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As a gas cloud contracts it 
heats, PV=nRT, thus also 
pressure increases, tends to 
balance the gravitational force. 
If the mass is small, contraction 
stops. To keep contracting I 
need to cool the gas.

Line cooling: collisional 
excitation, followed by 
radiative recombination.



Dust cooling

Collisions with gas particles heat the grains. The energy is 
then radiated in the IR and these low-energy photons are 
not absorbed, thus the energy is effectively removed from 

the thermal pool.

Dust grain	
collected from the 
Earth's orbital 
environment. 
Likely origin in the 
ISM. 



Formation of low mass stars

• Zero metallicity ⇒ 

FRAGMENTATION (Clarke et 
al. 2011, never observed) 

• Metallicity > Zcr⇒ 

★ CII & OI fine structure 
cooling (Bromm & Loeb 2003)  

★ dust cooling + fragmentation 
(Schneider et al. 2011)

From Greif et al (2011)



flat distribution of masses  between ~ 0.1 to 10 
Dots stars with 

M< 1 Msun



 TOPOS project          (PI E. Caffau)



EMP stars selected from SDSS,observed with X-Shooter@VLT

[Fe/H]=–4.1

↵ low

CEMP, ↵ low

CEMP, [Fe/H]=-4.8

X-Shooter . . Kiel 18.06.2015 6.1

Some typical X-Shooter spectra



The carbon abundances in CEMP stars are bimodal
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The carbon abundances in CEMP stars are bimodal
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The problem is that these stars have very little flux in the UV !

Teff=6500 log g=4.5 
[M/H]=-2.0



The UV region allows a much richer and more complete 
inventory of n-capture elements

McWilliam et al. (1995), which includes uncertainties in the
equivalent widths or synthesis matching and gflog values. The
total uncertainty, Ttot, is computed from Equation (A16) of
McWilliam et al., which includes the statistical uncertainty and
uncertainties in the model atmosphere parameters. The other
two uncertainties listed in Table 3 are computed from
approximations of Equations (A19) and (A20) of McWilliam
et al., which give uncertainties in the abundance ratios. To
calculate the uncertainty in the ratio of two elements A and B,
T /A B[ ], we recommend that TI for element A be added in
quadrature with Tstat for element B when element B is derived
from lines of neutral species. Similarly, we recommend that TII
for element A be added in quadrature with Tstat for element B
when element B is derived from lines of ionized species.

The Te I line at 2142.822Å is extremely blended with an Fe I

line at 2142.832Å, as shown in Figure 2. The gflog value of
the blending Fe I line is unconstrained by experiment. We
follow our earlier work on HD160617 (Roederer & Lawler
2012) and attempt to fit the overall line profile using the
abundance of Te and the gflog value of the Fe I line as free
parameters in the fit. The gflog value favored by our best fit,

−2.7, is moderately different than the value favored by our best
fit in HD160617, −3.1. We attribute only a small fraction of
the absorption at this wavelength to Te I, and the line has little
sensitivity to the Te abundance, thus we caution that the Te
abundance derived from this line is highly uncertain.
The abundance derived from the Lu II line at 2615.41Å is

higher than would be expected based on the abundances of
neighboring elements Yb and Hf (Section 5.2). We have no
reason to discount our Lu measurement, shown in Figure 3, but
we caution that it is derived from a single line. Other
observations of the Lu II line at 2615Åwould be useful to
diagnose any unidentified systematics.
Figure 3 illustrates the two lines of W II that we have

examined. We do not detect absorption coincident with the W II

line at 2088.02Å, and we derive an upper limit from this line.
We do, however, detect absorption coincident with the W II line
at 2118.88Å. The upper limit derived from the former line is
inconsistent with the absorption detected at the latter. The red
line shown in the bottom panel of Figure 3 is the 3σ upper limit
inferred from the line in the third panel of Figure 3, not a fit to
the line shown. We conclude that the absorption detected at

Figure 2. Comparison of observed and synthetic spectra for a selection of Mo I,
Cd I, Cd II, and Te I lines. The squares mark the observed spectrum of
HD94028. The red line marks the best-fit abundance, and the gray shaded
region represents a change in the best-fit abundance by a factor of ≈ two
(±0.3 dex). The bold black line represents a synthesis with no Mo, Cd, or Te
present. In the lower panel, the gray shaded region around the Te I line is
largely hidden by the red line, which indicates that this line has little abundance
sensitivity, as noted in the text.

Figure 3. Comparison of observed and synthetic spectra for a selection of
Yb II, Lu II, and W II lines. The squares mark the observed spectrum of
HD94028. For Yb II and Lu II, the red line marks the best-fit abundance, and
the gray shaded region represents a change in the best-fit abundance by a factor
of ≈ two (±0.3 dex). For W II, the red line represents the upper limit derived
from the line at 2088.20 Å. The bold black line represents a synthesis with no
Yb, Lu, or W present.

5

The Astrophysical Journal, 821:37 (12pp), 2016 April 10 Roederer et al.

Roederer et al. (2016)



The Astrophysical Journal, 797:69 (12pp), 2014 December 10 Roederer et al.

Table 2
Characteristics of Archival Optical Spectra

Star λ R S/N S/N Instrument Program P.I.
(Å) ≡ λ/∆λ 4500 Å 6000 Å ID

G64-12 3420–9150 38,000 160 230 MIKE · · · Frebel
HD 2454 3780–6910 115,000 93 180 HARPS 074.C-0364(A) Robichon
HD 16220 4350–6860 48,000 650 630 HIRES H5aH Stephens
HD 43318 3100–10426 74,000 465 370 UVES 266.D-5655(A) a

HD 76932 3100–6800b 49,000 · · · 315 UVES 067.D-0439(A) Primas
UVES 076.B-0055(A) Silva
UVES 266.D-5655(A) a

HD 94028 3650–8000 30,000 430 250 Tull · · · Roederer
HD 107113 4350–6860 48,000 250 670 HIRES H2aH Boesgaard
HD 108317 3340–8000 38,000 570 390 MIKE · · · Roederer
HD 128279 3340–8000 38,000 880 750 MIKE · · · Roederer
HD 140283 3360–9400 38,000 390 260 MIKE · · · Frebel
HD 155646 5650–8090 48,000 · · · 650 HIRES H47aH Boesgaard
HD 160617 3100–6800b 51,000 · · · 375 UVES 065.L-0507(A) Primas
HD 211998 3100–6800b 74,000 · · · 580 UVES 266.D-5655(A) a

Notes.
a Observed for inclusion in “A High-Resolution Spectroscopic Atlas of Stars across the Hertzsprung–Russell Diagram”.
b Includes gaps in the spectrum.

Figure 1. Spectral region surrounding the P i 2135.46 and 2136.18 Å lines. The
STIS spectra have been shifted vertically by adding a constant to the normalized
flux values. The stars are ordered by decreasing metallicity from top to bottom.
The relatively clean region of continuum from 2136.6–2136.8 Å, which we use
to match our observed and synthetic spectra (see Section 6), is apparent.

Some observations were made using the Magellan Inamori
Kyocera Echelle (MIKE) spectrograph (Bernstein et al. 2003)
on the 6.5 m Landon Clay Telescope (Magellan II) at Las Cam-
panas. These data were obtained and reduced using procedures
described in detail in Roederer et al. (2014b). Other observa-
tions were obtained using the Robert G. Tull Coudé Spectro-
graph (Tull et al. 1995) on the 2.7 m Harlan J. Smith Telescope
at McDonald Observatory. These data were reduced and com-
bined using the REDUCE software package (Piskunov & Valenti
2002) and standard IRAF procedures. Characteristics of these
observations are also given in Table 2.

3. STELLAR PARAMETERS

Although most stars in this sample have stellar parameters
available in the literature, we carry out a homogeneous anal-
ysis based on archival optical spectra. We determine stellar

Table 3
Line List and Equivalent Widths

Species λ E.P. log gf Wλ Wλ . . .

(Å) (eV) G64-12 HD 2454 . . .

Na i 5682.63 2.10 −0.71 · · · 57.8 . . .

Na i 5688.20 2.10 −0.45 · · · 85.0 . . .

Na i 5889.95 0.00 + 0.11 35.8 303.7 . . .

Na i 5895.92 0.00 −0.19 19.9 257.6 . . .

· · · · · · · · · · · · · · · · · ·

Notes. All Wλ are given in units of mÅ.

(This table is available in its entirety in a machine-readable form in the online
journal. A portion is shown here for guidance regarding its form and content.)

parameters using a classical spectroscopic analysis starting with
the measurement of equivalent widths, Wλ. These measurements
are presented in Table 3. We use the ATLAS9 model atmosphere
grid (Castelli & Kurucz 2003) and a recent version of MOOG
(Sneden 1973) that includes the contribution of Rayleigh scat-
tering from H i in the source function (Sobeck et al. 2011).

We use the line list compiled in Roederer et al. (2010b).
However, we found few Fe i and Fe ii lines from this list were
measurable in the spectrum of HD 155646. For this star, we use
the line list from Ramı́rez et al. (2013). We verify that these two
line lists yield similar stellar parameters and element abundances
in the analysis of other metal-rich stars, and no systematic errors
are introduced.

The derived model parameters are listed in Table 4. Effec-
tive temperatures (Teff) and microturbulent velocities (vt) are
determined by minimizing trends of Fe i lines with excitation
potential (E.P.) and reduced equivalent width [log(Wλ/λ)]. Sur-
face gravities (log g) are determined by forcing the mean iron
abundances derived from Fe i and Fe ii lines to agree. Once ex-
citation and ionization balance are achieved, we apply the em-
pirical temperature calibration described in Frebel et al. (2013).
Stars with [Fe/H] > −2.5 fall outside the metallicity range over
which this calibration was tested. We note, however, that studies
of stars more metal-rich than this have found similar discrep-
ancies between photometric and spectroscopic Teff values (e.g.,

3

But not only. P cannot be measured in MP stars 
without going to the UV 
Roederer et al. (2014)



SMSS-J031300-670839 the most iron poor star known  
[Fe/H]<-7.2 still has no Fe line detected, in spite of 32000s 

integration with COS with HST : V=14.7!

3200 Å, and that the OH lines were much stronger than the CH
lines, except at the band head of the CH C-X band near 3144 Å.
In Figure 1 we compare the UV spectra of SM0313–6708
([Fe H] 7.2�⩽ ) and HE 0107–5240 ([Fe H] 5.4� � ), a
C-rich ultra-EMP star with almost identical effective tempera-
ture and gravity, and possibly at the same evolutionary stage.
The total absence of metal lines in SM0313–6708 (except for
the Mg I lines around 3830 Å) is very marked as is the different
distribution of the forest of molecular lines below 3250 Å. The
CH lines dominate the spectrum of HE 0107–5240 whereas OH
lines dominate in SM0313–6708. The complete absence of
absorption lines in SM0313–6708 between 3250 and 3800 Å
enables more stringent limits to be placed on those species with
strong lines in that region.

3. ANALYSIS

We have carried out a spectrum synthesis of the CH, OH,
and NH molecular lines in SM0313–6708 using Turbospec-
trum (Alvarez & Plez 1998; Plez 2012). We adopted an
interpolated “standard” metallicity MARCS 1D LTE model
atmosphere structure (Gustafsson et al. 2008), for T 5125eff �
K, glog 2.30� , [M H] 5.0� � , but with actual abundances
from this paper for the atomic and molecular equilibria
calculations. We used the new 12CH and 13CH line list from
Masseron et al. (2014), while for OH and NH we used
extensive line lists recently recomputed by T. Masseron (2015,
in preparation). The Masseron OH gf values are very similar to
those of Gillis et al. (2001), but the NH gf values are
significantly smaller by 0.3 0.7 dex� than the commonly used
values of Kurucz (2011). The solar composition was adopted
from Asplund et al. (2009).

We refitted the CH A-X and B-X lines in the blue MIKE
spectrum and determined a carbon abundance of
[C H] 2.41 0.05� � o , very similar to the previously deter-
mined A-X value. The CH C-X band synthesis is in good
agreement with the A-X and B-X bands. The synthesized

spectrum well reproduces the observed CH lines in strength
and position for all J values and for all branches observed.
The OH lines extend from 3060 to redward of 3200 Å.

Because of the lower S/N and the uncertain continuum
placement at the shortest wavelengths where the lines are
strongest, we derived the oxygen abundance in SM0313–6708
by fitting the weaker OH lines between 3178 and 3200 Å.
Figure 2 clearly shows that the oxygen abundance is well
constrained at [O H] 2.00 0.10� � o . In HE 0107–5240, the
similar temperature and gravity star with abundances
[M H] 5.4x � , [C H] 1.58� � (Christlieb et al. 2004) and
[O H] 3.0� � (Bessell et al. 2004), these longer wavelength
regions could not be used for OH fitting as they are dominated
by CH lines as seen in Figure 3. We note that the treatment of
scattering (as done in Turbospectrum), is very important for the
analysis of the UV lines in SM0313–6708 and metal-poor
giants in general.
Figure 3 shows the comparison between the observed and

synthetic spectra at the shorter wavelengths in SM0313–6708
and HE 0107–5240. The panels on the left show the region that
was used to measure the oxygen abundance in HE 0107–5240,
and the panels on the right shows the region around the CH
C-X band head. Note the significantly different relative
strengths of OH and CH lines in the two stars.
There is no indication of any NH features centered on

3360 Å, but the higher S/N of the UVES spectrum enables us to
reduce the upper limit to [N H] 4.2�� , at least two orders of
magnitude lower than C and O.

3.1. 3D–1D Corrections to C and O Abundances

The carbon, nitrogen, and oxygen abundances reported
above were derived from 1D LTE analysis of the CH and OH
lines. One of us (RC) generated a 3D time-dependent
hydrodynamic model atmosphere of a red giant star with
stellar parameters very similar to the ones of SM0313–6708
using a custom version of the STAGGER code (Nordlund &
Galsgaard 1995; Nordlund et al. 2009) as well as a 1D model

Figure 1. Normalized UVES UV spectra of SM0313–6708 and HE 0107–5240. Note the different distribution of the OH and CH lines in the two stars and the
complete absence of metal lines in SM0313–6708 except for the similar strength Mg I lines.
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A(Au)=-1.0

Fig. 6. The Au line computed for A(Au) = −0.18, −0.48, −1.0, −1.48,
−1.98, none (bottom to top); the best fit is for A(Au) = −1.0. Symbols
as in Fig. 4.

A(Pb)=-0.65

Fig. 7. Lead: Pb line computed with A(Pb) = −0.15,−0.5,−0.65,−1.15,
none; the best fit is with A(Pb) = −0.65. Symbols as in Fig. 4.

The reason for the presence of these two types (with high and
low Pb abundances) is currently unknown. This may not be nec-
essarily associated with the “actinide boost”, since the other low-
Pb star HE 1523-0901 has a “normal” Th value. Possible rea-
sons could be due to 1) different r-process conditions leading
to high and low Pb values (e.g., “hot” and “cold” r-processes;
cf. Sect. 5.5) or 2) contaminations from a strong s-process (pro-
ducing high Pb abundances without others) at metallicities of
[Fe/H] ∼ −2.

4.3.6. Bismuth

Together with Pb, the Bi abundance is an important calibra-
tion point for zero-age r-process abundance distribution models,

 A(Bi)=-0.3

 A(Bi)=+0.2

Fig. 8. The Bi I line at 3024 Å as observed in STIS orders 2 (upper) and
3 (lower). The synthetic spectra are computed for A(Bi) = +0.5, +0.2,
0.0, −0.3, −0.5 and no Bi (bottom to top). The best fits are for A(Bi) =
−0.3 and +0.2, respectively. Symbols as in Fig. 4.

independent of the uncertain Solar Bi r-process abundance
(Schatz et al. 2002). Our STIS spectra of CS 31082-001 allow
us to determine the first Bi abundance in an r-element-rich star;
the only other Bi abundance in an EMP star was obtained for an
s-element rich star by Ivans et al. (2005).

The three most useful Bi I lines at 2989.018, 3024.635, and
3067.707 Å are shown in Figs. 8, and 9. The 3024.6 Å line is
present in both STIS échelle orders 2 and 3, but it is closer to
the blaze maximum in order 2 and thus has better S/N. The de-
rived abundances are A(Bi) = −0.3 and +0.2, respectively, but
we consider the former value to be more reliable.

Of the two remaining lines, the abundance from the weak
line at 2989 Å is compatible with A(Bi) = −0.50. The Bi I line
at 3067.707 Å is heavily blended (Fig. 9), in particular with a
strong OH line. Adopting the O abundance by Hill et al. (2002),
we derive a Bi abundance for the blended line which is com-
patible with A(Bi) = −0.40. Given the blends however, we do
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essarily associated with the “actinide boost”, since the other low-
Pb star HE 1523-0901 has a “normal” Th value. Possible rea-
sons could be due to 1) different r-process conditions leading
to high and low Pb values (e.g., “hot” and “cold” r-processes;
cf. Sect. 5.5) or 2) contaminations from a strong s-process (pro-
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Fig. 8. The Bi I line at 3024 Å as observed in STIS orders 2 (upper) and
3 (lower). The synthetic spectra are computed for A(Bi) = +0.5, +0.2,
0.0, −0.3, −0.5 and no Bi (bottom to top). The best fits are for A(Bi) =
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independent of the uncertain Solar Bi r-process abundance
(Schatz et al. 2002). Our STIS spectra of CS 31082-001 allow
us to determine the first Bi abundance in an r-element-rich star;
the only other Bi abundance in an EMP star was obtained for an
s-element rich star by Ivans et al. (2005).

The three most useful Bi I lines at 2989.018, 3024.635, and
3067.707 Å are shown in Figs. 8, and 9. The 3024.6 Å line is
present in both STIS échelle orders 2 and 3, but it is closer to
the blaze maximum in order 2 and thus has better S/N. The de-
rived abundances are A(Bi) = −0.3 and +0.2, respectively, but
we consider the former value to be more reliable.

Of the two remaining lines, the abundance from the weak
line at 2989 Å is compatible with A(Bi) = −0.50. The Bi I line
at 3067.707 Å is heavily blended (Fig. 9), in particular with a
strong OH line. Adopting the O abundance by Hill et al. (2002),
we derive a Bi abundance for the blended line which is com-
patible with A(Bi) = −0.40. Given the blends however, we do
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Lead
Gold

CS 31082-001 
!

45 HST orbits S/N~40  V=11.7 [Fe/H]=-2.9 
!

This is one of the brightest stars of interest



Any TLRs ?

• Wavelength range: 120-300 nm 

• Resolution: minimum  20000 desired 60000 

• Sensitivity: be able to observe TO stars with g=18 
and giant stars with g=15 (in how much time?) to 
obtain spectra with S/N~40 


