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Motivation
Observational probes
Systematic uncertainties

The ISM as a probe of the 
cosmic evolution of lithium



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)
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SBBN+WMAP

Observational
Constraints

Cyburt+ (2008)

Hard to reconcile 
these estimates of 
the “primordial” 
7Li abundance.

The lithium problem: Pop II abundances inconsistent with SBBN.



Interstellar Li to Probe Pre-Galactic Li Production

 
Use interstellar Li in low metallicity environments as a probe 
of the contemporary Li abundance.

While the chemical evolution of Li will be complex, there is 
no worry about time-dependent in situ destruction 
modifying the abundance of Li over time.

Significant systematic uncertainties associated with 
(photo)ionization and incorporation of Li into dust grains 
are completely independent of those affecting stellar 
measurements.

The idea:



Spite & Spite (1982)
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Motivation

BEWARE!  
The predictions for Li absorption in HVCs are ~10x too generous.

*Ionization of Li I to higher ionization states was underestimated significantly.

Also, quasars needed to probe HVCs are faint!
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ABSTRACT
The pre-Galactic abundance of lithium offers a unique window into nonthermal cosmological processes. The

primordial Li abundance is guaranteed to be present and probes big bang nucleosynthesis (BBN), while an
additional Li component is likely to have been produced by cosmic rays accelerated in large-scale structure
formation. Pre-Galactic Li currently can only be observed in low-metallicity Galactic halo stars, but abundance
measurements are plagued with systematic uncertainties due to modeling of stellar atmospheres and convection.
We propose a new site for measuring pre-Galactic Li: low-metallicity, high-velocity clouds (HVCs), which are
likely to be extragalactic gas accreted onto the Milky Way and which already have been found to have deuterium
abundances consistent with primordial. An Li observation in such an HVC would provide the first extragalactic
Li measurement and could shed new light on the apparent discrepancy between BBN predictions and halo star
Li abundance determinations. Furthermore, HVC Li could at the same time test for the presence of nonprimordial
Li due to cosmic rays. The observability of elemental and isotopic Li abundances is discussed, and candidate
sites are identified.
Subject headings: cosmic rays — cosmology: observations — nuclear reactions, nucleosynthesis, abundances

1. INTRODUCTION

The primordial lithium abundance currently presents a press-
ing cosmological conundrum. The recent Wilkinson Microwave
Anisotropy Probe (WMAP) determination of the cosmic baryon
density (Spergel et al. 2003), combined with big bang nucleo-
synthesis (BBN) theory, tightly predicts the primordial 7Li
abundance (Cyburt et al. 2003), but Li measurements in halo
stars give values lower than this by factors of !2. Several
possibilities for this discrepancy—observational systematics,
stellar destruction, BBN nuclear uncertainties, new physics—
are discussed in Cyburt et al. (2004a and references therein).
Until this discrepancy is resolved, it challenges the otherwise
spectacular agreement among WMAP, BBN, and deuterium
(and now 4He; Cyburt et al. 2004b) abundances.

The Li problem becomes even worse when one realizes that
there is likely to be an additional pre-Galactic source of lith-
ium, which would have arisen during the formation of the Local
Group. The baryonic matter is almost certain to have undergone
shocks, during mergers and during accretion onto dark matter
potentials; diffusive shock acceleration would have led to a
population of relativistic “structure formation cosmic rays”
(SFCRs; see, e.g., Miniati et al. 2000; Keshet et al. 2003; Ryu
et al. 2003). These cosmic rays in turn produce both Li isotopes
via reactions (Suzuki & Inoue 2002; Montmerle6, 7aa r Li
1977; Fields & Prodanović 2004). This Li component should
add to the halo star Li content, and thus observed halo star
pre-Galactic Li should be corrected downward for them to get
to the primordial value.1 But since observations already give
low Li, the problem gets even worse.

To date, halo stars are the only sites suitable for observations
of pre-Galactic Li and have proven to be a very powerful tool
for studies both of cosmology and of cosmic rays. But given
that the observations are dominated by systematic errors (Ryan
et al. 2000; Bonifacio et al. 2002), it is critical to identify other

1 Note that this pre-Galactic SFCR Li component is in addition to any Li
produced by normal Galactic cosmic rays (Ryan et al. 2000) and differs from
that component in that it would be independent of halo star metallicity.

independent sites in which pre-Galactic Li can be measured.
Recently, Zaldarriaga & Loeb (2002) pointed out that obser-
vations of highly redshifted ( ) lines from cosmic Liz ∼ 500
recombination can be used to probe the Li abundance at these
very early epochs. This method could prove very powerful but
is not yet available. In the meantime, in this Letter, we propose
a new site that is currently accessible.

A way to independently test the pre-Galactic Li abundance
is to look at high-velocity clouds (HVCs). These are gas that
is falling onto our Galaxy, and the lowest metallicity clouds
have a metallicity of about 10% of solar. These low-metallicity
HVCs thus should have a mostly pre-Galactic composition,
with a small contamination from the Galaxy. Moreover, these
cold clouds are free of the possibility of thermonuclear deple-
tion, which complicates the interpretation of halo star Li abun-
dances.

Thus, measuring Li in HVCs would provide an important
test of the Li problem: if the measurement is consistent with
the WMAP!BBN Li abundance (i.e., at that level or above),
it would indicate that low Li measured in halo stars is a con-
vection problem, or if measurement is below the WMAP result
it would indicate that the Li problem is more severe and requires
more radical solutions. Also, the measurement of Li in HVCs
would test the significance of the SFCR contribution to Li pro-
duction.

2. HIGH-VELOCITY CLOUDS

Clouds of neutral hydrogen H i that significantly depart from
the normal Galactic rotation, i.e., that have velocities with re-
spect to the local standard of rest km s"1, are calledFv F ! 90LSR

HVCs (Wakker & van Woerden 1997). Both positive and neg-
ative velocities are observed; however, the sign of their radial
velocity does not directly imply that their full space motion is
either away or toward the Galactic plane. Although determi-
nation of their distances is very uncertain, the limits can go up
to tens of kiloparsecs (Wakker 2001). HVCs contain heavy
elements and exhibit a wide range of metallicities, which in
some clouds can be as low as 1/10 of solar (Wakker 2001).

LiHVC ⇠ Lip +
FeHVC

Fe�
[Li� � Lip]
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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-

Asplund+ (2006)

Meyer+ (1993)

Interstellar Li to Probe Pre-Galactic Li Production

N(Li I) =

Z
n(Li0)ds

Interstellar absorption lines give 
a measure of the column density, 
the surface density of atoms 
projected onto the star:



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

• δLi        -- Depletion factor for Li.

• N(H I)  -- H I column

Constrained by observations of other neutral 
and singly ionized species.

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

From HST/IUE Lyman-α observations and/or 
ATCA H I 21-cm observations.

Interstellar Li as a probe of pre-galactic production
Interstellar Systematics

(Li/H) = N(Li I)N(H I)�1
x(Li0)�1

�

�1
Li



Interstellar Li as a probe of pre-galactic production
Interstellar Systematics

Where the precise value of the electron density ne is not crucial:

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

ne =
N(Ca I)
N(Ca II)

↵rec(Ca+,T )
�(Ca0)

N(Li I)
N(Li II) = ne

↵rec(Li+,T )
�(Li0)

The ionization correction is by far the largest correction and may 
be dictated by non-equilibrium physics, perhaps with unknown 
recombination pathways.  

In equilibrium:

(Li/H) = N(Li I)N(H I)�1
x(Li0)�1

�

�1
Li

N(Li I)

N(Li II)
=

N(Ca I)

N(Ca II)

�(Ca0)

�(Li0)

↵rec(Li
+, T )

↵rec(Ca
+, T )



Steigman (1996)
Milky Way data from Hobbs (1984) & White (1986) 
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Interstellar Li as a probe of pre-galactic production
Interstellar Systematics



Knauth et al. (2003)

Interstellar Li as a probe of pre-galactic production
Interstellar Systematics

N(Li I) ∝ N(K I) 
and [Li/K] = 0.



The first measurement of 
interstellar lithium beyond 
the Milky Way
Small Magellanic Cloud lithium
Absolute Li abundances
Li-to-metal abundances



Large Magellanic Cloud Small Magellanic Cloud

Z ~ 0.5 Z⊙◉☉⨀ Z ~ 0.25 Z⊙◉☉⨀



Sk 143 sight line:
*Large H I, H2 column density
*Large columns of neutral metals
*Apparent low radiation field

The Observations:
*Sk 143 (O9.5 Ib): V = 12.9
*UVES @ R ~ 74,000
*~1 night MCELS: Smith+



The Small Magellanic Cloud as probe of pre-galactic Li

Absorption from 
the SMC at 
v ~ +120 km/s

Absorption 
from the MW 

at v ~ +0 to 
+50 km/s

S/N ~ 275

Interstellar Li as a probe of pre-galactic production



Also detected:       
Ca I, Fe I, Rb I 

CH, CH+, C2, C3, CN
H I, H2 

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

b ≡ 21/2 σ ~ 0.8 km/s
T ≲ 270 K

The Small Magellanic Cloud as probe of pre-galactic Li



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

Lambert & Reddy (2004)
Sbordone+ (2010)
Asplund+ (2006)

A(7Li)SMC = 2.68 ± 0.16

A(7Li)MW ≈ 2.54 ± 0.05

from Cyburt+ (2008)



Steigman (1996)

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

[Li/K]SMC = +0.04 ± 0.10



Knauth et al. (2003)

SMC

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



Knauth et al. (2003)

SMC

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

[Li/K]SMC ~ 0
A(Li)SMC = A(Li)⊙ + [Li/H]SMC
A(Li)SMC = A(Li)⊙ + [Li/K]SMC + [K/Fe]SMC + [Fe/H]SMC 

Not measured.  
Assume K scales 
with α elements.



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

[Li/Fe]SMC ≈ [Li/K]SMC = +0.04±0.10

[Li/Fe]MW = -0.09±0.11

[Li/K]SMC

LiX
FeX

⇠ Li�
Fe�

+ Lip
h

1
FeX

� 1
Fe�

i



The ISM as a probe of the 
cosmic evolution of lithium: 
future prospects
New approaches to systematics
Lithium isotopic ratio as a probe of nucleosynthesis
Lithium isotopic ratio as a probe of non-standard BBN
Lithium in the ISM of the LMC
Prospects for ELT?



Asplund+ (2006)

A 6Li Plateau?

SBBN predicts 6Li/H ~ 10-14.
Mean

Mean

The lithium problem in Pop II stars may extend to 6Li.
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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-

Asplund+ (2006)

Meyer+ (1993)

N(Li I) =

Z
n(Li0)ds

Interstellar absorption lines give 
a measure of the column density, 
the surface density of atoms 
projected onto the star:

Interstellar Li as a probe of pre-galactic production



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

For comparison:
(7Li/6Li)⊙◉☉⨀  ~ 12

〈7Li/6Li〉MW ~ 7.6

(7Li/6Li)CR ~ 1.6

We measure 

(7Li/6Li)SMC ≥ 3.6 or 
(6Li/7Li)SMC ≤ 0.28 (3σ).

Our limits imply ≤40% of the 7Li has 
been produced by cosmic rays.  

A good constraint on 7Li/6Li 
will require S/N ~ 500 
(preferably at higher 
resolution).

*MW = ISM from 
 Kawanomoto+ (2009),
 Knauth+ (2003)

*See posters by Adam Ritchey, Tijana Prodanovich



Cosmic ray synthesis of 7Li, 6Li

p,α + C,N,O → LiBeB 

C,N,O + p,α → LiBeB 

α + α → 6,7Li

The CRs need not be galactic CRs...

These processes largely produce: 
(7Li/6Li)CR ~ 1.6±0.3

Prantzos (2010)



Steigman (1996)

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

[Li/K]SMC

LMC



Interstellar Li in the ELT era

With 10-m class telescopes, this 
approach is limited to the SMC, 
LMC, and a single low-redshift 
damped Lyman-α (DLA) absorber 
with LMC-like metallicity.

The planned 30 and 40-m class telescopes have the grasp to extend the search 
for interstellar Li to more DLAs.  However, there are several issues:

1) Li will be redshifted quickly into the NIR.
2) The number of bright QSOs with quite low metal DLAs is limited.
3) The number of DLAs bearing neutral gas and/or H2 is VERY limited.

More work will be doable in the SMC/LMC on isotopic abundances.

High velocity clouds will largely still be out of reach.



Summary

• Measurements of interstellar Li I 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 a current 
abundance consistent with the BBN 
value, leaving little room for chemical 
enrichment.  This may favor a low 
primordial abundance.

• The first marginal measurement of the 
isotopic ratio in the SMC implies that 
<40% of the 7Li had been produced since 
the era of Big Bang nucleosynthesis.  The 
ratio may represent the best test on 
non-standard BBN from the ISM.


