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ABSTRACT
We test the integrated galactic initial mass function (IGIMF) on the chemical evolution of 16
ultrafaint dwarf (UFD) galaxies discussing in detail the results obtained for three of them:
Boötes I, Boötes II, and Canes Venatici I, taken as prototypes of the smallest and the largest
UFDs. These objects have very small stellar masses (∼103–104 M�) and quite low metallicities
([Fe/H] < −1.0 dex). We consider four observational constraints: the present-day stellar mass,
the [α/Fe] versus [Fe/H] relation, the stellar metallicity distribution function and the cumulative
star formation history. Our model follows in detail the evolution of several chemical species
(H, He, α-elements, and Fe). We take into account detailed nucleosynthesis and gas flows
(in and out). Our results show that the IGIMF, coupled with the very low star formation rate
predicted by the model for these galaxies (∼10−4–10−6 M�yr−1), cannot reproduce the main
chemical properties, because it implies a negligible number of core-collapse SNe and even
Type Ia SNe, the most important polluters of galaxies. On the other hand, a constant classical
Salpeter IMF gives the best agreement with data, but we cannot exclude that other formulations
of the IGIMF could reproduce the properties of these galaxies. Comparing with Galaxy data,
we suggest that UFDs could not be the building blocks of the entire Galactic halo, although
more data are necessary to draw firmer conclusions.

Key words: stars: abundances – galaxies: abundances – galaxies: dwarf – galaxies: evolu-
tion – galaxies: formation – Local Group.

1 IN T RO D U C T I O N

Over the last decades, a large number of satellite galaxies have
been found orbiting the Milky Way. They are characterized by low
surface brightness and small effective radius making them difficult
to be detected. With the exception of the two Magellanic Clouds,
which have been known since the ancient times, after the discovery
of Sculptor (Shapley 1938) and until 2005, only eight other satellites
were detected and were named classical Dwarf Spheroidal galaxies
(dSphs) for their small dimensions. With the development of digital
surveys, like the Sloan Digital Sky Survey (SDSS), new and fainter
galaxies were discovered which were classified as ultrafaint dwarf
galaxies (UFDs). No formal distinction between UFDs and dSphs
can be found in literature even though most of the studies fix the
separation between MV = −7.7 and −8.0 mag (Simon & Geha
2007; Simon 2019): dwarf galaxies fainter than these values are
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classified as UFDs while the others as dSphs. UFDs are considered
the most dark matter (DM) dominated systems observed today in
the Universe, thus they are studied in order to constrain the nature
of the DM (Spekkens et al. 2013; Ackermann et al. 2014; Kennedy
et al. 2014; Brandt 2016; Jeltema & Profumo 2016; Peñarrubia
et al. 2016; Regis, Richter & Colafrancesco 2017). From colour–
magnitude diagram (CMD) fitting analysis it emerges that UFDs
host very old stellar populations (� 10–12 Gyr; Okamoto et al.
2012) while from spectroscopic studies it has been found that most
of the stars are very (VMP, [Fe/H] <−2.0 dex from Beers &
Christlieb 2005) to extremely (EMP, [Fe/H] <−3.0 dex) metal-
poor ones. All such peculiar features make the UFDs a perfect
environment to understand how the nucleosythesis proceeded in the
early Universe and verify whether a first generation of very massive
and metal-free stars (so-called Population III) might have existed
(Salvadori & Ferrara 2009).

Moreover, the cosmological Lambda cold DM paradigm predicts
that the large structures observed today in the Universe are the
result of the merging of small systems in increasingly larger DM
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haloes. In this scenario, dSphs have been proposed to be the survived
progenitors of the halo component of the Galaxy (Helmi & White
1999; Bullock, Kravtsov & Weinberg 2001; Harding et al. 2001;
Bullock & Johnston 2005; De Lucia & Helmi 2008). However,
this hypothesis faded when deeper analyses on dSphs have been
carried on (Helmi et al. 2006; Catelan 2009; Fiorentino et al. 2015)
showing that the dSphs have a different abundance patterns from
halo stars. With the discovery of a large number of smaller satellite
galaxies, the interest has been shifted on these systems, the UFDs.
Spitoni et al. (2016) modelled the chemical evolution of the Galactic
halo both assuming it to be formed from the accretion of disrupted
satellites as well as from the infall of pre-enriched gas. They ruled
out the possibility that the Galactic halo was entirely originated by
the merging of current dSphs and UFDs ancestors. However, they
do not exclude that dwarf galaxies provided a contribution to the
halo formation.

The aim of this work is to study the chemical evolution of the
gas and its chemical abundances in the interstellar medium of 16
UFD galaxies starting from the available observational constraints:
the chemical abundances derived today in the atmosphere of their
stars and the present-day stellar masses (if not available, we have
used the visual magnitudes) and the cumulative SFH, if available. In
particular, we have focused our attention on the effects of the initial
mass function (IMF), one of the most important ingredients to derive
the chemical enrichment history and the stellar abundance patterns
of a galaxy together with the star formation rate (SFR). The IMF
represents the mass distribution function of stars at their birth and
its most widespread parametrization is the Salpeter IMF (Salpeter
1955), derived in the solar vicinity. Nowadays, it is not clear whether
the IMF is a universal function or it depends on the environment,
nor if it is constant in time (Kroupa 2002; Ferreras, La Barbera &
Vazdekis 2016). Recently, a more detailed formulation of the IMF
was proposed by Kroupa & Weidner (2003) and Weidner & Kroupa
(2005), the so-called integrated galactic IMF (IGIMF). Generally,
the IGIMF depends on the SFR and, in some parametrizations, also
on metallicity, thus it represents a more physical formulation than
the canonical Salpeter IMF. For this reason, it is very important to
test the IGIMF in peculiar environments different from the solar
neighbourhood.

Therefore, in this work, we test, for the first time in literature,
the IGIMF on the evolution of UFDs. In particular, we adopt the
mild model proposed by Recchi et al. (2014, hereafter R14), which
depends upon the SFR and the metallicity, in a detailed chemical
evolution model. Such a model is based on the work of Lanfranchi &
Matteucci (2004) and follows the evolution of the gas abundances
of many chemical elements, from lighter (H, D, He, and Li) to
heavier (C, N, α-elements, Fe-peak elements, s- and r-process
elements). The same model has been later adopted by Lanfranchi,
Matteucci & Cescutti (2006a), Lanfranchi, Matteucci & Cescutti
(2006b), Lanfranchi, Matteucci & Cescutti (2008), Lanfranchi &
Matteucci (2007), Cescutti et al. (2008), Lanfranchi & Matteucci
(2010), Vincenzo et al. (2014), and Vincenzo et al. (2015). In
particular, Vincenzo et al. (2014), studied the chemical evolution of
two UFDs (Boötes I and Hercules, which are also studied in this
work) by assuming the Salpeter IMF. They concluded that UFDs are
characterized by extremely low star formation efficiencies (SFEs,
ν = 0.001−0.01 Gyr−1) as it has been pointed out by Salvadori &
Ferrara (2009), even lower than the one found for dSphs (ν =
0.1Gyr−1). The main effect of low SFEs is the lower [Fe/H] at
which Type Ia SNe start polluting the ISM in the [α/Fe] versus
[Fe/H] plots. This is a consequence of the time-delay model for
the chemical enrichment as pointed out in Lanfranchi & Matteucci

(2004). The same numerical code used by Vincenzo et al. (2014)
was earlier adopted also by Koch et al. (2013) to study the chemical
evolution of the Hercules UFD. All these works about UFDs derived
also a very short time-scale (τ inf = 0.005 Gyr) for the accretion of
gas in the DM haloes.

Finally, Vincenzo et al. (2015) tested the IGIMF of R14 in
the chemical evolution of Sagittarius dSph galaxy concluding that
the IGIMF better reproduces the observed [α/Fe], [Eu/Fe] and
[hydrostatic/explosive] α-element ratios in this galaxy than the
Salpeter and the Chabrier IMFs (Chabrier 2003). The effects of
the IGIMF have also been tested in the chemical evolution of the
solar neighbourhood (Calura et al. 2010), local elliptical galaxies
(Recchi, Calura & Kroupa 2009; De Masi, Matteucci & Vincenzo
2018) and in high-redshift starbursts (Palla et al. 2019).

The paper is organized as follows: in Section 2, we describe
the IGIMF theory while in Section 3 we focus on the adopted
chemical evolution model. The observational data are summarized
in Section 4 and in Section 5 the results we have obtained are
presented. Finally, in Section 6, some conclusions are drawn.

2 TH E I G I M F

From stellar counts, Salpeter derived a one-slope IMF expressed as

ϕ(m) = Am−(1+x), (1)

where x = 1.35 and A is the normalization factor derived by
imposing
∫ 100 M�

0.1 M�
mϕ(m)dm = 1. (2)

This IMF parametrization is constant in time, thus it is assumed to
have the same shape during all the galaxy evolution. The recently
proposed IGIMF instead depends on the features of the environment,
making it varying with time.

The IGIMF theory is based on the assumption that most stars
in a galaxy form in star clusters; this statement was derived from
observations of star forming regions in the Milky Way and led to the
conclusion that 70 to 90 per cent of stars were formed in embedded
clusters (Lada & Lada 2003). The remaining stars are supposed to
have originated in short-lived clusters that dissolved rapidly.

For this reason, we should introduce the mass distribution
function of the embedded clusters, ξ ecl, that weights the classical
IMF, ϕ(m)

ξIGIMF (m, ψ(t)) =
∫ Mecl,max(ψ(t))

Mecl,min

dMecl ξecl(Mecl) ϕ(m ≤ mmax)

(3)

normalized in mass such that∫ mmax

mmin

dm m ξIGIMF (m, ψ(t)) = 1. (4)

In this work, the IGIMF which has been tested depends both
on the SFR and the [Fe/H] value of the gas in the parent galaxy.
We have followed the mild model of R14 based on the following
assumptions, derived by observations:

(i) The mass distribution function of the embedded clusters is
assumed to be a power law of the form, ξecl(Mecl) ∝ M

−β

ecl , where
β = 2 (Zhang & Fall 1999). Its lower and upper limits are
assumed to be Mecl, min = 5 M�, i.e. the mass of the Taurus–Auriga
aggregate, which is the smallest star forming stellar cluster known,
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Figure 1. The predicted IGIMF plotted as a function of the stellar mass m,
obtained for four values of SFR while maintaining fixed the [Fe/H] value.
The SFR dependence changes the position of the IGIMF truncation: in
particular a decrease of the SFR leads to a shift of the truncation towards
lower stellar masses.

while Weidner, Kroupa & Larsen (2004) obtained for Mecl, max a
dependence on the SFR

logMecl,max = A + B log ψ(t), (5)

where A = 4.83 and B = 0.75.
(ii) Within each embedded cluster, the stellar IMF is assumed to

be invariant and, for this model, the two-slope power law one has
been chosen (a simplified version of the multislope one used by
Weidner & Kroupa (2005) in their original work), which is defined
as

ϕ(m) = k

⎧⎨
⎩

(
m

mH

)−α1
, mlow ≤ m < mH(

m
mH

)−α2
, mH ≤ m < mmax

(6)

with exponents

α1 = 1.30 , 0.08 M� ≤ m < 0.5 M� (7)

α2 = 2.3 + 0.0572 · [Fe/H] , 0.5 M� ≤ m < mmax (8)

The novelty introduced by R14 is the dependence of α2 on
metallicity, expressed in the form of [Fe/H] value. This dependence
is based on the results of Marks et al. (2012) who, studying the
mass distribution of globular clusters in the Milky Way, deduced
that in such structures the lower the cluster metallicity, the more top-
heavy the IMF. In particular, they obtained equation (8) assuming a
constant cluster density.
In the mild model used here, metallicity influences only the slope of
the IMF in the high-mass range and, as a consequence, the maximum
stellar mass mmax, a quantity that depends also on the SFR. mmax,
indeed, is a function of the mass of the embedded cluster Mecl since,
for low SFRs, the small clusters do not have enough mass to produce
very massive stars, while, for large SFRs, the maximum mass an
embedded cluster can achieve is very high, thus very massive stars
can be formed.

In Figs 1 and 2 is shown the IGIMF as a function of the stellar
mass compared with the Salpeter IMF. In Fig. 1, the [Fe/H] value
is fixed while the SFR is varied; in Fig. 2, the [Fe/H] value is varied
while the SFR is maintained fixed. What can be inferred is that the
IGIMF varies more with the SFR than with the [Fe/H] value, and
that the two dependences are opposite (decreasing the SFR leads
to a higher truncation, the same that happens increasing the [Fe/H]
value).

Figure 2. The predicted IGIMF plotted as a function of the stellar mass
m, obtained for four values of [Fe/H] while maintaining fixed the SFR.
The [Fe/H] dependence changes the position of the IGIMF truncation: in
particular an increase of the [Fe/H] leads to a shift of the truncation towards
lower stellar masses.

3 C H E M I C A L E VO L U T I O N MO D E L

The method used to study the formation and the evolution of UFD
galaxies is the same reported in Lanfranchi & Matteucci (2004)
where they firstly studied the evolution of dSphs. Similarly to
dSphs, UFDs have been supposed to be formed by the accretion
of primordial gas in a pre-existing DM halo, but on smaller time-
scales because of their lower mass and radial extension.

The chemical evolution models used in this work permit to follow
the evolution of the chemical abundances of several elements.1 The
main features of the model are:

(i) each galaxy is treated as one zone with istantaneous mixing
of the gas within it;

(ii) no istantaneous recycling approximation is assumed, so the
stellar lifetimes are considered;

(iii) each galaxy is treated as an open box, thus gas infall and
galactic winds are included;

(iv) the nucleosythesis prescriptions include the metallicity-
dependent stellar yields of Karakas (2010) for low and intermediate-
mass stars while, for massive stars (SNe II and Hypernovae), the
ones of Kobayashi et al. (2006) are adopted. For SNe Ia, we have
adopted the yields obtained by the W7 model of Iwamoto et al.
(1999).

(v) We have adopted the single-degenerate scenario for Type Ia
SNe progenitors where a C–O white dwarf accretes mass from its
red giant companion until its mass reaches the Chandrasekar one
(MCh = 1.44 M�) and explodes via C-deflagration (Matteucci &
Recchi 2001). Our formulation of the SNe Ia rate gives very similar
results to the ones obtained with a double-degenerate model for SNe
Ia (see Matteucci et al. 2009).

3.1 Basic equations

The temporal evolution of the gas mass in the form of element i
within the ISM is described by the following equation:

Ṁgas,i(t) = −ψ(t)Xi(t) + Ri(t) + (Ṁgas,i)inf − (Ṁgas,i)wind (9)

1The models used in this work follow the evolution of the chemical
abundances of H, He, C, O, N, Ne, Mg, Si, S, Ca, Fe, Ba, Eu, La, Sr,
Y, Zr, Zn, Ni, K, Sc, Ti, Va, Cr, Mn, and Co.
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where Xi(t) = Mgas, i(t)/Mgas(t) is the abundance by mass of a generic
element i, with

∑
iXi = 1 where i runs over all the elements that

form the gas of the ISM.

(i) The first term in the right-hand side represents the rate at
which the gas mass in the form of element i is subtracted to form
stars. The function ψ(t) represents the SFR, i.e. the amount of gas
that is turned into stars per unit time which is assumed to follow the
Schmidt law with k = 1 (Schmidt 1959):

ψ(t) = dMgas

dt
= νMk

gas(t) (10)

where ν is the SFE, expressed in terms of Gyr−1, which is defined
as the inverse of the star formation time-scale, the time needed to
convert all the gas into stars.
The star formation is assumed to continue after the onset of the
galactic wind but at a lower rate, since a fraction of the gas, from
there on, is carried out from the galaxy.

(ii) The second term, Ri(t), concerns the restored mass in the
form of element i that the stars eject in the ISM per unit time.
This term contains all the prescriptions about the stellar yields for
low intermediate mass stars and core-collapse (CC) SNe (Type II,
Ib/c) as well as supernova progenitor models (for more details see
Matteucci 2001 and Lanfranchi & Matteucci 2004).

(iii) The third term regards the gas mass of element i that is
accreted during the infall event where for the rate of gas infall is
assumed

(Ṁgas,i)inf ∝ Xi,inf · e−t/τinf , (11)

with τ inf the infall time-scale, namely the time-scale of mass
accretion. As aforementioned, the gas out of which galaxies are
assumed to be formed has primordial composition, thus Xi, inf = 0
for all the elements except for hydrogen, deuterium, 3-helium, and
4-helium and lithium.

(iv) The fourth term represents the gas mass of element i that is
lost because of galactic wind per unit time. The rate of gas loss at
time t is assumed to be proportional to the total mass of the gas as
follows:

(Ṁgas,i)wind = ωi Mgas, (12)

where ωi is a free parameter representing the efficiency of the
galactic wind (i.e. mass loading factor, expressed in Gyr−1), as
defined in Yin, Matteucci & Vladilo (2011). In this work, we have
assumed a normal wind, thus the efficiencies are equal for every
chemical element. ω contains all the information about the energy
released by SNe and stellar winds, as well as the efficiency with
which such energy is converted into the gas escape velocity. In
particular, the galactic wind is assumed to develop when the thermal
energy of the gas, associated with the stellar feedback, becomes
larger than its binding energy, which mainly depends on the mass
of the DM halo (for more details see Bradamante, Matteucci &
D’Ercole 1998). For the stellar feedback we have assumed the same
as in Yin et al. (2011). We have also tested the case in which
the wind efficiency depends on the SN rates, as done by Romano,
Tosi & Matteucci (2006), since for some models with the IGIMF a
negligible number of SNe is predicted to explode. This peculiarity
is more evident in Boötes II and therefore we will discuss the results
we have obtained only for this UFD (see Section 5.2).

4 DATA SA MPLE

We have modelled the chemical evolution of 16 UFD galaxies, the
only ones with available high-resolution spectroscopic data which

are required to compare the model predictions with observations.
These galaxies are: Boötes I (Boo I), Boötes II (Boo II), Canes
Venatici I (CVn I), Canes Venatici II (CVn II), Coma Berenices
(Com), Grus I (Gru I), Hercules (Her), Horologium I (Hor I), Leo IV,
Reticulum II (Ret II), Segue I (Seg I), Segue II (Seg II), Triangulum
II (Tri II), Tucana II (Tuc II), Tucana III (Tuc III), and Ursa Major
II (UMa II).

We report only the data samples we have adopted for three of
the sixteen UFDs: Boo I, Boo II, and CVn I, whose analysis is
presented in the next section. We have chosen to discuss only these
galaxies since the major difference in our results are related to the
mass of the galaxy. We have selected Boo I to represent the most
massive UFDs, while Boo II stands for the least massive ones as it
is quantified in Table 1, where the main observational features are
summarized. We have added CVn I to our analysis given its larger
mass and spatial extension which make it more similar to a dSph
galaxy.

In general, we have chosen, if available, high-resolution data
for the study of the [α/Fe] versus [Fe/H] relations, while for the
metallicity distribution function (MDF) we have added also the low
and medium resolution data to our analysis. Given that not all the
observational papers report the abundance values relative to the
same solar composition, we have rescaled all of them to the solar
photosphere adundances of Asplund et al. (2009), since they are
the ones adopted in our chemical evolution models. Moreover, at
the very low metallicities, typical of UFD galaxies, a particular
type of stars appears: they are characterized by [C/Fe] ≥ + 0.7
dex (Aoki et al. 2007), therefore they are called carbon-enhanced
metal-poor stars. Since their origin has not been clearly understood
and their abundances are very peculiar they are not considered in
the following analysis.

4.1 Boötes I

Boötes I was discovered from the analysis of the SDSS DR5 images
by Belokurov et al. (2006). Through CMD fitting analysis Okamoto
et al. (2012) derived that the distribution of stars are well fitted by
an isochrone of age around 13.7 Gyr and [Fe/H] near −2.3 dex.

The chemical abundance data have been taken from the works of
Feltzing et al. (2009), Norris et al. (2010a), Gilmore et al. (2013,
’GM’ analysis), and Ishigaki et al. (2014b). For the MDF, we have
added the non-overlapping stars of Martin et al. (2007), Norris et al.
(2010b), and Lai et al. (2011).

4.2 Boötes II

Boötes II was discovered by Walsh, Jerjen & Willman (2007) as
a resolved stellar overdensity in an automated search of the SDSS
DR5 imaging data.

The data samples of chemical abundances have been taken from
Koch & Rich (2014) and Ji et al. (2016a) while for the construction
of the MDF we added the data of Koch et al. (2009).

4.3 Canes Venatici I

Zucker et al. (2006) discovered the UFD galaxy Canes Venatici I in
the SDSS DR5 data.

Recently, Munoz et al. (2018) carried out an imaging survey of
the outer halo satellites deriving an absolute magnitude of MV, tot = -
8.8 mag which places CVn I as a dSph galaxy. Moreover, Weisz
et al. (2014), analyzing the data collected with the Hubble Space
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Table 1. Physical features of UFDs. Columns: (1) name of the galaxy; (2) absolute magnitude in V-band; (3) half-light radius; (4) distance; (5) surface
brightness; (6) mean [Fe/H] value; (7) dispersion in [Fe/H]; (8) mass to light ratio; (9) and (10) present-day stellar mass derived assuming the Salpeter and the
Kroupa, Tout & Gilmore (1993) IMF, respectively. References: columns (2), (4), (6), and (7) Simon (2019); (3), (9), and (10) Martin, de Jong & Rix (2008);
(5) Munoz et al. (2018); (8) Collins et al. (2014) for Boo I and CVn I and Walsh et al. (2008) for Boo II.

UFD MV R1/2 D μV 〈[Fe/H]〉 σ [Fe/H] (M/L)V M
Salpeter
� M

Kroupa
�

(mag) (pc) (kpc) (mag · arcsec−2) (dex) (dex) (M�/L�) (M�) (M�)

Boo I −6.02 ± 0.25 242+22
−20 66.0 ± 3.0 28.4 ± 0.31 −2.35+0.09

−0.08 0.44+0.07
−0.06 198.0+83.4

−69.1 (6.7 ± 0.6) × 104 (3.4 ± 0.3) × 104

Boo II −2.94+0.74
−0.75 51 ± 17 42.0 ± 1.0 27.56+1.04

−1.08 −2.79+0.06
−0.10 <0.35 98+420

−84 (2.8+0.7
−0.5) × 103 (1.4+1.3

−1.0) × 103

CVn I −8.73 ± 0.06 564 ± 36 211.0 ± 6.0 27.1 ± 0.19 −1.91 ± 0.04 0.39+0.03
−0.02 164.3 ± 31.2 (5.8 ± 0.4) × 105 (3.0 ± 0.2) × 105

Telescope (HST), derived that the star formation in CVn I lasted
6 Gyr, longer than the typical SFH of UFDs.

The chemical abundance data we used are taken from François
et al. (2016), who analyzed only two stars in this galaxy, while, for
the MDF, we have added the samples of Martin et al. (2007) and
Kirby et al. (2010); this last work provides the [Fe/H] value for 174
member stars for CVn I.

In Table 1 are summarized the updated observational features of
the three UFDs we have analyzed in this work. The stellar masses
have been derived by Martin et al. (2008) assuming two different
IMFs: Salpeter and Kroupa IMFs (Salpeter 1955; Kroupa et al.
1993). We report these values in Table 1 where one can see that the
differences between these masses are small and inside a factor of 2.
Unfortunately, the IGIMF has never been used to derive the stellar
mass of these galaxies; therefore, at the beginning our analysis,
all the models that predict a present-day stellar mass between
these two values (errors included) have been considered as good
models. Then, the outputs of such models have been coupled with
the PARSEC stellar isochrones (Bressan et al. 2012; Tang et al.
2014; Chen et al. 2015) in our photochemical model (Vincenzo
et al. 2016) in order to predict the visual magnitudes. We have
finally compared the predicted magnitudes with the observed ones
(taken from the same study of the present-day stellar mass) to verify
whether the good models previously selected were still able to fit
the new, and IMF-independent, observational constraint.

5 R ESULTS

For every galaxy, the mass of the DM halo MDM, the half-
light radius rL and the star formation history (SFH) we have
adopted are derived observationally and are maintained fixed for
all the models we have ran. On the other hand, the star forma-
tion efficiency, the wind efficiency, the infall time-scale and the
infall mass are varied in order to reproduce the observational
constraints. Our method is to impose a final stellar mass for each
galaxy and consider the gas abundances as the unknowns of the
problem.

5.1 Chemical evolution of Boötes I

We have assumed a DM halo of MDM = 3.0 × 106 M� (Collins
et al. 2014), while for the effective radius of the luminous (baryonic)
component we have adopted the value estimated by Martin et al.
(2008) of rL = 242 pc. The SFH of Boo I has been derived from
the CMD fitting analysis by Brown et al. (2014). They estimate
that the stars have been formed in 1 Gyr, a quite different result
from the previous estimatation done by de Jong et al. (2008)
of 4 Gyr. However, Brown et al. (2014) used more precise data
coming from the HST and for this reason we have preferred their
estimation.

In Table 2 are reported the input parameters of the most relevant
models we obtained for the chemical evolution of Boo I. We tested
models with three different star formation efficiencies: 0.005, 0.01,
and 0.1 Gyr−1. The first two, as derived also by Vincenzo et al.
(2014), are the most likely values for these types of galaxies.
Only assuming such low star formation efficiencies we are able
to explain the observed decline of [α/Fe] abundance ratios at very
low [Fe/H] for a Salpeter IMF. Lowering the ν parameter, in fact,
leads to a lower production of iron from CC SNe. Consequently,
the [Fe/H] value at which Type Ia SNe start polluting the gas in
the ISM decreases. The 0.1 Gyr−1 SFE, instead, is more typical
of dSph galaxies which are supposed to have experienced a longer
and more intense star formation; moreover, the [Fe/H] value at
which the decline of the [α/Fe] ratios starts is higher than in the
case of UFDs. This behaviour reflects the time-delay model for
the chemical enrichment in different regimes of SFR (Matteucci
2012). Nevertheless, we have also tested ν = 0.1Gyr−1 in order to
reproduce better the [α/Fe] trends and the MDF, as we will explain
later.

Concerning the infall mass Minfall, we have considered two values:
1.0 × 107 M� and 2.5 × 107 M� in order to reproduce the observed
present-day stellar mass of Boo I. The chosen infalling mass is
always larger than the final stellar mass since part of the gas is lost
through galactic winds. The infalling gas has been assumed to be
primordial and that it has been accreted by the potential well of the
DM halo in a very short time; consequently the infall time-scale has
been set to τ inf = 0.005 Gyr.

Finally, for every value of SFE and infall mass we have ran two
models: one adopts the Salpeter IMF while the other the IGIMF
proposed by R14 in order to compare the results.

In Fig. 3 are shown the predictions of the SFR of Boo I. The
models are obtained with both the IMF parametrizations: the results
for the Salpeter IMF are presented in red, while for the IGIMF in
blue. The infall mass has been set to Minfall = 1.0 × 107 M� and,
for the SFE, we have chosen to plot the two extreme values: ν =
0.005 Gyr−1 and ν = 0.1 Gyr−1.

One can see in Fig. 3 the declines of the SFR before 1 Gyr:
they are caused by the decrease of the amount of gas in the ISM
after the onset of the galactic wind (the time of its appearance is
reported in Table 3). Moreover, we can also see that the SFRs are flat
before the onset of the wind; actually, the SFR is not constant but
it slightly decreases, given the very small mass of gas consumed to
form stars. Comparing the models with different IMFs, it emerges
that the Salpeter IMF predicts a higher SFR than the IGIMF. This
difference can be explained by the higher number of low-mass stars
predicted assuming the IGIMF. In fact, low-mass stars lock up gas
which cannot be used to form new stars.

The models obtained with Minfall = 2.5 × 107 M� predict higher
SFR given the proportionality between the SFR and the mass of the
gas. As reported in Table 3 the onset of the galactic wind in these
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Table 2. Input parameters used for all the chemical evolution models performed for Boötes I. Columns: (1) star formation
efficiency, (2) wind efficiency, (3) infall time-scale, (4) SFH (Brown et al. 2014), (5) total infall gas mass, (6) mass of the DM
halo (Collins et al. 2014) obtained using Martin et al. (2008) half-light radius values, (7) half-light radius (Martin et al. 2008),
(8) ratio between the half-light radius and the DM effective radius, and (9) IMF.

Boötes I: parameters of the models
ν ω τ inf SFH Minfall MDM rL S = rL

rDM
IMF

(Gyr−1) (Gyr−1) (Gyr) (Gyr) (M�) (M�) (pc)

0.005/0.01/0.1 10 0.005 0−1 1.0/2.5 × 107 3.0 × 106 242 0.3 IGIMF/Salpeter

Figure 3. The SFR is shown as a function of time for Minfall = 1.0 ×
107 M�. The red lines represent the models with the Salpeter IMF while the
blue lines refer to the results obtained with the IGIMF. With the dotted lines
are shown the models for ν = 0.005 Gyr−1 while with the dashed lines the
ones for ν = 0.1 Gyr−1.

models starts later than for Minfall = 1.0 × 107 M�, in some cases
even after the end of the star formation.

In Fig. 4 are shown the predicted cumulative SFRs compared with
the statistical uncertainties for the cumulative SFH obtained from
photometric and spectroscopic data by Brown et al. (2014). The
models with low SFE are well within the uncertainties confirming
that the star formation in these systems is quite inefficient.

In Fig. 5 are shown the rates of Type Ia SNe for the same models
of Fig. 3. For high SFE the IGIMF predicts a higher number of Type
Ia supernova progenitors than the Salpeter one. On the other hand,
at early times and for low SFE, the IGIMF predicts a lower number
of Type Ia SNe, as shown for ν = 0.005 Gyr−1. Consequently, a
lower number of binary systems leading to SNe Ia in the highest
mass range are formed compared to what obtained with the Salpeter
IMF.

Fig. 6 shows the Type II supernova rate predicted for Boo I. The
models are the same as Figs 3 and 5. The trends shown here are
similar to the ones obtained for the SFR, especially for the models
adopting a Salpeter IMF. This similarity can be explained by the
short lifetimes of the progenitors of Type II SNe. Thus, the rate
of their explosions follows the rate at which the stars are formed.
However, the same cannot be said for the models with the IGIMF.
The model with ν = 0.005 Gyr−1 do not even predict the existence
of Type II SNe because of the very low SFR. On the contrary, the
model with ν = 0.1 Gyr−1 follows the trend of the SFR until the
galactic wind reduces the SFR at a level at which the truncation
of the IGIMF is so strong that no stars with M ≥ 6–8 M� are
formed.

In Table 3, we present the predictions of our chemical evolution
models. In the second and third column, we have listed the input
parameters we have varied: Minfall and ν. Low values of the star
formation efficiencies lead to a lower [Fe/H] at which the MDF
reaches its peak, since the stars pollute more slowly the ISM,
arriving at the quench of the SF at low [Fe/H] values. Also the
present-day stellar mass is influenced by the SFE in a similar way:
the slower the production of stars the lower the mass in stars when
the SF stops, leading to a lower stellar mass at the present time. A low
SFE causes also a later onset of the galactic wind, given the related
decrease of the number of SN events which heat up the ISM. When,
instead, we vary the infall mass, the immediate consequence is the
variation of the present-day stellar mass. Moreover, an increase of
the infall mass makes the gas more bound to the galaxy, implying a
later onset of the galactic wind. Therefore, the SFR starts decreasing
later, allowing the formation of a higher number of stars at high
[Fe/H] values which shifts the peak of the MDF towards higher
metallicities.

Comparing the observed values M
Salpeter
� = (6.7 ± 0.6) ×

104 M� and M
Kroupa
� = (3.4 ± 0.3) × 104 M� obtained by Martin

et al. (2008) with the predicted ones, we see that, assuming the
IGIMF, the models 1BooI and 2BooI are in agreement with the
observed values. However, the observed masses were not derived
assuming the IGIMF, therefore we have applied our photochemical
model (Vincenzo et al. 2016) to derive, for 1Boo1 and 2Boo1, the
predicted visual magnitudes. For 1BooI, the accordance with the
observed value of −6.02 ± 0.25 mag is within the observational
error, at variance with the 2BooI model. Therefore, we consider
1BooI the best model in order to fit the stellar mass. Concerning the
Salpeter IMF, instead, the present day stellar mass can be reproduced
by the models 2BooI and 4BooI.

The results obtained with the two different IMF parametrizations
suggest that, generally, the IGIMF predicts higher present-day
stellar masses, a later onset of the galactic wind and more metal-
poor stars than the Salpeter IMF. The later onset of the galactic
wind can be explained by the lower production of massive stars by
the IGIMF leading to a lower number of CC SNe explosions. On
the contrary, the IGIMF predicts a higher amount of gas blocked in
very low mass stars which is released on long time-scales causing
a higher present-day stellar mass. High amounts of low-mass stars
also induce a lower reprocessment of the gas, thus the MDF is
peaked at lower [Fe/H] values.

5.1.1 Boötes I: Abundance ratios and its interpretation

From the data set of [α/Fe] abundance ratios, we have selected,
we can argue that most of the stars are very metal-poor and are
enhanced in α-elements. Moreover, the higher their [Fe/H] value
the lower is their [α/Fe] ratio. This is basically true for all the stars
except for a star in Gilmore et al. (2013) sample. This star has a
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Table 3. The predictions of chemical evolution models for Boötes I. The second and the third column contain the input parameters which have been
varied in the models while the other six concern the model predictions. Columns: (1) model name, (2) infall mass, (3) star formation efficiency, (4)
present-day stellar mass derived with the IGIMF, (5) visual magnitude derived with the IGIMF, (6) present-day stellar mass derived with the Salpeter
IMF, (7) time of the onset of the galactic wind assuming the IGIMF, (8) time of the onset of the galactic wind assuming the Salpeter IMF, (9) peak of
the stellar MDF obtained with the IGIMF, and (10) peak of the stellar MDF obtained with the Salpeter IMF.

Boötes I: model predictions
Model name Minfall ν M IGIMF

�,fin M IGIMF
V M

Salpeter
�,fin t IGIMF

wind t
Salpeter
wind [Fe/H]IGIMF

peak [Fe/H]Salpeter
peak

(M�) (Gyr−1) (M�) (mag) (M�) (Gyr) (Gyr) (dex) (dex)

1BooI 1.0 × 107 0.005 3.5 × 104 −5.89 2.2 × 104 1.54 0.68 − 3.3 − 2.7
2BooI 1.0 × 107 0.01 6.6 × 104 −6.51 3.1 × 104 0.87 0.49 − 2.7 − 2.7
3BooI 1.0 × 107 0.1 1.7 × 105 1.1 × 105 0.18 0.13 − 2.7 − 2.3
4BooI 2.5 × 107 0.005 8.9 × 104 6.8 × 104 2.07 1.33 − 2.9 − 2.5
5BooI 2.5 × 107 0.01 1.8 × 105 1.2 × 105 1.19 0.82 − 2.5 − 2.3
6BooI 2.5 × 107 0.1 6.3 × 105 3.9 × 105 0.27 0.22 − 2.1 − 2.1

Figure 4. The cumulative SFR is shown as a function of time for Minfall =
1.0 × 107 M�. The red lines represent the models with the Salpeter IMF
while the blue lines refer to the results obtained with the IGIMF. With the
dotted lines are shown the models for ν = 0.005 Gyr−1 while with the dashed
lines the ones for ν = 0.1 Gyr−1. In grey the statistical uncertainties for the
cumulative SFH taken from Brown et al. (2014) are shown.

Figure 5. The Type Ia supernova rate is shown as a function of time for
Minfall = 1.0 × 107 M�. The red lines represent the models with the Salpeter
IMF while the blue lines refer to the results obtained with the IGIMF. With
the dotted lines are shown the models for ν = 0.005 Gyr−1 while with the
dashed lines the ones for ν = 0.1 Gyr−1.

Figure 6. The Type II supernova rate is shown as a function of time for
Minfall = 1.0 × 107 M�. The red lines represent the models with the Salpeter
IMF while the blue lines refer to the results obtained with the IGIMF. The
models for ν = 0.005 Gyr−1 are shown with the dotted lines, while with the
dashed lines the ones for ν = 0.1 Gyr−1.

[Fe/H] = −1.80 dex and displays high abundances, in particular of
Ti and Mg.

In Fig. 7, we show the effects of changing the SFE and the IMF
parametrization on the [α/Fe] versus [Fe/H] trends for the models
with Minfall = 1.0 × 107 M� which best reproduce the present-day
stellar mass. The models with the Salpeter IMF (red lines) predict
a decrease of the [α/Fe] at higher [Fe/H] than the models with
the IGIMF (blue lines). This is due to the strong suppression of
massive stars at low SFRs (10−4–10−5 M�yr−1) when adopting the
IGIMF. Therefore, the results obtained using the Salpeter IMF,
in particular the models 1BooI and 2BooI, are able to reproduce
better the observed abundances with respect to the ones with the
IGIMF. The only exception is the Ti abundance which cannot be
reproduced by any of the models; this discrepancy can be explained
given the large uncertainties of the available yields for this element
(see Romano et al. 2010). Concerning the IGIMF, the model which
best reproduces the observational data is 3BooI, the one with ν =
0.1 Gyr−1 (dashed blue line), even though it underestimates the
[Ca/Fe] ratio. The other two models with the IGIMF, instead, predict
the decrease of [α/Fe] at extremely low metallicities ([Fe/H] ∼−5
dex) not in agreement with data.

In Fig. 8, we show the results obtained increasing the infall mass
to Minfall = 2.5 × 107 M� (brown lines for the Salpeter IMF, cyan
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Figure 7. In this figure, we compare the [α/Fe] versus [Fe/H] abundance ratios for Si, Mg, Ti, and Ca as observed in Bootes I UFD member stars with the
predictions of the chemical models with ω = 10 Gyr−1, Minfall = 1.0 × 107 M� for different values for ν and varying the IMF. In red we show the models
with the Salpeter IMF while in blue the ones with the IGIMF. The models with ν = 0.005 Gyr−1 (1BooI) are represented by the dotted line, the ones with ν =
0.01 Gyr−1 (2BooI) by the dash-dotted line, while the models with ν = 0.1 Gyr−1 (3BooI) are plotted with the dashed line. Concerning the data, the green
squares refer to the data sample of Gilmore et al. (2013), the magenta ones of Ishigaki et al. (2014a), the orange one of Feltzing et al. (2009), while the brown
one is taken from Norris et al. (2010a).

for the IGIMF). The model adopting the Salpeter IMF does not
suffer a substantial variation as the ones with the IGIMF; this is
caused by the dependency of the IGIMF on the SFR. A higher infall
mass increases the SFR which induces a shift of the truncation of
the IGIMF towards higher masses. This means that more CC SNe
are expected to occur before the appearance of Type Ia SNe, shifting
the knee of the [α/Fe] at higher [Fe/H]. Nevertheless, the increase
of the SFR is not enough to allow the models with ν = 0.005 Gyr−1

and ν = 0.01 Gyr−1 to fit the data even for this infall mass.

5.1.2 Boötes I: MDF and its interpretation

The observed MDF has been built combining the high-resolution
data, used also for the analysis of the [α/Fe] abundance ratios, with
the low-resolution ones, ending up with a data set of 42 member
stars. In Fig. 9, we show the comparison between the observed MDF
(black line) and the predicted ones adopting the Salpeter IMF (red)
and the IGIMF (blue) for the models with Minfall = 1.0 × 107 M�.
The models which best reproduce the observed distribution are the
ones with ν = 0.1 Gyr−1 (3BooI), especially the one adopting the
Salpeter IMF. In all three panels the distributions obtained with the

Salpeter IMF are peaked at higher [Fe/H] values than the IGIMF
ones, as shown in Table 3. This is caused by the higher production
of iron on short time-scales due to the higher number of CC SNe
predicted by the Salpeter IMF (see Fig. 6). The rapid decrease of
the MDFs after the peak, visible in the first two panels, is due to the
quench of the SF at 1 Gyr imposed by the observed SF history.

5.1.3 Boötes I: Summary

The model with the IGIMF which best reproduces the present-day
stellar mass of Boo I is 1BooI, which is characterized by Minfall = 1.0
× 107 M� and ν = 0.005 Gyr−1. Nevertheless, this model is not
able to match the abundance ratios for any of the chemical elements
analysed here. In addition, it predicts too many metal-poor stars
and a lack of stars at higher [Fe/H], not fitting the observed MDF.
On the contrary, the model 3BooI, with ν = 0.1 Gyr−1, is able
to reproduce the abundance ratios and the MDF but it does not
predict the correct present-day stellar mass. Moreover, comparing
the results obtained with both the IMFs, it emerges that the models
adopting the Salpeter IMF better agree with data, in particular for

MNRAS 495, 3276–3294 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/495/3/3276/5762795 by U
niversita' degli Studi di Trieste user on 03 August 2021



3284 E. Lacchin et al.

Figure 8. In the figure we compare the [α/Fe] versus [Fe/H] abundance ratios for Si, Mg, Ti, and Ca as observed in Bootes I UFD member stars with the
predictions of the chemical models for different values of ν and Minfall, varying also the IMF. In red and brown we show the models 3BooI and 6BooI,
respectively, assuming a Salpeter IMF. The blue and cyan lines represent the models adopting the IGIMF for Minfall = 1.0 × 107 M� and Minfall = 2.5 ×
107 M�, respectively. The dotted lines refer to ν = 0.005 Gyr−1, the dash-dotted lines to ν = 0.01 Gyr−1 and the dash-dotted lines to ν = 0.1 Gyr−1.

Figure 9. In the figure, we report the observed MDF with the black line together with the predictions of the models; the results obtained with the Salpeter
IMF are displayed in red, while in blue the ones with the IGIMF. For all the models the infall mass has been set to Minfall = 1.0 × 107 M� while the SFE is
changed. In the left-hand panel, we show the results for 1BooI, in the middle the ones for 2BooI and in the right-hand panel the predictions for 3BooI.
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Table 4. Input parameters used for all the chemical evolution models performed for Boötes II. Columns: (1) star formation efficiency,
(2) wind efficiency, (3) infall time-scale, (4) SFH, (5) total infall gas mass, (6) mass of the DM halo (Koch et al. 2009), (7) half-light
radius (Martin et al. 2008), (8) ratio between the half-light radius and the DM effective radius, and (9) IMF.

Boötes II: parameters of the model
ν ω τ inf SFH Minfall MDM rL S = rL

rDM
IMF

(Gyr−1) (Gyr−1) (Gyr) (Gyr) (M�) (M�) (pc)

0.005/0.01/0.1 10 0.005 0−1 2.5/5.0/10.0 × 105 3.3 × 106 51 0.3 IGIMF/Salpeter

Figure 10. The SFR is shown as a function of time for Minfall = 5.0 ×
105 M�. The red lines represent the models with the Salpeter IMF while the
blue lines refer to the results obtained with the IGIMF. With the dotted lines
are shown the models for ν = 0.005 Gyr−1 while with the dashed lines the
ones for ν = 0.1 Gyr−1.

the model with Minfall = 2.5 × 107 M� and ν = 0.01 Gyr−1 (5BooI),
in accordance with what derived by Vincenzo et al. (2014) for Boo I.

5.2 Chemical evolution of Boötes II

Boo II has a present-day stellar mass that is one order-of-magnitude
lower than Boo I, even though its mass of the DM halo is larger, as
derived by Koch et al. (2009). They derived MDM = 3.3 × 106M�
assuming the half-light radius estimated by Martin et al. (2008)
who found rL = 51 pc, the same values we adopted in our models.
We assumed the fraction between the half-light radius and the core
radius of the DM equal to S = 0.3. For the infall mass we have
assumed in our models the following three values: Minfall = 2.5
× 105 M�, Minfall = 5.0 × 105 M�, and Minfall = 1.0 × 106 M�.
The gas infall time-scale of this amount of gas has been set to
τ infall = 0.005 Gyr. Since a precise estimation of the SFH of Boo
II has never been done, we have assumed it to last 1 Gyr from the
estimated average age of the galaxy determined by Walsh et al.
(2008). The other parameter that we have varied is the SFE; we
have explored three values: ν = 0.005 Gyr−1 , ν = 0.01 Gyr−1, and
ν = 0.1 Gyr−1. For the wind efficiency, instead, we have assumed
ω = 10 Gyr−1 as for Boo I.

In Table 4, we have summarized the input parameters of our
chemical evolution models for Boo II. Finally, we have also varied
the IMF adopting both the IGIMF and the Salpeter one.

In Fig. 10 are shown the predictions for the SFR of Boo II. We
have plotted here the results obtained by assuming the Salpeter IMF
in red, and the IGIMF in blue. All the models have been obtained
supposing an infall mass of Minfall = 5.0 × 105 M� while the SFE
has been varied. We have selected the two extreme values of ν =

Figure 11. The Type Ia supernova rate is shown as a function of time for
Minfall = 5.0 × 105 M�. The red lines represent the models with the Salpeter
IMF while the blue lines refer to the results obtained with the IGIMF. With
the dotted lines are shown the models for ν = 0.005 Gyr−1 while with the
dashed lines the ones for ν = 0.1 Gyr−1.

0.005 Gyr−1 and ν = 0.1 Gyr−1. The graph is similar to the one ob-
tained for Boo I presented in Fig. 3. However, if we focus on the val-
ues of SFR reached here, we can see that they are quite lower than the
ones we have obtained for Boo I. This is due to the lower infall mass
we have assumed for Boo II. Furthermore, the differences between
the Salpeter IMF and the IGIMF are enhanced here as a consequence
of the higher fraction of low-mass stars predicted by the IGIMF,
which do not release their gas in the ISM lowering the SFR. Finally,
focusing on the time at which the SFR starts declining because of
the onset of the galactic wind, we observe that in Boo II the wind
is predicted to appear earlier for the models adopting the Salpeter
IMF. This is due to the lower binding energy caused by the decrease
of the mass of the DM halo and of the infall mass. On the contrary,
the heavy truncation of the IGIMF causes a significant decrease
of supernova explosions inducing a slower increase of the thermal
energy of the gas which delays the onset of the galactic wind.

In Fig. 11 the rate of Type Ia SNe explosions for the same models
of Fig. 10 is shown. The model with ν = 0.005 Gyr−1 is not plotted
since it does not predict any Type Ia SN explosion. The explanation
of the absence of these SNe can be understood looking at Fig. 1.
What we infer is that for ψ(t) < 10−6 M�yr−1, the IGIMF does not
predict the formation of stars with masses higher than 3 M�, thus no
Type Ia SN progenitor is formed according to the model of SNe Ia
adopted here (∼3 M� is the minimum total mass of binary systems
giving rise to SNe Ia). The heavy truncation of the IGIMF affects
also the model with ν = 0.1 Gyr−1 but at a lower extent. In fact,
for such SFE, the SFR is high enough to permit the formation of
binary systems more massive than 3 M�. However, only low binary
systems could be formed which shifts the peak of the rate of SN
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Figure 12. The Type II supernova rate is shown as a function of time for
Minfall = 5.0 × 105 M�. The red lines represent the models with the Salpeter
IMF. With the dotted lines are shown the models for ν = 0.005 Gyr−1 while
with the dashed lines the ones for ν = 0.1 Gyr−1.

explosions at later times if compared to the one predicted by the
Salpeter IMF.

In Fig. 12, we show the predictions of the rate of Type II SN
explosions obtained from the same models of Figs 10 and 11. None
of the two models adopting the IGIMF are here plotted since none of
them are able to form stars more massive than 8 M�, the progenitors
of Type II SNe. As in the case of Type Ia SNe, this is due to
the strong truncation of the IGIMF for the SFR predicted for this
systems. Comparing the rates of Type II SNe explosions predicted
for Boo I (Fig. 6) and the one for Boo II (Fig. 12), we can see that
the number of events per year are higher for Boo I because of its
higher SFR.

In Table 5, we report the predictions of the chemical evolution
models for Boo II. The second and the third column resume the input
parameter we have varied while the other columns are devoted to
the results we obtained for the present-day stellar mass, the time
of the onset of the galactic wind and the [Fe/H] value at which the
MDF reaches the peak.

The present-day stellar mass estimated by Martin et al. (2008)
who derived M

Salpeter
� = 2.8+0.7

−0.5 × 103 M� and M
Kroupa
� =

1.4+1.3
−1.0 × 103 M� is well reproduced by the IGIMF models 4BooII

and 5BooII. Both the predicted magnitudes derived for these models
fit well the observed value of −2.94+0.75

−0.74 mag. For the Salpeter IMF,
the best match is given by the model 8BooII.

Most of the models adopting the IGIMF do not develop a galactic
wind. In fact, these models predict a negligible number of CC
SNe and, in some cases, even Type Ia SNe, both responsible for
heating up the ISM. As a consequence, the thermal energy of the
gas predicted by these models does not increase in time, as in the
case with SN explosions. Therefore the gas thermal energy never
becomes larger than the gas binding energy and no wind develops.
In addition, looking at the three times of onset of the galactic wind
for the models with ν = 0.1 Gyr−1, the one derived for the lowest
infall mass is higher than the others. The contrary is obtained with
the Salpeter IMF and also with the IGIMF for more massive galaxies
such as Boo I. Lowering the infall mass leads not only to a decrease
of the binding energy of the gas but also to a drop of the SFR and
consequently of the number of supernova explosions that heat up
the ISM. For the most massive UFDs in our sample, this latter effect
is less important than the former. However, diminishing the mass of

the galaxy, such an effect becomes important, making the smallest
systems experience the galactic wind at later times.

Given the negligible number of SN explosions predicted by the
models with low SFE, we have done some tests setting the wind
efficiency ω proportional to the SN rates, as done by Romano et al.
(2006). The results do not differ from those obtained with a constant
wind efficiency, since for the models such as 4BooII, 5BooII, in
which a negligible number of Type II and Type Ia SNe are present,
the wind never develops. In the case in which only Type II SNe are
absent, the variation is also negligible.

5.2.1 Boöets II: Adundance ratios and its interpretation

The data set consists of four RGB stars analyzed by Koch & Rich
(2014) and Ji et al. (2016a). The stars span a small iron abundance
range with the most metal-poor one having [Fe/H] = −2.93 ± 0.17
dex, while the most metal-rich has [Fe/H] = −2.63 ± 0.13 dex. The
abundances of Mg, Ti, and Ca are concentrated in an even smaller
range with a maximum for Mg of about 0.3 dex.

In Fig. 13, we show the effects of changing the SFE and the
IMF on the [α/Fe] versus [Fe/H] relations for the models assuming
Minfall = 5.0 × 105 M�. The two models adopting the IGIMF with
the lowest SFEs do not show any iron enrichment remaining well
below [Fe/H] = −4.0 dex. The knee appears in the model adopting
the highest SFE but the decline starts at an extremely low [Fe/H]
not matching the data. The models assuming the Salpeter IMF are
able to fit the Mg abundances but underestimate the Ti and Ca ones.
For Ti a possible explanation could be the uncertain yields for this
element (see Romano et al. 2010).

5.2.2 Boötes II: MDF and its interpretation

The data set we have used here to built up the observed MDF is a
very poor sample composed by six RGB member stars. Nevertheless
some important conclusions can be drawn. In Fig. 14, we present
the observed MDF (in black) together with the model predictions
assuming Minfall = 5.0 × 105 M�. In the first two panels, the MDFs
obtained with the IGIMF are not plotted since, at the end of the star
formation, the [Fe/H] is well below −6.0 dex. In the model 6BooII,
instead, stars are formed above [Fe/H] = −6.0 dex, but they are still
too metal-poor. An overabundance of stars at low [Fe/H] is predicted
also by the models 4BooII and 5BooII with the Salpeter IMF. On the
contrary, the model with ν = 0.1 Gyr−1 (6BooII) reproduces quite
well the observed MDF. Comparing the observed and the predicted
MDFs, the relative number of stars are very different but the reason
of this discrepancy lies on the very poor sample we are dealing with.

5.2.3 Boötes II: Summary

The models adopting the IGIMF are able to reproduce the present-
day stellar mass if low SFEs are assumed. Nevertheless, the same
models are not able to fit either the abundance ratios or the observed
MDF. In almost all the cases we were not even able to plot them,
since no enrichment has been predicted. For the models with the
Salpeter IMF, instead, they agree quite well with the observational
constraints, especially the model 8BooII characterized by ν =
0.01 Gyr−1 and Minfall = 1.0 × 106 M�.

5.3 Chemical evolution of Canes Venatici I

Canes Venatici I is the most massive and most extended galaxy in our
sample, and it is sometimes considered more as a dSph rather than
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Table 5. The predictions of chemical evolution models for Boötes II. The second and the third column contain the input parameters which have been
varied in the models while the other six concern the model predictions. Columns: (1) model name, (2) infall mass, (3) star formation efficiency, (4)
present-day stellar mass derived with the IGIMF, (5) visual magnitude derived with the IGIMF,(6) present-day stellar mass derived with the Salpeter
IMF, (7) time of the onset of the galactic wind assuming the IGIMF, (8) time of the onset of the galactic wind assuming the Salpeter IMF, (9) peak of
the stellar MDF obtained with the IGIMF, and (10) peak of the stellar MDF obtained with the Salpeter IMF.

Boötes II: model predictions

Model name Minfall ν M IGIMF
�,fin M IGIMF

V M
Salpeter
�,fin t IGIMF

wind t
Salpeter
wind [Fe/H]IGIMF

peak [Fe/H]Salpeter
peak

(M�) (Gyr−1) (M�) (mag) (M�) (Gyr) (Gyr) (dex) (dex)

1BooII 2.5 × 105 0.005 7.2 × 102 3.1 × 102 No wind 0.37 − 3.1
2BooII 2.5 × 105 0.01 1.4 × 103 4.4 × 102 No wind 0.25 − 2.9
3BooII 2.5 × 105 0.1 8.4 × 103 2.0 × 103 0.52 0.06 − 3.5 − 2.3
4BooII 5.0 × 105 0.005 1.4 × 103 −2.65 7.0 × 102 No wind 0.43 − 3.1
5BooII 5.0 × 105 0.01 2.9 × 103 −3.29 1.0 × 103 No wind 0.31 − 2.9
6BooII 5.0 × 105 0.1 1.4 × 104 4.3 × 103 0.42 0.07 − 2.9 − 2.5
7BooII 1.0 × 106 0.005 2.9 × 103 1.7 × 103 No wind 0.55 − 2.9
8BooII 1.0 × 106 0.01 5.8 × 103 2.4 × 103 2.60 0.37 − 2.7
9BooII 1.0 × 106 0.1 2.8 × 104 9.7 × 103 0.31 0.09 − 2.9 − 2.5

Figure 13. In the figure we compare the [α/Fe] versus [Fe/H] abundance ratios for Mg, Ti, and Ca as observed in Boötes II UFD member stars with the
predictions of the chemical models with ω = 10 Gyr−1, Minfall = 5.0 × 105 M� for different values for ν and varying the IMF. In red we show the models with
the Salpeter IMF while in blue the ones with the IGIMF. The models with ν = 0.005 Gyr−1 (4BooII) are represented by the dotted line, the ones with ν =
0.01 Gyr−1 (5BooII) by the dash-dotted line, while the models with ν = 0.1 Gyr−1 (6BooII) are plotted with the dashed line. Concerning the data, the green
squares refer to the data sample of Koch & Rich (2014), the magenta ones are taken from Ji et al. (2016a).
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Figure 14. In the figure we report the observed MDF with the black line together with the predictions of the models; the results obtained with the Salpeter
IMF are displayed in red, while in blue the ones with the IGIMF. For all the models the infall mass has been set to Minfall = 5.0 × 105 M� while the SFE is
changed. In the left-hand panel we show the results for 4BooII, in the middle the ones for 5BooII and in the right-hand panel the predictions for 6BooII.

an UFD galaxy. The derived mass of its DM halo is MDM = 1.9 ×
107 M� (Collins et al. 2014), with a half-light radius of rL = 564 pc
(Martin et al. 2008). As for the other galaxies, we have assumed
the ratio between the effective radius of the luminous (baryonic)
component and the radius of the core of DM halo to be S = 0.3.
For the SFH, we have supposed that it consisted in a single event
lasted 6 Gyr as estimated by Weisz et al. (2014). The infall time-
scale of such initial reservoir of gas has been assumed to be τ infall =
0.005 Gyr, as for the other galaxies; however, with this value, we
are not able to reproduce the cumulative SFH derived by Weisz
et al. (2014). Therefore, we have run models with a longer τ infall of
5 Gyr. Concerning the SFE, it has been set to ν = 0.15 Gyr−1 while
the wind efficiency has been varied between ω = 5 and 10 Gyr−1.
In Table 6 are summarized the input parameters of our chemical
evolution models.

In Table 7, we have summarized the predictions of the models
for CVn I which are able to reproduce the present-day stellar mass.
The first letter in the name of models refers to the assumed IMF, ‘S’
for the Salpeter IMF and ‘I’ for the IGIMF. From the second to the
forth column the input parameters that have been varied through the
models are listed, while the other columns are devoted to the results
we have obtained. Given the higher mass of the DM halo and the
higher observed stellar mass of CVn I with respect to the other UFDs
analyzed here, a higher Minfall is needed to reproduce its present-
day stellar mass. In fact, from Martin et al. (2008) we have that
M

Salpeter
� = (5.8 ± 0.4) × 105 M� and M

Kroupa
� = (3.0 ± 0.2) ×

105 M�. For the models with the IGIMF we have derived also the
visual magnitude which can fit the observed one of −8.73 ± 0.06
mag.

The predictions of the cumulative SFH for the aforementioned
models are shown in Fig. 15. It appears that only I3CVnI and
S4CVnI can fit the observed trend derived by Weisz et al. (2014),
given their very long infall time-scale that prevents the steep
increase of the cumulative SFH at early times.

5.3.1 Canes Venatici I: abundance ratios and its interpretation

The sample of stars with available high-resolution data for CVn
I consists of only two stars analyzed by François et al. (2016). In
Fig. 16, we show the observational data together with the predictions

of the [α/Fe] versus [Fe/H] trends for the same models of Fig. 15.
What can be inferred is that only the model I1CVnI fits well the
abundance ratios of the two stars, while the model I3CVnI is not
able to reproduce the observations. Regarding the models adopting
the Salpeter IMF, both of them predict the appearance of the knee
at higher [Fe/H] values if compared with the models assuming the
IGIMF; therefore, they are not able to fit the abundances of the
star with lower [α/Fe] ratios. Moreover, in both the models with
a longer infall time-scale, for low [α/Fe] ratios, the [Fe/H] value
decreases. This behaviour is caused by the dilution of the enriched
gas with the gas of primordial composition that is still falling into the
galaxy.

5.3.2 Canes Venatici I: MDF and its interpretation

The sample used to build-up the observed MDF is composed by a
rich statistical sample of 181 RGB stars analyzed by Martin et al.
(2007) and Kirby et al. (2010) together with the two stars studied by
François et al. (2016). In Fig. 17, we present the predictions for the
MDF in the case of long and short infall time-scales. The models
assuming τ infall = 5 Gyr predict a very high fraction of metal-
rich stars at variance with observations. For short infall time-scales,
instead, too many metal-poor stars are predicted that are not detected
by spectroscopic measurements. However, this mismatch could be
influenced by the instrumentation capability to detect EMP stars
because of their weak spectral lines. As for the other two galaxies,
the Salpeter IMF always predicts a lower number of metal-poor
stars than the IGIMF, reproducing better the observations only if a
short infall time-scale is assumed.

5.3.3 Canes Venatici I: Summary

In order to reproduce the observed present-day stellar mass of CVn
I, we need to assume a higher SFE and a higher infall mass with
respect to the other UFDs. For this galaxy, the models with a short
infall timescale, typically associated to UFDs, do not reproduce the
cumulative SFH derived from observations. In order to fit the SFH,
we have then increased τ infall. However, although these last models
(I3CVnI and S4CVnI) are able to fit both the observed stellar mass
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Table 6. Input parameters used for all the chemical evolution models performed for Canes Venatici I. Columns: (1) star formation
efficiency, (2) wind efficiency, (3) infall time-scale, (4) SFH (Weisz et al. 2014), (5) total infall gas mass, (6) mass of the DM halo
(Collins et al. 2014) obtained using Martin et al. (2008) half-light radius values, (7) half-light radius (Martin et al. 2008), (8) ratio
between the half-light radius and the DM effective radius, and (9) IMF.

Canes Venatici I: parameters of the model
ν ω τ inf SFH Minfall MDM rL S = rL

rDM
IMF

(Gyr−1) (Gyr−1) (Gyr) (Gyr) (M�) (M�) (pc)

0.01/0.15 5/10 0.005/5 0−6 2.5/2.7/3.5/4.5 × 107 1.9 × 107 564 0.3 IGIMF/Salpeter

Table 7. The predictions of chemical evolution models for Canes Venatici I. The second and the third column contain the input parameters which have been
varied in the models while the other six concern the model predictions. Columns: (1) model name, (2) infall mass, (3) star formation efficiency, (4) present-day
stellar mass derived with the IGIMF, (5) visual magnitude derived with the IGIMF, (6) present-day stellar mass derived with the Salpeter IMF, (7) time of the
onset of the galactic wind assuming the IGIMF, (8) time of the onset of the galactic wind assuming the Salpeter IMF, (9) peak of the stellar MDF obtained
with the IGIMF, and (10) peak of the stellar MDF obtained with the Salpeter IMF.

Canes Venatici I: model predictions
Model name Minfall ω τ inf M IGIMF

�,fin M IGIMF
V M

Salpeter
�,fin t IGIMF

wind t
Salpeter
wind [Fe/H]IGIMF

peak [Fe/H]Salpeter
peak

(M�)(Gyr−1) (Gyr) (M�) (mag) (M�) (Gyr) (Gyr) (dex) (dex)

I1CVnI 2.5 × 107 10 0.005 6.3 × 105 −8.76 0.15 − 2.5
S2CVnI 3.5 × 107 10 0.005 5.7 × 105 0.11 −2.1
I3CVnI 2.7 × 107 5 5 5.0 × 105 −8.74 0.24 − 1.5
S4CVnI 4.5 × 107 5 5 5.8 × 105 0.05 −1.3

Figure 15. The cumulative SFR is shown as a function of time. The red
lines represent the models with the Salpeter IMF while the blue lines refer to
the results obtained with the IGIMF. The models with τ infall = 0.005 Gyr are
represented by the dashed lines. The solid and thick lines represent the two
models with a longer infall time-scale of 5 Gyr. In grey the total uncertainties
(random and systematic) for the cumulative SFH taken from Weisz et al.
(2014) are shown.

and the cumulative SFH, they do not well reproduce the [α/Fe]
abundances, especially the model with the IGIMF. The MDF is also
not well reproduced, since too few metal-poor stars are predicted.
A better agreement with the observed abundances can be reached
with model I1CVnI, in particular for the [α/Fe] abundances, while
the predicted MDF is peaked at a lower [Fe/H] if compared with
the observed one (a sort of G-dwarf problem). Therefore, we cannot
draw any firm conclusion on the basis of the present data. In the
future, more data on abundance ratios will help to select the best
model.

5.4 The remaining galaxies

Regarding Gru I, Hor I, Ret II, Seg I, Seg II, Tri II, Tuc II, and
Tuc III, the results resemble the ones of Boo II given the similar
estimated stellar mass (M� ∼ 103 M�, for more details see Martin
et al. 2008, Bechtol et al. 2015 and Drlica-Wagner et al. 2015). In
Fig. 18, we show the abundances of all the stars belonging to this
subset of galaxies together with the model predictions obtained for
Boo II in the [α/Fe] versus [Fe/H] plane. For all these small UFDs
the IGIMF is not able to reproduce the observed abundances since
it predicts a negligible number of SN explosions and consequently
negligible α and iron enrichment.

Concerning the UFDs CVn II, Com, Leo IV and UMa II they have
an observed mass in between the ones of Boo I and Boo II (M� ∼
104 M�, Martin et al. 2008). For these galaxies star formation, SNe
Ia and II rates are similar to the ones of Boo I, but roughly an order of
magnitude lower. This implies a lower production of α elements and
iron from CC SNe, before the appearance of the Type Ia ones and
also a heavier truncation of the IGIMF. Consequently, the knee in the
[α/Fe] appears at lower [Fe/H] values than for Boo I, and therefore
they do not fit the observational data, even assuming ν = 0.1 Gyr−1.
In Fig. 19 we show the abundances for all the stars belonging in
these four galaxies, together with the model predictions obtained
for CVn II whose input parameters are summarized in Table 8. Even
for these galaxies the Salpeter IMF better fits the three observational
constraints than the IGIMF.

The last galaxy we have analyzed is Her whose physical features
are quite similar to Boo I ones. We have preferred to show the results
for Boo I, since for this galaxy more stars have been studied and
a larger sample of α-element abundances is available. In Fig. 20
are shown the abundances of Her and Boo I together with the
model predictions for Boo I galaxy. Focusing on calcium, the model
with the IGIMF assuming ν = 0.1Gyr−1 reproduces quite well the
observed abundances of Hercules. However, as obtained for Boo
I, the final mass derived for this model is more than twice the
observed value, making the IGIMF a worse IMF parametrization
than the Salpeter one.
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Figure 16. In the figure we compare the [α/Fe] versus [Fe/H] abundance ratios for Mg and Ca as observed in CVn I UFD member stars with the predictions
of the chemical models. In red we show the models with the Salpeter IMF while in blue the ones with the IGIMF. The models with τ infall = 0.005 Gyr are
represented by the dotted lines while the ones with τ infall = 5 Gyr by the solid thick lines. The data have been taken from François et al. (2016).

Figure 17. In the figure we report the observed MDF with the black line
together with the predictions of the models; the results obtained with the
Salpeter IMF are displayed in red, while in blue the ones with the IGIMF.
In the left-hand panel we show the results for I1CVnI and S2CVnI while in
the right-hand panel the predictions for I3CVnI and S4CVnI are shown.

In Figs 18, 19, and 20, we have also plotted the abundances of the
Galactic halo stars in order to compare them with the UFD ones.
It emerges that, unlike UFD stars, the Galactic halo ones do not
display any decline in the [α/Fe] ratio caused by the appearance
of Type Ia SNe. The discrepancy is particularly clear for Boo I,
Her, Hor I, Ret II, Tri II, and Tuc II. The overlap at extremely low
[Fe/H] is not relevant since, at these metallicities, the enhancement
in α-elements is a common feature to systems at the beginning of
their SFH. Better discriminating factors are the s-process elements
such as Ba (Spitoni et al. 2016) given the different ratios with iron
at low metallicities in systems with low SFR. Therefore, due to the
particular behaviour of the [α/Fe] ratio as discussed before and the
lack of data for UFDs we cannot draw firmer conclusions.

6 C O N C L U S I O N S

In this work, we have modelled the chemical enrichment history of
sixteen UFD galaxies focusing on the results obtained for three of
them, taken as prototypes of the least and the most massive UFDs
in our sample. The novelty of this work consists in the adoption of
a more physical IMF called IGIMF, in addition to the canonical
Salpeter IMF to test whether it is able to better reproduce the

observational constraints of these galaxies. We have adopted an
updated version of the numerical code of Lanfranchi & Matteucci
(2004), Vincenzo et al. (2014), and Vincenzo et al. (2015). The
adopted model takes into account gas infall and outflow, detailed
stellar nucleosynthesis for SNe CC, SNe Ia, and asymptotic giant
branch stars and different prescriptions for the IMF.

Given their very low observed stellar mass, UFDs should have
been characterized by a small initial reservoir of gas accreted on
short time-scales. In our model we impose to reproduce the observed
present-day stellar mass and the cumulative SFH of each galaxy,
while our unknowns are the gas and its chemical composition.
In order to reproduce the estimated present-day stellar masses in
presence of galactic winds, we have supposed that the most massive
UFDs have been formed by the accretion of an infall mass with
primordial composition of Minfall ∼ 107 M� while, for the least
massive ones, of Minfall ∼ 105 M�. The gas falls at a rate obeying a
decaying exponential law with an infall time-scale equal to τ infall =
0.005 Gyr, with the exception of CVn I where models with a longer
infall time-scale have been tested. The stellar masses are usually
derived from the spectral energy distribution method by adopting an
IMF. In the cases adopting the IGIMF, since no mass determinations
are available, we reproduced the observed visual magnitude by
means of a spectro-photometric model (Vincenzo et al. 2016).

In light of that, we summarize here the main results and
conclusions we have obtained in this work:

(i) We considered detailed stellar feedback and included galactic
wind in the models. We concluded that the best agreement with
data has been achieved assuming a wind efficiency (mass loading
factor) ω = 10 Gyr−1 as it was also derived by Vincenzo et al.
(2014), Lanfranchi & Matteucci (2004), and Romano et al. (2019)
for UFDs. It is worth noting that for the smallest galaxies the galactic
wind never occurs for low SFE due to the small or negligible number
of SNe.

(ii) With the very low SFRs predicted for our 16 galaxies (10−4–
10−6 M�yr−1), the metallicity-dependent IGIMF proposed by R14
strongly suppresses the formation of massive stars as well as
decreases substantially the production of SNe Ia progenitors. For
the most massive galaxies it implies a negligible production of CC
SNe at low SFEs, while for the least massive ones the same result is
obtained also for higher SFEs (ν = 0.1 Gyr−1). The consequence of

MNRAS 495, 3276–3294 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/495/3/3276/5762795 by U
niversita' degli Studi di Trieste user on 03 August 2021



Chemical evolution of UFDs: testing the IGIMF 3291

Figure 18. In the figure we compare the [α/Fe] versus [Fe/H] abundance ratios for Si, Ti, Mg, and Ca as observed in Boo II (Koch & Rich 2014; Ji et al.
2016a), Gru I (Ji et al. 2019), Hor I (Nagasawa et al. 2018), RetII (Ji et al. 2016b), Seg I (Frebel, Simon & Kirby 2014), Seg II (Roederer & Kirby 2014), Tri II
(Kirby et al. 2017; Venn et al. 2017), Tuc II (Chiti et al. 2018), and Tuc III (Hansen et al. 2017; Marshall et al. 2019) UFDs member stars with the same model
predictions of Fig. 13. The abundances of the Galactic halo stars have been taken from Roederer et al. (2014). The mean error on the UFD stars abundances
are around ∼0.17 dex for Fe while for α-elements it is around ∼0.25 dex.

this strong truncation of the IGIMF leads to a negligible enrichment
in iron and α-elements.

(iii) The models with the IGIMF best fitting the present-day
stellar mass and the cumulative SFH are not able to match the other
two observational constraints, underestimating the [α/Fe] ratios at
the [Fe/H] values of the analyzed stars and producing too many
extremely metal-poor stars than observed. These discrepancies are
the more evident the lower is the observed stellar mass of the galaxy,
because of the low chemical enrichment predicted by the more
truncated IGIMF. Therefore, the IGIMF does not seem to work in
the regions of very low SFR and metallicity typical of UFDs.

(iv) In the case of CVn I, which is considered more as a dSph
galaxy, a short infall time-scale, typical of UFDs, does not allow us
to reproduce the cumulative SFH derived by observations, since it
predicts a too step rise of the cumulative SFH. However, if a longer
infall time-scale is assumed, the MDF and the [α/Fe] abundances
are not well reproduced, for both the two IMFs. Therefore we

are not able to determine which IMF better reproduces the four
observational constraints of this galaxy. More data on this galaxy
are necessary before drawing firm conclusions.

(v) We are forced to conclude that the models with the Salpeter
IMF are able to better reproduce the data than the IGIMF, at least for
the version adopted here (R14). Perhaps an IGIMF with a weaker
dependence on the SFR and a stronger dependence on metallicity
would better fit the properties of these extremely small galaxies.
Recently, a new IGIMF has been proposed by Yan, Jerabkova &
Kroupa (2017) and Jeřábková et al. (2018) which enhances the
dependence of the slopes of IMF on metallicity, extending it to
the low mass range. Such IMF has been applied to the chemical
evolution of elliptical galaxies by Yan et al. (2019).
Nevertheless, the models assuming the Salpeter IMF that we have
selected as the ones best reproducing the present-day stellar mass
match well the [α/Fe] trends but, for a large number of galaxies,
they predict too many metal-poor stars than what have been derived
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Figure 19. In the figure we compare the [α/Fe] versus [Fe/H] abundance ratios for Si, Ti, Mg, and Ca as observed in CVn II (François et al. 2016), Com
(Frebel et al. 2010), Leo IV (Simon et al. 2010; François et al. 2016) and UMa II (Frebel et al. 2010) UFDs member stars with the model predictions of CVn
II whose input parameter are reported in Table 8. The abundances of the Galactic halo stars have been taken from Roederer et al. (2014). The mean error on
the UFD stars abundances are around ∼0.18 dex both for Fe and α-elements.

Table 8. Input parameters used for all the chemical evolution models performed for Canes Venatici II. Columns:
(1) star formation efficiency, (2) wind efficiency, (3) infall time-scale, (4) SFH (Brown et al. 2014), (5) total infall
gas mass, (6) mass of the DM halo (Collins et al. 2014) obtained using Martin et al. (2008) half-light radius values,
(7) half-light radius (Martin et al. 2008), (8) ratio between the half-light radius and the DM effective radius, and
(9) IMF.

Canes Venatici II: parameters of the model
ν ω τ inf SFH Minfall MDM rL S = rL

rDM
IMF

(Gyr−1) (Gyr) (Gyr) (M�) (M�) (pc)

0.005/0.01/0.1 10 0.005 0−1 2.5 × 106 0.9 × 106 74 0.3 IGIMF/Salpeter

by observations. This is similar to the G-dwarf problem but, with
the exception of CVnI which has a longer SF episode, it persists
even for longer infall time-scales than the one adopted here (τ inf

> 0.005 Gyr). The explanation of such a discrepancy could be
an observational bias: the samples we have used to build-up the
MDFs could be influenced by the instrumentation capability to
detect extremely low-metallicity stars because of the weak spectral
lines characterizing these stars.

(vi) Comparing the abundances of UFD stars with the Galactic
ones, we suggest that at least a fraction of UFDs could not
be the building blocks of the halo given the different [α/Fe]
trends observed for UFDs and the Galactic halo. To draw
firmer conclusions more data about UFDs are necessary and
more elements should be studied such as barium (Spitoni et al.
2016).
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Figure 20. In the figure we compare the [α/Fe] versus [Fe/H] abundance ratios for Si, Ti, Mg, and Ca as observed in Boo I and Her UFDs member stars with
the same model predictions of Fig. 7. For Her the abundances have been taken from Koch et al. (2008), Adén et al. (2011), and François et al. (2016) while the
once of the Galactic halo stars from Roederer et al. (2014). The mean error on the UFD stars abundances are around ∼0.18 dex both for Fe and α-elements.

For future projects, it will be interesting to put more stringent
constraints on the stellar mass and IMF of UFDs by using photo-
chemical evolution models that reproduce at the same time the
observed chemical abundances and photometric properties (includ-
ing the CMD) of UFD stars, taking into account the intrinsic
incompleteness of observations (see also Vincenzo et al. 2016).
Finally, another promising follow-up will be to study the neutron-
capture chemical abundances in UFDs with our chemical-evolution
model including different IMFs and nucleosynthetic scenarios like
merging neutron stars (see also Matteucci et al. 2014; Vincenzo
et al. 2015).
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