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• large-scale structure

• cosmic microwave background

• abundances of light elements

• expansion of universe

B. Moore (U. of Zurich)

ΛCDM is consistent with: 

However:

ΛCDM predicts more dark 
matter sub-halos than seen 
as visible dwarf galaxies

“missing satellite problem”

redshift
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Theoretical solution - reionization
(Bullock+ 2001; Ricotti & Gnedin 2005)

• small dark-matter halos start with little gas
• reionization of universe heats this gas
• thermal pressure boils gas out of halo
• gas is not re-accreted

{



Tumlinson (2010)

Dark Matter Distribution

350 kpc
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Subhalos with star formation continuing past reionization
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Fossil subhalos - star formation truncated by reionization



Tumlinson (2010)

Most subhalos never form stars at all



SDSS Field of Streams

Belokurov+ (2007)



SDSS Field of Streams

Belokurov+ (2007)
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UFDs are old

Leo IV
(Sand et al. 2010)

MMT

Coma Berenices
 (Munoz et al. 2010)
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UFDs are metal poor, 
but with significant 
metallicity spread

The Astrophysical Journal, 779:102 (21pp), 2013 December 20 Kirby et al.
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Figure 8. Luminosity–stellar metallicity relation for Local Group dwarf
galaxies. The black diamonds (MW dSphs) and red squares (dIrrs) are the
average stellar iron abundances from spectroscopy of individual stars. The blue
triangles (M31 dSphs) are the average stellar iron abundances from coadded
spectroscopy of groups of similar stars within each dwarf galaxy. The dashed
line shows the least-squares line (Equation (3), where the intercept is calculated
at 106 L!), excluding the M31 data points and Segue 2, which may be a heavily
tidally stripped galaxy (Kirby et al. 2013). The dotted line shows the rms about
the best fit. Unlike Figure 1, there are no photometric metallicities in this figure.
Hence, these data are not subject to the age–metallicity degeneracy.
(A color version of this figure is available in the online journal.)

4. MASS–METALLICITY RELATION

The simplest diagnostic of differential chemical evolution
among galaxies is the LZR or MZR. As discussed in Section 1,
Grebel et al. (2003) presented evidence that the LZR for dwarf
galaxies is dichotomous between dIrrs and dSphs (see Figure 1).
However, all of their MW dSph metallicities were based on
spectroscopy whereas all of their dIrr metallicities were based
on broadband color. Photometric metallicities are subject to the
age–metallicity degeneracy, which is difficult to resolve without
photometry reaching the main sequence turn-off. Only recently
has such photometry become available for the dIrrs. As Lee
et al. (2008) pointed out, the dichotomy in the LZR may be a
result of the inability to resolve the photometric age–metallicity
degeneracy for dIrrs. Lianou et al. (2011) estimated that the
effect of even a small (15%) intermediate-age population is a
depression of [Fe/H]phot by a few tenths of a dex.

In order to address the dichotomy, we calculated average
metallicities from spectroscopy, which is not subject to the
age–metallicity degeneracy. For each galaxy in Table 1, we
computed a weighted mean of [Fe/H]. The metallicity of each
star in the average was weighted by the inverse square of the
error in [Fe/H]. For the coadded spectra of M31 satellites, the
average was computed from bins of stars rather than individual
stars. For those galaxies with only one bin (And IX, X, XV,
and XVIII), the number presented as 〈[Fe/H]〉 is simply the
metallicity of the bin. Table 4 and Figure 8 show the resulting
LZR, separated by galaxy type (dSph or dIrr).

The LZR for dSphs and dIrrs is nearly identical. The least-
squares fit for the MW dSphs, accounting for measurement
uncertainty in both LV and 〈[Fe/H]〉 (Akritas & Bershady 1996),
is

〈[Fe/H]〉dSph = (−1.69 ± 0.06)+(0.29 ± 0.04) log
(

LV

106 L!

)
.

(1)

We excluded Segue 2 from this fit because it may be heavily
tidally stripped (Kirby et al. 2013), and its present luminosity
may not reflect its luminosity when it finished forming stars. We
also excluded the M31 satellites because the technique used to
measure their metallicities is different and because their error
bars are larger. Including them changes the slope and intercept
by less than the uncertainties quoted in Equation (1). The rms
of the MW dSphs about Equation (1) is 0.17.

The LZR for the dIrrs is

〈[Fe/H]〉dIrr = (−1.58 ± 0.04) + (0.21 ± 0.02) log
(

LV

106 L!

)
.

(2)
The rms of the dIrrs about Equation (2) is 0.09. The rms of the
dIrrs about Equation (1) is 0.12. The dIrrs have a smaller scatter
than dSphs about the best-fit line for dSphs.

We conclude that dIrrs are not deviant from the LZR defined
by MW dSphs. Both types of galaxies obey the same relation.
The least-squares fit for the dIrrs and MW dSphs, again
excluding Segue 2, is

〈[Fe/H]〉 = (−1.68 ± 0.03) + (0.29 ± 0.02) log
(

LV

106 L!

)
.

(3)
The rms about the best-fit line is 0.16. Equation (3) is the dashed
line in Figure 8.

Luminosity is a direct observable, but stellar mass is more
closely related to chemical evolution. The mass-to-light ratio
depends on the SFH. Woo et al. (2008) calculated M∗/LV

for the brighter MW dSphs and the LG dIrrs in two ways.
They used modeled SFHs (Mateo 1998), or they converted
integrated galaxy colors into mass-to-light ratios based on stellar
population models (Bell & de Jong 2001; Bell et al. 2003).
Generally, they preferred the SFH-based masses, but sometimes
only integrated colors were available. For the fainter MW dSphs,
we adopted Martin et al.’s (2008) stellar masses, which were
based on modeling the distribution of stars in the CMD for
each galaxy. Table 4 includes the stellar masses we adopted.
For those galaxies where stellar mass measurements were not
available from the aforementioned references, we assumed Woo
et al.’s median SFH-based mass-to-light ratio for the appropriate
galaxy type. The footnotes in Table 4 identify these galaxies.

In analogy to Figure 8 for the LZR, Figure 9 shows the MZR
for the same dwarf galaxies. The least-squares fit excluding
Segue 2 and the M31 satellites is

〈[Fe/H]〉 = (−1.69 ± 0.04) + (0.30 ± 0.02) log
(

M∗

106 M!

)
.

(4)
The rms about the best-fit line is 0.17. The scatter about the MZR
is about as small as the scatter about the LZR. The similarity is
expected because the variance in M∗/LV is small—especially
in logarithmic space—for the predominantly old dwarf galaxies
in the LG.

Ignoring possibly tidally stripped galaxies like Segue 2, the
MZR is unbroken and of constant slope from the galaxies with
the lowest known stellar masses up to M∗ = 5 × 108 M!
(NGC 205), which is the upper stellar mass limit of our sample.
The continuity of the relation begs the question, to what mass
does the MZR persist?

The gas-phase MZR has been analyzed for many different
galaxy masses, SFRs, and redshifts. Section 1 provides some
background on some of those studies. However, the gas-phase
metallicity depends on the instantaneous SFR or gas fraction
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Figure 13. Comparison of the observed spectra (black lines) of 12 red giants in Boötes I with the best-fitting synthetic spectra (red lines) in the region of the
G band of the CH molecule. The stellar identification and Teff/ log g/[Fe/H]/[C/Fe] are presented in each panel. (The corresponding spectra of the stars in the range
3900–4400 Å may be found in Figure 1 of Norris et al. 2008.)

Figure 14. Comparison of the observed spectra (black lines) of the three putative
radial-velocity members of Segue 1 with the best-fitting synthetic spectra (red
lines) in the region of the G band. Stellar identification and Teff/ log g/[Fe/H]/
[C/Fe] are presented in each panel.

with large enhancements of C and N (and often O) from Aoki
et al. (2002), Cayrel et al. (2004), Christlieb et al. (2004), Norris

et al. (1997), and Norris et al. (2007) (see the figure caption
for identifications). While there is a clear similarity between the
two panels, some caution is warranted. The sample in the lower
panel of the figure is not unbiased. Of the 39 objects plotted,
30 come from the HK survey (Beers et al. 1992), two from the
HES (HE0107–5240 (Christlieb et al. 2004) and HE0557–4840
(Norris et al. 2007), both with [Fe/H] < −4.4), and five from
brighter miscellaneous sources (all with [Fe/H > −3.0). There
have been strenuous endeavors to observe all stars in the HK
survey with [Fe/H] < −3.0: to our knowledge, as a result of
this comprehensive effort, some 35 of the red giants in the HK
survey in the range −4.2 < [Fe/H] < −3.0 now have high-
quality abundance analyses, 23 of which appear in Figure 15.
Given the fact that Spite et al. (2005) chose to observe stars with
[Fe/H] < −2.5, the data in the lower panel are therefore very
incomplete above that limit. In contrast, the two HES stars in
the figure, with [Fe/H] < −4.4, represent only the (extremely
important) low abundance tail of the HES distribution.

Figure 16 presents the behavior of [C/Fe] as a function of
absolute visual magnitude, MV . The upper panel (a) presents
results for the red giants in Boötes I, Segue 1, and dwarf
galaxies as defined in Figure 15, while panels (b)–(d) contain
data for three other stellar populations of the Milky Way.
Panel (b) presents giants of the Galactic halo (the sample
presented in Figure 15). Note that the incidence of “mixed”
stars of Spite et al. (2005) (the open symbols) increases as one
moves to higher luminosity, consistent with the interpretation
of increased importance of mixing as the star ascends the giant
branch, crossing the “RGB bump” (see Gratton et al. 2000).
Panel (c) contains giants in the globular clusters M15 (open
circles) and M92 (filled circles) (Langer et al. 1986; Trefzger
et al. 1983), both of which have [Fe/H] ∼ −2.2, with little or
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Figure 5. Several Fe i lines of three stars with similar temperatures to illustrate Fe abundance differences. UMa II-S2 (green) with [Fe/H] = −3.2, ComBer-S2 (blue)
with [Fe/H] = −2.9, and UMa II-S3 with [Fe/H] = −2.3 (red). The black line refers to HD 122563, the MW halo star with [Fe/H] = −2.8.
(A color version of this figure is available in the online journal.)

Figure 6. Fe i abundances as a function of excitation potential, χ , in ComBer-S3
as an example. Three different temperatures are shown: 4800 K (blue squares),
4600 K (black open circles), 4400 K (red triangles). The dotted line indicates
the mean abundance of all Fe lines for the adopted temperature of 4600 K. The
dashed/solid/dot-dashed lines shows the corresponding fits to the data sets.
(A color version of this figure is available in the online journal.)

et al. (2006a), we derive 3σ upper limits for several elements.
In Table 4, we list upper limits of a given element for whichever
line produced the tightest upper limit.

2.3. Stellar Parameters

In Figure 5, we show pieces of spectra containing a number
of Fe i lines for three dwarf galaxy stars and HD 122563. All
of the stars have similar temperatures and thus allow for a
simple, visual comparison of the Fe i line strengths. This quickly
illustrates the different metallicities sampled by our program
stars. It is clear that UMa II-S2 has much weaker Fe lines than the
other stars, demonstrating even without any analysis that this star
must be more metal-poor than HD 122563 (at [Fe/H] = −2.8).

2.3.1. Effective Temperature

We then derive spectroscopic effective temperatures by de-
manding that there be no trend of abundances with excitation
potential for the Fe i lines. As an example, Figure 6 shows Fe i
abundances as a function of excitation potential based on our
spectroscopically derived value for ComBer-S3. We also show
Fe abundances for temperatures of ±200 K to illustrate the sen-
sitivity of the method to the assumed temperature. By varying
the temperature and comparing the derived trends to zero given

the statistical uncertainty on the slope, we determine the effec-
tive temperature and its uncertainty. As illustrated in Figure 6, a
200 K change in temperature causes a strong trend in the abun-
dances as a function of excitation potential. Generally, at 3σ
confidence, we are able to determine the temperature to within
∼150 K using this technique.

The advantage of this approach over photometric tempera-
tures is that it is reddening-free and independent of the empirical
calibrations that are needed to convert stellar colors into effec-
tive temperatures. Nevertheless, for completeness, we calculated
photometric temperatures from various ugriz colors by using
the Yonsei–Yale isochrones (Kim et al. 2002) and the color
tables of Castelli (http://wwwuser.oat.ts.astro.it/castelli/). The
differences between the temperatures obtained from the differ-
ent colors vary between ∼150 and more than 300 K for a given
metallicity. While the average temperatures agree well with our
spectroscopic values (within 100 K) for some stars, most of them
agree to within 250 K. The spectroscopically derived tempera-
tures are lower than photometrically derived ones. Kirby et al.
(2008) also calculated photometric temperatures (also using the
Yonsei–Yale isochrone, but with different color tables; E. Kirby
2008, private communication) and in most cases, our spectro-
scopic values agree with their photometric values within 200 K.
Systematic uncertainties regarding the determination method of
temperature can be estimated to be ∼200 K.

2.3.2. Surface Gravity

Using the ionization balance, i.e., demanding that Fe i lines
yield the same abundance as Fe ii lines, we derive the surface
gravity, log g, for all of the stars. Based on the standard
deviations of the averaged Fe i and Fe ii abundances (∼0.15–
0.25 dex), we estimate an uncertainty of 0.3 dex in log g. The
micro-turbulence, vmicr, is obtained iteratively in this process
by demanding no trend of abundances with equivalent widths.
Uncertainties in this parameter are estimated to be 0.3 km s−1.
Table 5 lists the individual stellar parameters. Figure 7 shows the
adopted stellar parameters of our program stars in comparison
with α-enhanced ([α/Fe] = 0.4) 12 Gyr isochrones (Green et al.
1984; Kim et al. 2002) covering a range of metallicities. Our
values generally agree very well with those of the isochrone.
This also shows that our Fe line abundances are probably not
significantly affected by non-LTE effects.

Norris+ (2010)

Frebel+ (2010)

Kirby+ (2008, 2013)
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M92
(NGC 6341)

1 orbit

[Fe/H]=-2.3
(m-M)o=14.62
E(B-V)=0.023
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Synthetic CMD fitting
• Isochrones with updated physics
- He diffusion, new nuclear reaction rates

• Abundance profile appropriate to UFDs
- Extended metallicities down to [Fe/H] = -4

- [alpha/Fe] = +0.4

- [O/Fe] enhanced at low [Fe/H]

• Fine isochrone grid
- -4 < [Fe/H] < -1       0.2 dex steps

- 8 < Age < 14.5 Gyr   0.1 Gyr steps

• Isochrones → synthetic CMDs
- Over 5 million artificial star tests per galaxy

- Completeness, scatter, CTE, calibration residuals

• Two-burst model 

• Ages float but MDF matches spectra

• SFHs relative to M92 age of 13.2 Gyr
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55%

Boo I CVn II Com Ber

Hercules Leo IV UMa I

<age> = 13.3 +/- 0.3 Gyr <age> = 13.6 +/- 0.3 Gyr <age> = 13.9 +/- 0.3 Gyr

<age> = 13.1 +/- 0.3 Gyr <age> = 13.1 +/- 0.4 Gyr <age> = 12.7 +/- 0.3 Gyr

Age uncertainties are statistical (systematic age uncertainty is ~1 Gyr)Brown+
(2014)
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Summary
• The UFD populations look ancient, metal-poor, and 

similar to one another

• For five of the UFDs, the best-fit model forms
75% of the stars by z~10

• For all six of the UFDs, the SFH is consistent with:
     - 80% of the stars forming by z~6
     - 100% of the stars forming by z~3

• Data are consistent with truncation by reionization

• However, significant uncertainties in absolute age 
(~1 Gyr; distance, abundance profile) 


