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Abstract In the process of reading all the papers that appear in this voulume, we
decided to provide a summary of the conference, that may help the reader in nav-
igating through the volume. A shorter version of this summary has been published
on the ESO Messenger (Saviane et al.) and it has considerable overlap with this
one. Since there was not enough space on the ESO Messenger to fit all the details
we decided to provide the full summary paper as the last paper of the volume.
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1. Introduction

The conference started with an introduc-
tory talk by Anatoly Klypin, who updated
the audience with the latest ΛCDM sim-
ulations of the evolution of the universe.
The talk underlined one of the recurrent
themes of the conference, i.e. that model-
ing gas processes and SF feedback is ex-
ceedingly difficult, so critical constraints
to theory must be placed by measuring
abundances at all redshifts and for differ-
ent cosmic structures. After the primor-
dial nucleosynthesis, chemical elements
are produced in stars (either in quiescent
or explosive ways) so a review of stel-
lar nucleosynthesis was given by Paolo
Ventura. He recalled how stars of differ-
ent mass pollute the ISM with different el-
ements, and at different times. Stars ini-
tially more massive than ∼ 8M� undergo
core–collapse, and contaminate their sur-

roundings mainly with material exposed to
advanced α− capture nucleosynthesis. The
yields exhibit a characteristic odd–even ef-
fects, and are also modulated by the degree
of stellar rotation. Intermediate mass stars
pollute the interstellar medium via stel-
lar winds during the AGB phase, especially
with CNO elements. The yields of stars
with mass below ∼ 3M� are dominated by
the Third Dredge–Up, and are extremely
enriched in carbon. Higher masses undergo
Hot Bottom Burning: their yields show up
the signature of p–capture nucleosynthesis,
thus being enriched in nitrogen, and de-
pleted in their carbon and oxygen content.
Both groups of stars are efficient dust pro-
ducers, mainly under the form of carbona-
ceous dust, silicates and corundum.

In the rest of this article, summaries of
invited and contributed talks are arranged
in order of decreasing redshift. Table 1
provides an overview chronology of events
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Table 1. Chronology of main events discussed in the article. The conversion from redshift
to time was done via http://www.astro.ucla.edu/~wright/CosmoCalc.html, assuming
H0 = 71, ΩM = 0.270, Ωvac = 0.730.

time from BB redshift z event Abundance
∼ 1 to ∼ 103 sec > 150 × 106 BBN Observed: D/H=(2.53 ± 0.04) × 10−5;

Y=0.254 ± 0.003; Predicted: A(7Li)
= 2.7

After 0.1 Myr ∼ 2, 000 CMB
' 0.2 – 0.1 Gyr ' 20 − 30 First SF When H2 & 10−4 ⇒ SF starts;

pollution depends on IMF (PISNe or
not) and stellar rotation

most metal-poor MW stars SMSS J031300.36-670839.3 has
[Fe/H]< −7.1 and A(C) = 6.0
(Keller et al. 2014),
SDSS J102915+172827 has [Fe/H]
= -5.0 and A(C)< 4.0 (Caffau et al.
2012); two populations of very
metal poor stars in terms of carbon
abundance (Norris et al., 2013;
Spite et al., 2013)

0.2 < t < 0.48 Gyr 20 > z > 10 dwarf galaxies in Ricotti’s
simulations (progenitors of UFD?);

MDF peaked at [Fe/H]∼ −1

0.27 < t < 0.48 Gyr 15 & z & 10 Pop III galaxies in low-density
regions; candidates found @
6.3 < z < 8.8 behind lensing clusters
(Rydberg in proceedings)

∼ 0.4 Gyr ∼ 11 Lensed galaxy of 108-109 M� (Coe
et al. 2013)

∼ 0.4 Gyr ∼ 11 First galaxy candidates, LMC mass
or larger (Oesch et al. 2013)

t > 0.48 Gyr < 10 reionization completed
0.71 Gyr 7.51 Farthest galaxy redshift confirmed

by Ly α (Finkelstein et al. 2013)
0.97Gyr 5.9 GRB 130606A (Chornock et al.

2013)
[Si/H] & −1.7 and [S/H] . −0.5

t < 1.2 Gyr > 5 High density clumps (“disks”) from
DLA measurements

Enrichment by supernovae type-II
from population-II stars and prompt
type-I supernovae

1.2Gyr 5.0 GRB 111008A (Sparre in
proceedings)

log N(HI)/cm−2 = 22.30 ± 0.06;
[M/H]' −1.7 ± 0.1 for S, Cr, Fe, Ni

1.3 Gyr 4.7 GRB 100219A (Thöne et al. 2013) [S/H] = −1.1 ± 0.2,
∼ 2.19 Gyr ∼ 3 IGM measurements from Lyα forest [C/H] ∼ −3.5
∼ 2.19 Gyr ∼ 3 Galaxy halo measurements from

Lyman limit systems
[M/H] from pristine to ∼ +0.7

1.2→ 12.38 Gyr 5→ 0.1 average “disk” metallicity from DLA
measurements

[m/H] = −0.22 z− 0.65; [α/Fe] ∼ +0.3

1.8 Gyr 3.5 SF galaxies in Maiolino et al. (2008) [m/H]∼ −0.5 for galaxies of
∼ 1010 M�

3.34 Gyr 2 MZR from H II regions (Cullen in
proceedings); highest-mass galaxies
(3 × 1010 M�)

[O/H]∼ −0.5

3.34 Gyr 2 First detected clusters of galaxies
1.49 Negative metallicity gradient for

lensed galaxy (Yuan et al. 2011);
”inside-out” formation?

−0.16 dex kpc−1

4.6 Gyr 1.4 end of thick disk formation,
Haywood in proceedings (start at
1.2 Gyr)

7.7 Gyr < 0.65 Galaxies with
9.8 < log M∗/M� < 11.5 start to
evolve as closed boxes (Rodrigues
in proceedings)



436 I. Saviane and P. Bonifacio: Conference summary

and observational data together with the
abundances (where measured) at particu-
lar epochs.

2. z = ∞
Naturally, the first measurements are those
of elements produced in the in the initial
∼ 15 min in the life of the universe: D,
3He, 4He and 7Li are the products of the
so-called big-bang nucleosynthesis. Ryan
Cooke and Yuri Izotov presented their most
recent estimates: from absorption spectra
of DLAs (D/H)p = (2.53 ± 0.04) × 10−5

(Cooke et al. 2014); extrapolating from
abundances measured from the emission
spectra of HII regions in metal-poor galax-
ies, Yp = 0.254 ± 0.003 (Izotov et al.
2013); and from spectra of very metal poor
stars the upper limit of lithium abundance
is A(7Li) ≡ 12 + log(7Li/H) = 2.2 (e.g
Asplund et al. 2006), in the presence of
many stars observed with a lower Li abun-
dance at extremely low metallicities, the
“meltdown” of the lithium plateau (Aoki et
al. 2009; Sbordone et al. 2010). Because
3He is also produced in low-mass MS stars,
it cannot constrain cosmological models.
Gary Steigman then pointed out that when
inserted in the models, the abundances of
D and 4He can constrain the baryon-to-
photon ratio (η10 or, ΩBh2) and the num-
ber of equivalent neutrinos (∆Nν) to be
added to the three standard ones. In ad-
dition, because the Hubble parameter is
H ∝ ρ1/2

R , a finite ∆Nν implies an additional
contribution to the energy density ρR on
top of the photon and neutrino ones, and
therefore a non standard expansion rate.
Given the quoted abundances, this indeed
seems to be the case: a joint BBN + CMB
analysis yields η10 = 6.13 ± 0.07 (ΩBh2 =
0.0224±0.0003) and Neff = 3.46±0.17 (∆Nν =
0.40 ± 0.17). It was then recalled that one
of the possible solutions to the dark matter
problem is the introduction of a “weakly in-
teracting massive particle”. Depending on
the nature of this WIMP, the lower bound
to mχ ranges from ∼ me to ∼ 10 me, while
the best fit WIMP masses lie in the range

∼ 5 − 10 MeV. Interestingly, the presence
of an additional, free parameter relaxes the
constraints on ∆Nν so in this case a sterile
neutrino is permitted at . 68% confidence.
It should also be noted that the abundance
of lithium is ∼ 3 times less than the BBN
value, with or without a light WIMP, thus
the “lithium problem” persists.

3. z = 2000

After ∼ 105 yr (z ∼ 2, 000) the universe re-
combines and the cosmic background radi-
ation is freed. At the same time structures
keep growing under the gravitational influ-
ence of DM, and dense nodes form at the
intersections of filamentary structures. Gas
trapped in these nodes forms H2 via the
H− chain, and when the abundance of H2
reaches ∼ 10−4 cooling is sufficient to trig-
ger star formation.

4. z = 30 -> 20

In his review, Volker Bromm thus recalled
that the first stars form at redshifts z ' 20−
30 (' 0.2 – 0.1 Gyr after the big bang) in-
side ∼ 105 − 106M� ‘mini-halos’. The subse-
quent evolution of both metallicity and cos-
mic structures depends on the mass func-
tion of these Pop III stars, i.e. whether it is
limited to a few tens of solar masses, or it
can reach ∼ 140 − 260M�. In the latter case
there will be pair instability SNe together
with core-collapse SNe: PISNe transform
half of their mass into metals, while only
a few percent of the mass is converted
into metals by CC SNe. In addition the en-
ergy output of PISNe is larger than that of
CCSNe, which increases cooling times of
the ejecta that eventually reassemble into
a more massive DM halo. In any case, due
to the faintness of the mini-halos, the first
detectable objects by JWST should show
above-primordial enrichment.

At the current early stage, simula-
tions cannot fully constrain the Pop III
IMF, so observations must come to rescue.
Observations of the most metal poor stars
in the Galactic bulge seem to indicate that
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they were formed in gas enriched by CC
SNe, and that their Pop III progenitors were
rapidly rotating (Chiappini et al. 2011),
in agreement with recent models (Stacy
et al. 2013). However searches for metal-
free, Pop III, surviving low-mass stars are
on-going, and their outcome will certainly
lead to revisions of the current scenario.

Three such surveys were illustrated
by Elisabetta Caffau, Heather Jacobson,
and Katia Cunha. The first survey starts
with SDSS-DR9 spectra and identifies
TO stars with metallicities [Fe/H]< −3
to be followed up with UVES or X-
Shooter at the VLT and has detected the
most metal–poor star currently known:
SDSS J102915+172827 (Caffau et al.
2012). The second survey uses the multi
band photometry of SkyMapper to search
for candidate EMP stars, which are then
scrutinized with low-resolution spectra ob-
tained with the Australian facilities, and
the best candidates are then observed with
high-resolution spectrographs obtained at
Magellan, Keck, and the VLT. Heather
gave us a preview of SMSS J031300.36-
670839.3, later published in Keller et al.
(2014). The null detection of iron lines
puts its iron abundance at a record breaker
[Fe/H]< −7.1, yet its high carbon abun-
dance implies a global metallicity simi-
lar to that of metal-poor globular clus-
ters. Its abundance pattern implies forma-
tion in gas enriched by a single 60 M�
star that exploded as low-energy SN. These
results are in line with the discussion
of Pop III IMF, and early galaxy forma-
tion, outlined above. An earlier result of
EMP surveys is that there seem to be two
populations of very metal poor stars in
terms of carbon abundance (Norris et al.
2013; Spite et al. 2013): the carbon-
enhanced stars, like SMSS J031300.36-
670839.3 and the carbon-normal stars,
like SDSS J102915+172827. While not ex-
plicitly targeted to metal-poor stars, the
SDSS3/APOGEE survey described by Katia
Cunha is an example of many on-going or
planned large-scale surveys of Milky Way
stellar abundances.

5. z = 11 -> 9

While the first Star Formation (SF) is be-
yond the reach of current facilities, galaxy
candidates at ever increasing redshifts are
being found. Rychard Bouwens updated
us on the most recent results of these
searches, which are typically carried out
with the HST. They show the early and fast
assembly of galaxies, for example based
on the UV luminosity density contributed
by star forming systems, which increased
by two orders of magnitude in ∼ 1.5 Gyr,
between redshift 10 and 3. Redshifts of
the earliest galaxies are estimated based
on SED fits to photometric points: for ex-
ample Oesch et al. (2013) using WFC3/IR
data and the Lyman break technique found
seven z ∼ 9 galaxy candidates, and one
each at z ∼ 10 and z ∼ 11. If only galaxies
with spectroscopic determinations of red-
shifts are considered, an object at z = 7.51
is the current record holder (Finkelstein
et al. 2013), with only a handful more at
z > 7. Spectrographs at 10m-class tele-
scopes have been used to detect Lyman α
emission from these galaxies, but measur-
ing their metallicities is still not feasible.

At redshift 10 and beyond, current sur-
veys can only detect galaxies with at least
108-109M� in stellar mass, but lower mass
objects must have formed even earlier.
Indeed this is what Massimo Ricotti has
been finding through simulations: inter-
estingly, if evolved into the present-day
universe, his objects would have prop-
erties comparable to the faintest dwarf
spheroidal galaxies in the Local Group.

6. z = 15 -> 9

The chain of events outlined so far will
work for the densest regions of the primor-
dial universe, but Stiavelli & Trenti (2010)
pointed out that chemically pristine galax-
ies in halos with mass M ∼ 108 M� may
form at z < 20 in relatively underdense
regions of the universe. They expect that
such galaxies in the range 10 . z . 15
could be found if magnified by lensing clus-
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ters, so Claes-Erik Rydberg went out to see
whether this is true. And indeed by fitting
Pop III model SED to multiband photom-
etry data from the CLASH survey, he has
found candidate Pop III galaxies with red-
shifts between 6.3 and 8.8, lensed by four
galaxy clusters.

7. z = 6 -> 5

In order to find galaxies for which metallic-
ity can be measured, lower redshifts must
be considered. The first galaxies to be en-
countered along this route are GRB host
galaxies, as it was explained by Martin
Sparre. A fraction of GRBs have host galax-
ies that gives rise to damped Lyman-α ab-
sorption, which permits the measurement
of their metallicity, currently up to red-
shift almost 6. For example Chornock et al.
(2013) constrain the metallicity of GRB
130606A at z = 5.913 to be [Si/H] &
−1.7 and [S/H] . −0.5, and Thöne et al.
(2013) observed GRB 100219A at z = 4.7
and measured a metallicity of [S/H] =
−1.1 ± 0.2, with an abundance pattern
affected by either strong dust depletion
or over-abundance of α-elements. Martin
presented his own VLT/X-shooter spec-
troscopy of the optical afterglow of GRB
111008A at z = 5.0, which yielded an HI-
content of log N(HI)/cm−2 = 22.30 ± 0.06
and and a metallicity [M/H]' −1.7 ± 0.1
for several elements (S, Cr, Fe, Ni).

8. z = 5 -> 2

The way metallicities are measured for
GRB hosts is shared by studies of the in-
tergalactic medium (based on absorption
line systems that are detected in front of
z & 2 quasars), so it is perhaps no coin-
cidence that metallicity measurements of
the IGM start to be available at redshifts
similar to those of the GRB hosts quoted
above. A review of this topic was given
by Michele Fumagalli who showed us that
below z ∼ 5 IGM pollution is already
widespread. Based on H I column densities
converted into volume densities, it can be

shown that absorption systems correspond
to the IGM (i.e., cosmic web and voids),
to galaxy halos, and to galactic disks or
neutral gas clumps. In the IGM, measured
carbon abundances between z ∼ 2 − 4 de-
pend on redshift and gas density, but typ-
ical values are [C/H] ∼ −3.5 at z ∼ 3, and
an increase by a factor of ∼ 2 − 3 from
z ∼ 4.3 to z ∼ 2.4. This means that the en-
richment of the IGM starts already in the
first 1.2 Gyr of cosmic history. Considerable
substructure is observed in the IGM, so
Michele formulated the hypotheses that a
significant fraction of the metals seen in the
IGM has been carried from galaxies in the
form of compact and enriched clumps that
subsequently mix with the surrounding hy-
drogen. In galaxy halos, a large metal-
licity spread is observed, reaching super-
solar ([M/H] ∼ +0.7) values. Interestingly,
some halos are completely unenriched
(Fumagalli et al. 2011; Simcoe et al.
2012), so apparently pre-galactic metal
enrichment was incomplete, and proba-
bly confined to the highest-density regions.
Another explanation offered by Michele is
that in galactic halos, chemically-pristine
inflows coexist with metal-enriched out-
flows or galactic fountains. Turning to
the highest density systems, their median
metallicity is [M/H] ∼ −1.5 with a 0.6 dex
scatter, but if a “cosmological metallicity”
is computed as an average over DLAs, this
depends on redshift as [m/H]c = (−0.22 ±
0.03)z − (0.65 ± 0.09) from z = 0.1 to z = 5.
If this were treated as the Age-Metallicity
Relation (AMR) of a real galaxy, and con-
sidering the mass dependence of AMRs, the
galaxy would have a mass intermediate be-
tween the SMC and the LMC. Interestingly,
DLAs are found to be α−enhanced with a
median [α/Fe] ∼ +0.3, and the [M/H] and
[α/Fe] distributions in z > 2 DLAs with
[M/H] . −1 agree with those observed for
Galactic halo stars. Similar abundance pat-
terns between DLAs and halo stars are
also found in the most metal-poor DLAs
at [M/H] . −2, hinting that there exists a
connection between DLA gas and the sites
where Galactic halo stars form. Abundance
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ratios of candidate DLAs at z > 5 point
to enrichment by supernovae type-II from
Pop II stars and prompt type-I supernovae,
and because ratios do not change with red-
shift, DLAs must be enriched by young stel-
lar populations.

More insight into IGM enrichment pro-
cesses was offered by the presentations
of Michael Rauch and Evan Scannapieco.
Michael has an on-going investigation
of high redshift galactic halos in which
Lyα emission indicates the presence of
young stellar populations and signs of tidal
and/or ram pressure stripping characteris-
tic of interacting galaxies. The release of
metal-enriched gas during these interac-
tions, possibly facilitated by a combination
of stellar feedback and stripping, and en-
hanced by interaction rates increasing with
redshift, may provide a mechanism for en-
riching the IGM as widely as observed.
On the contrary, observed outflows do not
appear to reach the distances required to
explain the widespread metal enrichment,
nor does the low density, metal-enriched
IGM show any conspicuous signs of recent
outflows.

These ideas are directly supported
by the simulations presented by Evan
Scannapieco. He finds that long-range out-
flows are excluded also by the fact that
by z ≈ 2, intergalactic enrichment appears
to be concentrated around large galaxies
and due primarily to metals from similarly-
biased higher-redshift sources. The ejec-
tion of metals from galaxies appears to be
more efficient at high-redshift than today,
not only because of the smaller gravita-
tional potential wells of galaxies, but also
because of their more compact sizes, spa-
tial distribution, and the overall expansion
of the universe.

9. z = 3 -> 0

As we move down in redshift, metallicities
for larger galaxy samples can be obtained,
which show that a mass-metallicity rela-
tion (MZR) is in place already at z ∼ 3.5
(Maiolino et al. 2008) A discussion of the

MZR based on spectra of lensed galaxies
was presented by Lisa Kewley. She showed
some results from Yuan et al. (2013), high-
lighting how good SNR spectra of lensed
galaxies can be used to estimate metallic-
ities using the same methods applied for
local galaxies. The redshift evolution of
[O/H] can thus be better constrained. In
addition it is possible to explore how the
MZR extends to low-mass galaxies (down
to 3 × 107M�).

10. z = 2

Metallicities for high-redshift galaxies are
obtained with calibrations of emission line
ratios versus metallicity obtained with lo-
cal fiducial H II regions. However, earlier
in the cosmic history physical conditions
in the same regions might have been dif-
ferent, as postulated by Fergus Cullen. He
finds that his MZR is offset by ∼ 0.3 dex
to lower values compared to that of Erb
et al. (2006); for example his highest-mass
galaxies (3×1010M�) have [O/H]∼ −0.5 in-
stead of ∼ −0.2. However the two datasets
can be reconciled if the effect of a higher
ionization parameter is applied to the Erb
et al. (2006) sample.

11. z = 1.49

For distant unresolved objects metallic-
ity estimates are averaged over the en-
tire galaxy, so metallicity gradients can add
scatter and spurious trends with redshift.
Lisa Kewley then showed the case of a
lensed galaxy at z = 1.49 (from Yuan et al.
2011) where a −0.16 dex kpc−1 gradient
was found, which is significantly steeper
than the gradient of late-type or early-
type galaxies in the local universe. A gra-
dient that flattens in time would support a
disk formation scenario in which early in-
fall/collapse in the galaxy center builds a
chemically enriched nucleus, followed by
slow enrichment of the disk (”inside-out”
formation).
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12. z = 0.6 -> 0

Throughout cosmic history, interactions be-
tween galaxies and gas exchanges with the
environment play a big role in their evo-
lution, an aspect of galaxy evolution that
is being investigated by the IMAGES sur-
vey. The first presentation based on these
data was by François Hammer, who exam-
ined mergers between gas-rich disk galax-
ies in the last 6 Gyr of cosmic history
(i.e., starting at z ∼ 0.6). The survey
includes spatially-resolved kinematics, de-
tailed morphologies and photometry from
UV to mid-IR, which let François discover
that at that redshift 50% of spiral pro-
genitors were experiencing major mergers:
therefore a high fraction of present day
disks are the end products of rebuilds, a
fact confirmed, e.g., by the high degree
of substructure observed in NGC5907 and
M31. In the future, it will be interesting to
see how metallicities and abundance pat-
terns are modified by major mergers, and if
abundance studies can be used to uncover
mergers through the “fossil record”. In the
second presentation Myriam Rodrigues in-
vestigated the role of gas exchanges during
the past 6 Gyrs in the life of intermediate
mass (9.8 < log M∗/M� < 11.5) disk galax-
ies. She considered the run of gas fraction
with redshift, and found that galaxies in
her sample evolved as closed systems since
redshift ∼ 0.6; however looking at gas frac-
tions from the literature, it appears that
at higher redshifts (z ∼ 2 and z ∼ 3) gas
exchanges with the environment become
more and more important.

13. z = 0+

Byproducts of mergers are various types of
debris, of which the most conspicuous are
tidal dwarf galaxies (TDGs). These are po-
tential contributors to the enrichment of
the IGM, so we asked Pierre-Alain Duc to
review the status of this research field. His
conclusion is that the case is still open.
Some studies claim that TDGs are very
fragile and do not survive internal and ex-

ternal processes, so they will pollute the
IGM. But other models indicate that TDGs
are robust and somehow manage to keep
their material, despite the lack of dark
matter. The answer could come from a
census of TDGs: as Pierre-Alain said, the
more numerous they are, the less they will
play a role in the enrichment of the inter-
galactic medium. One step toward the cen-
sus was illustrated by Sarah Sweet, who
searched for TDGs in galaxy groups iden-
tified in the HIPASS survey (which they
call “Choir” groups). She identified three
(16% of dwarfs) strong TDG candidates
based on their position in the luminosity-
metallicity plane: they are above the rela-
tion defined by SDSS galaxies, probably be-
cause they were formed pre-enriched disk
material ejected during galaxy encounters.

14. z = 0

At the end of the cosmic chemical evolution
outlined so far are the objects that we ob-
serve in the local universe. Several sessions
of the conference were therefore dedicated
to reviewing abundance determinations for
the Milky Way and associated structures.
To summarize this broad section, we can
start from the solar neighborhood. Because
the solar system is immersed in the galac-
tic disk, our observations suffer from ex-
tinction caused by gas and dust confined
in the disk itself. Therefore a proper in-
terpretation of observations needs to take
into account the ISM distribution around
the Sun. The status of such knowledge was
the subject of a very interesting talk by
Rosine Lallement, who presented us the
latest maps of gas geometry within 500 pc
from us.

14.1. MWG disk

Moving to the large scale structures of the
Milky Way, Thomas Bensby started with
a review of abundances of stars in dif-
ferent Galactic subsystems, especially the
think/thick disk and the bulge. He recalled
that in the [Mg/Fe]-[Fe/H] plane thin and
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thick disk stars in the solar neighborhood
show distinct abundance trends, and this
can be interpreted as an age difference, the
thick disk being older. By collecting abun-
dances for more distant stars, Thomas has
found that the ratio of thick-to-thin disk
stars changes with distance in a way that
shows that the thick disk is more centrally
concentrated than the think disk. In the so-
lar neighborhood the thick disk represents
10% of disk stars.

New results on the chemical evolu-
tion of the MWG disk were also pre-
sented, based on the large set of spec-
tra being collected by the HARPS GTO
program (Adibekyan et al. 2012). Sara
Bertran de Lis confirmed the α element en-
hancement of thick disk stars with oxygen
abundances, and Garik Israelian found that
thick and thin disk populations are differ-
ent also when looking at [Cu/Fe], [Y/Fe]
and [Ba/Fe] abundance ratios. Afterwards,
after a general introduction on the prin-
ciples of galactic chemical evolution by
Nicolas Prantzos, Misha Haywood reported
on new results based on Si abundances
from the same HARPS database. After es-
timating the age of each star, a custom
chemical evolution model is fit to the data,
which allows them to reconstruct the Star
Formation History (SFH) of the MW disk. It
is then found that the thick disk formed be-
tween 12.5 and 9 Gyr ago, and that equal
mass should be found in the thick and thin
disks. Large amounts of gas were available
early in the Galaxy to sustain the forma-
tion of the thick disk, adding support to the
choice of adopting a closed-box model to
approximate its chemical evolution.

Success in reproducing the [Fe/H] and
[O/Fe] distribution functions of the MW
disk was also achieved by Rob Yates with
his semi-analytic model of galaxy forma-
tion, within the standard ΛCDM frame-
work. The model has the added advan-
tage of simultaneously reproducing the
chemical properties of local elliptical galax-
ies (M∗-[O/Fe] relation) and the mass-
metallicity relation of local star forming
galaxies. Other simulations were presented

by Noelia Jimenez who discussed how in
her implementation, the so-called “single
degenerate” scenario for SN Ia is able
to reproduce the [α/Fe] ratios for bulge-
dominated type galaxies, the observed
SNIa rates and the observed correlation be-
tween the the star formation and the SN Ia
rates in galaxies.

14.2. MWG bulge

The same [α/Fe]-[Fe/H] sequence of thick
disk stars is shown by the bulge, but
Thomas showed that age information can
be also added by using microlensed turnoff
stars. The AMR for these stars revelas that
at [Fe/H]∼ 0.4 an age spread is present.
According to Thomas, all this evidence in-
dicates that the bulge could have been
formed from disk material, i.e. it could
be a pseudo-bulge. However in her re-
view, Melissa Ness used results from the
ARGOS survey to show that, while the ma-
jority of stars in the bulge belong to the
boxy/peanut shape, which indeed is a sig-
nature of formation from the disk, there
remains a metal poor population which is
not part of the boxy/peanut, whose ori-
gin is still unclear. It could be a classical
bulge or a thick disk, or a mix of these two
populations. On-going large-scale spectro-
scopic surveys will hopefully clarify this
issue. Support to a secular formation of
the bulge was given by Paola di Matteo
with her dissipationless, N-body simula-
tions. They show that, following bar forma-
tion, the whole stellar disk can feed stars
into the central regions of the Galaxy, with
final radial distribution that matches the
original one. Based on the observed kine-
matics, Paola suggested that populations A,
B and C, as defined by the ARGOS survey,
can be associated, respectively, to the inner
thin disk, to the young thick and to the old
thick disk. In this bulge formation picture,
Davide Massari illustrated how Terzan 5
could be one of its pristine fragments. The
hypotheses rests on the fact that it hosts at
least three stellar populations with differ-
ent iron abundances (with a total spread
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of ∆[Fe/H]> 1 dex), and that its stars have
chemical patterns that are similar to those
of its surrounding environment (including
α−element enrichment).

14.3. Galactic globular clusters

While the formation epoch of the bulge
might be debated, there is no question
that globular clusters are survivors from
the first phases of galactic evolution, so
they provide essential clues on the forma-
tion of the Galaxy. A review of the chemi-
cal properties of these stellar systems was
given by Alessio Mucciarelli, who illus-
trated how advances in spectroscopic facil-
ities led to a revision of the conventional
view of these clusters. In particular, clus-
ters with extended star formation histo-
ries have been revealed, which are possible
remnants of dwarf galaxies being disrupted
by the Milky Way.

While abundances offer the best way
to investigate the origin of globular clus-
ters, high-resolution spectroscopy is very
time-consuming, so Javier Alonso Garcia
showed how, in many cases, Strömgren
photometry (and in particular, the u − y vs.
v − y two-color diagram) can help uncover
multiple stellar populations in a faster
way. For that purpose, a survey using the
SOI@SOAR camera is on-going, and the
feasibility of the project was demonstrated
by showing how in NGC 288 the RGB splits
in two branches that belong populations
with different metallicity.

Abundance investigations can help also
to discriminate between competing sce-
narios for the formation of so-called
blue-straggler stars. Using FLAMES@VLT
Loredana Lovisi showed that C and O de-
pletion for some BSSs in 47 Tucanae, M30
and ω Centauri points to a mass transfer
origin for these BSSs.

When coupled with accurate ages, GC
metallicities can offer good insight into the
formation of the Milky Way. One such ex-
ercise was done by Ryan Leaman, who
illustrated the main results published in
Leaman et al. (2013). He showed that the

age-metallicity relation (AMR) can be di-
vided into two distinct, parallel sequences,
and that clusters belonging to the more
metal poor AMR should have been gener-
ated in hosts with stellar masses ∼ 107-
108M�. The metal-rich AMR clusters would
have been formed in situ in the disc.

Studies like the one of Ryan benefit
from homogeneous metallicity databases,
but this is true for only a fraction of GGCs.
This is why efforts like the one illustrated
by Bruno Dias are important: he is trying
to obtain iron and magnesium abundances
using low resolution spectroscopy, in order
to both expand GGC homogeneous metal-
licity sample, and to be able in the future to
use the same method to collect abundances
for large samples of stars inside Galactic
satellites.

14.4. MWG halo + dwarf galaxies

Turning to the Galactic halo, our un-
derstanding of this MW component also
changed recently thanks to the availabil-
ity of large abundance data sets. It ap-
pears that it was partly formed in-situ and
partly through the accretion of satellites
that were disrupted and gave origin to
the spherical and metal poor component.
Therefore the two review talks that tack-
led abundances of the halo and of dwarf
galaxies in the Local Group had many
points in common. Andreea Font recalled
the lines of evidence that support the dual
nature of the halo, when they are com-
pared to simulations: for instance the break
in luminosity profile that separates the de
Vaucouleurs profile of the in-situ compo-
nent from the power-law profile of the ac-
creted component. She also pointed out
that the in-situ component must have been
formed in a proto disk that was later dis-
rupted, because pressure in galaxy halos is
too low to trigger SF. Giuseppina Battaglia
then expanded the view on dwarf galax-
ies, both in general terms and as possi-
ble contributors to the accreted compo-
nent of the MW halo. She remarked as
some dwarf galaxies might be the very first
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long-lasting systems that form in the uni-
verse. Abundances and kinematics of their
stars are thus fundamental to test cosmo-
logical simulations of galaxy formation. In
addition, comparing chemical patterns of
halo stars to those in the satellite galax-
ies offers a way to test the ΛCDM frame-
work of structure formation. In particular,
MWG halo stars have constant [α/Fe] at
all metallicities, while early type dwarfs al-
ways show a decline of [α/Fe] above some
iron abundance. If the (outer) halo is made
of accreted dwarfs, they must have had
an initial SF different than the one seen
in present-day dwarfs. Another interesting
point touched by Giuseppina is the discov-
ery of very metal-poor stars in dwarf galax-
ies; the current record is set at [Fe/H]' −4
but even lower metallicity stars may be dis-
covered, which in principle leaves open the
possibility that these galaxies formed out of
a pristine medium. Thus they would offer
another way to constrain the properties of
Pop III stars.

One issue with the comparison of
present-day dwarf galaxies with possible
progenitors, is that many of them orbit
around massive hosts, so when simulating
their evolution, care must be taken to ex-
plore the effects of tidal forces. One such
study applied to Sextans was illustrated by
Pascale Jablonka, who could reproduce the
observed chemical and structural proper-
ties of the galaxy by dedicated SPH simu-
lations which include detailed modeling of
the gas physics and star-formation.

15. z = 0

No discussion of the importance of metal-
licity studies to understand cosmic evo-
lution would be complete without a re-
view of the intracluster medium (ICM) in
the largest present-day structures of the
universe, clusters of galaxies. This review
was committed to Hans Boehringer, who
showed how metallicities offer great in-
sight in gas physics and its modeling. He
recalled that ICM is heated to several 106

K, and so it is best studied with X-ray spec-

trographs on-board of satellites. Most of
the baryonic mass is in fact in the ICM
(12%) while only about 4% is in stars
within galaxies (the rest is dark matter).
Hans showed that clues on the origin of
the ICM can be obtained by studying the
relative abundances of C and N that come
primarily from winds of AGB stars, of O
and Mg that come primarily from core col-
lapse supernovae, and of Fe and Ni that
are primary products of SN Ia. For a simple
stellar population, these phenomena hap-
pen at different times, so changes in the
spatial distribution of relative abundances
offer also clues to the SF history of clus-
ter members. Furthermore, outside clusters
the IGM is not readily visible, so the metal
budget is not well constrained, while in-
stead the ICM permits to better constrain
abundance yields. Hans recalled that this
research field is in its infancy, so future
missions like ASTRO-H should bring much
progress.

Finally, regarding the estimation of
oxygen abundances in the circum-galactic
medium based on O VI, Evgenii Vasiliev
warned us that, based on his new ioniza-
tion models, current metallicities might be
over estimated by factors of two to three.
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