance is needed
in time scales of a few seconds) and long term reliability of these
new infrastructures as BGM FASt needs a stable performance of the
platform during the order of 10 days.

We have recently discussed future strategies to incorporate the use
of Cloud Computing in the tasks of the work package 973. We have
performed the first test using cloud computing technology to show
to DPAC WP 943 members the different technical possibilities that
cloud computing can offer.





C
C O R R I G E N D U M

There is an errata of the figures 8 and 9 of Mor et al. (2017) (Chapter
1) in the ticks of the vertical axes. We show in this corrigendum the
correct figures.
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Figure 12: Absolute differences in star count in the colour-magnitude dia-
gram between Tycho-2 data and Model B from Czekaj et al. (2014)
in the Galactic plane. This is the figure 8 in Mor et al. (2017)

Figure 13: Absolute differences in star count in the colour-magnitude dia-
gram between Tycho-2 data and DAV variant simulation in the
Galactic plane. This is figure 9 in Mor et al. (2017)
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