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(i) UV extinction at 1500 Å: × 4−5 
(from comparison with X-ray, radio, 
 Hα, and 24 µm emission)

(ii) Consistent with UV cont. slope
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Observed galaxy angular correlation function matches that 
of simulated (GIF -LCDM) halos with masses:

Adelberger et al. 2005
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Combining          with spectroscopic 
redshift distributions, leads to:

Clustering length evolves from  
LBGs to BXs to BMs

At z = 1 they would cluster like 
early-type DEEP galaxies

At z = 0.2 they would cluster like 
elliptical SDSS galaxies

r0 = 4.0 − 4.5 h−1 Mpc (γ = 1.6)

ω(θ)



SED fitting with Bruzual & Charlot models

Shapley et al. 2005, Erb et al. 2006
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Ages: 10 Myr − 2 Gyr
15% with ages ≈ t(z)

Masses:  ∼ 10
9
− 10

11.5
M!

〈Mstar〉 # 2 × 10
10

M!
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Nebular emission lines

Stellar (OB) photospheric (red) and wind (green) lines

Metallicities deduced from: 

Interstellar absorption lines

Relative velocity (km/s)



Stellar Mass-Metallicity Relation at z = 2

Erb et al. 2006

A Stellar Mass-Metallicity Relation at High Redshift

Note:

! Most galaxies have

(O/H)" 1/3 (O/H)!

! Offset from present-day
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The rest-frame UV spectra are rich in diagnostic features from: 
stellar photospheres, winds, H II regions and the ambient ISM      

Shapley et al. 2003



A Salpeter IMF is favoured for stars with       M > 10M!
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of ∼ 650 km s−1; both of these values are quite typi-
cal [cf. Pettini et al. 2001, 2002, Shapley et al. 2003].)
This kinematic pattern is most simply explained as being
due to large-scale outflows from the galaxies, presumably
powered by the energy deposited into the ISM by the
star formation activity. The resulting ‘superwinds’ are
likely to have a far-reaching impact on the surrounding
intergalactic medium and are probably at the root of the
strong correlation between LBGs and IGM metals found
by Adelberger et al. (2003).

Indeed, a major motivation for pursuing galaxies in the
‘redshift desert’ is to investigate how the galaxy-IGM
connection evolves from z ∼ 3 to lower redshifts. We
can already address one aspect of this question by ex-
amining the velocity differences between interstellar ab-
sorption, nebular emission, and Lyα in 27 BX and BM
galaxies which we have observed at Hα with NIRSPEC
and which also have LRIS-B spectra of sufficiently high
quality to measure absorption and (when present) Lyα
redshifts with confidence.

Fig. 8.— Velocity offsets of the interstellar absorption lines
(blue-hatched histogram) and, when present, Lyα emission (red-
hatched histogram) relative to the systemic redshifts defined by
the nebular emission lines (vertical long-dash line). The top panel
shows the results for z ∼ 3 LBGs presented by Pettini et al.(2001);
the bottom panel shows results for a sub-sample of 27 BX and BM
galaxies which have been observed with NIRSPEC at Hα and also
have high quality LRIS-B spectra. The velocity offsets seen in BX
and BM galaxies are similar, in both magnitude and distribution,
to those typical of LBGs at z ∼ 3.

The results of this exercise are shown in Fig. 8. For
these 27 galaxies, the mean velocity offset of the inter-
stellar lines is 〈∆vIS,abs〉 = −175 ± 25 km s−1. For the
ten galaxies among them which exhibit detectable Lyα
emission, 〈∆vLyα〉 = +470 ± 40 km s−1. These values,
and their observed distributions, are very similar to those
found at z ∼ 3 by Pettini et al. (2001) and Shapley et al.
(2003)—a comparison with the data presented in Pettini

et al. (2001) is included in Fig. 8. Thus, the superwinds
generated in active sites of star formation appear to have
similar kinematic characteristics from z ∼ 3 down to at
least z ∼ 1.5, even though their parent galaxies may be-
come more massive over this redshift interval, if the hints
provided by the nebular line widths have been correctly
interpreted (Erb et al. 2003). These tentative conclu-
sions make it all the more interesting to investigate how
the galaxy-IGM connection may evolve to lower redshifts.

5. NEAR-IR PHOTOMETRIC PROPERTIES

We end with a brief comment on the Ks-band mag-
nitudes and R − Ks colors of UV-selected star-forming
galaxies in the ‘redshift desert’. In 2003 June we initiated
a program of deep Ks-band photometry of these galaxies
using the Wide Field Infrared Camera (WIRC) on the
Palomar 5.1m Hale telescope. The camera employs a
2048 × 2048 Rockwell HgCdTe array, and has a field of
view of 8′.7 × 8′.7 with a spatial sampling of 0′′. 25 per
pixel. With ∼ 12 hour integrations, the images reach
5σ photometric limits (in 2 arcsec diameter apertures)
of Ks & 21.7, sufficiently deep to detect ∼ 85% of the
galaxies with spectroscopic redshifts. In Fig. 9 we show
initial results from the first three WIRC pointings (in
the Q1623+27, Q1700+64, and Q2343+12 fields, where
only BX candidates have so far been observed spectro-
scopically); while preliminary, these data already allow a
coarse comparison with other faint galaxy samples.

As can be seen from the left-hand panel of Fig. 9, ∼
10% of UV-selected galaxies at z ∼ 1.9−2.5 are brighter
than K = 20; thus we expect a relatively small overlap
between the BX population and the high redshift tail
of published K-selected samples (Cohen et al. 1999ab;
Cimatti et al. 2002; Daddi et al. 2003). However, going
only one magnitude deeper to K ∼ 21 should pick up an
appreciable fraction of the spectroscopic BX sample.

It is intriguing to find a clear difference in the R−Ks

colors of BX galaxies at z ∼ 2.2 and LBGs at z ∼ 3
(Shapley et al. 2001), in the sense that the former are
significantly redder than the latter, on average (see right-
hand panel of Fig. 9). For a given star formation history
and extinction, galaxies at z ∼ 2.2 and z ∼ 3.0 would
have identical R − Ks color (the k-corrections are iden-
tical in the two bands for model SEDs that fit the ob-
served colors), meaning that whatever the cause, there is
a significant intrinsic color difference in the UV-selected
galaxies in the two redshift intervals. Since the Ks and
R filters straddle the age sensitive Balmer break at these
redshifts, one interpretation of the redder colors would be
that, on average, star formation has been proceeding for
longer periods of time in the z ∼ 2 galaxies as compared
to similarly-selected galaxies at z ∼ 3. If the z ∼ 3 LBGs
continued to form stars during the ∼ 800 Myr interval
between the two epochs, such reddening of the R − Ks

color would be expected. However, we caution that there
may be other reasons for the offset evident in Fig. 9,
possibly related to higher dust extinction and/or larger
contamination of the broad-band colors with line emis-
sion (most of the z ∼ 2 galaxies would have Hα in the K
band, whereas most of the z ∼ 3 galaxies had [OIII] and
Hβ in the K band–although these tend to have roughly
the same equivalent widths for the sub-samples that have
been spectroscopically observed in the near-IR), as well

Large-scale motions within LBGs

Steidel et al. 2004, 2007
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tion 6 has the solution (e.g. Edmunds & Pagel 1984)

Z =
yα

fi

1 −
(

Mg

Mi

) fi
α−fi+fo

 , (7)

where the ratio of the current to the initial gas mass
Mg/Mi can be written in terms of the gas fraction

µ = Mg/(Mg + αM!) (8)

as
Mg

Mi
=

µ

1 + (1 − µ)(fo/α − fi/α)
. (9)

This result is shown in Figure 3, with the inflow rate
fixed at 95% of the gas processing rate and a yield y =
0.019 = 1.5Z!.1 The solid red line shows the best fit
model, with fi = 2.2 and fo = 1.3, while the green dotted
and dot-dashed lines bracket the range of reasonable fits,
with fi = 1.9 and fo = 1 (the same parameters used in
the right panel of Figure 2 above) at top and fi = 2.5
and fo = 1.6 on the bottom. It is likely that variations
in gas flow rates produce scatter in the mass-metallicity
relation (Finlator & Davé 2007), and the green lines may
therefore give some indication of this variation.

3.1. Enriched Inflows and Enhanced Outflows
Thus far I have assumed that the inflowing gas is unen-

riched, and that the outflowing gas has the same metal-
licity as the gas remaining in the galaxy. Neither of these
conditions are necessarily true; some of the inflowing
gas may be gas expelled by winds falling back onto the
galaxy, and metal-enhanced outflows have been observed
locally (Martin et al. 2002). It is reasonably straightfor-
ward to incorporate these additional parameters into the
chemical evolution model described above. If the metal-
licity of the inflowing gas is a fraction zi of the metallicity
of the gas in the galaxy, and the metallicity of the out-
flowing gas is a fraction zo of the metallicity of the gas in
the galaxy, then at low gas fractions the galaxy reaches
a final metallicity

Zf =
yα

fi(1 − zi) − fo(1 − zo)
, (10)

and the evolution of metallicity with gas fraction is de-
scribed by

Z = Zf

1 −
(

Mg

Mi

) fi(1−zi)−fo(1−zo)
α−fi+fo

 , (11)

where Mg/Mi is related to gas fraction by Equation 9
above. The final metallicity Zf is shown by the dashed
red line in Figure 3, for the simple case zi = 0 and zo = 1.
It is clear from Equation 10 that increasing the metallic-
ity of the inflowing gas will also require an increase in the
inflow rate in order to arrive at the observed Zf " 0.01,
while further increasing the metallicity of the outflows
will decrease the inflow and outflow rates required to
reach this same Zf (assuming that the inflow and outflow
rates are related as required by the results of §2 above).

1 Using the solar metallicity Z! = 0.0126 (Asplund et al. 2004).
Note that the ratio y/fi provides the scaling of the models shown in
Figure 3, so a lower yield would also lower the best-fitting accretion
rate.

The two effects may also cancel each other out; if, for
example, zi = 0.5 and zf = 1.5, Zf " 0.01 is reached
with fi = 2.2 and fo = 1.3, the same best-fit parameters
shown in Figure 3 (although the shape of this model is
slightly different). In this case the true accretion rate of
new gas is only half that of the zi = 0 case, because half
of the accreting gas is actually outflow gas returning to
the galaxy.

The addition of two more free parameters clearly de-
creases our ability to constrain the gas flow rates; even
with the inflow rate fixed at approximately the gas pro-
cessing rate, the model now has many acceptable solu-
tions. However, given the current lack of constraints on
zi and zo, it seems sensible to adopt the simple model
shown in Figure 3 for the purposes of further discus-
sion. The range of parameter space shown provides an
excellent match to the relationship between metallicity
and gas fraction inferred for the z ∼ 2 galaxies, while
satisfying the demands of the K-S law and all available
information on gas flow rates.
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Fig. 3.— The evolution of metallicity with gas fraction as de-
scribed by Equation 7. At high gas fractions Z rises with decreasing
gas fraction as Z = yα(1 − µ) (blue dashed line), while at low gas
fractions Z approaches the final metallicity Zf = yα/fi (red dashed
line). The data points indicate the metallicities and gas fractions
found for z ∼ 2 galaxies by Erb et al. (2006a). Each point repre-
sents the average of 14 or 15 galaxies. The solid red line is the best
fit to the data, and the green dotted and dot-dashed lines bracket
the range of reasonable fits as described in the text.

4. DISCUSSION

The above results provide a coherent picture in which
strong star formation is sustained by the accretion of gas
at approximately the gas processing rate, the outflow
rate is roughly equal to the SFR, and metal enrichment
is modulated by both outflows and inflows. This is not a
new result; Finlator & Davé (2007) reached many of the
same conclusions using cosmological hydrodynamic sim-
ulations to reproduce the z ∼ 2 mass-metallicity relation.
Whatever the methods used to reach these conclusions,
however, many questions remain about the mechanisms
of gas flows and chemical enrichment at high redshift.

The only quantity not yet tied to observations is the
gas accretion rate, which the models require to be ap-
proximately equal to the gas processing rate. If the out-
flow rate is roughly equal to the SFR, the required ac-
cretion rate is ∼ 60 M! yr−1 (assuming the average SFR
of the UV-selected sample; Erb et al. 2006b), and as
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Gas Fraction
Erb 2008

y = 0.019 = 1.5Z!

Ṁin ! ˙Mout + Ṁ∗

˙Mout ! Ṁ∗

Outflow (and inflow) required to match 
M-Z and Z-y relations
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Lyman Continuum Radiation from LBGs

Shapley et al. 2006

D3
5"

Ly.Lim.

C49
5"

Ly.Lim.

Deep (30 000 – 80 000 s) spectroscopy of 14 galaxies
With LRISB can now reach to λobs ! 3200Å, λ0 ! 800Å

–p. 16/40



Lyman Continuum Radiation from LBGs

Composite of 14 spectra

Two out of 14 show signal below the Lyman edge

– p. 17/40



Metagalactic Ionising Background

log Jgals
ν ! 2.6 × 10−22; log JQSOs

ν ! 2.4 × 10−22
(Hunt et al. 2004)

Together =⇒ Γ−12 ! 1.3, in good agreement with Bolton et al. (2005).

– p. 18/40





Integral Field NIR Spectroscopy with SINFONI favours

rotation in some of the cases studied so far:

Hα maps with a spatial resolution of ∼ 0.5′′ " 4 kpc

Förster Schreiber et al. 2006

– p. 17/30



Rotating disk models fit well the kinematics of some gals:

Rotation curves followed to ! 10 kpc

– p. 19/30
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Rotating disk models fit well the kinematics of some gals:

Rotation curves followed to ! 10 kpc

Maximum circular velocities Vc ! 180 ± 90 km s−1

Implied Mdyn ! (0.5 − 25) × 1010M",
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Rotating disk models fit well the kinematics of some gals:

Rotation curves followed to ! 10 kpc

Maximum circular velocities Vc ! 180 ± 90 km s−1

Implied Mdyn ! (0.5 − 25) × 1010M",
〈Mdyn〉
〈M!〉

! 100.1±0.3

These are thick disks, z scale height hz ! 1 − 1.5 kpc

– p. 19/30
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Q1623-BX453 (z = 2.1820)

Q0449-BX93 (z = 2.0067)

DSF2237a-C2 (z = 3.3172)

FWHM

FWHM

FWHM

OSIRIS - Keck II
0.1 - 0.15 “ FWHM

(0.025 “ pixels)

Law et al. 2007

∼ 6 kpc



Concluding Thoughts

Over the last ten years we have established many of the physical 
properties of the dominant population of galaxies at z = 2 − 3. 
Looking ahead:

Clarify the incidence of rotation vs. disp. dominated kinematics

What factors determine the escape fraction of LyC photons?

Develop a coherent physical picture of the inflow and outflow.
Why do we not see the infalling gas which fuels star formation?
What volumes of the IGM are affected by the outflows?

What are the properties of galaxies at the faint end of the LF?
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End
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When gas masses are included, approx. agreement between total
baryonic mass and dynamical mass



Graves et al. 2007

SDSS Ellipticals



Gnedin et al. 2007


