
Gas-phase abundances in 
the universe: lithium to lead

J. Christopher Howk, University of Notre Dame

Outline
•Gas-phase abundances: techniques & nucleosynthesis impact

•Interstellar lithium as a probe of the pre-galactic abundance



Techniques

Damped Lyman-α Systems as a Probe of Nucleosynthesis

Gas-phase abundances in 
the universe
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Damped Lyman-α absorbers: 
N(H I) > 2x1020 cm-2

Probing nucleosynthesis in damped Lyα systems



High-resolution spectroscopy gives  gas-
phase abundances with typical 
uncertainties:

• σ([X/H]) ~ 0.05 to 0.10 dex (10-25%)
• σ([X/Y]) ~ 0.02 to 0.05 dex  (5-10%)

Ionization corrections are typically minimal 
(Vladilo et al. 2001).  Dust corrections often 
not minimal (Jenkins 2009).

A wide range of elements can be accessed:
• Commonly measured: Fe, Si, Ni, Zn, Cr
• Occasionally measured: N, S, P, Ti, Ar, Mn
• Rarely available: C, O, Al, Mg, Co, Kr, Ge, Cl, 
! !    B, Cu, Ga, Sn, Pb, As 

Detecting the rarest species requires high 
metal column density absorbers.

*[X/Y] ≡ log (X/Y) – log (X/Y)�
N(X) = 10[X/H] N(H I)

Probing nucleosynthesis in damped Lyα systems
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Identifying low-redshift galaxies in absorption
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Gas measurements allow us to probe 
the distribution of metals in the 
universe.



Improved Neutron-Capture Element Abundances in Planetary Nebulae 341

Figure 2 Selected Kr and Xe emission lines detected in the PN J 900 (top panels), and Br and Rb lines in NGC 6644 (lower left panels) and
NGC 3242 (lower right panels). Telluric emission lines have not been removed, and appear as narrow features within some of the panels. Note
that wavelengths are not corrected for systemic nebular velocities.

of more abundant elements and/or telluric features. We
are conducting optical observations of s-process enriched
Galactic PNe selected from the near-infrared sample of
SD08, using the 2D Coudé cross-dispersed echelle spec-
trometer (Tull et al. 1995) on the 2.7-m Harlan J. Smith
Telescope at McDonald Observatory. Using two grating
tilt settings and a 1.8′′-wide slit, this instrument pro-
vides nearly complete spectral coverage in the wavelength
range 3700–10 400Å, at a resolution R = 36 700 (suffi-
ciently large to resolvemany n-capture element lines from
potential blends).

To date, we have completed optical observations of
approximately 17 PNe. These objects display rich spectra,
with ∼100 emission lines in the sparsest spectrum to over
400 lines in NGC 3242. Kr emission has been detected in
all but one of these objects, and several exhibit lines from
multiple Kr ions. At least one Xe emission line has been
detected in about half of these PNe and Se, Br and Rb lines
have been tentatively identified in 3–4 objects each. Fig-
ure 2 displays selected Kr, Xe, Br and Rb emission lines
in targets from our sample.

3 Atomic Data Calculations

Abundance determinations of n-capture elements in ion-
ized nebulae are affected by uncertainties in the atomic
data governing the ionization balance of these species,
in particular photoionization (PI) cross sections and rate
coefficients for radiative recombination (RR), dielectronic
recombination (DR), and charge transfer (CT). These data

Figure 3 The calculated Xe3+ PI cross section (solid line), using a
five-configuration expansion for Xe3+ and six configurations for
Xe4+. Note that the resonance contribution has not been added.
For comparison, we show the experimental Xe3+ PI cross section
measured by Bizau et al. (2006).

are needed to derive accurate ICFs to correct for the abun-
dances of unobserved ions. Atomic data uncertainties can
lead to uncertainties in Se and Kr abundances of a factor
of two (Sterling et al. 2007), and similar uncertainties can
be expected for other n-capture elements.

With the atomic structure code AUTOSTRUCTURE
(Badnell 1986), we are computing PI cross sections and
RR and DR rate coefficients for the first five ions of
Se, Kr and Xe, the three most widely detected n-capture

Sterling et al. (2009)

Probing nucleosynthesis in nebulae



Interstellar constraints on 
the cosmic evolution of 
lithium

The Lithium Problem

A New Approach to Cosmic Lithium



Lithium in Population II stars

Spite & Spite (1982)
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The Spite “Plateau”



using the Monte Carlo results from BBN as a function of η to give LBBN(η|X) and the

WMAP value of η distributed as a Gaussian, LWMAP(η). These are shown in Fig. 4 by the

dark (blue) shaded regions. Though there are useful measurements of the 3He abundance

[56], these are difficult to match to the primordial abundance [57]. We will show the BBN

likelihood for 3He in Fig. 4, but will not discuss 3He any further.

FIG. 4: The theoretical and observational likelihood functions for 4He, D/H, 3He/H, and 7Li/H.

BBN results have been convolved with the WMAP determination of η and are shown as dark (blue)

shaded area. The observational likelihoods are shown as light (yellow) shaded regions as well as

alternative dotted curves. The data and distinctions are detailed in the text.

Fig. 4 also shows the observational likelihoods for comparison. For 4He, the light (yellow)

13

SBBN+WMAP

Observational
Constraints

Cyburt et al. (2008)

The lithium problem

(
7
Li/H)halo stars � (1.25± 0.30)× 10

−10

(
7
Li/H)WMAP = (5.24

+0.36
−0.33)× 10

−10



Figure 1: The metal-poor end of the Spite plateau. Note the increased scatter, and the trend towards a drop
of the Li abundance at the lowest mean metallicities. Adapted from Bonifacio et al. 2007 [16] and González
Hernández et al. 2008 [17].

Not plateau!

Cayrel et al. (2009)

Lithium in Population II stars

Plateau!



Figure 1: The metal-poor end of the Spite plateau. Note the increased scatter, and the trend towards a drop
of the Li abundance at the lowest mean metallicities. Adapted from Bonifacio et al. 2007 [16] and González
Hernández et al. 2008 [17].
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Sbordone et al. (2010)

Lithium in Population II stars



Interstellar Li as a probe of pre-galactic production

The idea: 
Use measurements of interstellar Li in low metallicity 
environments as a probe of the contemporary Li 
abundance.

The chemical evolution of Li will still be complex, one 
does not worry about stellar destruction modifying 
the abundance of Li relative to other elements.

There will be significant systematics associated with 
(photo)ionization and incorporation of Li into dust 
grains, but these are completely independent of 
those affecting stellar measurements.



Also detected:        Ca I, Fe I, Rb I 
  CH, C2, C3, CN 

  H I, H2 

The Small Magellanic Cloud as probe of pre-galactic Li
Interstellar Li as a probe of pre-galactic production
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(Li/H) = N(Li I) N(H I) -1 x(Li0)-1 δLi -1

• x(Li0)   -- Ionization fraction of Li0.

• δLi        -- Depletion factor for Li.

• N(H I)  -- H I column in the SMC.

Interstellar Systematics

Use HST/STIS + UVES observations of other 
singly ionized species to constrain this. 

Use new Jenkins (2008) F* parameterization 
of dust depletion effects to estimate this.

Use a combination of HST/STIS Lyman-α 
observations and ATCA H I 21-cm 
observations to estimate H I.

Interstellar Li as a probe of pre-galactic production



The Small Magellanic Cloud as probe of pre-galactic Li
Interstellar Li as a probe of pre-galactic production

[Li/K]SMC = +0.04 ±!0.10

A(Li)SMC = 2.95 ± 0.16

(6Li / 7Li) SMC = 0.13 ± 0.05



The Small Magellanic Cloud as probe of pre-galactic Li
Interstellar Li as a probe of pre-galactic production

Prantzos (2010)



The Small Magellanic Cloud as probe of pre-galactic Li
Interstellar Li as a probe of pre-galactic production

Prantzos (2010)



SNe II: ν-process of 
Woosley et al. (1990)

AGB stars: Hot 
bottom burning – 
Cameron-Fowler 
(1971) mechanism

Novae

Stellar Li production

Prantzos (2010)

480 N. Prantzos

Figure 7. Evolution of total Li (top) and percentages of its various components (bottom): Li-7
from GCR (dot-dashed), Li-6 from GCR (dotted), Li-7 from ν-nucleosynthesis (NN, dashed) and
Li-7 from a delayed stellar source (novae and/or AGB stars, long dashed). Solid curves indicate
total Li (upper panel) and primordial7Li (lower panel).

2006). This issue, one of the most important ones for our understanding of mixing in
stellar interiors, has also important implications for the chemical evolution of Li, as we
shall see below.

The report of an “upper envelope” for 6Li/H in low metallicity halo stars (Asplund et
al. 2006) gave a new twist to the LiBeB saga. The reported 6Li/H value at [Fe/H]=-2.7
is much larger (by a factor of 20-30) than expected if GCR are the only source of the
observed 6Li/H in that star, assuming that GCR can account for the observed evolution
of Be (see Fig. 6). But, if it turns out that the true primordial Li is the one corresponding
to the WMAP+SBBN value, then the initial 6Li values in halo stars should be at least a
factor of 3 higher than evaluated by Asplund et al. (2006, see Fig. 6). It should be noticed,
however, that such high 6Li values are not obtained in other investigations (Cayrel et al.
2008, Steffen et al. 2009).

In the past few years, the possibility of important pre-galactic production of 6Li by
non-standard GCR has drawn considerable attention from theoreticians, who proposed
several scenarios:

1) Primordial, non-standard, production during Big Bang Nucleosynthesis: the de-
cay/annihilation of some massive particle (e.g. neutralino) releases energetic nucleons/photons
which produce 3He or 3H by spallation/photodisintegration of 4He, while subsequent fu-
sion reactions between 4He and 3He or 3H create 6Li (e.g. Jedamzik 2004, and this
meeting). Observations of 6Li/H constrain then the masses/cross-sections/densities of
the massive particle.

2) Pre-galactic, by fusion reactions of 4He nuclei, accelerated by the energy released

AGB + novae

3He(α,!)7Be(!-,")7Li



Lithium in Population II stars

A 6Li Plateau?
•SBBN predicts 6Li/H ~ 10-14.

•Stellar measurements at very low 
metallicity suggest 〈6Li/H〉~ 2x10-12.

Asplund et al. (2006)

Mean

Mean

Lithium isotopic abundances in metal-poor halo stars 19

Fig. 18.— Li i 670.78 nm line in G020-024 (upper panel)
and LP815-43 (lower panel) based on a 3D LTE analysis. The
best fitting line profiles as judged by a χ2analysis for 6Li/7Li=
+0.00, +0.05 and +0.10 are shown.

its reported for HD 19445, HD 140283 and BD+03◦0740
by Smith et al. (1993, 1998) and Hobbs & Thor-
burn (1994, 1997). Our derived value for G 271-162
(6Li/7Li = 0.019±0.012) does not constitute a detection
of 6Li but is very close to Nissen et al.’s (2000) result of
6Li/7Li = 0.02±0.01 based on the same VLT/UVES com-
missioning spectra, in particular as we have here adopted
a slightly more conservative estimate of the uncertainties.

More noteworthy is the result that we do not con-
firm the 6Li detection for HD338529 (also known as
BD+26◦3578) by Smith et al. (1998) who found
6Li/7Li = 0.05±0.03. Our value of 0.010±0.013 is based
on a higher quality spectrum (S/N ! 520 vs 420) but the
main difference can be traced to the adopted line broad-
ening parameters. Smith et al. combined the effects of
instrumental broadening and macroturbulence by con-
volving the synthetic spectra with a Gaussian profile,
but used only the Ca i 671.78nm line to determine the
width of this Gaussian; however, this line is quite weak
in HD338529 having a line depth of only 3% at R =
110, 000. As a result, Smith et al. could not constrain
the macroturbulent velocity parameter for this star very

well (this can be seen in their Figure 6 for HD 338529,
where the χ2 as a function of macroturbulent velocity is
very shallow). Our higher broadening parameter is sig-
nificantly better determined as it is based on four Ca i
and Fe i lines, all in very good agreement. We would also
have found a significant 6Li/7Li ratio had we adopted the
same macroturbulence as Smith et al. (1998). In addi-
tion, for two of our stars with significant 6Li detections,
Smith et al. could only obtain upper limits: ≤ 0.06 and
≤ 0.05 (2σ) for HD 102200 and HD160617, respectively.
Again, the main difference appears to be the adopted
macroturbulence parameter, which in our case is smaller
than their value. Also, our spectra for these stars have
significantly higher S/N . The differences in 6Li/7Li be-
tween us and Smith et al. for HD 338529 certainly serve
as a warning when trying to interpret the results in terms
of Li isotopic abundances for this extremely challenging
method. It is clearly paramount to have exceptionally
high S/N as well as well-determined intrinsic broadening
parameters based on a multitude of spectral lines with
similar strength as the Li i 670.8nm line. While we have
tried to accomplish both of these factors and believe that
we have set a new standard in this respect, we urge the
reader to exercise some caution when using our quoted
Li isotopic abundances.

Deliyannis & Ryan (2000) reported a firm detection of
6Li in the subgiant HD 140283: 6Li/7Li= 0.040± 0.015.
No details of this analysis have as yet appeared in the
literature. We are, therefore, not able to identify reasons
for the discrepancy with our non-detection of 6Li/7Li =
0.008 ± 0.006. Our result for HD 140283 is, however,
consistent with the upper limit of 6Li/7Li < 0.018 esti-
mated recently by Aoki et al. (2004) based on a Sub-
aru/HDS spectrum of the quality of our VLT/UVES
spectrum. Wako Aoki has kindly made available their
Subaru spectrum of HD 140283 for an independent anal-
ysis by us. As we did not have access to their measured
instrumental profile, we performed the analysis adopting
a combined Gaussian for the instrumental and macro-
turbulence broadening, a case also considered by Aoki et
al. Our result of 6Li/7Li = 0.003 is in perfect agreement
with their corresponding result of 0.002 when using their
choice of calibration lines. We note that when we per-
form an analysis in the same way as for our own sample
(i.e. using the same calibration lines and taking into ac-
count uncertainties in line broadening, S/N and stellar
parameters), we find 6Li/7Li = 0.006 ± 0.004, which is
in excellent agreement with the UVES result. When ex-
panding the set of calibration lines to include in total 14
lines between 500 and 650nm from the Subaru spectrum,
the 1σ error doubles: 6Li/7Li = 0.007±0.009. The exact
results and uncertainties thus depend (slightly) on the
particular choice of lines to estimate the line broadening,
which must be borne in mind when comparing different
6Li/7Li-analyses.

6. LI ABUNDANCES FROM THE Li i 610.4 NM
SUBORDINATE LINE

6.1. Analysis

The exceptionally high quality of our UVES spectra
allows Li abundances to be derived from the subordi-
nate Li i 610.36nm line, which in these halo stars has
an equivalent width of just 0.1 − 0.2 pm (1 − 2mÅ). We
have performed a similar χ2-analysis of a wavelength re-
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instrumental profile, we performed the analysis adopting
a combined Gaussian for the instrumental and macro-
turbulence broadening, a case also considered by Aoki et
al. Our result of 6Li/7Li = 0.003 is in perfect agreement
with their corresponding result of 0.002 when using their
choice of calibration lines. We note that when we per-
form an analysis in the same way as for our own sample
(i.e. using the same calibration lines and taking into ac-
count uncertainties in line broadening, S/N and stellar
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The exceptionally high quality of our UVES spectra
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Overview of the lithium problem R. Cayrela

Figure 3: The red line is a (intrinsically asymmetric) 3D-NLTE profile of the major component of 7Li

(areaW ), computed for atmospheric parameters Teff = 6250 K, logg = 4.0, [Fe/H] = −3.0. The blue line
is the mirror image (with respect to the bisector of the line core) of the red line completing a symmetric

profile with the left wing of the red profile. The difference between the right wings of the red and the

blue profiles (area !W ) measures the amount of asymmetry of the 3D profile (signal ≡ !W/W = 0.020).
The green dots represent the profile of a 6Li / 7Li blend, computed with the symmetric profile and a ratio

n(6Li)/n(7Li)=0.022, equal to the mean value of the observations of ALN06 for a selection of stars with

parameters 6100 K< Teff < 6400 K and 3.7 < logg < 4.3. The signal of this blend measures the isotopic
ratio: n(6Li)/n(7Li)=!W/W=0.021. There is a slight difference between the signals produced by the
asymmetric 3D profile and the 6Li / 7Li blend (the 6Li blend is slightly more red-shifted and shallower), but

these differences are too small to be measurable.

Figure 4: Same as fig 3, except that here [Fe/H]= -2.0.
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Cayrel et al. (2009)

Mirror of 3D model

3D model including 
  convection

6Li / 7Li ~  0.022 
w/symmetric line



DIBs = Diffuse Interstellar Bands

The Small Magellanic Cloud as probe of pre-galactic Li
Interstellar Li as a probe of pre-galactic production
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!7Li/6Li"MW ~ 7.6

(7Li/6Li)CR ~ 1.6

The measured isotopic ratio is 
consistent with the solar ratio 
and the isotopic ratio measured 
in the ISM of the Milky Way. 

Assuming the 6Li is produced 
via cosmic ray spallation, our 
measurement implies ~(20±7)% 
of the 7Li has been produced 
by cosmic rays.  
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Summary
Gas phase abundance measurements provide an alternate 
approach to probing galactic chemical evolution (although 
perhaps not Galactic chemical evolution).

Measurements of interstellar lithium in low metallicity galaxies will 
allow us to probe primordial and pre-galactic production of Li 
(including the 7Li/6Li ratio) in a way that is independent of the 
systematics associated with stellar determinations.

The first measurement of gas-phase Li in the SMC suggests an 
absolute abundance of Li that is larger than those seen in Milky 
Way stars of similar metallicity. It is consistent with the BBN-
predicted primordial abundance, but may not rule out the lower 
stellar abundance. 


