
Lecture 2

A) Using the IMF

B) Abundances
in Nature



Initial Mass Function
and Typical Supernova Masses



The initial mass function (IMF) is defined as 
that number of stars that have ever formed per unit area
of the Galactic disk (pc-2) per unit logarithmic (base 10) 
interval (earlier was per volume pc-3) 

IMF  =  ξ(log M)

The product ξ(log M1) × (Δ log M) is thus the number of 
stars in the mass interval Δ log M around log M1 ever formed
per unit area (pc−2 ) in our Galaxy.

An interval of ± 0.3 around log M1 thus corresponds to
a range in masses M1 / 2 to 2 M1.

For low mass stars, τMS > τGal  (i.e. M <0.8 M⊙ ),  
the IMF equals the present day mass function (PDMF). 
For higher mass stars an uncetain correction  must be applied.



There are many IMFs in the literature. Here to get some
simple results that only depend on the slope of the IMF above
10 solar masses,  we will use the one from Salpeter (1955), 
which remains appropriate for massive stars, as well as one taken 
from Shapiro and Teukolsky�s textbook (Chap 1.3, page 9)
for a more extended mass interval. This latter IMF is an 
amalgamation of Bahcall and Soneira (ApJS, 44, 73, (1980))
and Miller and Scalo (ApJS, 41, 513, (1979))   

log ξ(logM ) = 1.41 − 0.9 logM − 0.28(logM 2 )

A related quantity is the slope of the IMF

Γ = d logξ
d logM

= − 0.9 − 0.56 logM

Salpeter, in his classic treatment took Γ=const. =-1.35



Salpeter (1955)
(7 pages large type)
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−1.35

[4668 citations as of 3/29/15]

dN =ξ(logM ) d (log10 M ) dt
T0

where  T0  is the age of the galaxy
and dNis the number of stars in the 
mass range d logM  created per cubic 
pc in time dt

M between 0.4 and 10



Examples of how to use the IMF

 

Suppose you want to know the fraction by number
of all stars ever born having mass ≥  M  (Here MU  
equals the most massive star is taken to be 100 M;
ML ,  the least massive star, is taken to be 0.1)

Fn (M ) =
ξ(logM ) d logM

M

MU

∫

ξ(logM )dlogM
ML

MU

∫

We use the Shapiro-Teukolsky IMF here because the 
Salpeter IMF is not good below about 0.5 solar mass.
The answer is 0.3 solar masses. Half of the stars ever born 
were above 0.3 solar masses and half were below

= 1/2



Examples of how to use the IMF

 

How about the total fraction of mass ever incorporated
into stars with masses greater than M?

Xm (M ) =
M ξ(logM )d logM

M

MU

∫

M ξ(logM )d logM
ML

MU

∫

This quantity is 0.5 for a larger value of M, 1.3 M.
Half the mass went into stars lighter than 1.3, half into
heavier stars.



  

For simplicity in what follows use a Salpeter IMF,

take Γ=-1.35, then ς(log M)=C0M
Γ  and 

ς(log M)  d log M = C'MΓ dM
M

=C '
dM
M1−Γ =C '

dM
M 2.35

5
.05%



The mass weighted average tells us the fraction of 
the mass incorporated into stars above some value



~18

9

For homework 
evaluate using 
Smartt’s limit of 20

The average supernova by number is then

  

dM
M1−Γ∫ = M Γ−1 dM =M Γ

Γ∫







Abundances in 
Nature



Any study of nucleosynthesis must have one of
its key objectives a physical explanation  for the pattern 
of abundances that we find in nature -- in the solar 
system (i.e., the sun) and in other locations in the cosmos
(other stars, the ISM, cosmic rays, IGM, and other galaxies)

Key to that is knowing the pattern in the sun and meteorites.

For solar abundances there are three main sources:

• The Earth - good for isotopic composition only

• The solar spectrum

• Meteorites, especially primitive ones



Dalton (1808)
36 elements

118 today

33 elements – 1789 – Lavoisier

50 elements - 1869 – Mendeleev
Periodic table



History:
1863, William Huggins – first stellar spectra. Same elements in stars as earth
1889, Frank W. Clarke read a paper before the Philosophical
Society of Washington �The Relative Abundance of the Chemical Elements�
This was of necessity just about the earth

Current �abundance� distribution of elements in the earths crust:

(current, not 1889)



1956 Suess and Urey �Abundances of the Elements�, Rev. Mod. Phys. 28 (1956) 53

1895 Rowland: relative intensities of 39 elemental signatures in solar spectrum
1925 Payne-Gaposchin – PhD - sun is mainly composed of hydrogen
1929 Russell: calibrated solar spectral data to obtain table of abundances

1937 Goldschmidt: First analysis of �primordial� abundances: meteorites, sun 
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A landmark publication Suess and Urey tabulated results from many 
prior works plus their own. Noted systematics correlated with nuclear 
properties. E.g. smoothness of the odd-A isotopic abundance plot. 

(1932 Chadwick – the neutron 1938 – Bethe and Critchfield – hydrogen burning)



1957 Burbidge, Burbidge, Fowler, Hoyle 

H. Schatz
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Since 1956 many more surveys by e.g.,

Cameron (1970,1973)

Anders and Ebihara (1982); Grevesse (1984)

Anders and Grevesse (1989) – the standard for a long time

Grevesse and Sauval (1998)

Lodders (2003, 2009, 2014, 2018)

Asplund, Grevesse and Sauval (2009, 2010; ARAA) 

see class website for papers
http://www.ucolick.org/~woosley/ay220papers.html

http://www.ucolick.org/~woosley/ay220papers.html


Absorption Spectra:

• 68 out of 83 stable or long lived elements have been observed in the sun
• small fractionation  - convective surface - well mixed
• reasonably well understood - good 3D models available

solar spectrum (Nigel Sharp, NOAO) 

83 includes U,
Th, Bi, not Tc

or Pm



Complications

• Oscillator strengths:

Need to be measured in the laboratory - still not done with sufficient accuracy
for a number of elements. Historically a bigger problem.

• Line width

• Line blending

Depends on atomic properties but also thermal and turbulent 
broadening. Need an atmospheric model.

• Ionization State

• Model for the solar atmosphere

Turbulent convection. Possible non-LTE effects.
3D models differ from 1 D models. See Asplund, Grevesse,
and Sauval (2009) on class website.



Emission Spectra

Disadvantages: • less understood, more complicated solar regions
(it is still not clear how exactly these layers are heated)

• some fractionation/migration effects
for example FIP: species with low first ionization potential

are enhanced with respect to photosphere
possibly because of fractionation between ions and neutral
atoms

Therefore abundances less accurate

But there are elements that cannot be observed in the photosphere
(for example helium is only seen in emission lines)

Solar Chromosphere
red from Hα emission
lines

this is how Helium
was discovered by
Sir Joseph Lockyer of
England in 
20 October 1868.

H. Schatz



Noble Gases:   (see Asplund et al 2009)

• Helium – helioseismology. The speed of sound depends on the helium

abundance. Also solar models that give current L, M, and R

require a certain initial helium abundance.

• Neon – x-ray and uv-spectroscopy of the solar corona.  Measure

relative to oxygen. Solar wind. Spectra of O and B stars

• Argon – solar wind relative to oxygen. Also theoretical interpolation

between S and Ca based on nuclear equilibrium 

• Krypton – infer from s-process systematics and solar wind

• Xenon – infer from s-process systematics and solar wind

Usually several uncertain methods are applied and consistency sought. 



Meteorites
Meteorites can provide accurate information on elemental abundances
in the presolar nebula. More precise than solar spectra  in many
cases. Principal source for isotopic information.
But some gases escape and cannot be determined this way 
(for example hydrogen and the noble gases, and, to some extent CNO)

Not all meteorites are suitable - most of them are fractionated
and do not provide representative solar abundance information.
Chondrites are meteorites that show little evidence for melting 
and differentiation.

Classification of meteorites:

Group Subgroup Frequency
Stones Chondrites 86%

Achondrites 7%
Stony Irons 1.5%
Irons 5.5%

H. Schatz

Carbonaceous chondrites are 4.6% of meteor falls.

Chondrule



Use carbonaceous chondrites (~5% of falls)

Chondrites: Have Chondrules - small ~1mm size shperical inclusions in matrix

believed to have formed very early in the presolar nebula

accreted together and remained largely unchanged since then

Carbonaceous Chondrites have lots of organic compounds that indicate

very little heating (some were never heated above 50 degrees K) .

Some, despite their names, have no chondrules.

H Schatz



�Some carbonaceous chondrites smell. 
They contain volatile compounds that 
slowly give off chemicals with a distinctive 
organic aroma.  Most types of carbonaceous 
chondrites (and there are lots of types) 
contain only about 2% organic compounds, 
but these are very important for understanding 
how organic compounds might have formed 
in the solar system. They even contain complex 
compounds such as amino acids, the building 
blocks of proteins.�

http://www.psrd.hawaii.edu/May06/meteoriteOrganics.html


The CM meteorite  Murchison, has over 70 
extraterrestrial amino acids and other compounds 
including carboxylic acids, hydroxy carboxylic 
acids, sulphonic and phosphoric acids, aliphatic, 
aromatic, and polar hydrocarbons, fullerenes, 
heterocycles, carbonyl compounds, alcohols,
amines, and amides.

Five CI  chondrites have been observed to fall: Ivuna, Orgueil, Alais, Tonk,
and Revelstoke. Several others have been found by Japanese expeditions
in Antarctica. They are very fragile and subject to weathering. They do 
not survive long on the earth’s surface after they fall.  CI carbonaceous
chondrites lack the “condrules” that most other chondites have. 

There are various subclasses of carbonaceous chondrites. 
The C-I�s and C-M’s are generally thought to be the most primitive 
because they contain water and organic material.

1969 Australia
~10 kg



To understand the uncertainties involved in the 
determination of the various abundances read
Palme et al (2014) paper and if you have time
skim Asplund et al (2009)  ARAA on the class website

The tables on the following pages summarize mostly 
Asplund et al’s (2009) view of the current elemental 
abundances and their uncertainties in the sun and in meteorites.

The Orgueil meteorite is especially popular for abundance
analyses. It is a very primitive (and rare type of ) carbonaceous 
chondrite that fell in France in 1864. Over 13 kg of material was
recovered from many fragments.  It is by far the biggest CI-1 meteorite
recovered.

http://www.meteoritestudies.com/protected_ORGUEIL.HTM


In Asplund’s list of solar photospheric abundances
(neglecting Li and noble gases):

Very uncertain elements in the sun (0.3 > uncertainty > 0.2 dex) 

boron, fluorine, chlorine, indium, thallium

Unseen in the sun (must take from meteorites)

Arsenic, selenium, bromine, technetium (Z = 43, unstable), 
cadmium, antimony, tellurium, iodine, cesium, tantalum, 
rhenium, platinum, mercury, bismuth, promethium (Z = 61, 
unstable),  and all elements heavier than lead (Z = 82),
except for thorium.

In meteorites

Where not affected by evaporation, most good to 0.04 dex
except mercury (0.08 dex)

68 out of 83 elements have been analyzed in the sun 
(Lodders et al 2018)



in the photospheric abundance analysis may cause the discrep-
ancy of the meteoritic and solar manganese abundances.

The problem for manganese is reversed for hafnium: the
meteoritic abundance of hafnium is less than that of the photo-
sphere. This could indicate a problem with the photospheric
abundance determination and suggest that line blending is
more severe than already corrected for in current models. How-
ever, two recent hafnium analyses using different models essen-
tially obtain the same abundance, and if there is a problem with
the analysis, it remains elusive. The Hf concentration in CI

chondrites has been accurately determined, because hafnium is
important for Lu–Hf and W–Hf dating. The very constant Lu/Hf
ratio discussed earlier closely ties hafnium to other refractory
elements that do not show such large differences in abundance
to the Sun as does hafnium. This issue awaits resolution.

In summary, the agreement between photospheric andmete-
oritic abundances is further improved with the new solar and
meteoritic data. As shown in Figure 6, there is no apparent trend
of solar/CI chondritic abundance ratios with increasing atomic
number or increasing volatility (decreasing condensation
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Figure 6 Comparison of photospheric and meteoritic (CI chondrite) abundances. Only elements with uncertainties below 0.1 dex (!25%) in the
photospheric abundance determination are shown (data from Table 1). There are now 36 elements where meteoritic and photospheric abundances
agree to within "10%. Lithophile elements are blue, siderophile red, and chalcophile yellow. See text for details.
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Solar System Abundances of the Elements 29

Palme et al (2014)  
Photosphere vs Meteoritic

Abundances



From Asplund et al (2009,ARAA)





Scanning the table one notes:

a) H and He have escaped from the meteorites

b) Li is depleted in the sun, presumably by nuclear 
reactions in the convection zone

c) C, N, and to a lesser extent O, are also depleted 
in the meteorites

d) The noble gases have been lost, Ne, Ar, etc

e) Agreement is pretty good for the rest – where the 
element has been measured in both the sun and 
meteorites



Asplund et al 
(2009; ARAA)

PbAg

ClO
W

F



4 

these problems completely. Meteorite studies cannot help to resolve this because me-
teorites did not retain the full solar complement of volatile C, N, and O.  

 
Fig. 3: Differences between meteoritic (Palme et al. 2014, [4]) and photospheric 3D abundances 

(Scott et al., Grevesse et al. 2015 [11-13]) vs. atomic number. Meteoritic abundances were 
scaled to log (Si)= 7.52 

 
Fig. 4: Differences between meteoritic and photospheric abundances from Palme et al. 2014 [4] 

vs. atomic number. Meteoritic abundances were scaled to log (Si)= 7.52 

2 Solar System Abundances 

In [2-4], solar system abundances were determined from present photospheric and 
meteoritic abundances. C, N, and O were adopted from solar data, for elements lack-
ing or with uncertain solar data, CI-chondrite data were adopted, for elements with 
plausible agreements, averages could be used. Noble gas data are usually estimated 
from compositions of the solar wind, B-stars, and/or nucleosynthesis systematics. The 
data must be adjusted for heavy element settling from the solar photosphere, and 
abundances of elements with long-lived radioactive nuclides must be calculated to the 
time of solar system formation (4.567 Ga ago). Given the larger differences between 
meteoritic and photospheric data from SSG15, deriving the solar system abundances 
becomes more challenging. Abundances for elements with similar chemistries and/or 
nucleosynthesis origins from other meteorite groups and from other astronomical 
objects can be compared to uncover inconsistencies in solar abundances. For example, 

Lodders (2018)  meteoritic and photospheric
abundances compared.  CNO and noble gasses
and Li are off scale.



Asplund et al (2009 ARAA)

• see Turcotte and Winner-Schweingruber 2002,  on class website/papers.)





Isotopes with even and odd A plotted separately
Lodders (2009) Fig 7. The curve for odd Z is smoother.



1 part in 
1000 would 

be  a big
isotopic 
anomaly 
for most
elements.



h1     7.11E-01
h2     2.75E-05
he3    3.42E-05
he4    2.73E-01
li6     6.90E-10
li7     9.80E-09
be9   1.49E-10
b10   1.01E-09
b11    4.51E-09
c12    2.32E-03
c13    2.82E-05
n14    8.05E-04
n15    3.17E-06
o16    6.83E-03
o17    2.70E-06
o18    1.54E-05
f19     4.15E-07
ne20  1.66E-03
ne21  4.18E-06
ne22  1.34E-04
na23  3.61E-05
mg24  5.28E-04
mg25  6.97E-05
mg26  7.97E-05

si28  7.02E-04
si29  3.69E-05
si30  2.51E-05
p31   6.99E-06
s32   3.48E-04
s33   2.83E-06
s34   1.64E-05
s36   7.00E-08
cl35  3.72E-06
cl37  1.25E-06
ar36  7.67E-05
ar38  1.47E-05
ar40  2.42E-08
k39   3.71E-06
k40   5.99E-09
k41   2.81E-07
ca40  6.36E-05
ca42  4.45E-07
ca43  9.52E-08
ca44  1.50E-06
ca46  3.01E-09
ca48  1.47E-07
sc45  4.21E-08
ti46   2.55E-07

ti47  2.34E-07
ti48  2.37E-06
ti49  1.78E-07
ti50  1.74E-07
v50   9.71E-10
v51   3.95E-07
cr50  7.72E-07
cr52  1.54E-05
cr53  1.79E-06
cr54  4.54E-07
mn55  1.37E-05
fe54  7.27E-05
fe56  1.18E-03
fe57  2.78E-05
fe58  3.76E-06
co59  3.76E-06
ni58  5.26E-05
ni60  2.09E-05
ni61  9.26E-07
ni62  3.00E-06
ni64  7.89E-07
cu63  6.40E-07
cu65  2.94E-07
zn64  1.09E-06.

zn66  6.48E-07
zn67  9.67E-08
zn68  4.49E-07
zn70  1.52E-08
ga69  4.12E-08
ga71  2.81E-08
ge70  4.63E-08
ge72  6.20E-08
ge73  1.75E-08
ge74  8.28E-08
ge76  1.76E-08
as75  1.24E-08
se74  1.20E-09
se76  1.30E-08
se77  1.07E-08
se78  3.40E-08
se80  7.27E-08
se82  1.31E-08
br79  1.16E-08
br81  1.16E-08
Etc.

Lodders (2009) translated into mass fractions – see class website for more 



The solar abundance pattern
256 stable isotopes
80 stable elements



Inferences from Solar Abundances

• H and He are from the Big Bang. Since the Big Bang H has declined
somewhat (from 0.751 to 0.715) and He increased somewhat 
(from 0.249 to 0.270) due to stellar evolution (Brian Fields et al 2002)

• Deuterium and 3He are very rare reflecting the ease with which
they are destroyed in the presence of hot hydrogen

• There are no stable nuclei with A = N+Z = 5 or 8

• Li, Be, and B are also easily destroyed by hot hydrogen. Be
and 10B are thought to be produced by cosmic ray spallation
of carbon in the ISM, a very inefficient process. Li has several origins.

• The abundant species up to Ca have neutron number (N)  =
proton number (Z). The most abundant ones, except for nitrogen
have even Z, i.e., they are an integer number of alpha-particles
(helium nuclei). 



Inferences from Abundances
• Above Ca (Z=N=20), elements with even Z continue to be more 

abundant, but with a neutron excess – N > Z  (e.g. 56Fe  Z = 26, N = 30)

• There is a big peak of abundances centered around iron
with a rapid fall off above

• For the elements heavier than iron, and to a lesser extent
those lighter, isotopes with odd neutron number are less 
abundant than those with even neutron number and odd
Z elements are less abundant

• There are also abundance peaks in the vicinity of A = 80, 
130, 160, 195, and 208.

As we shall see all these properties reflect the inherent properties
of the nucleus and to at least as much as the environments where the
elements have been assembled. It may not be too surprising then
to see that large pieces of this pattern are somewhat universal, i.e., 
not just a  characteristic of the sun.



Silicon isotopic compositions of presolar SiC, graphite, and silicates. 

Andrew M. Davis PNAS 2011;108:48:19142-19146

©2011 by National Academy of Sciences

ISOTOPIC  ANOMALIES  IN  METEORITES



Carbon and nitrogen isotopic compositions of presolar SiC, graphite, and Si3N4. 

Andrew M. Davis PNAS 2011;108:48:19142-19146

©2011 by National Academy of Sciences



Davis (2011)



Presolar grains often show the effects of decay of extinct 
radionuclides. Among the short-lived radionuclides whose 
presence has been inferred are 26Al (T1/2 = 7.1� 105 y),
41Ca (T1/2 = 1.03� 105 y), 44Ti (T1/2 = 59 y), 49V (T1/2 = 331 d),
93Zr (T1/2 = 1.5� 106 y), 99Tc (T1/2 = 2.13� 105 y), and
135Cs (T1/2 = 2.3� 106 y). 

The inferred presence of 49V in supernova SiC grains is 
particularly interesting, as it implies grain condensation 
within a couple of years of the explosion, but is also equivocal. 
Early condensation of dust has been observed around 
supernova 1987A, but the 49Ti excesses used to infer 
the presence of 49V in presolar grains may have other 
origins within supernovae.



Other abundances outside the solar neighborhood ?

• Stellar absorption spectra of other stars than the sun

• Interstellar absorption spectra

• Emission lines, H II regions

• Emission lines from Nebulae (Supernova remnants, 
Planetary nebulae, …)

• γ-ray detection from the decay of radioactive nuclei

• Cosmic Rays



Asplund et al (2009)

bMetals increased by 0.04 dex to account for diffusion 

Why do they
agree so well?



were higher. Another possibility was that there were additional
‘hidden’ reservoirs. In particular, there was a problem of too
much interstellar oxygen when using the solar oxygen abun-
dance as standard. Where could that excess oxygen be stored?
Some 20% of the solar oxygen abundance must have been
combined with magnesium, silicon, iron, etc., into the amor-
phous silicates observed in the ISM. Another 40% is directly
observed in the gas as atomic oxygen (Meyer et al., 1998). The
‘missing’ 40% of oxygen remained elusive; it could not be in
the form of molecules, for example, H2O and CO, because they
were not observed in sufficient abundance. The recent reeva-
luation of the solar oxygen abundance (Allende Prieto et al.,
2001; Holweger, 2001) and of interstellar oxygen (Sofia and
Meyer, 2001) has resolved this problem. The new solar oxygen
is now only 60% of its previous value, and so there is, and
indeed never was, a problem. Recent interstellar abundance
determinations using observations of solar-type F and G stars
in the galactic neighborhood (Jensen et al., 2005; Sofia and
Meyer, 2001) suggest that many elemental abundances in the
ISM are close to solar abundances and that the observed devi-
ations are random (Jenkins, 2009). However, and as Jenkins
(2009) has shown, there still remains an ‘oxygen problem’
because its differential depletion is barely consistent with its
incorporation into oxides and silicates at low depletions but
that at high depletions the loss of oxygen from the gas cannot
be accounted for by its incorporation into only oxides and
silicates. This suggests that the ‘missing’ oxygen is bound into

a phase with hydrogen and carbon atoms that does not contain
nitrogen (Jenkins, 2009) and that it could be some form of
‘organic refractory’ material (Whittet, 2010). However, and
for the moment, the ‘missing’ oxygen problem remains an
unsolved mystery.

2.2.3 Summary

Updated solar photospheric abundances are compared with
meteoritic abundances. The uncertainties of solar abundances
of many trace elements are considerably reduced compared to
the 2003 compilation. Some of the solar photosphere REE
abundances have now assigned errors of !5%, approaching
the accuracy of meteorite analyses. The agreement between
photospheric abundances and CI chondrites is further
improved. Problematic elements with comparatively large dif-
ferences between solar and meteoritic abundances are manga-
nese, hafnium, rubidium, gallium, and tungsten. The CI
chondrites match solar abundances in refractory lithophile,
siderophile, and volatile elements. All other chondrite groups
differ from CI chondrites. With analytical uncertainties, there
are no obvious fractionations between CI chondrites and solar
abundances.

Further progress will primarily come from improved solar
abundance determinations. The limiting factor in the accuracy
of meteorite abundances is the inherent variability of CI chon-
drites, primarily the Orgueil meteorite.

The ISM from which the solar system formed has volatile
and moderately volatile element abundances within a factor of
2 of those in the Sun. The more refractory elements of the ISM
are depleted from the gas and are concentrated in grains.
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Figure 9 Abundances of the elements along the line of sight toward z

Oph (z Ophiuchus), a moderately reddened star that is frequently used as
standard for depletion studies. The ratios of z Oph abundances to the
solar abundances are plotted against condensation temperatures.
Reproduced from Savage BD and Sembach KR (1996) Interstellar
abundances from absorption-line observations with the Hubble Space
Telescope. Annual Review of Astronomy and Astrophysics 34: 279–329.
With permission from Annual Reviews. The abundances of many of the
highly volatile and moderately volatile elements (red and blue data points,
respectively) up to condensation temperatures of around 700 K are,
within a factor of 2, the same in the ISM and in the Sun. At higher
condensation temperatures, a clear trend of increasing depletions with
increasing condensation temperatures is seen for the silicate-forming
and refractory elements (green and brown data points, respectively). It is
usually assumed that the missing refractory elements are in grains.
Upper limit values are indicated with open symbols and a downward arrow.

34 Solar System Abundances of the Elements

Dust complicates measurements in the ISM

Palme et al (2014)
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Observed metallicity gradient in Galactic disk:

Hou et al. Chin. J. Astron. Astrophys. 2 (2002) 
data from 89 open clusters
radial iron gradient = -0.099 +_ 0.008 dex/kpc

Many other works on this subject
See e.g. Luck et al, 132, 902, AJ (2006)
radial Fe gradient = - 0.068 +_ 0.003 dex/kpc
from 54 Cepheids



From Pedicelli et al. (A&A, 504, 81, (2009)) studied abundances
in Cepheid variables. Tabulated data from others for open clusters.

For entire region  5 – 17 kpc, Fe gradient is -0.051+- 0.004 dex/kpc
but it is ~3 times steeper in the inner galaxy. Spans a factor of 3 in Fe
abundance.

but see also Najarro
et al (ApJ, 691, 1816

(2009)) who find solar
iron near the Galactic

center. 
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Figure 5

[O/Fe] vs. [Fe/H]: literature abundances for bulge stars. magenta open pentagons: Garćıa-Perez
et al. (2013); blue open pentagons: Howes et al. (2016); green open pentagons: Lamb et al. (2017);
green filled circles: Friaça & Barbuy (2017); gray 4-pointed stars: Alves-Brito et al. (2010) (same
stars as Meléndez et al. (2008)); grey open hexagons: bulge dwarfs by Bensby et al. (2013); cyan
3-pointed stars: Cunha & Smith (2006); grey filled triangles: Fulbright et al. (2007); grey stars:
Johnson et al. (2014); grey filled squares: Rich & Origlia (2005); grey stars: Rich et al. (2012); red
crosses: Ryde et al. (2010); blue open triangles: Siqueira-Mello et al. (2016); blue 5-pointed stars:
Jönsson et al. (2017); grey filled circles: da Silveira (2017); lightgrey filled squares: Schultheis et al.
(2017). Color-coded choices follow explanation in the text. Chemodynamical evolution models
with formation timescale of 2 Gyr, or specific SFR of 0.5 Gyr�1 are overplotted. Solid lines:
r<0.5 kpc; dotted lines: 0.5<r<1 kpc; dashed lines: 1<r<2 kpc; long-dashed lines: 2<r<3 kpc.

present, they were not scaled, due to di�culties in taking into account di↵erential studies

relative to stars other than the Sun (Arcturus, µ Leo), and this should be kept in mind.

Theoretical predictions for the Bulge chemical enrichment are also overplotted to the data,

with the goal to illustrate some of the results of the di↵erent modeling approaches. Details

on these models can be found in §4.

3.3.1. ↵-elements. The so-called ↵-elements include elements with nuclei multiple of the

alpha (↵) particle (He nuclei). The ↵-elements observed in the Bulge are O, Mg, Si, Ca,

and Ti. Note that 73.73% of the Ti abundance in the Sun is under the form of 48Ti,

therefore it dominantly behaves as an ↵-element. Among these, O and Mg are produced

during hydrostatic phases of high-mass stars, whereas Si, Ca and Ti are produced mostly

in explosive nucleosynthesis of CCSNe, also called supernovae type II (SN II), with smaller

contributions from supernovae of type I (SNIa).

3.3.1.1. Oxygen. Oxygen abundances as a function of metallicity are one of the most

robust indicators on the process of Bulge star formation rate (hereafter SFR) and chemical

evolution, clearly more so than the other ↵-elements, especially because in this case no

contribution from SNIa is expected (e.g. Friaça & Barbuy 2017).

A discussion on the oxygen abundances in the Bulge was initiated with the work by

Zoccali et al. (2006), Lecureur et al. (2007), and Fulbright et al. (2007), who found Bulge
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Barbuy et al (2018, ARAA) abundances 

for Galactic Bulge stars. Geochemical 

evolutionary models are plotted as lines.

Solid line: r<0.5 kpc; dotted line: 0.5<r<1 kpc; 

dashed lines: 1<r<2 kpc; long-dashed 

lines: 2<r<3 kpc.
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Figure 6

[Mg/Fe] vs. [Fe/H] with literature abundances for bulge stars. magenta open pentagons:
Garćıa-Perez et al. (2013); grey open pentagons: Howes et al. (2016); green open pentagons: Lamb
et al. (2017); grey open pentagons: Casey & Schlaufman (2015); grey open pentagons: Koch et al.
(2016); grey filled circles: Lecureur et al. (2007); strong-grey filled triangles: Fulbright et al.
(2007); grey 4-pointed stars: Alves-Brito et al. (2010); indianred filled circles: Hill et al. (2011);
red filled circles: Bensby et al. (2017); grey stars: Johnson et al. (2014); yellow filled circles:
Gonzalez et al. (2015a); red crosses: Ryde et al. (2010); grey open triangles: Siqueira-Mello et al.
(2016); grey 5-pointed stars: Jönsson et al. (2017); turquoise 5-pointed stars: Rojas-Arriagada
et al. (2017). Color-coded choices follow explanation in the text. Chemodynamical evolution
models with formation timescale of 0.3 Gyr, are overplotted (same as in Fig. 5).

varying from one massive-star model to another. Moreover, the contribution from SNIa to

Si and Ca is also non-negligible. These include the elements observed in Bulge stars: Si, Ca,

Ti (for Sc see §3.3.3). These elements have a similar behavior in [X/Fe] vs. [Fe/H] in Bulge

stars. In general, an enhancement of [Si,Ca,Ti]⇠+0.3 up to [Fe/H]⇠�0.5 and decreasing

towards higher metallicity is found. Chemodynamical models by Friaça & Barbuy (2017)

indicated that ⌫SF = 0.5 Gyr�1 best fits the knee corresponding to the start of SNIa

enrichment, and ⌫SF = 3 Gyr�1 fits-well the level of the plateau. Given that chemical

evolution models critically depend on the nucleosynthesis prescriptions, their study is more

useful in terms of trends as a function of metallicity, in particular indicating the location

of the knee and as constraints on nucleosynthesis (Friaça & Barbuy 2017).

3.3.2. Odd-Z elements Na, Al. Both 23Na and 27Al are produced, together with Mg, mainly

in carbon and neon burning during hydrostatic phases of massive stars (WW95). The bulk

of 23Na is produced during carbon burning, however it can be destroyed by proton captures,

and thus depends on the proton-to-neutron ratio. It di↵ers from Al, due to other processes:

about 10% is produced in the hydrogen envelope, in the neon-sodium cycle, and some 23Na

is made from neutron capture on 22Ne in He burning, in the AGB phase, through Hot-

Bottom Burning processes. In this phase Na is produced, but it is also destroyed (Renzini

et al. 2015, and references therein). At the high-metallicity end, Na appears to increase

with metallicity. Cunha & Smith (2006) were the first to point out a high Na abundance
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Mg, like O, is uniquely a product of massive star nucleosynthesis.
Fe comes from massive stars plus Type Ia supernovae (Barbuy
et al (2018)



Figure 7

[Mn/Fe] vs. [Fe/H] for giant stars from McWilliam et al. (2003) (blue filled triangles), Barbuy et
al. (2013) (green filled circles), Schultheis et al. (2017) (indianred open circles). Globular clusters
data are from Sobeck et al. (2006) (red filled triangles) and Ernandes et al. (2017) (open cyan
squares). For Mn, solid lines correspond to chemical evolution models by (1) Cescutti et al. (2008)
(green), and (2) Kobayashi et al. (2006) (black).

in the most metal-rich Bulge stars. Johnson et al. (2014) confirmed this result, considered

as a behavior typical of a secondary-vs.-primary element. This can be due to metallicity-

dependent yields from massive stars, or contribution from AGBs (Ventura & D’Antona

2009). In all Bulge samples [Al/Fe] vs. [Fe/H] behaves as an ↵-element, as already pointed

out by McWilliam (2016). Massive AGB stars can also produce some smaller amount of

Al through the MgAl cycle (Ventura et al. 2013). Kobayashi et al. (2006) presented the

unique available models for the Bulge, well-reproducing the behavior of Al-to-Fe, and that

of Na-to-Fe but with overenhanced Na with respect to observations, and with no upturn of

Na at the very metal-rich end.

It is interesting that Rich (2013) and Johnson et al. (2014) noted that in disk samples,

[Na/Fe]⇠+0.1 is constant for all metallicities, thus di↵ering from the Bulge samples.

3.3.3. Iron-peak elements Sc, V, Cr, Mn, Co, Ni, Cu, Zn. The lower iron-peak element

group includes Sc, Ti, V, Cr, Mn, Fe, Co, with 21  Z  27 (45 A 58). Depending

on temperatures and densities they are produced in explosive oxygen burning, explosive

incomplete and complete Si burning, and for densities typical of CCSNe, ↵-rich freeze-

out takes place (Woosley et al. 1994,WW95, Nomoto et al. 2013). The upper iron-group

elements Ni, Cu, Zn, Ga and Ge, with 28  Z  32 (57 A 72), are produced in mainly

two processes, namely, neutron capture on iron-group nuclei during He burning and later

burning stages, also called weak s-component (e.g. Limongi & Chie� 2003, hereafter LC03)

and the ↵-rich freezeout in the deepest layers.

Observed abundances of Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn are available for iron-peak

elements in Bulge stars. Johnson et al. (2014) derived abundances of Cr, Co, Ni and Cu

with Cr, Co and Ni varying in lockstep with Fe. Schultheis et al. (2017) derived abundances
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Mn is a bit of a puzzle but may come mostly now
from SN Ia and is underproduced relative to Fe in
massive stars.
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Figure 17. [Sr/Fe] (top panel) and [Ba/Fe] (bottom panel) abundance ratios as
a function of [Fe/H]. Except for the upper limit in Dra119 (yellow diamond;
Fulbright et al. 2004), these are the first Sr measurements in dwarf galaxies.
All the ultra-faint dwarf galaxy [Sr/Fe] and [Ba/Fe] abundances (red squares:
UMa II stars; blue circles: ComBer stars) are very low, at the lower end of the
distribution of metal-poor halo stars (black squares and circles). Symbols are
the same as in Figure 16.
(A color version of this figure is available in the online journal.)

∼3 dex) among halo stars at the lowest metallicities that
is not well understood. François et al. (2007) find that the
neutron-capture abundances generally decrease at the lowest
Fe abundances, i.e., below [Fe/H] ∼ −3.0. Furthermore, most
of the stars with [Fe/H] ! −3.5 have very low neutron-
capture abundances (e.g., Sr and Ba; Norris et al. 2001), and
this trend is also found in two of the three halo stars known with
[Fe/H] < −4.0 (Christlieb et al. 2004; Norris et al. 2007).

In contrast to the low and uniform Sr abundances in ComBer,
UMa II interestingly shows substantially higher [Sr/Fe] ratios
in the two stars with [Fe/H] ∼ −3.2 ([Sr/Fe] ∼ −0.8) than
in the star with [Fe/H] ∼ −2.3 ([Sr/Fe] ∼ −1.3, similar
to the ComBer stars). The Sr values of the two extremely
metal-poor stars fit well into the range seen in halo stars.
Generally, the scatter of Sr abundances strongly increases with
decreasing metallicity [Fe/H], with more and more stars having
[Sr/Fe] abundances much lower than the solar value at low
metallicities. Compared with the dwarf galaxy stars, HD 122563
is significantly Sr-enriched at [Sr/Fe] ∼ −0.6, although this is
still deficient by a factor of 4 relative to Fe compared to the Sun.

Even though all of our targets are deficient in Ba, we also
observe a pronounced scatter in the [Ba/Fe] values. The constant
trend of Sr abundances in ComBer is not followed in Ba, with
up to 1.5 dex of scatter (see Figure 17). All three ComBer stars
have Ba abundances at or below the lower envelope of the halo
stars; one star, ComBer-S1, is well below the entire Cayrel et al.
(2004) halo sample, at [Ba/Fe] = −2.33. The Ba λ4554 Å line
in this star is quite weak, as can be seen in Figure 2, although
the detection is significant at the 3σ level. Conservatively, one
could regard this measurement as an upper limit, which would

suggest an even more extreme underabundance of Ba. UMa II
is somewhat different from ComBer, with its two most metal-
poor stars also having [Ba/Fe] ratios towards the low end of the
halo distribution; the star at [Fe/H] ∼ −2.3 has a much higher,
almost solar [Ba/Fe] ratio, although the abundances of this star
may have a somewhat different origin (see Section 3.3.4).

Incomplete mixing could explain the significant differences
among stars in each of our two dwarf galaxies in Ba, and to
some extent also in Sr. What is telling, though, is that with
minor exceptions, all of the neutron-capture elements in the
ultra-faint dwarf galaxies are at the same level as the lowest
abundances found in the halo.

3.3.2. Upper Limits

For each of the stars we determined upper limits for Y, Zr,
La, Ce, Nd, Sm, and Eu (with the exception of UMa II-S3, in
which we were able to detect Y and La). They are listed in
Tables 4, 6, and 7. The Y, Ce, and Eu limits are compared with
halo abundances and limits in Figure 11. Generally, the limits
indicate deficiencies in neutron-capture elements relative to the
halo (particularly for our more metal-rich targets), consistent
with the low Sr and Ba values. [Y/Fe], [Ce/Fe], and [Eu/Fe]
in our more metal-rich stars are deficient by more than ∼ − 0.5
to −1 dex. Much higher S/N data are needed to obtain more
stringent limits and to explore whether all the neutron-capture
elements in the ultra-faint dwarfs have depletion levels of ∼−2
dex with respect to the solar value.

3.3.3. Origin of the Heavy Elements in the Ultra-faint Dwarf Galaxies

We now use the observed neutron-capture abundances of our
target stars to infer information about the different nucleosyn-
thetic processes that played a role in the early history of the
ultra-faint dwarf galaxies. At low metallicity, a major distinction
can be made between the r- and s-process signatures, indicat-
ing early SN II (pre-) enrichment or later mass transfer events,
respectively.

Three of our stars have Fe abundances above the threshold
value of [Fe/H] ∼ −2.6 at which the s-process sets in for halo
stars (Simmerer et al. 2004), while the other three have lower
metallicities. In principle, this suggests that the s-process could
be responsible for the observed neutron-capture abundance
patterns of the higher-metallicity half of our sample. Indeed,
one of our stars (UMa II-S3, with [Fe/H] ∼ −2.3) may have a
neutron-capture pattern consistent with an s-process signature,
although its overall neutron-capture abundances are very low
(usually the s-rich metal-poor stars exhibit [neutron-capture/Fe]
values of >0). Since the neutron-capture abundances are so
low it is not entirely clear whether the s-process of a previous
generation of AGB stars could have enriched the gas cloud
with s-material (e.g., through mass loss) from which our target
formed, or if UMa II-S3 received this material from a binary
companion. UMa II-S3 does, however, exhibits the typical radial
velocity variations indicating binarity (see Section 3.3.4).

At low metallicities, the r-process is a promising candidate for
the origin of the neutron-capture elements since it is associated
with massive SNe II that are expected to have been present at
very early times. The low Fe abundances ([Fe/H] < −2.6) of
our three most metal-poor target stars thus indicate that the gas
from which they formed was probably enriched through the
r-process by SNe II from the previous generation of stars. As
for the two more metal-rich stars (setting aside UMa II-S3 for
the moment), their very low Sr and Ba abundances may suggest
that they too originated from gas enriched by the r-process.

Frebel et al (2010) for stars in two very faint dwarf galaxies
Ursa Major 2 and Coma Berenices. Ba is a product of the
s-process.
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Figure 18. [O/Na], [O/Al], [Na/Al], and [La/Eu] abundances are plotted as a function of [Fe/H] for ω Cen (left panels) and the literature (right panels). The symbols
are the same as those in Figure 15. The dotted lines in the [La/Eu] panels indicate the abundance ratios expected for pure r- and s-process enrichment given in
McWilliam (1997).
(A color version of this figure is available in the online journal.)

temperatures near 70 × 106 K (e.g., Langer et al. 1997; Prantzos
et al. 2007). If at least part of the abundance patterns found in
ω Cen and other globular cluster stars are due to pollution from
external sources, then the currently favored production mecha-
nisms are as follows: (1) hot bottom burning in >5 M⊙ AGB
stars (e.g., Ventura & D’Antona 2009; Karakas 2010), (2) hy-
drogen shell burning in now extinct but slightly more massive
RGB stars (Denissenkov & Weiss 2004), and (3) core hydrogen
burning in rapidly rotating massive stars (Decressin et al. 2007).

While massive, rapidly rotating stars and extinct ∼0.9–2 M⊙
RGB stars may also reproduce many of the observed light
element trends, presently there are no detailed theoretical yields
spanning a fine grid of metallicities similar to those available
for intermediate-mass AGB stars. Furthermore, the time scale
of pollution from extinct low-mass RGB stars is at least 2–3
times longer than the estimated age spread among the different
ω Cen populations, but this does not rule out possible mass
transfer pollution from these objects. Additionally, the massive,
rapidly rotating star scenario is expected to produce a continuum
of polluted stars with varying He abundances (Renzini 2008),

which is inconsistent with the singular Y = 0.38 value that
seems required to fit the blue main sequence (e.g., Piotto et al.
2005). Romano et al. (2010) also point out that if the winds
from massive main-sequence stars are also responsible for the
anomalous light element abundance variations in the current
generations of ω Cen stars, it is not clear why the He enrichment
was delayed until higher metallicities. However, Renzini (2008)
and Romano et al. (2010) find that intermediate-mass AGB stars
may provide a reasonable explanation for the high He content
in some stars, in addition to the average behavior of [Na/Fe],
and to a lesser extent [O/Fe], in ω Cen. Therefore, we will only
consider the AGB pollution scenario here, but we caution the
reader that several qualitative and quantitative hurdles remain
in order for AGB pollution to be a viable explanation of light
element variations in globular clusters (e.g., Denissenkov &
Herwig 2004; Denissenkov & Weiss 2004; Fenner et al. 2004;
Ventura & D’Antona 2005; Bekki et al. 2007; Izzard et al. 2007;
Choi & Yi 2008).

In Figure 22, we plot our derived O, Na, and Al abundances
as a function of [Fe/H], and overplot the metallicity-dependent

Johnson and Pilochowski (2010). ω-Cen is red points.
Galactic and other measurements on the right.  La is 
predominantly s-process and Eu is mainly r-process. 

The inference is that as one goes back in time the 
r-process (TBD) arose earlier than the s-process (TBD)



Abundances in a damped 
Ly-alpha system at redshift
2.626. 20 elements.

Metallicity ~ 1/3 solar

Fenner, Prochaska, and 
Gibson, ApJ, 606, 116, 
(2004)

Even the abundances 
as far away as we can
see have an abundance
pattern similar to the 
sun.

Nucleosynthesis is
a robust process.



Abundances of cosmic rays arriving at Earth
http://www.srl.caltech.edu/ACE/

Advanced Composition Explorer (1997 - 1998)

time since acceleration
about 107 yr. Note enhanced

abundances of rare nuclei made
by spallation


