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Chemical Enrichment



Closed-box model

The metallicity evolution as a function of time is given by

Z(t) = �p ln


Mg(t)

Mg(0)

�

where p is the metal yield and is assumed to be constant.



Closed-box model - derivation



Closed-box model - derivation (cont.)



The mass-metallicity relation

Tremonti et al. (2004) Mannucci et al. (2009)



Galaxy Growth



Galaxy formation and growth - big picture

Credit: ESA; C Carreau



Star formation in galaxies



Star formation tracers in a galaxy

 Emission lines (particularly Balmer lines)

Spectra of star forming galaxies

Disc galaxies looks as you might expect 
given their colours:	

early-type spirals have older stars and 
few if any emission lines from star-
formation regions	

late-type spirals have younger stars and 
emission lines from star-formation 
regions

Spectra of disc galaxies

Typically hz~0.1hR	

Sometimes a second component can be fit to the vertical direction, as if there were a thick 
disk but inclination effects, scattered light, and a flattened halo can all mimic a thick disk.

Figure 21: The S0-galaxy NGC 4762, which has a very bright thick disk, as was first described
by Tsikoudi (1980). The z-extent indicated by the arrows is where the thin disk dominates.
On the right the outer extent of the thick disk is slanted w.r.t. the symmetry plane (producing
an approximately diamond shape), indicative of a double exponential light distribution. These
images were produced with the use of the Sloan Digital Sky Survey.

der Kruit & Searle, 1981b); in van der Kruit (1984) it is shown that this distribution can be
interpreted as a superposition of a thin and thick disk plus a small, central bulge. Recent studies
show that the scaleheight of its thick disk is 1.44±0.03 kpc and its radial scalelength is 4.8±0.1
kpc, only slightly longer than that of the thin disk (Ibata, Mouhcine & Rejkuba, 2009). The
relationship between the scalelengths of the thin and thick disk is an important constraint on
the various formation mechanisms of thick disks, as discussed below.

7.3 Kinematics and Chemical Properties

Little information is available on the kinematics and chemical properties of thick disks in galaxies
other than the Milky Way. The larger scaleheight of the Galactic thick disk means that its
velocity dispersion is higher than for the thin disk (about 40 km s�1 in the vertical direction
near the sun, compared to about 20 km s�1 for the thin disk (e.g. Quillen & Garnett, 2000).
The stars of the thick disk are usually identified by their larger motions relative to the Local
Standard of Rest, but kinematic selection is inevitably prone to contamination by the more
abundant thin disk stars. Recently it has become clear that the Galactic thick disk is a discrete
component, kinematically and chemically distinct from the thin disk. It now appears that thick
disk stars can be more reliably selected by their chemical properties.

Near the Galactic plane, the rotational lag of the thick disk relative to the LSR is only about
30 km s�1 (Chiba & Beers, 2000; Dambis, 2009), but its rotational velocity appears to decrease
with height above the plane. The stars of the thick disk are old ( > 10 Gyr) and more metal-
poor than the thin disk. The metallicity distribution of the thick disk has most of the stars with
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The SFR - M* plane

Rodighiero et al.



Star formation quenching I

Credit: K. Schawinski



Star formation quenching II

Credit: K. Schawinski



High-z Galaxies



 Two types of studies of distant galaxies

Statistical studies
 general properties of hundreds of 

thousands of galaxies
Individual galaxy studies

investigate detailed physical processes



 Studying the high-z Universe with blank surveys

30’

9’

Thousands of galaxies can be 
observed in a blank patch of  sky 

with the size of the full moon



 In perspective...

Until only ~20 years ago, we had quite a sparse knowledge of galaxies at z>1.5

the connection between different galaxy populations was unclear

New facilities (HST, Spitzer, ground-based 8m-diam. telescopes) allowed
us to create a more complete and clearer picture of the Universe at high z



 The cosmic SFR density

Galaxy formation and growth was much more efficient in the past

10 BEHROOZI ET AL
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FIG. 3.— Top panel: Evolution of the stellar mass function from z = 0
to z = 8 in the best fitting model (colored lines), compared to observations
(points with error bars; for clarity not all data is shown). Bottom panel:
Observational constraints on the cosmic star formation rate (black points),
compared to the best-fit model (red solid line) and the posterior one-sigma
distribution (red shaded region).

I) used in this work.

5. RESULTS

The method presented above results in a posterior distribu-
tion for the set of parameters describing models that match
observed stellar mass functions, specific star formation rates,
and cosmic star formation rates from z = 0 to z = 8. All data
results in this paper are available for download online.4 Our
best-fitting parameters with one-sigma limits are as follows:

Intrinsic Parameters:

ν = exp(!4a2)
log10(ϵ) =!1.777+0.133

!0.146+ (!0.006+0.113
!0.361(a!1)+ (!0.000+0.003

!0.104)z)ν +
!0.119+0.061

!0.012(a!1)
log10(M1) = 11.514+0.053

!0.009+ (!1.793+0.315
!0.330(a!1)+ (!0.251+0.012

!0.125)z)ν
α=!1.412+0.020

!0.105+ (0.731+0.344
!0.296(a!1))ν

δ = 3.508+0.087
!0.369 + (2.608+2.446

!1.261(a!1)+!0.043+0.958
0.071 z)ν

γ = 0.316+0.076
!0.012 + (1.319+0.584

!0.505(a!1)+0.279+0.256
!0.081z)ν

log10(Mh,ICL) = 12.515+0.050
!0.429+ (!2.503!0.202

!2.078)(a!1)

4 http://www.peterbehroozi.com/data.html
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FIG. 4.— The best fitting model (red line) and posterior one-sigma distri-
bution (red shaded region) for the evolution of the specific star formation rate
from z = 0 to z = 8, compared to observational estimates (black points).

ρ0.5 = 0.799+0.028
!0.355

Systematic Parameters:

µ=!0.020+0.168
!0.096+0.081+0.078

!0.036(a!1)
κ= 0.045+0.110

!0.051 + (!0.155+0.133
!0.133)(a!1)

ξ = 0.218+0.011
!0.033 +!0.023+0.052

!0.068(a!1)
σ = 0.070+0.061+0.017

!0.008(z!0.1)
ci(z) = 0.273+0.103

!0.222(1+ exp(1.077+3.502
!0.099! z))!1

b= 0.823+0.043
!0.629

Our total χ2 error for the best-fit model from all sources
(observational and theoretical) is 245. For the number of ob-
servational data points we use (628), the nominal reduced χ2

is 0.4. While the true number of degrees of freedom is not

Behroozi et al. (2013); Madau & Dickinson (2014)

3.2 Gyr

~40% today’s 
stellar mass density

?



 The sources of reionization

Understanding when first 
galaxies formed is one of 

ultimate goals



Selection of High z 
Galaxies



 The highest z known galaxy over the last decades
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1. INTRODUCTION

At redshift z  1000, the distribution of matter in the universe was remarkably smooth: density
fluctuations in the cosmic microwave background were of order one part in 105 on the degree scale (e.g.,
Bennett et al. 1996). Locally, 13 h50

-1 Gyr later at z = 0, we observe that the distribution of baryonic
matter on the Mpc scale is far from smooth, with baryons largely consigned to luminous, bound
structures, such as galaxies and clusters of galaxies. These present-day structures can be explained by the
gravitational collapse and coalescence of the overdense regions of the early universe. A detailed
understanding of this collapse, identified as galaxy and large-scale structure formation, is uncertain
currently and stands as one of the primary challenges to astrophysicists today.

The earliest epoch of galaxy formation lies beyond a redshift of 5. Recent observations have, for the first
time, directly measured systems at the large look-back times implied by z > 5 (e.g., Dey et al. 1998;
Weymann et al. 1998; Spinrad et al. 1998; Chen, Lanzetta, & Pascarelle 1999; van Breugel et al. 1999;
Hu, McMahon, & Cowie 1999). Several lines of evidence support a substantial epoch of galaxy formation
prior to z = 5: the presence of metals (in excess of the primordial abundances) in high-z damped Ly
systems (e.g., Lu et al. 1996), quasars (Hamann & Ferland 1999), and star-forming galaxies at z ~ 2.5-3.5
(Steidel et al. 1996a; Lowenthal et al. 1997) requires metal creation and dispersal at higher redshifts. The
tight photometric sequences in both low-z and intermediate-z clusters also attests to high formation
redshift zf at least for the elliptical galaxy formation in dense environments (e.g., Stanford, Eisenhardt, &
Dickinson 1995). Indeed, some elliptical galaxies at z ~ 1.5 are observed to contain evolved stellar
populations with ages in excess of 3.5 Gyr (e.g., Dunlop et al. 1996; Spinrad et al. 1997; Dey et al.
1999b), again implying high formation redshifts.

Theoretical paradigms of galaxy formation are vastly different: do large galactic spheroids form primarily
via the monolithic collapse of a protogalactic cloud (e.g., Eggen, Lynden-Bell, & Sandage 1962) or are
they built up through the hierarchical accretion of a multitude of subgalactic clumps (e.g., Baron & White
1987; Baugh et al. 1998)? Both faint number counts and the apparent lack of massive red systems at z  1
in (K-selected) redshift surveys would seem to favor the latter model (Kauffmann & Charlot 1998).
However, the most direct answer will come with detailed studies of protogalaxies in the early universe.

Considerable astronomical expertise and experience have been aimed at identifying protogalaxies in the
early universe over the past 40 years (for a recent review, see Pritchet 1994). Table 1 lists the most distant
galaxy confirmed as a function of time. There are several established and innovative methods to locate the
minority population of distant systems from the confusion of faint, intermediate-luminosity systems that
dominate faint galaxy counts (at optical/near-infrared wavelengths). This paper presents a review of these
techniques with some attention applied to the implications of the current studies and expectations for this
line of research in the near future.

Table 1. The Highest-Redshift Galaxy

Date Galaxy z Search Technique Reference

1999... SSA 22-HCM1 5.74 Narrowband imaging 1
1998 Oct... HDF 4-473.0 5.60 Photometric selection 2
1998 May... 0140+326 RD1 5.34 Serendipity 3

9/28/12 8:35 PMSearch Techniques for Distant Galaxies - D. Stern & H. Spinrad
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1997... Cl 1358+62, G1/G2 arcs 4.92 Serendipity/gravitational lensing 4
1996... BR 1202-0725 4.695 Narrowband imaging 5
1994... 8C 1435+63 4.26 Radio selection 6
1990... 4C 41.17 3.80 Radio selection 7
1988... B2 0902+34 3.39 Radio selection 8
1985... PHS 1614+051 companion 3.215 Narrowband imaging 9
1984... 3C 256 1.82 Radio selection 10
1983... 3C 324 1.206 Radio selection 11
1982... 3C 368 1.131 Radio selection 12
1979... 3C 6.1 0.840 Radio selection 13
1976... 3C 318 0.752 Radio selection 14
1975... 3C 411 0.469 Radio selection 15
1960... 3C 295 0.461 Radio selection 16
1956... Cl 0855+0321 0.20 Cluster selection 17

NOTES. - Status as of 1999 August. Tabulation restricted to confirmed spectroscopic sources. In
particular, Hu et al. 1998 recently reported a likely (serendipitously discovered) candidate at z =
5.63 while Chen et al. 1999 report a candidate at z = 6.68 selected from deep HST/STIS grism
spectroscopy. The authors deem both redshift determinations tentative given the current data (see
Stern et al. 1999b). Note that Petitjean et al. 1996 refers to the spectroscopic confirmation of the z =
4.7 quasar companion initially identified by Djorgovski 1995 and Hu et al. 1996. Many sources
with potentially higher photometric redshifts have been identified, but await spectroscopic
confirmation. 
References. - (1) Hu et al. 1999; (2) Weymann et al. 1998; (3) Dey et al. 1998; (4) Franx et al.
1997; (5) Petitjean et al. 1996; (6) Lacy et al. 1994; (7) Chambers et al. 1990; (8) Lilly 1988; (9)
Djorgovski et al. 1985; McCarthy et al. 1987; (10) Spinrad & Djorgovski 1984; (11) Spinrad &
Djorgovski 1983; (12) Spinrad 1982; (13) Smith et al. 1979; (14) Spinrad & Smith 1976; (15)
Spinrad et al. 1975; (16) Minkowski 1960; (17) Humason, Mayall, & Sandage 1956.

Progress in this field has accelerated with the advent of new facilities, notably, the Keck telescopes. In
Section 2 we present a brief historical review of distant galaxy studies followed by a discussion of
protogalaxy searches at nonoptical wavelengths in Section 3. In Section 4 we discuss several optical/near-
infrared selection techniques for the "normal" population of distant galaxies. The cosmological redshifting
of the light from these distant systems implies that our ground-based optical/near-infrared window
samples the rest-frame ultraviolet (UV) spectrum; in Section 5 we therefore discuss the results of recent
space-based observations of the UV properties of the youngest galaxies locally, as detailed studies of
these relatively bright systems can yield considerable insight into observations of the most distant
systems. In Section 6 we discuss the biases in the protogalaxy search techniques. In Section 7 we detail
some of the highlights of these studies. Finally, Section 8 summarizes the discussion and suggests the
primary questions which may occupy workers in this field at the start of the new millennium.

Throughout this paper, unless otherwise explicitly stated, we adopt an Einstein-de Sitter cosmology with a
Hubble constant H0 = 50 h50 km s-1 Mpc-1 and no cosmological constant,  = 0. For this cosmology, the
age of the universe at redshift z is 2/3 H0

-1(1 + z)-3/2 = 13.2 h50
-1(1 + z)-3/2 Gyr. Magnitudes are quoted in

the Vega-based system unless otherwise explicitly stated.

 Credit: http://ned.ipac.caltech.edu/level5/Sept04/Stern/Stern1.html

To date we know a few thousand galaxy candidates at z>5-6 and a few at z~10-11

http://ned.ipac.caltech.edu/level5/Sept04/Stern/Stern1.html


 Selection of SF galaxies at z~2-3

Lyman-break 
selection technique

Introduced by 
Steidel et al. (1996) 

to select star-forming 
galaxies at z~3

Note:  low-z contaminants can be 20-30% of sample

 Picture Credit: http://www.astro.ku.dk/~jfynbo/LBG.html



 Selection of SF galaxies at z~2-3

Lyman-break 
selection technique

Shapley (2011), based on Steidel et al. (2004)

104 Shapley

Figure 1: (From Steidel et al. 2004) Two-color (Un−G vs. G−R) diagram from

one of the UV-selected survey fields, demonstrating the UV-selection technique

described in Section 2.2. The green and yellow shaded regions are the z ∼ 3 LBG

color selection windows, while the cyan and magenta regions are used to select

galaxies at z ∼ 2.0− 2.5 and z ∼ 1.5− 2.0, respectively.



 Selection of SF galaxies at z~4-5

Ouchi et al. (2004)

changing the set of filters, the technique can be extended to select higher-z galaxies

Caveat of this technique: biased against dusty galaxies!



 The spectroscopic confirmation

Shapley et al. (2003)

5

FIG. 2.— A composite rest-frame UV spectrum constructed from 811 individual LBG spectra. Dominated by the emission from massive O and B stars, the overall
shape of the UV continuum is modified shortward of Lyα by a decrement due to inter-galactic HI absorption. Several different sets of UV features are marked:
stellar photospheric and wind, interstellar low- and high-ionization absorption, nebular emission from H II regions, Si II* fine-structure emission whose origin is
ambiguous, and emission and absorption due to interstellar HI (Lyα and Lyβ). There are numerous weak features which are not marked, as well as several features
bluewards of Lyα which only become visible by averaging over many sightlines through the IGM. The composite LBG spectrum is available in electronic form
from http://www.astro.caltech.edu/∼aes/lbgspec/.

stacked spectra of ~800 Lyman-break-selected galaxies



 Ly-break galaxies vs. Ly-alpha emitters

Lyman-break galaxies are not necessarily Lyman-alpha emitters

The Lyman-alpha line profile depends on the ability of Lya 
photons to escape dusty/clumpy interstellar medium

problem: resonant scattering of photons with HI

Pictures Credit: Verhamme et al. (2008); see also Neufeld (1990)

note: if Lya EW > 100 A, then age < 50 Myr
94 A. Verhamme et al.: 3D Lyα radiation transfer. III.

Fig. 2. Line profile fits for the three strongest Lyα emitters of the sample, presenting all a narrow asymmetric emission line: FDF2384 (left),
FDF4454 (middle), and FDF5812 (right). Same symbols as figure in 1. The expansion velocity of the shell is Vexp ∼ 150 km s−1, similar to the
two precedent objects. The dust content is similar too, but NHI is one order of magnitude lower. The intrinsic Lyα EW is also larger, particularly
for FDF5812 (EW(Lyα)int = 280 Å), but these values depend strongly on the continuum determination, which is quite uncertain for these faint
objects. See text for more details.
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Fig. 3. Grid of predicted Lyα line profiles (blue dashed lines) compared to observed spectral line of FDF2384 to illustrate the constraints on the
fit parameters NHI, Vexp, and τa. All models have been computed with the same Doppler parameter (b = 20 km s−1), and the same input spectrum
(a flat continuum+a Gaussian emission line with EW int = 80 Å and FWHMint = 100 km s−1). Left 3 × 3 panel: variations of Vexp (from 100 to
200 km s−1 from top to bottom line) and τa (from 0.5 to 2.0 from left to right) for fixed NHI = 3 × 1019 cm−2. Right 3 × 3 panel: variations of NHI
(from 2 × 1019 cm−2 to NHI = 4 × 1019 cm−2) and τa (from 0.5 to 2.0 from left to right) for fixed Vexp = 150 km s−1.

to cB58 (bcB58 = 70 km s−1) to reproduce the secondary peak
on the elongated red wing. Note the extension of this red wing
over ∼1500 km s−1.

3.3.2. FDF2384, FDF4454, and FDF5812

The Lyα fits for these objects are shown in Fig. 2. The profiles
differ from the former by their high EW(Lyα)obs > 70 Å, and
a less extended red wing (∼600 km s−1). This leads to simulated
neutral column densities an order of magnitude lower and higher
escape fractions ( fe > 0.15, cf. Table 2).

To illustrate how well constrained the model parameters are
we will present in detail the fitting of the object FDF2384. In
Fig. 3 a fraction of the model grid we use is shown for a fixed
value b = 20 km s−1, and for several values of Vexp, NHI and τa.
The central profile of each 3 × 3 grid illustrates the best fitting
profile for FDF2384. The observed profile of FDF2384 is over-
layed on each cell. The overall behaviour of the spectra shown
in this figure can be summarised as follows.

When Vexp increases, multi-peaks appear on the extended
red wing. Indeed, the location of the second red-peak related
to “backscattered” photons – photons which are reflected by the
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Fig. 5. Line profile fits for FDF4691 (left) and FDF7539 (right), the two double peaked profiles (type B) with static or almost static shells
(Vexp = 10−25 km s−1). The peak separation and the observed EW(Lyα)obs are different for these objects, and so are the other fitting parameters.
FDF4691 is the only object for which a very broad input spectrum is derived from the modelling (FWHM = 1000 km s−1 instead of ∼100 for all
other objects), possibly the signature of a hidden AGN.

However, since their code is not suited to high column den-
sities we searched for other solutions. We find a fit of better
quality – the deep gap between the peaks is better reproduced by
a smaller b, and the red wing is fitted with more accuracy starting
from an input spectrum with a continuum – with a higher col-
umn density (NHI = 8 × 1019 cm−2), and consequently a smaller
b = 20 km s−11 (see Fig. 5 for the fit and Table 2 for a sum-
mary of the parameters). Our best fit is obtained with no dust,
and the fit with τa = 0.1 is less good than the one with no dust,
from which we estimate an upper limit on the dust content of
τa <∼ 0.1. This is consistent with the fact that the Lyα and UV
SFR indicators derived from observations (Tapken et al. 2007)
are similar. To reproduce the very extended wings of the line,
the intrinsic Lyα emission line has to be very broad. It is char-
acterised by a very large value of FWHMint = 1000 km s−1, and
a “st andard” EW(Lyα)int = 90 Å. Radiation transfer effects are
inefficient to broaden the line in a medium with such a low col-
umn density. If interpreted as a result of virial motion, such a
large FWHM seems, however, unphysical. A hidden AGN may
be an explanation for the high FWHM, as suggested by Tapken
(2005).

A solution to reproduce the observed spectrum with a more
realistic intrinsic spectrum (FWHMint = 100 km s−1 and EW int =

80 Å) is to invoke two contributions from two different media:
when we sum emergent spectra from two identical shells except
for the column density (b = 20 km s−1, Vexp = 10 km s−1, no
dust, EW(Lyα)int = 80 Å, and nh = 4. × 1017 cm−2 for one
and NHI = 4. × 1020 cm−2 for the other), we are able to re-
produce a spectrum with narrow peaks close to the center and
broad wings, starting from a “standard” value for the FWHM,
FWHM(Lyα)int = 100 instead of 1000 km s−1 (see Fig. 6).
This could correspond to a physical situation where an initially
thick shell has been stretched until a hole forms, and the diffuse
medium in the hole is still opaque enough to imprint radiative
transfer effects on Lyα photons. The surfaces of the thick shell
and the hole are of equal size in this first model. The parame-
ters listed for FDF4691 in Table 2 are those of the homogeneous
single shell model discussed above.

1 Indeed, the location of the peaks were predicted in static media, and
depend on a combination of NHI and b.

Fig. 6. Fit of FDF4691 with a “two-phase” model, a low density shell
with NHI = 4. × 1017 cm−2 and a high density shell with NHI =
4. × 1020 cm−2. The other parameters of the shells are identical: b =
60 km s−1, Vexp = 12 km s−1, no dust, EW(Lyα)int = 70 Å. This allows
for a more reasonable FWHM(Lyα)int = 100 km s−1 instead of 1000.

3.4.2. FDF7539

For this object the velocity shift between the LIS in absorption
and Lyα in emission was measured: ∆v(em − abs) = 80 km s−1,
which implies a shell velocity Vexp = 80/3 ∼ 27 km s−1,
i.e. almost static as in the case of FDF4691, or at maximum
<∼40 km s−1, in the case of a low column density. Indeed, the
spectrum is also double-peaked as for FDF4691.

The large peaks separation (Vp ± 500 km s−1, larger than for
FDF4691) implies a high column density. Presumably, the rather
low observed EW(Lyα)obs also implies the presence of dust in
the shell. Indeed, the best fit shown in Fig. 5 has a high column
density (NHI = 5× 1020 cm−2), and dust (τa = 0.3). It is compat-
ible with the canonical value for the intrinsic Lyα spectrum. The
resulting escape fraction is fe = 0.28.

For comparison, Tapken et al. (2007) proposed a fit of sim-
ilar quality for this object, but the velocity of the shell they de-
rive from their modelling is high (Vexp = 190 km s−1), which
is in contradiction to the observed small velocity shift between
Lyα and LIS (∆v(em − abs) = 80 km s−1), and surprising for
a double-peaked profile. As their investigation is restricted to
low column densities, the only solution they have to produce
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‘cheap’ alternative
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redshifts

 Galaxy selection through photometric redshifts



Spectroscopic surveys
Spectroscopic galaxy surveys require big telescope time investments 

necessary to confirm photometric techniques and for precision studies
(e.g. study of galaxy pairs)

They usually require target pre-selection



Physics of High-z 
Galaxy Evolution



Galaxy luminosities: theory vs. observations

e.g. Springel et al. (2005); Somerville et al. (2008)

Observations vs. Theory

observed galaxy 
luminosity function...

...is in major disagreement w/ 
CDM simulations

Somerville et al. 2008, Springel et al. 2005

under the assumption that dark matter 
halos host gas: need to find mechanisms 
why conversion to stars is less efficient in 
low and high mass systems

either gas can never cool or gas gets 
reheated/removed

 theory w/
 no feedback

AGN 
feedback

SN
feedback



Star formation: cold flows versus mergers

Dekel et al. (2009)

Bournaud et al. (2010)

The relative 
importance of cold 

flows versus 
mergers is still 
under debate



Observational constraints - the SFR-M* plane

Rodighiero et al. (2011)

Starbursts may be more 
important than what it 

was thought a few years 
ago

but needs to look for 
them among galaxies 

with lower stellar 
masses



Searching for galaxy outflows



Physics of star formation - gas outflows

z=4.1SINFONI

Newman et al. (2012) Swinbank et al. (2015)

W. Karman et al.: UV spectra of massive galaxies at z ∼ 3
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W. Karman et al.: UV spectra of massive galaxies at z ∼ 3

Fig. 2

Article number, page 5 of 18

FORS2

Karman, KC et al. (2014)



Dusty Galaxies at High z



Dust in the young Universe

Rujopakarn et al. (2016)

Maiolino et al. (2015)

z~7

z~2

Dust is rare in the first billion years, but evidence of 
dust has been found in galaxies up to z~7-8.

Dust was very common in 
galaxies at z~2-4 (Universe 

was 1.5-3.5 Gyr old)


