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ABSTRACT

We present deep photometry in the B, V and I filters from CTIO/MOSAIC for about 270 000 stars in the Fornax dwarf spheroidal
galaxy, out to a radius of rell ≈ 0.8 degrees. By combining the accurately calibrated photometry with the spectroscopic metallicity
distributions of individual red giant branch stars we obtain the detailed star formation and chemical evolution history of Fornax.
Fornax is dominated by intermediate age (1−10 Gyr) stellar populations, but also includes ancient (10−14 Gyr), and young (≤1 Gyr)
stars. We show that Fornax displays a radial age gradient, with younger, more metal-rich populations dominating the central region.
This confirms results from previous works. Within an elliptical radius of 0.8 degrees, or 1.9 kpc from the centre, a total mass in stars
of 4.3 × 107 M was formed, from the earliest times until 250 Myr ago.
Using the detailed star formation history, age estimates are determined for individual stars on the upper RGB, for which spectroscopic
abundances are available, giving an age-metallicity relation of the Fornax dSph from individual stars. This shows that the average
metallicity of Fornax went up rapidly from [Fe/H] ≤ −2.5 dex to [Fe/H] = −1.5 dex between 8−12 Gyr ago, after which a more
gradual enrichment resulted in a narrow, well-defined sequence which reaches [Fe/H] ≈ −0.8 dex, ≈3 Gyr ago.
These ages also allow us to measure the build-up of chemical elements as a function of time, and thus determine detailed timescales
for the evolution of individual chemical elements. A rapid decrease in [Mg/Fe] is seen for the stars with [Fe/H] ≥ −1.5 dex, with a
clear trend in age.
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1. Introduction
Due to their close proximity to the Milky Way (MW), dwarf
spheroidal galaxies (dSph) can easily be resolved into individual stars, and studied in detail. Once thought to be the simplest
systems in the Local Group (LG), the dSphs have been found
to display complicated evolutionary histories (e.g., Tolstoy et al.
2009).
Fornax is a well studied galaxy, discovered by Shapley in
1938, and is one of the most luminous and massive dSphs in the
LG, second only to the Sagittarius dwarf (Mateo 1998). It has
an absolute magnitude of MV = −13.3, and a total (dynamical)


Table 1 is only available at the CDS via anonymous ftp to
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Association of Universities for Research in Astronomy, under contract
with the National Science Foundation.

The National Optical Astronomy Observatory is operated by
AURA, Inc., under cooperative agreement with the National Science
Foundation.

mass of ≈1.6 × 108 M , from modelling of kinematic data out to
a radius of 1.9 kpc (Walker et al. 2006; Klimentowski et al. 2007;
Łokas 2009). Fornax is located at a distance of 138 ± 8 kpc ((m −
M)V = 20.84 ± 0.04), determined using RR Lyrae stars, in good
agreement with other measurements using the infrared tip of the
red giant branch (RGB) method and the horizontal branch (HB)
level (Greco et al. 2005; Rizzi et al. 2007; Pietrzyński et al.
2009). The estimated reddening toward Fornax, from extinction
maps, is E(B − V) = 0.03 (Schlegel et al. 1998).
Fornax can easily be resolved into individual stars, but
given the substantial size on the sky (rtidal = 71 ± 4 arcmin
or 2.85 ± 0.16 kpc), wide-field imaging is needed to study
the spatial distribution of the resolved stars (e.g., Irwin &
Hatzidimitriou 1995; Battaglia et al. 2006). The first structural
study of Fornax was made with photographic plates by Hodge
(1961b), revealing that the ellipticity of Fornax isophotes increases with distance from the centre. Furthermore, an asymmetry was found with a peak density oﬀset from the central position (de Vaucouleurs & Ables 1968; Hodge & Smith 1974).
Unusually for LG dwarf galaxies, several globular clusters (GC)
were also found (Shapley 1938; Hodge 1961a), around the
Fornax dSph.
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CCD studies were later conducted in the Fornax dSph, down
to ever decreasing brightness levels (Eskridge 1988a,b; Demers
et al. 1994; Irwin & Hatzidimitriou 1995; Walcher et al. 2003).
The presence of old stellar populations (≥10 Gyr) was confirmed
by the discovery of several RR Lyrae stars (Bersier & Wood
2002), and the presence of an extended HB (Saviane et al. 2000).
Photometric studies have also revealed a large number of carbon stars, indicating a substantial intermediate age (1−10 Gyr)
population (Aaronson & Mould 1980, 1985; Azzopardi et al.
1999). In the central regions of Fornax, young main sequence
stars (≤1 Gyr) were first identified by Buonanno et al. (1985),
which led to the discovery of a stellar population gradient of
the young and intermediate age stars (Stetson et al. 1998).
Photometric surveys of Fornax have found stellar over-densities
and “shells”, some of which are believed to be the result of a
recent encounter with a smaller system (Coleman et al. 2004,
2005b; Olszewski et al. 2006).
The star formation history (SFH) of Fornax has been determined using deep colour–magnitude diagrams (CMDs) (Stetson
et al. 1998; Buonanno et al. 1999; Saviane et al. 2000; Gallart
et al. 2005). Using wide-field CMDs, Stetson et al. (1998) determined the age of the young MS population to be 100−200 Myr,
with similar results found by Saviane et al. (2000). Deep photometry in small fields close to the centre of Fornax indicate
that star formation started ≈12 Gyr ago, continuing almost
to the present day, with a young episode of star formation
1−2 Gyr ago (Buonanno et al. 1999; Gallart et al. 2005).
Furthermore, hints were found of separate Sub-Giant Branches,
indicating that star formation may have occurred in discrete
episodes (Buonanno et al. 1999).
A deep photometric survey was made by Coleman & de Jong
(2008), covering an area of 5.25 deg2 centred on Fornax, down
to a 50% completeness limit of B = 23.0 and R = 23.5. The SFH
was determined at diﬀerent radii from the centre, showing that
Fornax experienced a complex evolutionary history with numerous epochs of star formation. A significant population gradient
was found with radius, with ancient stars being present at all
radii, but more recent star formation concentrated to the centre.
The star formation is found to have gradually decreased from the
earliest times, until a sudden episode of strong star formation occurred ≈4 Gyr ago.
Numerous spectroscopic studies have also been performed
in Fornax, of individual stars on the upper RGB. Medium resolution Ca ii triplet spectroscopy has provided [Fe/H] measurements for increasing numbers of stars (33 stars; Tolstoy et al.
2001; 117 stars; Pont et al. 2004; 870 stars; Battaglia et al. 2008;
675 stars; Kirby et al. 2010). These studies provide a detailed
metallicity distribution function (MDF) of Fornax, which shows
that the dominant population is relatively metal-rich ([Fe/H] ≈
−0.9 dex), but that stars as metal-poor as [Fe/H] ≤ −3.7 dex
are also present (Tafelmeyer et al. 2010). By analyzing the spatial distribution of stars in diﬀerent age ranges, it became clear
that the ancient stars display a more extended spatial distribution (with colder kinematics) than the intermediate age stars, and
the latter of the younger stars (Battaglia et al. 2006).
High resolution (HR) spectroscopic studies of individual
RGB stars in Fornax have been carried out within the central 0.3 degrees of Fornax, for 3 stars (Tolstoy et al. 2003;
Shetrone et al. 2003), 9 stars in three globular clusters (Letarte
et al. 2006) and more recently 81 stars (Letarte et al. 2010) using VLT/FLAMES. These studies have revealed the complex
abundance pattern for individual stars in Fornax, including alpha, iron-peak and heavy-elements.
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The observed properties of the Fornax dSph have been
modelled several times, in simulations using diﬀerent techniques, making Fornax one of the best studied dSphs in the
LG (e.g., Lanfranchi & Matteucci 2003; Mashchenko et al.
2008; Revaz et al. 2009; Kirby et al. 2011; Revaz & Jablonka
2012). The chemo-dynamical smoothed-particle hydrodynamics (SPH) code used by Revaz & Jablonka (2012) correctly
matches the observed metal-rich MDF of Fornax, and shows
a narrow [Mg/Fe] distribution, consistent with trends derived
from HR spectroscopy. Cosmological simulations have reproduced the stellar parameters of a model galaxy in good agreement with the Fornax dSph, including a globular cluster system (Mashchenko et al. 2008). Furthermore, chemical evolution
models of the Fornax dSph have been able to reproduce the observed MDF and alpha-element distribution (e.g., Lanfranchi &
Matteucci 2003; Kirby et al. 2011).
In this work, we present new accurately calibrated, widefield photometry of the Fornax dSph, going down to the main sequence turn-oﬀ (MSTO), carried out with MOSAIC on the CTIO
4 m/Blanco telescope. Using the accurate photometry, the SFH
is determined over a large area of the Fornax dSph, using CMD
synthesis methods (e.g., Tosi et al. 1991; Tolstoy & Saha 1996;
Gallart et al. 1996a; Dolphin 1997; Aparicio et al. 1997; de Boer
et al. 2012). Spectroscopic metallicities (from Ca ii triplet spectroscopy) are directly used in combination with the photometry,
to provide additional constraints on the age of the stellar populations, as desribed in de Boer et al. (2012). The detailed SFH is
used to determine the probability distribution function for age of
individual stars, giving age estimates for stars on the upper RGB.
These ages are linked to observed spectroscopic metallicities and
abundances, giving an accurate age-metallicity relation (AMR)
and the timescale of chemical enrichment in the Fornax dSph.
The paper is structured as follows: in Sect. 2 we present our
photometric and spectroscopic observations. Section 3 presents
the CMDs of Fornax and an analysis of the spatial variations
of stellar populations within Fornax. In Sect. 4 we describe the
specifics of the method used to obtain the SFH of Fornax. The
analysis of the detailed, spatially resolved SFH is given in Sect. 5
and the chemical evolution timescales derived from individual
RGB stars in Sect. 6. Finally, Sect. 7 discusses the results obtained from the SFH and chemical evolution timescales.

2. Data
2.1. Photometry

Deep optical photometry of the Fornax dSph in the B, V and
I filters was obtained using the CTIO 4-m MOSAIC II camera over 9 nights in October 2008 and November 2009. Deep
photometry for the outer fields was obtained as part of observing proposal 2008B-0397 (PI M. Mateo) supplemented by deep
pointings covering the centre of Fornax as part of observing
proposal 2009B-0157 (PI A. Saha). Our observing strategy was
to obtain several non-dithered, long (600 s) exposures for each
pointing, which were stacked together to obtain the deepest photometry possible. Short (10 s, 90 s) exposures were also obtained, in order to sample the bright stars that are saturated in
the deep images.
In order to ensure accurate photometric calibration of the
data set, several fields were observed in Fornax using the 0.9 m
CTIO telescope, under photometric conditions. Furthermore,
observations were also made of Landolt standard fields (Landolt
1992, 2007) covering a range of diﬀerent airmass and colour.
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Fig. 1. Coverage of the photometric and spectroscopic observations
across the Fornax dwarf spheroidal galaxy. The big squares denote the
coverage of the CTIO 4 m/MOSAIC fields, while the smaller squares
show the CTIO 0.9 m fields. The open (blue) circles show the stars observed in the VLT/FLAMES Ca ii triplet survey (Battaglia et al. 2008;
Starkenburg et al. 2010), for which only [Fe/H] is determined. The
solid (red) dots mark the stars observed using medium (Kirby et al.
2010) and high resolution spectroscopy (Letarte et al. 2010), for which
both [Fe/H] as well as α-element abundances are determined. The
dashed (green) ellipse is the tidal radius of Fornax, as given by Battaglia
et al. (2006).

The positions of the observed fields from the 4 m telescope
are shown in Fig. 1. The spatial coverage of the B and V filters
is complete for rell ≤ 0.8 degrees, while the I filters is complete
for rell ≤ 0.4 degrees. The position, exposure time, airmass and
seeing conditions of the Fornax fields are given in Appendix A.
The reduction and accurate calibration of this dataset follows the steps described in detail in de Boer et al. (2011). An
accurate astrometric solution was determined for each pointing,
after which the diﬀerent exposures of each field were aligned
and stacked together to obtain a single, deep image. Photometry
was carried out on all images using DoPHOT (Schechter et al.
1993). An accurate photometric calibration solution was determined using the standard star observations, depending on
airmass, colour and brightness. All fields were calibrated and
subsequently placed on the same photometric scale using the
overlapping regions between diﬀerent fields. Finally, the diﬀerent fields were combined to obtain a single, carefully calibrated
photometric catalog, which is given in Table 1.
2.2. Spectroscopy

Medium and high resolution spectroscopic observations are
available for individual stars on the RGB in Fornax, giving measurements of [Fe/H] and the detailed abundance patterns of individual stars.
Medium resolution (R ∼ 6500) Ca ii triplet spectroscopy
is available for 870 individual RGB stars in the Fornax
dSph, from VLT/FLAMES observations (Battaglia et al. 2006,
2008) with the Ca ii triplet [Fe/H] calibration from Starkenburg
et al. (2010). These observations provide [Fe/H] measurements for stars out to a radius of 1.3 degrees from the centre of the Fornax dSph, and include a range in metallicities
from −3.0 < [Fe/H] < −0.5 dex. Furthermore, medium
resolution spectroscopy by Kirby et al. (2010) provides [Fe/H]
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Fig. 2. Comparison between [Fe/H] and [Mg/Fe] from HR and medium
resolution spectroscopy, from Letarte et al. (2010) (HR), Battaglia et al.
(2008) (CaT) and high S/N stars of Kirby et al. (2010) (Kirby) using overlapping stars. a) Comparison of the metallicity of HR spectroscopy with high S/N Kirby (red) and CaT (blue) stars, as a function
of metallicity. b) The diﬀerence between medium resolution spectroscopic datasets of Kirby and CaT. c) Comparison between the [Mg/Fe]
determined using HR and medium resolution spectroscopy.

and α-element abundances for 675 stars within the central
0.3 degrees of Fornax, with a metallicity range of −2.8 <
[Fe/H] < −0.1 dex. From this dataset, only those stars with an
uncertainty in [Fe/H] and [Mg/Fe] lower than 0.2 dex are used,
to select only the brightest stars with a high signal-to-noise. This
brings their sample to a total of 72 stars to be considered in the
analysis.
Furthermore, HR spectroscopy (from VLT/FLAMES) is also
available for rell ≤ 0.3 degrees, for 81 individual RGB stars in
the Fornax dSph (Letarte et al. 2010), providing [Fe/H] as well as
α-elements (O, Mg, Ca, Si, Ti) and r- and s-process elements (Y,
La, Ba, Eu, Nd). For [α/Fe] obtained from these observations, we
assume [α/Fe] = ([Mg/Fe] + [Ca/Fe] + [Ti/Fe])/3. The HR spectroscopy covers a range in metallicity from −2.6 < [Fe/H] <
−0.6 dex, for stars on the upper RGB.
The spatial coverage of the spectroscopic observations is
shown in Fig. 1, for both the DART HR and Ca ii triplet spectroscopy as well as the Kirby spectroscopy.
To determine if the DART and Kirby spectroscopic catalogs
are consistent, we compare [Fe/H] and [Mg/Fe] abundances for
overlapping stars. Figure 2 shows that the metallicities derived
for Ca ii triplet datasets Battaglia et al. (2008); Starkenburg et al.
(2010) and medium resolution spectroscopy Kirby et al. (2010)
are consistent over the metallicity range probed by the overlapping stars. Furthermore, Fig. 2c shows that the [Mg/Fe] derived for the highest signal-to-noise ratio (S/N) measurements
from Kirby et al. (2010) are consistent with those determined
from the HR spectroscopy of Letarte et al. (2010).

3. The colour–magnitude diagrams
The full, calibrated photometry catalog discussed in Sect. 2.1
contains photometry in the Fornax dSph in the B, V and I filters for radii out to rell ≈ 1.5 degrees. Due to the spatial coverage of the catalog, the B and V filters are fully sampled for
radii rell ≤ 0.8 degrees, while the I filter is complete only for
rell ≤ 0.4 degrees. Figure 3 shows a (V, B − V) CMD of the
A73, page 3 of 16
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Fig. 3. Fornax (V, B − V) CMD of the central rell ≤ 0.4 degrees with boxes identifying the diﬀerent stellar populations. BHB: blue horizontal
branch, RHB: red horizontal branch, RGB: red giant branch, MSTO: main sequence turn-oﬀ, BP: blue plume, BL: blue loop, RC: red clump,
AGBb: AGB bump. A box providing an estimate of the Milky Way foreground contamination is also shown (FG). Error bars represent the
photometric errors at each magnitude level.
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inner rell ≤ 0.4 degrees of the Fornax dSph, marked with the
diﬀerent features that can be identified in the CMD.
The CMD of Fornax displays a wide variety of evolutionary
features, consistent with an extended period of star formation.
The presence of blue RGB stars and an old MSTO indicates ancient stars (≥10 Gyr), which is consistent with the presence of
blue horizontal branch (BHB) stars. A well populated red horizontal branch (RHB) and red clump (RC) indicate that the main
population of stars in Fornax has intermediate age (1−10 Gyr),
further supported by the presence of a strong red RGB population. Clear signs of recent star formation (≤2 Gyr) are also
found in Fig. 3, such as the presence of blue loop (BL) stars and
a strong blue plume (BP) population.
To determine the photometric completeness of the CMD, a
large number of artificial star test simulations have been carried
out, similar to the method described in de Boer et al. (2012). A
set of artificial stars was generated with parameters within the
range 0.25 < age < 15 Gyr, −2.5 < [Fe/H] < −0.30 dex,
−0.2 < [α/Fe] < 0.60 dex. Stars were distributed randomly
across the six MOSAIC pointings in Fornax, in 3 diﬀerent filters. To avoid changing the crowding properties in the images
no more than 5% of the total observed stars were ever injected
as artificial stars at one time. A total of 400 images in each of the
two inner fields, and 200 images in each of the four outer fields
were created, containing 5000 artificial stars each. This resulted
in 4000 images, containing a total of 8 million artificial stars
spread across the full area of the Fornax dSph.

23

24

25
0

0.1

0.2

0.3

0.4
rell (deg)

0.5

0.6

0.7

0.8

Fig. 4. The 50% completeness level in the B (solid blue line), V (green
dashed line) and I (red dotted line) filters for increasing elliptical radius (rell ) from the centre of the Fornax dSph. The vertical (black) line
indicates the radius up to which observations in the I filter are completely sampled.

Figure 4 shows the variation of the 50% completeness level
with distance from the centre of Fornax, in the three diﬀerent
filters. The completeness levels for the B and V filters are comparable at each radius, while the 50% completeness level in the
I filter is systematically brighter due to the increased sky brightness in I. However, the higher intrinsic brightness of stars in
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Fig. 5. (V, B−V) colour–magnitude diagrams of the Fornax dwarf spheroidal, shown for increasing elliptical radius. Error bars showing the average
photometric error and a 50% completeness line (red) are also included. The solid blue line shows a reference isochrone corresponding to the RGB
of the dominant population ([Fe/H] = −1.00 dex, [α/Fe] = 0.00 dex, Age = 4 Gyr).

the I band compensates for the brighter completeness level. The
completeness level in the I filter is shown only for rell ≤ 0.4 degrees, due to the lack of I band observations in the outer parts
of Fornax. The centre of Fornax is less complete at a fixed magnitude limit than the outer regions, due to the large amount of
crowding in the central region, which means fewer stars are
unambiguously detected, and placing the 50% completeness at
brighter magnitude levels.
3.1. Spatial variations

Using the full catalog we can construct CMDs at diﬀerent radii
from the centre of the Fornax dSph, which can be used to study
the radial behaviour of diﬀerent evolutionary features. Figures 5
and 6 show carefully calibrated (V, B−V) and (I, V−I) CMDs for
the Fornax dSph at diﬀerent elliptical radii (rell ). Error bars show
the photometric errors at each magnitude level, and the (red) line
indicates the 50% completeness level at each elliptical radius.
A reference isochrone tracing the dominant RGB of Fornax is
also shown, in blue. No de-reddening has been applied to the
CMDs in Figs. 5 and 6. Instead, models and isochrones used in
the CMD analysis are reddened using the extinction coeﬃcient
adopted for Fornax (Schlegel et al. 1998).
Figures 5 and 6 show that the stellar populations in Fornax
change with radius from the centre. Ancient stars (≥10 Gyr) are
visible at all radii, indicated by the presence of a blue RGB and
old MSTO stars. Additionally, the outskirts of Fornax show a
well populated BHB population, which is heavily contaminated
in the inner parts by the presence of young stars.

The red RGB and RC populations are dominant in the centre
of Fornax, but disappear from the CMDs with increasing elliptical radius. This is a clear sign that the intermediate age stars are
more centrally concentrated than the old stars.
The bright BP stars are confined to the innermost radial
bin in Figs. 5 and 6. The outskirts of Fornax do show a population of blue stars extending from the old MSTO, but these
stars display a diﬀerent slope than the BP stars observed in
the central region. This feature could be due to the presence of
young stars, but is likely caused by the presence of blue straggler stars (BSS; Mapelli et al. 2009). The bright BP populations disappear rapidly at larger distances from the centre, which
indicates a radially changing age and/or metallicity of stars in
Fornax.
This is also seen in the radial distribution of the BP, RGB
and MSTO populations, as given in Fig. 7. The young (BP) population is most centrally concentrated, while the stars on the
RGB (which traces both the intermediate and old populations)
are more extended. Finally, the old MSTO stars show an
extended radial distribution, with stars present at all radii. To
study the stellar populations of Fornax, and their trends, in more
detail we analyse the diﬀerent CMD features and search for variations with elliptical radius.
3.1.1. The red giant branch

The RGB of Fornax displays a wide spread in colour, as seen
in Figs. 5 and 6. This is indicative of a spread in metallicity and/or age, as first found by Stetson et al. (1998). To
A73, page 5 of 16
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Fig. 6. (I, V − I) colour–magnitude diagrams of the Fornax dSph for increasing elliptical radius. The error bars show the average photometric error
at each magnitude level, and the red line indicates the 50% completeness level. The solid blue line shows a reference isochrone corresponding to
the dominant RGB population in Fornax.

3.1.2. The main sequence turn-offs
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Fig. 7. Normalised radial distribution of the BP, RGB and MSTO populations (shown in Fig. 3) of the Fornax dSph.

investigate the properties of RGB stars in detail we use the
medium resolution Ca ii triplet spectroscopy of individual RGB
stars from Starkenburg et al. (2010, see Sect. 2.2). Figure 8
shows the RGB of Fornax overlaid with the [Fe/H] metallicities
of individual RGB stars where Ca ii spectroscopy is available.
Due to the higher crowding in the central region a brighter magnitude limit was adopted for the spectroscopic observations in
the innermost radial bin in Fig. 8.
The inner regions of Fornax show stars with metallicities
ranging from −2.8 ≤ [Fe/H] ≤ −0.2 dex. The strong red
RGB component seen in Figs. 5 and 6 shows a metallicity of
[Fe/H] ≈ −1.0 dex, and is well traced by an isochrone with an
age of 4 Gyr. For increasing radius, Fig. 8 shows that the most
metal-rich populations ([Fe/H] ≥ −0.7 dex) rapidly disappear.
The dominant RGB population also diminishes with radius from
the centre, albeit at a slower pace. Conversely, the metal-poor,
old populations ([Fe/H] ≤ −1.7 dex) remain present at all radii.
This observed eﬀect with distance from the centre indicates the
presence of a metallicity gradient with radius in Fornax.
A73, page 6 of 16

The MSTO region of the Fornax dSph (see Fig. 5) shows the
presence of stellar populations with a wide range of ages, from
very young (BP) to very old (red MSTO). Previous studies of this
region have found clear evidence of a population gradient with
radius in the Fornax dSph (Stetson et al. 1998; Buonanno et al.
1999; Gallart et al. 2005). Here, we present deep homogeneous
photometry of the MSTO region covering a large fraction of the
galaxy out to rell = 0.8 degrees.
Figure 9 shows the MSTO region of the Fornax dSph
at diﬀerent radii from the centre. Reference isochrones have
been overlaid on the CMDs, representative of the metallicity of the old, intermediate and young populations present in
Fornax (Battaglia et al. 2008; Starkenburg et al. 2010; Letarte
et al. 2010). The ages of the isochrones have been selected to
fit the colours of RGB stars of the corresponding metallicity or
the observed distribution of young MS stars. Figure 9 clearly
shows that the youngest populations are confined to the centre
of Fornax, while the older populations are more extended. The
youngest BP populations disappear rapidly as we go outward
from the Fornax centre.
For increasing elliptical radius the dominant intermediate
population also diminishes, as becomes clear when comparing
the area underneath the (red) metal-rich reference isochrone at
diﬀerent distance from the centre. Conversely, the oldest populations traced by the (blue) metal-poor isochrone remain present
at each elliptical radius. A random selection of equal numbers
of stars in each panel shows that this eﬀect is not due to the decreased total number of stars at diﬀerent elliptical radii. These
trends are consistent with a radial gradient in both metallicity
and age in the Fornax dSph, spanning a wide range in age.

4. SFH method
To determine the SFH of the Fornax dSph, we compare the observed CMDs with a grid of synthetic CMDs using Hess diagrams (plots of the density of observed stars) of stars in the
CMD. We use Talos, which is based on the synthetic CMD
method (e.g., Tosi et al. 1991; Tolstoy & Saha 1996; Gallart et al.
1996a; Dolphin 1997; Aparicio et al. 1997). Uniquely, Talos
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Fig. 8. The RGB region of the Fornax dSph at diﬀerent elliptical radii, rell . The (black) dots show the photometry, while the larger (coloured)
circles indicate the [Fe/H] measurements of individual RGB stars from Starkenburg et al. (2010).

simultaneously takes into account observations in all available
photometric filters as well as the spectroscopic MDF, to obtain
a well constrained SFH, as discussed in detail in de Boer et al.
(2012).
First, a set of synthetic ideal CMDs and MDFs is generated
using the Dartmouth Stellar Evolution Database (Dotter et al.
2008), for population bins covering the range in age, metallicity and α-element abundances. To simulate observational conditions in the synthetic CMDs used to determine the Fornax
SFH, we make use of the artificial star test simulations described in 3. This approach is the only way to take into account the complex eﬀects that go into the simulation of observational biases, such as colour-dependence of the completeness
level and the asymmetry of the photometric errors of stars at
faint magnitudes (e.g. Gallart et al. 1996b). The results from the
artificial star tests are used to include observational errors in
synthetic CMDs in a statistical manner, so they can be compared
directly to the observed CMDs, to obtain the best matching SFH.
Using the synthetic CMDs, model MDFs are generated by
extracting only the stars corresponding to the same magnitude
range as the spectroscopic sample. The stars are binned in metallicity and convolved with a Gaussian profile to simulate observational errors.
The diﬀerence between model and observed CMD and MDF
is minimized according to a Poisson equivalent of χ2 (Dolphin
2002). The uncertainties on the SFH are obtained by determining the SFH using a series of diﬀerent CMD and parameter griddings, as described by Aparicio & Hidalgo (2009). The average of all solutions is adopted as the final SFH, with the standard deviation as error bars. In this way, the best matching star
formation rate (SFR) is obtained for each population bin (with
age and metallicity) considered in the SFH. These values are

then projected onto one axis to obtain the SFR as a function of
age (SFH) or metallicity (chemical evolution history).
Talos has been extensively tested, and has been shown to accurately reproduce the properties of both real and synthetic test
data (de Boer et al. 2012). Before applying Talos to our photometric and spectroscopic data sets of the Fornax dSph, we need
to take into account the specifics of the SFH determination of
this galaxy.
4.1. Parameter space

The limits of populations adopted in the SFH are determined
by considering all available information from the current data
sets (see Sect. 2) as well as the literature.
For the limits on metallicity, we consider the spectroscopic
MDF from Ca ii triplet and HR spectroscopy. On the metalpoor end, the [Fe/H] is limited to [Fe/H] = −2.5 dex, by the
availability of metallicity in the Dartmouth Stellar Evolution
Database (Dotter et al. 2008). However, this is not a problem,
since the MDF shows that almost no stars in the Fornax spectroscopic sample have [Fe/H] ≤ −2.5 dex (Starkenburg et al. 2010).
On the metal-rich end, the spectroscopic MDF shows that no
stars with [Fe/H] ≥ −0.5 dex are present on the RGB. However,
higher metallicities may be present in young Main Sequence
stars, which have no corresponding RGB. From previous derivations of the SFH, no stars have been found more metal-rich than
[Fe/H] = −0.1 dex (Coleman & de Jong 2008), which we adopt
as the metallicity limit in our SFH. A binsize of 0.2 dex is assumed for [Fe/H], which is similar to the average observed uncertainty on [Fe/H].
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Fig. 9. The distribution of stars in the MSTO region of the Fornax dSph, for diﬀerent elliptical radii. Three isochrones are overlaid, representative
of the metal-rich ([Fe/H] = −1.00 dex, [α/Fe] = 0.00 dex, age = 4 Gyr, red) and metal-poor populations ([Fe/H] = −2.45 dex, [α/Fe] = 0.40 dex,
age = 14 Gyr, blue) on the RGB, as well as the young population of the Fornax dSph ([Fe/H] = −0.30 dex, [α/Fe] = −0.20 dex, age = 0.3 Gyr,
green dotted).

In order to take into account the α-element abundances, we
adopt a linear [Fe/H] vs. [α/Fe] relation, based on the HR spectroscopic abundances (Letarte et al. 2010). A range in [α/Fe] is
assumed for each bin in [Fe/H], which reproduces the trends in
the HR data.
The choice of possible ages to adopt in the SFH solution
is motivated by previous derivations of the SFH of the Fornax
dSph. Previous work has shown that Fornax contains stars covering all ages, from ancient (≥10 Gyr) to very young (≤1 Gyr)
ages (Buonanno et al. 1999; Gallart et al. 2005; Coleman &
de Jong 2008). This is also consistent with the observed CMDs,
which show a prominent blue plume, caused by stars with
ages less than 1 Gyr. The lower limit in age is set by the
adopted isochrone set, which does not contain isochrones with
ages ≤0.25 Gyr. Assuming a maximum age of 14 Gyr, for the
age of the Universe, we consider therefore a range of ages between 0.25 and 14 Gyr old. A binsize of 1 Gyr is used for
ages ≥5 Gyr, 0.5 Gyr for ages between 1−5 Gyr and 0.25 Gyr
for ages ≤1 Gyr, to take into account the diﬀerent age sensitivity
of young MSTOs (Hidalgo et al. 2011).
4.2. Age resolution

The age resolution of the SFH solution determined by Talos is
important to understand the limitations of our derived SFH of
Fornax. The ability to resolve episodes of star formation at different ages depends mainly on the photometric depth of the observed photometry. Furthermore, the method of determining the
A73, page 8 of 16

uncertainties of the solution (see Sect. 4) results in a smoothing
of the SFH, which gives limits to the resolution of the SFH at
diﬀerent ages. The age resolution of the solutions is determined
by the ability to recover the SFH of a set of synthetic populations
at diﬀerent input ages (e.g., Hidalgo et al. 2011).
A set of seven synthetic short episodes of star formation (with a duration of 10 Myr) was generated, with diﬀerent
input ages covering the age range adopted for Fornax (0.6, 2.2,
4.2, 6.5, 8.5,10.5 and 12.5 Gyr). The metallicity distribution of
the synthetic episodes is chosen to match the observed MDF of
Fornax. Using artificial star test results, observational conditions
were simulated corresponding to the central region of Fornax.
Given that the crowding is highest in this part of the galaxy (and
the resulting photometry the least deep), this will result in upper
limits to the age resolution. The SFH for the synthetic episodes
is recovered by fitting the photometry in three filters (B, V and I),
simultaneously with a synthetic 50% complete MDF with similar photometric depth as the Ca ii triplet spectroscopy.
The recovered and input SFH for the synthetic episodes is
shown in Fig. 10, for young (a), intermediate (b) and old (c)
star formation episodes. The recovered SFH is fit by a Gaussian
distribution, from which we determine the age of the central
peak (μ) as well as the variance σ, which determines the resolution of the recovered episode. Figure 10 shows that the central
peak is recovered at the correct age for young ages (≤7 Gyr),
given the binning adopted for the solutions. For older ages the
peak of the synthetic episode is recovered at slightly too old
ages.
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Fig. 10. Input and recovered SFHs of a series of synthetic short (10 Myr)
episodes of star formation at young a), intermediate b) and old c) ages.
The black, solid histogram shows the input SFH, given the adopted binning of the solution. The red histograms show the recovered SFH, as
well as the fit of a Gaussian distribution as the dashed line. The mean (μ)
and variance (σ) of the fitted Gaussian distribution are also listed.

The Gaussian fits show that the age resolution of the recovered episodes is significantly better at young ages than at old
ages. For the young ages with small age resolution, the star formation is confined mostly to the central bin, while for the old
episodes the star formation is spread out over multiple bins.
The episodes are recovered with a resolution of ≈0.1 Gyr at
an age of 0.6 Gyr, ≈0.4 Gyr at an age of 2.2 Gyr, ≈0.8 Gyr at
an age of 4.2 Gyr, ≈1.5 Gyr at an age of 6.5 Gyr, ≈1.8 Gyr at an
age of 8.5 Gyr, ≈2.3 Gyr at an age of 10.5 Gyr and ≈2.5 Gyr at
an age of 12.5 Gyr, which is consistent with values between 17
and 22% of the adopted age.

Having described our method for determining the SFH of the
Fornax dSph in Sect. 4, we now apply Talos to our photometric
and spectroscopic data sets of the Fornax dSph (Battaglia et al.
2008; Starkenburg et al. 2010; Letarte et al. 2010; Kirby et al.
2010).
The SFH is derived using the photometric CMDs in combination with the spectroscopic MDF, to constrain the final SFH
as described in de Boer et al. (2012). Within the central 0.4 degrees, photometric information in three filters (B, V and I) is
combined with the available HR and Ca ii triplet spectroscopy.
For radii rell ≥ 0.4 degrees, the SFH is determined using just
the (V, B − V) CMD combined with Ca ii triplet spectroscopy.
The spectroscopic MDF is used to constrain the SFH solution
for −2.5 ≤ [Fe/H] ≤ −0.6 dex. CMD analysis shows that more
metal-rich stars are too young to appear on the RGB. Therefore,
these populations are only constrained by the photometry. An investigation of the MDF at diﬀerent photometric depth has shown
that no luminosity bias is present in the spectroscopic sample of
Fornax stars.
Figure 11 presents the final SFH and chemical evolution
history (CEH) of the Fornax dSph out to a radius of rell =
0.8 degrees, with error bars indicating the uncertainty on the
SFR as a result of diﬀerent CMD and parameter griddings (as
described in Sect. 4). The SFH and CEH display the rate of star
formation at diﬀerent ages and metallicities over the range of
each bin, in units of solar mass per year or dex respectively. The
total mass in stars formed in each bin can be determined by multiplying the SFRs by the range in age or metallicity of the bin.
The SFH shows that star formation is clearly present at all
ages, from as old as 14 Gyr to as young as 0.25 Gyr. Most
of the star formation takes place at intermediate ages, between
1−10 Gyr, consistent with earlier determinations of the Fornax
SFH (Gallart et al. 2005; Coleman & de Jong 2008). The CEH
in Fig. 11b shows that the dominant population displays metallicities between −1.5 ≤ [Fe/H] ≤ −0.7 dex, but that significant
levels of star formation are also present at [Fe/H] ≈ −2.4 dex
and [Fe/H] ≈ −0.2 dex.
Figure 12 shows the overall SFH of Fornax, divided
into young (a), intermediate (b) and old (c) age ranges,
with the corresponding CEH. The youngest star formation in
Fornax (≤1 Gyr) displays declining SFR for younger ages, with a
metal-rich CEH showing a peak at [Fe/H] ≈ −0.2 dex. The ages
of these populations are determined with a high accuracy (see
Sect. 4.2), indicating that the change in SFH corresponds to a
real drop in SFR.
The intermediate age star formation shows a double peaked
SFH with a declining SFR for ages <6 Gyr. The resolution of
the SFH at these ages (<2 Gyr) is good enough to distinguish
between both peaks, indicating the presence of distinct episodes
of star formation. Furthermore, the age extent of the younger
episode (<6 Gyr) is inconsistent with a single short burst of
star formation and indicates a smooth change in star formation
activity over several Gyrs. The metallicities of the populations
with ages between 2−5 Gyr (solid) display a range between
−1.5 ≤ [Fe/H] ≤ −0.5 dex with a peak at [Fe/H] ≈ −1.0 dex.
The slightly older intermediate age star formation (5−10 Gyr,
dashed) is dominated by more metal-poor stars with a distribution between −2.1 ≤ [Fe/H] ≤ −0.7 dex, showing two peaks at
[Fe/H] ≈ −1.8 and −1.2 dex.
Finally, the oldest ages (10−14 Gyr) display a declining SFR
with increasing age, and a metal-poor CEH with a similar total
range as observed in the Sculptor dSph (de Boer et al. 2012).
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Fig. 11. The overall a) star formation history and b) chemical evolution history (CEH) of the Fornax dSph, out to an elliptical radius of rell =
0.8 degrees. The SFH and CEH have been determined using all available photometric information, incombination with observed spectroscopic
metallicities.
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Fig. 12. The overall SFH of the Fornax dSph, divided into young a),
intermediate b) and old c) age ranges. The corresponding CEH is also
shown for each age range. For intermediate age stars, younger (solid)
and older (dashed) stars are separated to show the eﬀect of age on the
CEH.

However, the SFR at the oldest ages is not constrained well
due to the depth of the observed CMDs, resulting in a smoothing of the underlying actual SFH and removing any observable
features.
To check the distribution of stars in the CMD we compare
the best matching observed and synthetic CMDs of the Fornax
dSph in Fig. 13. The synthetic CMD has been generated using
the Dartmouth isochrone set (Dotter et al. 2008), and therefore
does not include a RC or HB. The overall distribution of stars
in the observed CMD is well matched in the synthetic CMD.
Stars on the BP and MSTO occupy the same range in colour
and brightness as in the observed CMD. Furthermore, the colour
range and slope of the RGB is a good match to the observations,
as shown by comparison to the reference lines.
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The total number of stars in the synthetic CMD is consistent with the observations to within a few percent. Additionally,
the relative fraction of stars occupying the RGB and BP phase
is similar to that of the observed stars. This shows that the total
mass in stars in the Fornax dSph is well matched, and distributed
across the CMD with the right numbers. Therefore, we feel confident that the SFH constitutes an accurate representation of the
overall behaviour of the stellar populations in the Fornax dSph.
Using the best matching SFH we can show the age and
metallicity corresponding to diﬀerent CMD features. Figure 14
shows the synthetic (V, B − V) CMD of Fornax generated using
the Dartmouth isochrones, colour coded with age and metallicity
for each individual star. The eﬀect of diﬀerent stellar populations
on the MSTO region of the CMD is clearly seen from Fig. 14,
with younger Main Sequence stars occupying bluer and brighter
positions on the BP. The CMD shows that the majority of stars
is of intermediate age, but that lower levels of old star formation
are also present. The position of diﬀerent stellar populations on
the RGB shows that the oldest stars occupy the blue side of the
RGB, while progressively younger stars are found toward the red
side of the RGB. However, small numbers of young (≤4 Gyr)
stars are also found on the blue side of the RGB, after evolving
oﬀ the young MS.
The eﬀect of metallicity on the positions of stellar populations is shown in Fig. 14b. The RGB is sensitive to [Fe/H] rather
than age, and shows a clear metallicity pattern across the RGB,
which provides a good match to the observed metallicity pattern
seen in Fig. 8. Stars on the BP are mostly metal-rich, although
metal-poor stars are also present. This could be due to the lack of
spectroscopy of BP stars, which means the metallicity of these
populations is not constrained from the MDF fitting.
5.1. The effect of different isochrone sets

Figure 15 shows the SFH solution of the central region of
Fornax (rell ≤ 0.194 degrees) obtained using three diﬀerent
isochrone sets (Dotter et al. 2008; Pietrinferni et al. 2004; Yi
et al. 2001). The central region was chosen since the range of
populations is greatest here, allowing a comparison of determined ages over a large timespan. Figure 15 shows that the solution is very similar in all cases, and consistent within the error
bars. The overall behaviour of the SFH is recovered in all solutions, with a peak at ≈4 Gyr, slowly declining SFR toward older
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Fig. 14. The synthetic CMD of the Fornax dSph inferred from the best matching SFH as determined using the Dartmouth isochrone set. The
colours represent a) age and b) [Fe/H] for each individual synthetic star.

ages, and a flat distribution for ages >10 Gyr. The similarity
between diﬀerent isochrone sets is likely due to the dominance
of the young Main Sequence and MSTO in the solution (where
isochrone agree reasonably well), while the contribution of the
RGB (which is where isochrone sets disagree most) is taken into
account solely through the MDF. Therefore, the shape of the
RGB is not fit in the solution, but rather the number of stars
occupying the upper RGB (as determined by the isochrone luminosity function). The good agreement of the SFH solutions
gives confidence to our final SFH of Fornax.
5.2. Spatial variations in the SFH

The coverage of the photometric and spectroscopic information
extends to a radius of rell = 0.8 degrees. Therefore, it is possible
to derive the SFH at diﬀerent radii from the centre, which allows
us to determine the presence of variations in the SFH with radius,
as seen in Sect. 3.1.
The total radial extent of the photometry and spectroscopy
is divided into 5 annuli, each containing a similar number of
stars observed in the B and V filters, since these filters are fully
complete out to greater radii from the centre. For each of the
annuli, the SFH and CEH are determined by fitting all available
photometric and spectroscopic information, in the same way as
discussed in Sect. 5. For the inner three annuli, photometric information in all three available filters (B, V and I) is used, together with the spectroscopic MDF. The SFH in the outer two

annuli is determined using just the (V, B − V) CMD, together
with the spectroscopic MDF from Ca ii triplet spectroscopy.
Figure 16 shows the best matching SFH and CEH in each
of the five annuli of the Fornax dSph. Figure 16a shows that a
clear gradient with age is present in Fornax, with the peak of
star formation shifting to progressively older ages for increasing
radius. The CEH shown in Fig. 16b shows that the distribution
of metallicities changes from peaked in the inner parts to a broad
distribution in the outermost bin.
The young star formation (age ≤1 Gyr) is present only within
the centre of Fornax, consistent with the observed CMDs. This
is also seen in the CEH, where significant star formation at high
metallicities ([Fe/H] ≥ −0.5 dex) is found only in the central
part of Fornax. Very low levels of young star formation are seen
in the outer parts, which are likely due to fitting the probable
BSS population in the outer parts as a young stellar population.
The intermediate age population of Fornax displays a clear
gradient in age with radius from the centre. The peak of star formation shifts from an age of ≈8–10 Gyr in the outermost annulus
to a peak at age ≈4 Gyr in the central bin. The CEH of Fornax
changes from a broad distribution in the outer regions to a peak
at [Fe/H] ≈ −1.0 dex in the centre, in good agreement with the
dominant RGB population seen in Figs. 5 and 6. Given the resolution of the SFH solution at these ages (see Sect. 4.2), this radial
change in the SFH corresponds to a smoothly varying SFR with
radius in Fornax, inconsistent with distinct short bursts of star
formation.
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Fig. 15. Comparison between the a) SFH and b) CEH of the centre of Fornax (rell ≤ 0.194 degrees), determined using diﬀerent isochrone sets.
The SFH solution is shown for Darthmouth Stellar Evolution Database isochrones (red, solid), the BaSTI/Teramo isochrones (blue, dotted) and
the Yonsei-Yale isochrones (green, dashed).

Old star formation (age ≥10 Gyr) is present at all radii in
Fornax, with a flat distribution as a result of the poor SFH resolution. The SFR starts to increase gradually in all regions at
an age of ≈10 Gyr, consistent with previous studies (Buonanno
et al. 1999; Gallart et al. 2005).
The observed and synthetic MDFs inferred from the SFH are
shown in Fig. 17, for all five radial annuli. The synthetic MDFs
are consistent with the observed spectroscopic MDFs within the
errors, as expected, given that the MDF is used as an input in
the SFH determination. In the outer parts of Fornax, the metalpoor component is slightly over-estimated in the synthetic MDF,
while the inner parts show that the metal-rich populations are
slightly under-estimated. The MDF on the upper RGB shows the
same trend with radius as the CEH in Fig. 16b, changing from a
peaked distribution in the innermost bin to a more broad distribution in annulus 5, consistent with the diminishing strength of
the dominant intermediate age component.
The total mass in stars formed in our SFH of the Fornax dSph
is 4.3 × 107 M within 0.8 degree or 1.9 kpc. The core radius
of the mass distribution resulting from the SFH solution is rc =
0.29 ± 0.03 degrees, determined using a Sersic profile fit. This
is consistent within the errors with the core radius derived from
the observed density profile (Battaglia et al. 2006).

6. The timescale for chemical evolution
of the Fornax dSph
Using the SFH presented in Figs. 11 and 16 it is possible to determine the age probability function of individual stars on the RGB.
For each observed star, all stars in the synthetic CMD (generated using the SFH) with the same magnitude (in all filters) and
metallicity within the observed uncertainties are selected. The
ages of these synthetic stars build up a probability distribution
function for age, which is considered to be representative of the
age of the observed star, as described in de Boer et al. (2012).
Assuming a Gaussian distribution, the mean of the distribution
function is adopted as the age of the observed star, with the standard deviation used as an error bar. Using this method, we determine accurate age estimates for all available samples of spectroscopic stars in Fornax (Battaglia et al. 2008; Starkenburg et al.
2010; Letarte et al. 2010; Kirby et al. 2010).
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6.1. Age-metallicity relation

Using the accurate ages for stars with spectroscopic metallicities, we determine the detailed AMR of the Fornax
dSph (Fig. 18). The results are consistent with previous determinations of the AMR (Pont et al. 2004; Battaglia et al.
2006), but determine the age of stars with greater accuracy, revealing the detailed eﬀects of diﬀerent populations. The AMR
shows that the metallicity in Fornax increased rapidly from
[Fe/H] ≤ −2.5 dex to [Fe/H] = −1.5 dex between 8−12 Gyr
ago. However, the poor SFH resolution results in a large scatter
in age, removing any features at the oldest ages.
At intermediate ages (3–8 Gyr), the interstellar medium is
gradually enriched during several gigayears, resulting in a narrow, well-defined AMR which reaches [Fe/H] ≈ −0.8 dex at
≈3 Gyr. Furthermore, from Fig. 18, hints are seen that the slope
of the AMR may become steeper at even younger ages (≤3 Gyr),
corresponding to a phase of rapid enrichment (Pont et al.
2004). However, more spectroscopic observations, in particular of young BP stars, are needed to unambiguously detect this
change in slope. The young, metal-poor stars in the lower left of
Fig. 18 most likely correspond to AGB stars which are fit as if
they were RGB stars (due to the absence of the AGB phase in
the adopted isochrone set), leading to a too young age estimate
for these stars.
A comparison to the AMR of the Sculptor dSph shows that
the slope in Fornax at the oldest ages is steeper than in Sculptor,
which indicates that metal enrichment occurred with a diﬀerent
rate. After the initial phase of metal enrichment, the slope of the
AMR is comparable in both galaxies, but Sculptor only shows
stars with old (>7 Gyr) ages.
Figure 19 shows the spatially resolved AMR of Fornax, in
each of the five annuli described in Sect. 5.2. The shape of the
AMR is consistent in all annuli, with a similar slope at intermediate ages. At the oldest ages, more scatter is seen in the inner
two annuli than in the outer three annuli. The presence of the
age gradient is visible in Fig. 19 as an increased number of stars
with younger ages in the AMR for more centrally concentrated
regions.
6.2. Chemical abundances

The accurate age estimates can also be coupled to the stars for
which other elements are determined, to derive the evolution

T. J. L. de Boer et al.: Star formation history of the Fornax dSph

25

16

annul1 (0.0 < rell < 0.194 deg)

20
15

8

10

4

5
0

0

annul2 (0.194 < rell < 0.297 deg)

20

annul2

12

15

8

10

4

0

annul3 (0.297 < rell < 0.402 deg)

20
15
10
5
0

annul4 (0.402 < rell < 0.537 deg)

20

SFR (106 Msun/dex)

5
SFR (10-4 Msun/yr)

annul1

12

0

annul3

12
8
4
0

annul4

12

15

8

10

4

5
0

0

annul5 (0.537 < rell < 0.8 deg)

20

annul5

12

15

8

10

4

5
0
0

2

4

6
8
10
Age (Gyr)

12

14

0
-2.5

-2.1

-1.7 -1.3 -0.9
[Fe/H] (dex)

-0.5

-0.1

Fig. 16. The SFH and CEH for 5 annuli of Fornax containing roughly equal number of stars, with the radial extent indicated in each panel. For
comparison, the core radius of the Fornax dSph is 0.23 degrees (Irwin & Hatzidimitriou 1995). The SFH for annuli 1−3 is obtained by fitting all
available photometry (in the B, V and I filters) and spectroscopy. For annuli 4 and 5 only the V, B − V CMD is used together with the spectroscopy
to constrain the SFH.

of individual elements as a function of time. In this way, we
can directly measure the detailed timescale for chemical evolution in Fornax. Figure 20a shows the [Mg/Fe] measurements
for individual RGB stars as a function of [Fe/H], with the age of
the individual stars colour coded, and Fig. 20b shows [Mg/Fe]
directly as a function of age.
Figure 20 shows the eﬀect of diﬀerent stellar populations
on [Mg/Fe] in Fornax, and the rate with which this abundance
changes at diﬀerent times. Metal-poor stars are not well sampled
in Fig. 20, but the most metal-poor stars are consistent with the
abundances observed for the MW halo (Lemasle et al., in prep.).
Conversely, the metal-rich stars are diﬀerent from the MW halo,
which indicates that Fornax experienced a diﬀerent evolutionary
history than the systems that may have formed the MW halo,
as seen in other LG dwarf galaxies (Tolstoy et al. 2009). The
metal-rich stars in Fig. 20a display rapidly decreasing [Mg/Fe]
abundances, with a clear trend in [Fe/H] and age. Hints are seen
of a changing slope in the [Mg/Fe] distribution for populations
of diﬀerent ages.
Connecting the metal-poor and metal-rich populations observed in the [Mg/Fe] distribution in Fig. 18, a “knee” may be

expected to occur at [Fe/H] ≈ −1.5 dex, at an age of 7−10 Gyr.
The “knee” in [Mg/Fe] marks the time at which SNe Ia start
to contribute to the [Fe/H] content of a galaxy (Tinsley 1979;
Matteucci & Brocato 1990; Gilmore & Wyse 1991; Matteucci
2003). However, due to the limited sampling of intermediate
metallicity stars in Fornax, the “knee” is not visible in the data
presented in Fig. 20. Additionally, the large range in [Fe/H] covered by the metal-rich stars in Fig. 20a indicates that the “knee”
will likely be spread over a large metallicity range, which may be
a result of the extended SFH and multiple populations of Fornax.

7. Discussion
We have presented the detailed SFH and CEH of the Fornax
dSph out to rell = 0.8 degrees, obtained using a combination
of deep, multi-colour photometry and spectroscopic metallicities. The obtained, spatially resolved SFH (see Figs. 11 and 16)
shows features similar to previous SFHs (e.g. Gallart et al.
2005; Coleman & de Jong 2008). However, the SFH presented
here resolves the stellar ages with greater accuracy, due to the
inclusion of the spectroscopic MDF. In particular, the age of
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Fig. 18. The Age-Metallicity Relation of stars on the upper RGB in
the Fornax dSph, incorporating the full SFH and MDF information.
Medium and high resolution spectroscopy from Letarte et al. (2010);
Kirby et al. (2010) is shown as blue points, while Ca ii triplet spectroscopy from Battaglia et al. (2008) is shown in red. The AMR
of the Sculptor dSph, from HR spectroscopy, is shown as green
points (de Boer et al. 2012).

the dominant episode of star formation is determined more
precisely, consistent with the position of the RGB in the observed CMD (see Sect. 3.1.1).
The SFH of Fornax shows little variation in SFR at old
ages (>10 Gyr), and lacks a dominant episode of star formation
at the oldest ages, contrary to what was observed by Coleman &
de Jong (2008). The absence of a peak in the SFR at the start of
star formation is likely an eﬀect of the age resolution of the SFH,
smoothing out any features at the oldest ages. To determine if the
SFR peaks at the oldest age, deeper photometric data is needed.
Fornax displays an extended SFH, dominated by star formation at intermediate age (1−10 Gyr). The reason for the occurrence and strength of this intermediate age episode is not
clear. One possibility is a merger with a gas-rich companion,
which triggered a strong episode of star formation. However, this
A73, page 14 of 16

gas would need to be pre-enriched at a relatively high metallicity ([Fe/H] ≈ −1.5 dex). Another scenario is that initially expelled gas remained bound to the system for an extended period
of time, and fell back onto the galaxy, leading to an episode of
star formation similar to what is predicted by simulations (Revaz
et al. 2009). The fall-back of expelled gas could be caused by an
interaction with the MW (Piatek et al. 2007), similar to models
proposed for the Carina dSph (Pasetto et al. 2011). Furthermore,
the re-accretion of gas can also be a result of the orbit shape of
Fornax, compressing and re-gathering expelled gas at apogalacticon, allowing for repeated bursts of star formation over the
course of several orbits (Nichols et al. 2012).
Figure 12 shows that star formation was still taking place
in the very centre of Fornax a few 100 Myr ago, resulting in a
visible young population (see Fig. 5), which ranges in age between ≈2 Gyr and 0.25 Gyr. The age of the youngest stars may
be younger than can be fit using the adopted isochrone set, which
would lead to an incorrect estimate of the SFR in the youngest
bin (0.25−0.50 Gyr). However, the level of star formation is
expected to be low, not significantly influencing the results at
young ages in Fig. 16.
The young stars of Fornax display a diﬀerent spatial distribution with respect to the old stars. Furthermore, the ages of these
young stars overlap with those of the shell features found in the
Fornax dSph (Coleman et al. 2004, 2005a). Therefore, a link
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may be present between these features, as suggested by Coleman
et al. (2005a). The infall of a smaller system or of gas may
be responsible for the substructures, and may have triggered
centrally concentrated star formation with a diﬀerent spatial distribution. To investigate this link, the detailed kinematics and
ages of young stars in Fornax need to be determined.
7.1. Comparison to the Sculptor dSph

It is useful to compare the results derived for Fornax with our
previous study of the Sculptor dSph (de Boer et al. 2012).
Sculptor is a very diﬀerent galaxy, which experienced a much
shorter evolution history, leading to a diﬀerent SFH and abundance pattern. However, the same types of measurements were
obtained in Fornax and Sculptor, allowing a detailed comparison
between the properties of both galaxies.
A comparison between the AMR of Fornax and Sculptor (see
Fig. 18) suggests that the initial metal enrichment in Fornax
occurred on a shorter timescale than in Sculptor, leading to a
steeper slope at earlier times. A possible explanation for this
could be the greater mass of Fornax, which allows it to retain
more of its gas after SNe explosions, leading to more rapid
enrichment, similar to what is predicted by simulations (e.g.,
Revaz & Jablonka 2012). This rapid metal enrichment could also
be responsible for the diﬀerent position of the [Mg/Fe] “knee” in
Fornax, compared to the observed “knee” in Sculptor (de Boer
et al. 2012).
The dominant stellar component of the Fornax dSph is an
intermediate age population. This is very diﬀerent to Sculptor,
which formed the bulk of its stars before ≈10 Gyr. This lack of
intermediate age star formation may be due to its lower (dynamical) mass, which did not allow it to retain as much of its gas as
Fornax and prevented it from continuing to form stars.

a strong dominant RGB linked to a stellar population with an age
of ≈4 Gyr, at [Fe/H] ≈ −1.0 dex.
Combining the deep CMDs with the spectroscopic MDF
of individual RGB stars we have derived the detailed SFH of
Fornax, at diﬀerent radii from the centre. The spatially resolved
SFH confirms and quantifies the radial age and metallicity gradient, with a peak of star formation that shifts to older ages
for increasing radius. From the SFH we determine that the total mass in stars formed in Fornax is 4.3 × 107 M within an
elliptical radius of 0.8 degrees, or 1.9 kpc.
Using the SFH, we determined age estimates for individual
RGB stars, for which spectroscopic abundances are available.
This allows us to study, for the first time, the evolution of different elements in Fornax, directly as a function of time. Using
the individual age estimates, we determined the detailed AMR
of individual stars and timescale for evolution of α-elements
of the Fornax dSph. The AMR shows that Fornax experienced
an initial period of star formation, which enriched the metallicity from [Fe/H] ≤ −2.5 dex to [Fe/H] = −1.5 dex from ≈12
to 8 Gyr ago. Subsequent gradual metal enrichment resulted in
a narrow, well-defined AMR during the next 5 Gyr that reaches
[Fe/H] ≈ −0.8 dex at ≈3 Gyr. Hints are seen in the AMR of a
second change in slope at young ages (1−3 Gyr).
The detailed timescale of chemical enrichment (see Fig. 20)
shows that the abundances of old, metal-poor stars are consistent with the MW, while the abundances of more metal-rich stars
show a departure from MW abundances. Metal-rich ([Fe/H] ≈
−1.3 dex) stars show a rapid decrease of [Mg/Fe], with a clear
trend with age. Connecting both features predicts the presence of
a knee in the alpha-element distribution at [Fe/H] ≈ −1.5 dex,
at 7−10 Gyr. Hints are seen of a diﬀerent slope in the [Mg/Fe]
distribution for diﬀerent populations, which could be a result of
the diﬀerent strength of previous stellar populations, leading to
a diﬀerent rate of chemical enrichment.

8. Summary
We have presented deep B, V and I CMDs of the Fornax dSph,
out to an elliptical radius of 0.8 degrees, containing a total
of 270 000 stars. The CMDs show that Fornax displays a radial gradient with age and metallicity, with more metal-rich,
younger stars forming more toward the centre. Fornax is dominated by intermediate age (1−10 Gyr) star formation, and shows
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Appendix A: Observing log
Table A.1. List of observed fields in the Fornax dSph, with the 4 m CTIO Blanco telescope during two observing runs.
Date

Field
Fnxc1

RA
J2000
02:39:51.84

Dec
J2000
−34:47:48.96

2009 Nov. 19
2009 Nov. 19
2009 Nov. 22
2009 Nov. 21
2009 Nov. 21
2009 Nov. 23
2008 Oct. 4
2008 Oct. 4
2008 Oct. 6
2008 Oct. 6
2008 Oct. 5–6
2008 Oct. 5–6
2008 Oct. 4–5
2008 Oct. 4–5
2008 Oct. 5–6
2008 Oct. 5–6

Fnxc2

02:39:51.84

−34:13:48.96

FnxNE

02:42:07.28

−34:03:34.90

FnxNW

02:37:25.24

−34:11:44.40

FnxSE

02:42:28.77

−34:42:00.10

FnxSW

02:37:52.57

−34:50:12.30

FnxIW

02:39:51.84

−34:47:48.96

Filter
B
V
I
B
V
I
B
V
B
V
B
V
B
V
B
V

Exp time
s
3600, 90, 10
3600, 90, 10
4800, 90, 10
3600, 90, 10
3600, 90, 10
4800, 90, 10
6600, 90, 10
9000, 90, 10
4200, 90, 10
7800, 90, 10
5400, 90, 10
7200, 90, 10
4200, 90, 10
7200, 90, 10
1800
6000

Seeing

Airmass

1.2
1.2–1.4
1.0–1.5
0.9–1.2
1.1–1.5
1.0-1.3
0.9–1.7
1.0–1.5
1.3–1.6
1.3–1.6
1.1–1.7
0.9–1.6
1.0–1.4
0.9–1.3
1.2–1.4
1.3–1.6

1.08–1.25
1.30–1.70
1.25–1.70
1.08–1.26
1.30–1.70
1.20–1.68
1.07–1.55
1.09–1.74
1.00–1.21
1.00–1.15
1.00–1.70
1.00–1.80
1.08–1.43
1.06–1.60
1.09–1.20
1.06–1.30



Notes. Information is given about exposure time, airmass and seeing conditions as determined on image.
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