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ABSTRACT

We present deep photometry of the Carina dwarf spheroidal galaxy in the B and V filters from CTIO/MOSAIC out to and beyond the
tidal radius of rell ≈ 0.48 degrees. The accurately calibrated photometry is combined with spectroscopic metallicity distributions of red
giant branch (RGB) stars to determine the detailed star formation and chemical evolution history of Carina. The star formation history
(SFH) confirms the episodic formation history of Carina and quantifies the duration and strength of each episode in great detail as a
function of radius from the centre. Two main episodes of star formation occurred at old (>8 Gyr) and intermediate (2−8 Gyr) ages, both
enriching stars starting from low metallicities ([Fe/H] < −2 dex). By dividing the SFH into two components, we determine that 60 ±
9 percent of the total number of stars formed within the intermediate-age episode. Furthermore, within the tidal radius (0.48 degrees or
888 pc) a total mass in stars of 1.07 ± 0.08 × 106 M was formed, giving Carina a stellar mass-to-light ratio of 1.8 ± 0.8. By combining
the detailed SFH with spectroscopic observations of RGB stars, we determined the detailed age-metallicity relation of each episode
and the timescale of α-element evolution of Carina from individual stars. The oldest episode displays a tight age-metallicity relation
during ≈6 Gyr with steadily declining α-element abundances and a possible α-element “knee” visible at [Fe/H] ≈ −2.5 dex. The
intermediate-age sequence displays a more complex age-metallicity relation starting from low metallicity and a sequence in α-element
abundances with a slope much steeper than observed in the old episode, starting from [Fe/H] = −1.8 dex and [Mg/Fe] ≈ 0.4 dex and
declining to Mg-poor values ([Mg/Fe] ≤ −0.5 dex). This clearly indicates that the two episodes of star formation formed from gas
with diﬀerent abundance patterns, which is inconsistent with simple evolution in an isolated system.
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1. Introduction
Dwarf galaxies play an important role in the study of galaxy formation and evolution because they are the most common type of
galaxy in the Λ-cold dark matter (CDM) framework and they
are believed to be among the first objects that formed in the
Universe (e.g. Kauﬀmann et al. 1993). The dwarf galaxies in the
Local Group (LG) are particularly important because their properties can be studied in more detail than those of more distant
systems. However, the range of galaxy types and environmental eﬀects that can be probed by studying LG dwarf galaxies is
limited (e.g. Tolstoy et al. 2009, and references therein). In particular, the eﬀect of tidal encounters between galaxies is thought


Tables 1–3 are only available in electronic at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/572/A10

Appendices are available in electronic form at
http://www.aanda.org

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

to play an important role in the evolution of dwarf galaxies in
clusters of galaxies, but these eﬀects are diﬃcult to probe in the
LG. In this context, the Carina dwarf spheroidal (dSph) galaxy
is an important system because it is the only LG galaxy that displays clear signs of a uniquely episodic formation history, possibly induced by tidal interactions with the Milky Way (MW).
Therefore, it could provide an important test case for theories
that study the eﬀects of environmental eﬀects on the evolution
of dwarf galaxies.
Carina is one of the smaller “classical” dSphs, with a total (dynamical) mass of ≈3.4 × 106 M within a half-light radius of rh = 250 ± 39 pc, and an absolute visual magnitude of
MV = −9.3 (Irwin & Hatzidimitriou 1995; Mateo 1998; Walker
& Peñarrubia 2011; McConnachie 2012). The distance to Carina
has been determined using several optical and near-infrared distance indicators, including RR Lyrae stars, the tip of the red giant
branch (RGB) and the horizontal branch (HB) level, resulting in
a distance of 106 ± 2 kpc or (m − M)V = 20.13 ± 0.04 (Dall’Ora
et al. 2003; Smecker-Hane et al. 1994; Pietrzyński et al. 2009).
Furthermore, Carina has a core radius of 0.15 degrees (277 pc)
and tidal radius of 0.48 degrees (888 pc), as determined from
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King-profile stellar density fitting and an estimated extinction of
E(B−V) = 0.061, as measured from dust extinction maps (Irwin
& Hatzidimitriou 1995; Schlegel et al. 1998).
Photometric studies of colour-magnitude diagrams (CMDs)
initially suggested that Carina was a purely intermediate-age
galaxy without old populations (Mould & Aaronson 1983).
Furthermore, Carina was found to have a narrow RGB, suggesting a narrow range in metallicity and a simple evolution. However, studies of variable stars quickly showed that
Carina also contains RR Lyrae stars, indicating the presence
of ancient (>10 Gyr) stellar populations (Saha et al. 1986).
Later on, deep CMD studies revealed multiple main-sequence
turnoﬀs (MSTOs) in Carina and concluded that a significant
fraction of stars formed more than 10 Gyr ago (Smecker-Hane
et al. 1996; Dolphin 2002; Monelli et al. 2003; Small et al. 2013).
Subsequent photometric studies confirmed the presence of
distinct MSTOs with a clear lack of stars in between, which
is evidence of episodes of active star formation separated by
periods consistent with no star formation at all (e.g. Mighell
1997; Hurley-Keller et al. 1998; Hernandez et al. 2000; Rizzi
et al. 2003; Bono et al. 2010). There are also indications of
other, younger episodes, suggested by the presence of anomalous cepheids with ages <1 Gyr and detected in the CMD as
a blue plume of young main-sequence (MS) stars (Mateo et al.
1998; Monelli et al. 2003). Diﬀerent studies agree in general that
the intermediate-age episode took place somewhere between 3
and 8 Gyr ago and the older episode >8 Gyr ago, but the exact
age and duration of the episodes still remains uncertain. This is
due in part to the diﬀerent spatial area covered by diﬀerent studies and the metallicity assumed for stars in the diﬀerent episodes.
Spectroscopic studies of Carina have revealed the metallicity
and abundance patterns of individual stars on the upper RGB.
Medium-resolution Ca ii triplet spectroscopy was used to determine the metallicity [Fe/H] of Carina, reporting values between −1.5 and −2.0 dex with a small dispersion (Armandroﬀ
& Da Costa 1991; Da Costa 1994; Smecker-Hane et al. 1999).
However, more recent studies of several hundred stars show
a detailed metallicity distribution function (MDF), which displays a wide range in metallicity (0.92 dex) with a peak around
[Fe/H] = −1.4 dex (Koch et al. 2006; Helmi et al. 2006). This
wide range in metallicity is much greater than expected from
the narrow RGB and shows that there is a strong age-metallicity
degeneracy in Carina.
High-resolution (HR) spectroscopic studies of individual
stars have revealed the complex abundance patterns in Carina,
including alpha, iron-peak, and heavy-elements (Shetrone et al.
2003; Koch et al. 2008; Lemasle et al. 2012; Venn et al. 2012).
These studies have revealed a significant star-to-star scatter in
the alpha abundance ratios of Carina stars. Lemasle et al. (2012)
used photometric age determinations of individual stars to divide his spectroscopic sample according to age. The stars associated with the older episode display a trend of decreasing
alpha-element abundances with increasing metallicity, similar to
what is observed in other LG dwarf galaxies (e.g. Tolstoy et al.
2004). The stars associated with the intermediate-age episode
show a large scatter in alpha-element abundances for a narrow
range in metallicities (−1.8 < [Fe/H] < −1.2 dex), indicating
that each star formation episode experienced a diﬀerent chemical enrichment.
Studies of the spatial distribution of individual stars have
shown that Carina displays negative age and metallicity gradients with radius (Majewski et al. 2000; Harbeck et al. 2001;
Muñoz et al. 2006; Battaglia et al. 2012; McMonigal et al.
2014). This is similar to population gradients found in other
A10, page 2 of 14

LG dSphs (Tolstoy et al. 2004; Battaglia et al. 2006, 2011;
de Boer et al. 2012a; de Boer et al. 2012b). Furthermore, recent
wide field photometric studies have found signs of extra-tidal
stars, suggesting that Carina likely experienced tidal encounters,
which could be responsible for the episodic SFH (Battaglia et al.
2012; McMonigal et al. 2014). The occurrence of a recent tidal
encounter is also consistent with proper-motion determinations
that place Carina in an orbit currently at apocenter with an orbital
period of between 1.3 and 2 Gyr and a last pericenter passage
0.7 Gyr ago that coincides with the age of the young MS population (Piatek et al. 2003).
In this work, we use deep, wide-field photometry obtained
with MOSAIC on the CTIO 4 m/Blanco telescope to determine
the detailed star formation history (SFH) of the Carina dSph. The
wide-field photometry allows us to determine the SFH at diﬀerent distance from the centre of Carina to confirm and quantify
the population gradients. Spectroscopic Ca ii triplet metallicities
are directly used in combination with the photometry to provide
additional constraints on the age of the stellar populations, as
described in de Boer et al. (2012a). In this way, no assumptions
need to be made about the metallicity for stars in the diﬀerent
episodes. Furthermore, including spectroscopic metallicities increases the age resolution of the recovered SFH, allowing us to
resolve the star formation episodes in greater detail than ever
before.
The paper is structured as follows: in Sect. 2 we present
the new observations used to determine the SFH of Carina.
Section 3 describes the determination of the SFH and discusses
the specifics of fitting Carina. The detailed, spatially resolved
SFH of Carina is presented in Sect. 4 and the chemical evolution
timescales derived from individual RGB stars in Sect. 5. Finally,
Sect. 6 discusses the results obtained from the SFH and chemical
evolution timescales.

2. Data
2.1. Photometry

Deep optical photometry of the Carina dSph in the B and V filters was obtained using the CTIO 4 m MOSAIC II camera
over six nights in December 2007 as part of observing proposal
2007B-0232 (PI M. Mateo), described in Vivas & Mateo (2013).
Several long (600s), non-dithered exposures were obtained for
each pointing and stacked together to obtain the deepest photometry possible. Short (30 s) exposures were also obtained for
each pointing to sample the bright stars that are saturated in the
deep images. To ensure accurate photometric calibration, observations were made of Landolt standard fields covering a range
of diﬀerent airmass and colour (Landolt 1992, 2007).
The spatial coverage of the deep photometric catalogue is
shown in Fig. 1. The data are more than 95% spatially complete
within the tidal radius of Carina (green, dashed ellipse in Fig. 1)
and extends well beyond the tidal radius out to a distance of
1.6 degrees along the major axis.
The photometric data were reduced and calibrated following
the procedure outlined in de Boer et al. (2011). Photometry was
carried out using DoPHOT (Schechter et al. 1993). Observations
of standard-star fields were used to determine an accurate photometric calibration solution, depending on airmass, colour, and
brightness. Finally, the diﬀerent fields were combined to obtain
a single, carefully calibrated photometric catalogue, which is
given in Table 1. Figure 2 displays the photometric error as a
function of magnitude for each filter for all stars within the tidal
radius.

T. J. L. de Boer et al.: The star formation history of the Carina dSph
1
N
E

η(deg)

0.5

0

-0.5

-1
1.5

1

0.5

0

-0.5

-1

-1.5

ξ(deg)

0.1

2.2. Spectroscopy

B error

0.08
0.06
0.04
0.02
0
17

18

19

20

21

22

23

24

25

B Magnitude
0.1
0.08

V error

Fig. 1. Coverage of the photometric and spectroscopic observations across the Carina dwarf
spheroidal galaxy. The CTIO 4 m/MOSAIC
photometry is shown as small black dots, while
the open (blue) circles show the low-resolution
VLT/FLAMES Ca ii triplet sample and the
solid (red) dots show the high-resolution spectroscopic sample. The dashed (green) ellipse
indicates the tidal radius of Carina (28.8 arcmin, 0.48 degrees), while the black ellipses
indicate one and two core radii (Irwin &
Hatzidimitriou 1995). The (0, 0) coordinate
in the coverage plot corresponds to RA =
06:41:36.70, Dec = –50:57:58.00. Finally, the
region outlined by the solid red line is used for
MW foreground correction. The large gap in
the top-left is caused by a bright foreground star
that saturates the CCD.

Low-resolution (R ∼ 6500) Ca ii triplet spectroscopy is available for 320 individual RGB stars in the Carina dSph from
VLT/FLAMES observations (Koch et al. 2006; Helmi et al.
2006) with the Ca ii triplet [Fe/H] calibration from Starkenburg
et al. (2010). These observations provide [Fe/H] determinations
for stars out to 0.5 degrees from the centre of the Carina dSph
and include a range in metallicities from −4.0 < [Fe/H] <
−1.0 dex.
High-resolution spectroscopy from VLT/FLAMES is also
available for individual stars out to 0.3 degrees (Shetrone et al.
2003; Koch et al. 2008; Lemasle et al. 2012; Venn et al. 2012).
From these spectra, the metallicity [Fe/H] of 35 individual
RGB stars is determined, and for some also the abundances of
α-elements (O, Mg, Ca, Si, Ti) and r- and s-process elements (Y,
La, Ba, Eu, Nd). The HR spectroscopy covers a range in metallicity from −3.0 < [Fe/H] < −1.2 dex.
Figure 1 shows the spatial coverage of the low-resolution
Ca ii triplet (open blue circles) and HR spectroscopy (solid red
dots) in comparison to the deep photometric data.
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Fig. 2. Photometric error as a function of magnitude for the B and V filters for all stars within the tidal radius of Carina.

Figure 3 shows (V, B−V) CMDs of the Carina dSph at diﬀerent radii from the centre. The average photometric error at each
magnitude is indicated by the error bars and the 50% completeness level is indicated by the solid (blue) line. We resolve the
oldest MSTO in Carina at V ≈ 23.5 with a photometric error of
0.025 mag in V and 0.05 in B−V, with a completeness of ≥80%.

The SFH of the Carina dSph was determined using the routine Talos, which employs a synthetic CMD method (e.g., Tosi
et al. 1991; Tolstoy & Saha 1996; Gallart et al. 1996a; Dolphin
1997; Aparicio et al. 1997). This technique determines the
SFH by comparing the observed CMDs to a grid of synthetic
CMDs using Hess diagrams (plots of the density of observed
stars), taking into account photometric error and completeness.
Uniquely, Talos simultaneously takes into account the photometric CMD as well as the spectroscopic MDF, providing direct
constraints on the metallicity of stellar populations to obtain a
well-constrained SFH. We refer to de Boer et al. (2012a) for a
detailed description of the routine and performance tests.
3.1. General setup

The CMDs of the outer regions of Carina contain a significant
amount of contamination from stars belonging to the MW, as
well as contamination from unresolved background galaxies,
A10, page 3 of 14
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Fig. 3. (V, B−V) CMDs of the Carina dSph at diﬀerent radius from the centre, as shown in Fig. 1. The [Fe/H] determinations of individual RGB stars
from Starkenburg et al. (2010) are also shown as large coloured circles, with colour indicating the [Fe/H] abundance. The average photometric
error at each magnitude level are represented by the horizontal error bars and the 50% completeness level is indicated by the solid (blue) line.
Furthermore, the red line indicates the colour limit for lower RGB stars associated with Carina.
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Fig. 4. Observed V, B − V CMD of the region adopted for foreground
MW correction (see Fig. 1). The average photometric error is represented by the horizontal error bars and the 50% completeness level is
indicated by the solid blue line.

which are recovered as single stars. During the SFH fitting, these
stars will be incorrectly fitted using models at the distance of
Carina, which leads to anomalously old and/or metal-rich populations in the SFH solution. To correct for the presence of these
objects, we adjusted the photometric CMD by subtracting a representative “empty” CMD. The correction region was chosen to
A10, page 4 of 14

lie well outside the tidal radius of Carina (see Fig. 1) and should
therefore be dominated by stars belonging to the MW and unresolved background galaxies. Figure 4 shows that the CMD of the
region is empty of features corresponding to Carina populations,
and is dominated by foreground MW stars with B − V ≥ 0.5
and background galaxies that are found mostly below V = 23.5.
The CMD of the correction region was scaled to the same size as
the region under study and was subtracted from the photometric
CMD to correct for the presence of MW foreground stars and
unresolved background galaxies.
To further reduce the eﬀects of foreground contamination on
the SFH, we also place a limit on the reddest colour of stars
associated with Carina. Figure 3 shows the CMDs of Carina,
overlaid with a line indicating the colour limit used as a function
of brightness. The colour limit was chosen to be oﬀset red-ward
from the lower Carina RGB at V = 21 by four times the largest
bin size adopted during the SFH determination (0.1 in B − V).
Stars on the lower RGB and MSTO with colours red-ward of
the limit are assumed to belong to the MW foreground and were
disregarded during the SFH fitting.
Furthermore, previous photometric studies of Carina have
revealed the presence of a gradient in the foreground extinction across the extent of Carina (Vivas & Mateo 2013). This
varying foreground extinction can lead to artificial broadening of stellar evolution features, especially when simultaneously analysing data covering a wide spatial extent, such as our
outer regions. Therefore, we interpolated within the dust extinction maps of Schlegel et al. (1998) to determine the extinction
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Figure 5 shows the photometric completeness of the data in
the B and V filters at diﬀerent distance from the centre of Carina.
The completeness in each region is similar because of the similar
exposure times between fields, with slightly worse completeness
fractions only in the centre of Carina because of stellar crowding.
In particular, the completeness outside the tidal radius is very
similar to the completeness inside the Carina tidal radius, showing that the eﬀects of spatially varying completeness are negligible. Furthermore, Fig. 5 also shows that the completeness of the
foreground region used to correct for MW foreground contamination is similar to the completeness of regions inside the tidal
radius. Therefore, subtracting the foreground region will not lead
to systematic changes in the completeness in the resulting Hess
diagram.
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Fig. 5. Photometric completeness for the B and V filters for each annulus considered during the SFH determination, as determined from
artificial star test experiments.

toward each individual star within our catalogues and created
extinction-free CMDs1 .
3.2. Artificial star tests
The observational conditions in the synthetic CMDs were simulated by using the results of extensive artificial star test simulations. This approach is the only way to take into account the
complex eﬀects that go into the simulation of observational biases, such as the colour-dependence of the completeness level
and the asymmetry of the photometric errors of stars at faint
magnitudes (e.g. Gallart et al. 1996b). Artificial stars with known
position and brightness were distributed randomly across the
deep MOSAIC images of Carina in the B and V filters. No more
than 5% of the total observed stars were ever injected as artificial stars at one time, to avoid changing the crowding properties
in the images. To reliably determine the completeness and photometric error in each part of the CMD, a total of 400 images
with 5000 artificial stars was generated for each of the two inner
fields and a total of 500 images with 2000 artificial stars each for
the four outer fields. This resulted in 2800 images, containing a
total of eight million artificial stars spread across the full area of
Carina.
1

We used the tools available at the NASA/ IPAC Infrared Science
Archive
(http://irsa.ipac.caltech.edu/applications/
DUST/).

3.3. Age resolution
To obtain the age resolution of the SFH solution that can be
achieved using the deep V, B − V photometry, we determined
the ability of Talos to recover the age of a series of synthetic
populations at diﬀerent input ages (e.g. Hidalgo et al. 2011). We
generated a set of six synthetic bursts of star formation at different ages covering the total age range study. Each burst has a
duration of 10 Myr and was therefore optimally fitted using one
population bin in the SFH. However, because of the method of
determining the uncertainties of the solution (see Sect. 3), the solution for each burst will be smoothed across multiple bins of the
SFH, which aﬀects the resolution of the SFH at diﬀerent ages.
The SFH for the synthetic episodes was recovered by fitting
the V, B − V photometry simultaneously with a synthetic 50%
complete MDF with similar photometric depth as the Ca ii triplet
spectroscopy. To determine the resolution of each episode, we
fitted a Gaussian distribution and determined the age of the central peak (μ) as well as the variance σ.
The recovered and input SFH for the synthetic episodes is
shown in Fig. 6 for young (a), intermediate (b), and old (c) star
formation episodes.
For all but the oldest burst, the central peak is recovered
within the correct bin. For the older age the peak of the synthetic
episode is recovered at slightly too old ages. Figure 6 shows that
the age resolution of the recovered episode is significantly better at young ages than at old ages. For the young ages with high
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 ≈0.25 Gyr at ages of 1.25 Gyr, 3.25 Gyr, 5.75 Gyr,
≈0.5 Gyr at ages 8.25 Gyr, 10.75 Gyr and ≈1 Gyr at an age of
12.75 Gyr, which is consistent with values between 5% and 25%
of the adopted age.

4. Star formation history of the Carina dSph
To determine the SFH of Carina, we assumed a wide range of
possible ages and metallicities to avoid biasing the solution by
our choice of parameter space. For the metallicity, a lower limit
of [Fe/H] = −2.5 dex was assumed, which is the lowest available in our set of isochrones. The spectroscopic MDF shows
that only ≈7 percent of stars have [Fe/H] ≤ −2.5 dex, therefore our lower metallicity limit should not lead to a bias in the
SFH results. Furthermore, the metallicities of stars in the MDF
also show that no stars with [Fe/H] ≥ −1.0 dex are present on
the RGB. However, we adopted an upper metallicity limit of
[Fe/H] = −0.5 dex since higher metallicities may be present in
young MS stars without a corresponding RGB sequence. A bin
size of 0.2 dex was assumed for [Fe/H], which is similar to the
A10, page 5 of 14
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Fig. 7. Full SFH solution as a function of age and metallicity for the
3 diﬀerent annuli (r < rcore ; rcore < r < 2rcore ; 2 rcore < r < rtidal ) within
the Carina dSph.
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Fig. 6. Star formation history of a series of synthetic short (10 Myr)
episodes of star formation at young a), intermediate b) and old c) ages.
For each burst, the black histogram shows the input SFH, given the
adopted binning of the solution. The coloured histograms show the recovered SFH of the burst and the fit of a Gaussian distribution as the
dashed line. The mean (μ) and variance (σ) of the fitted Gaussian distribution are also listed.

average observed uncertainty on [Fe/H]. For the age limits, we
assumed a maximum age of 14 Gyr for the age of the Universe
and considered a range of ages between 0.25 (the youngest age
available in the isochrone sets used) and 14 Gyr old, with a bin
A10, page 6 of 14

size of 0.5 Gyr above an age of 2 Gyr and a bin size of 0.25 Gyr
below 2 Gyr.
4.1. Star formation history inside the tidal radius

Figure 7 presents the final SFH solutions of the Carina dSph
within the tidal radius for increasing distance from the centre (r < rcore ; rcore < r < 2rcore ; 2 rcore < r < rtidal ), determined using isochrones from the Dartmouth library (Dotter
et al. 2008). SFH solutions derived with a diﬀerent set of
isochrones (BaSTI/Teramo) are presented in Appendix A. By
projecting the SFR values onto one axis we obtain the SFR as a
function of age (SFH) or metallicity (chemical evolution history,
CEH), given in Fig. 8. The star formation rates as a function of
age and metallicity derived from the SFH solution are also given
in Tables 2 and 3. The error bars indicate the uncertainty on the
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Fig. 8. Star formation history (left) and CEH (right) of the 3 diﬀerent annuli within the Carina dSph, with increasing distance from the centre.
The radial extent of the annulus is indicated in each panel. The bottom row shows the total SFH and CEH of the Carina dSph within the tidal
radius (0.48 degrees).

SFR as a result of diﬀerent CMD and parameter griddings (as
described in Sect. 3). 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. The total mass in
stars formed in each bin can be determined by multiplying the
star formation rates by the range in age or metallicity of the bin.
Figures 7 and 8 show that the SFH of Carina can be divided into two main episodes, with old (>8 Gyr) and intermediate ages (<8 Gyr). Figure 7 also shows a very young episode
of star formation in Carina, with a drop in SFR at an age ≈1 Gyr
followed by a subsequent increase of SFR at the youngest ages
probed in our SFH between 0.25−0.5 Gyr. Comparison with
Appendix A show that the bimodality of the SFH is not a result
of the isochrone set used, but instead driven by the two distinct
MSTOs visible in Fig. 3. Furthermore, the SFHs in Fig. 8 are
roughly consistent with earlier studies of Carina (e.g. Monelli
et al. 2003; Bono et al. 2010), but resolve the diﬀerent episodes
in much greater detail.
Within the old star formation episode, the oldest stars have
a low metallicity, followed by a gradual metal enrichment over
time to [Fe/H] ≈ −1.5 dex at ≈8.5 Gyr. Following the old
star formation episode, there is a clear paucity in star formation ≈8 Gyr ago that lasts for roughly 1 Gyr (see Fig. 8).

Subsequently, star formation continues at an age of 7.5 Gyr,
forming stars continuously until ≈250 Myr ago and gradually
enriching the metallicity to [Fe/H] ≈ −1.0 dex. Surprisingly, the
oldest stars in the intermediate-age episode display metallicities
substantially lower than the stars formed at the end of the old
episode. This indicates that the intermediate-age star formation
episode formed from gas that was initially not as metal enriched
as the gas present at the end of the older episode, consistent with
the gas infall scenario proposed by Lemasle et al. (2012).
Comparison between the SFH at diﬀerent distances from the
Carina centre shows that a population gradient is present as a
function of radius (Battaglia et al. 2012). Within the core radius,
the SFH is dominated by the intermediate-age episode (<8 Gyr),
which makes up 76 percent of the total star formation within
this radius. Farther out from the centre, star formation occurs
in both episodes with roughly equal strength (61 percent in the
intermediate-age episode), while the outermost annulus is dominated by star formation in the oldest episode (34 percent in the
intermediate-age episode). This is consistent with the change in
strength of the two distinct SGBs in Fig. 3 as a function of radius.
Figure 9 shows the observed and synthetic (V, B − V) CMD
of each region of Carina and the residual in each bin in terms of
Poissonian uncertainties. The residuals show that the synthetic
A10, page 7 of 14
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Fig. 9. Observed (top row) and best-fitting (middle row) CMD for the diﬀerent annuli within Carina. The bottom row shows the diﬀerence between
the observed and best-fit CMD, expressed as a function of the uncertainty in each CMD bin.

CMDs are consistent with the observed CMDs within 3 sigma in
each bin, indicating an overall good fit of the data. The synthetic
CMDs correctly reproduce all evolutionary features in the lower
CMD, including the location and spread of the distinct SGBs and
the presence of younger populations above the bright SGB.
The observed MDF for each spatial region is shown in
Fig. 10 in comparison with the synthetic MDFs inferred from
the SFH solution. For the inner two regions, the synthetic MDFs
fit the observed spectroscopic MDFs well, consistent within the
small Poissonian error bars of the observations. This good fit is
expected because the MDF for these regions was used as an input in the SFH fitting. The model MDF of the third region does
not provide as good a fit to the observed data, although still consistent within the Poissonian errors. However, the uncertainties
on the observed MDF are large because only a few stars (15) are
available within this annulus. The peak of the synthetic MDF is
placed at low metallicity, broadly consistent with the observations. Metal-rich stars ([Fe/H] > −1.4 dex) are also present in
the model MDF, consistent with an anomalous metal-rich, old
population fit to residual MW foreground stars (see also Fig. 7).
From the SFH fitting we determined the total stellar mass
formed over the duration of the star formation of Carina. By integrating the SFR in each population bin, we determine that the total mass in stars formed in Carina is 1.07 ± 0.08 × 106 M within
the tidal radius of 0.48 degrees or 888 pc (0.43 ± 0.05 × 106 M
A10, page 8 of 14

within the half-light radius of 250 pc). Assuming LV = 2.4 ±
1.0 × 105 L for Carina, we determine a stellar mass-to-light
ratio within the half-light radius of 1.8 ± 0.8 compared with a
dynamical mass-to-light ratio of ≈14 (Irwin & Hatzidimitriou
1995; Walker et al. 2009).
By dividing the SFH into two components using a cut at
8 Gyr, we determine that 0.40 ± 0.05 × 106 M formed within
the oldest episode within the tidal radius, compared with 0.67 ±
0.06 × 106 M within the intermediate-age episode. This means
that 60 ± 9 percent of all stars formed within the intermediateage episode, which is roughly consistent with studies of the stellar number count in each SGB (Smecker-Hane et al. 1994; Rizzi
et al. 2003).
4.2. Star formation history outside the tidal radius

Figure 11 presents the final SFH of Carina as a function of age
and metallicity when considering only stars outside the tidal radius. Because of the significant MW foreground contamination
in this region, no limit is placed on the reddest colour of stars
associated with Carina.
The SFH presented in Fig. 11 is dominated by strong star formation at old ages (>10 Gyr) and high metallicities ([Fe/H] >
−1.5 dex). This is consistent with fitting the red MW foreground stars using populations at the distance and extinction of
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Carina and is not representative of actual Carina populations.
Excluding these populations, Fig. 11 shows metal-poor populations broadly consistent with those seen in Fig. 7 at ≈6 and
≈11 Gyr. Therefore, it seems plausible that the tidal tails detected around Carina are composed of populations similar to
those found just within the tidal radius. However, the excessive
MW foreground contamination prevents us from determining the
properties of these populations in detail.
Figure 12 shows the observed and synthetic CMDs of
the extra-tidal region along with CMD residuals in terms of
Poissonian uncertainties. A broad, double RGB is visible in the
model CMD, which is dominated by populations fit to the MW
foreground. The observed CMD shows hints of the old SGB at
B − V = 0.45, V = 23.25, which are correctly reproduced in the
synthetic CMD. This further hints at the presence of Carina stars
outside the nominal tidal radius in the form of tidal tails.

Fig. 11. Best-fitting SFH results for the stars in our sample outside the
tidal radius of Carina. The top panel shows the full SFH solution as a
function of age and metallicity, while the SFR as a function of age and
metallicity is shown in the middle and bottom panels.

5. Chemical evolution timescale in the Carina dSph
Using the SFH presented in Figs. 7 and 8, we determined the
probability distribution function for the age of individual stars
on the RGB, taking into account the SFH constraints for the age
at each CMD location. For each observed RGB star, all stars in
the synthetic CMD satisfying the observed magnitude and metallicity (and uncertainties) were used to build up the distribution
of age at this CMD location, following the procedure outlined
in de Boer et al. (2012a). The median of this age distribution
was adopted as the age of the observed star, while the median
absolute deviation (MAD) was used as an error bar. With this
method, we determined accurate age estimates for all available
samples of spectroscopic stars in Carina (Shetrone et al. 2003;
Helmi et al. 2006; Koch et al. 2008; Starkenburg et al. 2010;
Lemasle et al. 2012; Venn et al. 2012).
We determined the detailed age-metallicity relation (AMR)
for individual RGB stars from stars with spectroscopic metallicity distributions. Figure 13a shows the AMR for low-resolution
Ca ii triplet spectroscopic samples and high-resolution spectroscopic samples. For stars without a statistical age we only
A10, page 9 of 14
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Fig. 12. Observed (top) and best-fitting (middle) CMD for the sample
of Carina stars outside the tidal radius. The CMD residuals in each
CMD bin are also shown in the bottom panel.

give an age estimate based on the closest distance from synthetic CMD points satisfying the magnitude and metallicity constraints. Several stars in Fig. 13a display ages ≈1 Gyr, inconsistent with lifetimes associated to RGB stars. An inspection of
these stars in the CMD shows that they are most likely AGB stars
and not RGB stars, in which case a classification as RGB stars
would result in too young ages.
The AMR presented in Fig. 13a is broadly consistent with
previous studies such as Lemasle et al. (2012), but our results
determine ages with greater accuracy because of the constraints
from the full CMD analysis. This enables us to determine the
detailed behaviour in each episode of star formation instead of
merely separating stars into two episodes. Similar to Lemasle
et al. (2012), the AMR can be roughly divided into two parallel
sequences using an age cut at 8 Gyr, although the gap in the SFH
is not as visible as in Fig. 7. The old stars form a narrow, welldefined AMR, very similar to that of the Sculptor dSph (de Boer
et al. 2012a). Stars with low metallicity are formed at ancient ages (>12 Gyr), followed by a phase of gradual metal
A10, page 10 of 14

enrichment during several gigayears up to [Fe/H] ≈ −1.5 dex
at an age of ≈8 Gyr.
Stars associated with the intermediate-age episode mainly
display metallicities between −2.0 ≥ [Fe/H] ≥ −1.5 dex with
ages of 2−7 Gyr. A sequence of more metal-poor stars is also
visible with ages of 4−6 Gyr. Finally, at young (<3 Gyr) ages,
the metallicity of stars increases again, rising from [Fe/H] =
−1.5 dex at ≈3 Gyr to [Fe/H] = −1.0 dex at ≈1 Gyr. Stars with
metallicities even higher than this may also be present in Carina,
based on the appearance of young, blue MS stars in Fig. 3.
However, these populations cannot be properly sampled using
spectroscopic observations of upper RGB stars because they are
present in large numbers only at fainter magnitudes.
Using stars from high-resolution spectroscopic samples we
can determine the evolution of individual chemical elements
as a function of time. Figures 13b−d show the distribution
of [Mg/Fe], [Ca/Fe], and [Ba/Fe] as a function of metallicity, colour-coded with the statistical age of the individual stars.
Unfortunately, stars with low ([Fe/H] < −2.0 dex) metallicities in the intermediate-age episode are not fully sampled in
the HR spectroscopic sample, preventing us from seeing the behaviour of α-element abundances during the onset of the second
star formation episode.
For old (>8 Gyr) stars, Fig. 13 shows a clear sequence of
steadily declining α-element ratios with metallicity, from metalpoor and MW-like to more metal-rich and [α/Fe] < 0, similar
to what was reported in Lemasle et al. (2012). This eﬀect is
more pronounced in [Mg/Fe] than in [Ca/Fe], but still present
in Fig. 13c. If this decrease in [α/Fe] is interpreted as a sign of
an α-element “knee” (Tinsley 1979), the location of the knee
would be around [Fe/H] ≈ −2.5 dex and ancient (≈12 Gyr)
age (Lemasle et al. 2012). In contrast to Lemasle et al. (2012),
the sequence formed by stars classified as old does not extend
all the way down to [Fe/H] = −1.2 dex, but stops at [Fe/H] =
−1.5 dex and only slightly sub-solar α-element abundances. At
this point, the α-element ratios increase for younger ages, leading to the distinct group of stars with [Fe/H] ≈ −1.5 dex and
[α/Fe] consistent with MW abundances. These stars cover a
range of ages between roughly 4−10 Gyr and correspond to the
metal-rich stars at the end of the old star formation episode and
the middle of the intermediate-age episode. Finally, the youngest
stars in the HR dataset form a sequence of decreasing [α/Fe],
which extends from the group of intermediate age, MW-like
stars down to α-element abundances well below solar.
Additionally, one star from the group of intermediate-age,
metal-poor sequence is also present in the HR spectroscopic
dataset and can therefore be used to probe the abundances of
stars associated with the onset of the second star formation
episode. The α-element abundances of this star are consistent
with those of the MW at low metallicities, indicating that the
event that triggered the onset of the second episode of star formation is most likely also responsible for the decrease in metallicity and the corresponding increase in [α/Fe] ratios.

6. Discussions and conclusions
The Carina dSph has undergone a complex, episodic formation
history leading to distinct SGBs in the photometric CMD (see
Fig. 3) and complex chemical abundance patterns. In this work,
we have presented the detailed SFH and CEH of Carina at different positions within its tidal radius, using a combination of
deep photometry and spectroscopic metallicities. The spatially
resolved SFH (see Figs. 7 and 8) confirms the episodic formation history of Carina and quantifies the strength and stellar population make-up of each episode. By combining the SFH
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Fig. 13. Top-left panel: age-metallicity relation of the Carina dSph as obtained from individual stars on the upper RGB. Low-resolution Ca ii triplet
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results with observations of chemical abundances of individual
RGB stars, we also determined the changes in metallicity and
chemical abundance patterns as a function of age (see Fig. 13).
The mean ages of the dominant star formation episodes are
consistent with previous studies (e.g. Monelli et al. 2003; Bono
et al. 2010), but the SFH presented here is able to determine,
for the first time, the age and metallicity extent of each episode
separately. The SFH of Carina was determined at diﬀerent radii
from the centre, confirming and quantifying the negative age
and metallicity gradient as a function of radius (Harbeck et al.
2001; Battaglia et al. 2012). Furthermore, the SFH also indicates
that there are Carina stellar populations outside of the tidal radius (see Fig. 11), which is consistent with tidal eﬀects (Battaglia
et al. 2012).
The SFH presented in Fig. 7 points to a complex formation for Carina, characterised by two main episodes that both
formed stars starting from low metallicities ([Fe/H] < −2 dex).
The overlap in metallicity was first pointed out by Lemasle et al.
(2012) from HR spectroscopic observations and is now independently confirmed by fitting the deep MSTO photometry. This
indicates a diﬀerent metal enrichment in each star formation
episode, and possibly a diﬀerent origin of the gas that formed
the stars in each episode. The overlapping metallicity range of
the two episodes also explains the thin RGB and narrow MDF

of Carina found in previous studies (Armandroﬀ & Da Costa
1991; Da Costa 1994; Smecker-Hane et al. 1996, 1999).
The old stars (>8 Gyr) in Carina display a narrow sequence
in Fig. 7 and a narrow AMR from Ca ii triplet and HR spectroscopic observations. Similar to Lemasle et al. (2012), the
old episode shows steadily declining α-element abundances as
a function of metallicity and age, consistent with evolution in
relative isolation (Figs. 13b,c). A possible α-element “knee” is
visible at very low metallicities ([Fe/H] ≈ −2.5 dex). The metallicity of the knee indicates that it experienced a slow metal enrichment before the onset of SNe Ia explosions, consistent with
the low mass of Carina compared with other LG dSphs.
The stars associated with the intermediate-age episode display a more complex behaviour as a function of age and metallicity. The SFH shows a broad sequence of star formation with increasing metallicity as a function of age, but with a large scatter
in metallicity. The oldest star formation in the intermediate-age
episode peaks at [Fe/H] ≈ −2.0 dex, in Fig. 7 roughly 0.5 dex
more metal-poor than the stars formed at the end of the old
episode. This is also reproduced in the AMR (Fig. 13a), where
the majority of stars with ages between 4−8 Gyr are more metalpoor than the stars at the end of the old sequence. Figures 13b,c
shows that stars from the intermediate-age episode also display
diﬀerent abundance patterns, with significantly higher [α/Fe]
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ratios (Lemasle et al. 2012). The stars form a sequence starting
from [Fe/H] = −1.8 dex and [Mg/Fe] ≈ 0.4 dex and declining to Mg-poor values ([Mg/Fe] ≤ −0.5 dex) with a slope much
steeper than observed in the old episode. This indicates that both
episodes of star formation formed from gas with diﬀerent abundance patterns.
The complex SFH of Carina cannot easily be explained by a scenario involving evolution purely in isolation,
unless a scenario of substantial in-homogenous mixing is invoked (Pilkington & Gibson 2012). Instead, the spatial, chemical, and temporal distributions of Carina stars point to an external event as the origin for the episodic formation history. An
external event would also be consistent with simulations, which
invoke tidal interactions with the MW to self-consistently model
the formation of the Carina dSph (Pasetto et al. 2011). Orbit determinations of Carina suggest that it has experienced multiple
interactions with the MW, with close perigalacticon passages
at 0.7, 2.1, 3.6, 5.0, 6.5, 7.9, 9.4, and 10.8 Gyr, broadly consistent with the presence of star formation at these ages in the
SFH (Piatek et al. 2003). However, it is unclear how the eﬀects
of tidal interactions can have a major eﬀect on the SFH while
still preserving the population gradients observed in Carina.
Gas infall is an attractive scenario to explain the complex
formation history of the Carina dSph (Lemasle et al. 2012).
Accretion of gas can explain the change in abundances as well
as the renewed star formation activity. However, to change the
[α/Fe] ratios and metallicity of the ISM this gas could not have
been substantially pre-enriched. If the infall of fresh gas did
indeed lead to a “restart” of chemical enrichment, the distribution of α-element should show a second sequence starting
at low metallicities, and possibly a second α-element “knee”.
Unfortunately, the current sample of HR spectroscopic observations of stars consistent with the onset of the intermediate is
limited to only one star.
The reason for the paucity in star formation between the two
episodes at an age of ≈8 Gyr is still unclear. Figure 8 does not
show a clear drop in SFR as a function of age in the old episode,
which makes it unlikely that gas depletion was the reason for the
initial paucity in star formation. Furthermore, if the initial star
formation in the old episode led to the blowout of gas and eventual cessation of star formation, it is hard to conceive how the
intermediate episode was able to form stars at an overall higher
rate (60 ± 9 percent of stars within the intermediate-age episode)
while holding on to its gas long enough to keep forming stars
for ≈7 Gyr more. If Carina was able to retain more gas in the
intermediate-age episode than in the old episode, this could indicate the addition of more (dark) mass along with the gas that
triggered the renewed star formation, such as through the accretion of a dark halo or dwarf galaxy.
The complex, episodic history of Carina provides a unique
window into dwarf galaxy evolution dominated by external processes and provides a challenging testbed for any theory of
galaxy formation.
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Appendix A: Solving the SFH using BaSTI isochrones
The SFH solutions presented in Sect. 4 were derived by adopting the Dartmouth isochrone set. To determine the eﬀect of a change in
isochrones on the SFH solution, we also derived the SFH of Carina using the Teramo/BaSTI isochrone set (Pietrinferni et al. 2004).
The best-fitting SFH results for the Teramo isochrones are shown in Figs. A.1 and A.2 and can be directly compared with Figs. 7
and 8. The star formation rates as a function of age and metallicity derived from the SFH solution using the BaSTI isochrones are
given in Tables 2 and 3.

Fig. A.1. Full SFH solution as a function of age and metallicity for each of the 3 annuli within the Carina dSph adopting the Teramo isochrone set.
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Figure A.3 shows the model CMD in comparison to the observed CMD for each annulus of Carina. The SFH in Fig. A.2 is
roughly consistent with the solution derived using the Dartmouth isochrone. The ages derived using the Teramo isochrone are are
systematically shifted toward older ages, which is a well-known eﬀect caused by the diﬀerence in adopted colour transformations
between the two sets of isochrones. However, in both solutions, two main episodes of star formation are visible, showing a similar
extent in age and metallicity. Therefore, our choice of isochrone set does not lead to considerable diﬀerences in the interpretation of
the episodic SFH of Carina.
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Fig. A.2. Star formation history (left) and CEH (right) of the 3 diﬀerent annuli within the Carina dSph adopting the Teramo isochrone set.

A10, page 13 of 14

A&A 572, A10 (2014)

Fig. A.3. Observed (top row) and best-fit (middle row) CMD for the diﬀerent annuli within Carina adopting the Teramo isochrone set. The bottom
row shows the diﬀerence between the observed and best-fit CMD, expressed as a function of the uncertainty in each CMD bin.
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Fig. A.4. Spectroscopic abundances of individual stars in the Carina dSph, with ages derived from the SFH determined using the Teramo isochrone
set. The top-left panel shows the age-metallicity relation for individual stars from Ca ii triplet spectroscopy (red) and HR (blue) observations. The
abundances of [Mg/Fe] b), [Ca/Fe] c) and [Ba/Fe] d) are also shown, with colours indicating the age of individual stars. Triangles indicate stars
without a statistical age estimate. For these stars only a rough age is given, based on the closest distance from evolutionary features in the SFH.

Using the best-fit SFH results, we also derived the probability distribution for the age of individual stars from spectroscopic
observations. Stars with spectroscopic metallicities [Fe/H] ≤ −2.5 were treated as having [Fe/H] = −2.5 when determining ages,
since BaSTI isochrones only extends to this metallicity. The spectroscopic abundances of Ca ii triplet and HR samples are shown
in Fig. A.4 derived using the Teramo isochrones. Comparison with Fig. 13 shows that very similar trends as a function of age are
recovered, although the ages determined using the Teramo isochrones are consistently older by approximately 1 Gyr as a result of
the age diﬀerence in the SFH.
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