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Abstract In this chapter, we discuss the current status of observational and computational
studies on galaxy formation and evolution. In particular, a joint analysis of star-formation
rates (SFRs), stellar masses, and metallicities of galaxies throughout cosmic time can shed
light on the processes by which galaxies build up their stellar mass and enrich the environ-
ment with heavy elements. Comparison of such observations and the results of numerical
simulations can give us insights on the physical importance of various feedback effects by
supernovae and active galactic nuclei.

In Sect. 1, we first discuss the primary methods used to deduce the SFRs, stellar masses,
and (primarily) gas-phase metallicities in high-redshift galaxies. Then, we show how these
quantities are related to each other and evolve with time.

In Sect. 2, we further examine the distribution of SFRs in galaxies following the ‘Main
Sequence’ paradigm. We show how the so-called ‘starbursts’ display higher specific SFRs
and SF efficiencies by an order of magnitude. We use this to devise a simple description
of the evolution of the star-forming galaxy population since z ∼ 3 that can successfully
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reproduce some of the observed statistics in the infrared (IR) wavelength. We also discuss
the properties of molecular gas.

In Sect. 3, we highlight some of the recent studies of high-redshift galaxy formation
using cosmological hydrodynamic simulations. We discuss the physical properties of sim-
ulated galaxies such as luminosity function and escape fraction of ionizing photons, which
are important statistics for reionization of the Universe. In particular the escape fraction of
ionizing photons has large uncertainties, and studying gamma-ray bursts (which is the main
topic of this conference) can also set observational constraints on this uncertain physical
parameter as well as cosmic star formation rate density.

Keywords Galaxies · Galaxy formation · Galaxy evolution · Star formation · Cosmology ·
Metallicity · Numerical simulations

1 Star-Forming Galaxies (SFGs): Linking Star-Formation Rate, Stellar
Mass, Metallicity, and Their Evolution (Primary Author: N. Reddy)

A joint analysis of the star-formation rates (SFRs), stellar masses (M�), and metallicities of
galaxies throughout cosmic time can shed light on the processes by which galaxies build up
their stellar mass, and enrich the interstellar and intergalactic media with heavy elements. In
this chapter, we first discuss the primary methods used to deduce the SFRs, stellar masses,
and (primarily) gas-phase metallicities in high-redshift galaxies. Then, we present a sum-
mary of how SFRs, stellar masses, and metallicities are related to each other, and how these
relationships evolve with time. We conclude this section with future prospects of measuring
these properties and their evolution.

The SFR, M�, and metallicity (Z) are three of the fundamental characteristics of galax-
ies that we can use to discern how galaxies evolve with cosmic time. Partly spurred by the
advent of large multi-wavelength datasets, there has been significant progress over the past
couple of decades to infer the SFRs, stellar masses, and metallicities of galaxies across a
large range in lookback time. This progress has, in turn, given us new insights into how
galaxies form stars and build up their stellar mass, and how the heavy element content in
the ISM of galaxies may vary with time depending on a number of factors. Nevertheless,
a number of critical questions remain, some of which may be addressed with future astro-
nomical facilities. In this section, we discuss the current state of our knowledge regarding
the SFRs, stellar masses, and metallicities of high-redshift galaxies; how these properties
relate to those we see in local galaxies; and we will highlight some of the challenges to fully
incorporating these measurements into a coherent picture of galaxy formation.

1.1 Calculating SFR, M�, and Metallicity

1.1.1 SFRs

A number of different multi-wavelength indicators may be used to estimate the SFRs of
galaxies; some of the most common measures are summarized in Kennicutt (1998). The
most frequently used indicator of star formation in typical star-forming galaxies (SFGs) at
high redshift is the ultraviolet (UV) luminosity, as it is easily measured for distant galaxies.
As the UV luminosity is susceptible to obscuration by interstellar dust, a correction must be
applied to the UV luminosity. Typically, such corrections take advantage of the correlation
between dustiness—as quantified by the ratio of the IR to UV luminosity, or essentially



Galaxy Formation and Evolution 81

Fig. 1 Spectral energy distribution (SED) of a typical (L∗) galaxy at z ∼ 2 (black), along with the detection
limits of typical ground-based optical, near-IR, and IR imaging, and space-based mid-IR and far-IR imaging
from Spitzer and Herschel, in the GOODS-North field. Also indicated is the detection limit of the VLA
1.4 GHz radio data in the GOODS-North field, as well as the detection limit for ALMA at 1.1 mm. Updated
from Reddy et al. (2012a)

the dust-reprocessed light to that of the direct starlight—and the slope of the spectrum in
the UV (Meurer et al. 1999). The wavelength dependence of dust obscuration implies that
as the dustiness of a galaxy increases, the UV spectral slope becomes redder, as has been
observed in local starburst galaxies (e.g., Meurer et al. 1999; Overzier et al. 2011), and
subsequently the trends were shown for typical SFGs at z ∼ 2 (e.g., Reddy et al. 2006; Daddi
et al. 2007; Buat et al. 2012). The UV spectral slope is also sensitive to stellar population age,
metallicity, and star-formation history (e.g., Kong et al. 2004; Seibert et al. 2005; Johnson
et al. 2007; Dale et al. 2009; Reddy et al. 2010; Boquien et al. 2012; Wilkins et al. 2013), and
so inferences of dustiness based on the UV slope must be viewed with caution, particularly
for those galaxies where older stellar populations may contribute significantly to the near-
UV flux of galaxies.

Ideally, one should obtain direct measurements of dust in high-redshift galaxies in or-
der to more directly probe the amount of star formation in galaxies that may be obscured
by dust. This may be accomplished by directly measuring dust emission in the mid- and
far-infrared. While this technique can work well for the dustier and more luminous galaxies
at high-redshift, current mid- and far-IR instrumentation (e.g., Spitzer Space Telescope and
Herschel Space Observatory) are insufficiently sensitive to directly detect the dust emis-
sion from galaxies that are fainter than ≈ L∗

UV (e.g., Reddy et al. 2006; Fig. 1). To remedy
this difficulty, analyses of the average mid- and far-IR emission have been carried out by
“stacking” images for many galaxies (Reddy et al. 2006; Daddi et al. 2007; Reddy et al.
2012a), but this comes at the expense of losing information on the scatter in the dust emis-
sion from galaxy-to-galaxy. Nonetheless, Spitzer, Herschel, and ALMA observations have
made a transformative impact on our understanding of the dust contents of the most lumi-
nous galaxies at high redshift (see review by Casey et al. 2014).

The limitations of the UV slope and direct far-IR measurements in probing dusty star-
formation may be mitigated by the use of other SFR indicators. For instance, the radio 21 cm
emission from SFGs is dominated by the synchrotron emission of electrons accelerated by
supernovae, and provides an extinction-free indicator of SFR. Radio imaging is still insuf-
ficiently sensitive to directly detect typical star-forming galaxies at z � 1, and also may
suffer from significant contamination if there is an active galactic nucleus (AGN). While
X-ray emission may be used as another extinction-free measure of SFR (Ranalli et al. 2003)
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that can be measured for individual galaxies in deep Poisson-limited X-ray imaging, such
emission may also vary with metallicity (Basu-Zych et al. 2013) and be affected by AGN.

The advent of multi-object near-infrared spectrographs (e.g., MOSFIRE, KMOS) have
enabled measurements of the Balmer decrements (Hα/Hβ) of distant galaxies, as has been
done locally for very large samples of galaxies (e.g., SDSS, Groves et al. 2012). For ex-
ample, the recently commissioned MOSFIRE spectrograph on the Keck Telescope has been
used to measure the Balmer decrements of a large sample of galaxies at 1.4 ≤ z ≤ 2.6, en-
abling dust corrections to Hα luminosities and dust-corrected estimates of the total SFR
(Reddy et al. 2015). The Balmer lines provide the advantage of being less affected by SF
history, as they arise only in the presence of hot, massive stars that can ionize hydrogen;
and they can be measured now for individual galaxies without the need for spectral stacking
(Reddy et al. 2015), as has been the case previously (e.g., Domínguez et al. 2013).

Finally, targeted observations with ALMA and other mm/sub-mm facilities, in combi-
nation with Herschel data, may be used to more accurately constrain dust temperature and
mass and hence total infrared luminosities for more typical galaxies at high redshift. Sim-
ilarly, gas masses measured with ALMA may also be used to estimate the amount of dust
obscured star formation, albeit with large systematic uncertainties associated with the dust-
to-gas ratio. More generally, resolved (kilo-parsec scale) imaging of the gas content (e.g.,
with IRAM or ALMA), combined with recombination line maps (e.g., made possible with
the next generation of ground-based telescopes like TMT and ELT), will enable studies of
the Kennicutt-Schmidt relation on resolved scales, thus clarifying the connection between
gas surface density and SFR in high-redshift galaxies.

In the context of this conference, GRBs provide a unique avenue to constrain the shape
of dust attenuation curve (e.g., Perley et al. 2013) which, in turn, will enable more accurate
dust corrected SFRs. While each probe of SFR is subject to systematic uncertainties (e.g.,
such as the timescale for star formation, and the initial mass function), the use of multiple
probes is generally indicated to provide the most robust measurement of SFRs of galaxies.

1.1.2 Stellar Masses

The primary method used to estimate stellar masses of distant galaxies is by fitting broad-
band photometry with stellar population synthesis models for different SF histories, ages,
and reddenings. Commonly used empirical and theoretical models include Bruzual and
Charlot (2003), Maraston (2005), Fioc and Rocca-Volmerange (1997), and Leitherer et al.
(1999). Typically a grid of such models is computed assuming a range of SF histories (e.g.,
exponentially-declining, rising, constant, or bursty/stochastic), with a range of ages from
the age of the Universe to some minimum value (e.g., in some cases this may be set to
the dynamical timescale expected for the galaxy; Reddy et al. 2012b), and some range of
reddening assuming a dust attenuation curve (e.g., Calzetti et al. 2000). Generally, stellar
masses derived in this manner tend to have less random uncertainty than other parameters
derived from such fitting, though the systematic uncertainty may be quite large. Sources
of systematic uncertainty include the choice of IMF; the degree to which the most current
episode of star formation dominates the optical light, commonly referred to as the “out-
shining” problem (Maraston 2005); and the contribution of thermally-pulsating AGBs to the
rest-frame near-infrared light (e.g., Maraston 2005; Kriek et al. 2010).

The “SED-modeling” discussed above is usually performed using broadband photometry
as typical SFGs at z � 1 are too faint in the continuum for high signal-to-noise absorption
spectroscopy to be feasible; the exception is for more massive galaxies at z ∼ 1 where rest-
optical continuum spectroscopy may be possible with longer integrations. Alternatively, one
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can deduce the stellar mass, or at least provide a rough upper limit, if dynamical mass
estimates are available. At high-redshift, this dynamical masses have been computed using
either resolved observations of some gas-sensitive tracer, such as the CO emission, or by
converting an Hα luminosity to SFR, assuming a size, the Kennicutt-Schmidt relation, and
a geometry for the galaxy (e.g., Erb et al. 2006b). Of course, while such measurements
are subject to a number of systematic effects, they can in principle provide an independent
handle on the stellar masses obtained from fitting the SEDs of galaxies.

1.1.3 Metallicities

Metallicities of high-redshift galaxies, specifically the gas-phase metallicities, are typically
determined from strong-line abundance indicators that include some combination of the
Balmer emission lines, and collisionally-excited forbidden oxygen and other weaker (e.g.,
[NII]) lines that arise from the ionized regions around massive stars. In rarer cases where
a sufficiently high S/N and high spectral resolution spectrum has been obtained (e.g., for
gravitationally lensed galaxies like cB58; Pettini et al. 2002), metallicities may be estimated
from absorption lines either in the rest-UV (different sets of lines may be used to probe either
the stellar metallicity, or the metal content of the ionized gas), or in the rest-optical (for
stellar metallicities); see Shapley (2011) for a review of these metal indicators. Generally,
direct electron temperature indicators which can be used to more robustly constrain the gas-
phase metallicity are too weak to detect in individual high-redshift galaxy spectra, though
access to these weaker features, like the [OIII]4363 line, will come with the next generation
of large aperture telescopes (e.g., TMT, E-ELT, etc.).

There is a significant scatter and systematic offsets between different emission line in-
dicators of metallicity (Kewley and Ellison 2008). Moreover, the application of locally-
calibrated metallicity diagnostics to high-redshift galaxies may be inappropriate if the phys-
ical conditions (e.g., ionizing parameter, electron density) of the HII regions at high redshift
differ from those found locally. Large rest-optical spectroscopic surveys of z � 1.4 galax-
ies, made possible with multi-object near-IR spectrographs like MOSFIRE (McLean et al.
2012), have enabled the measurements of all the strong rest-optical emission lines for such
galaxies. This, in turn, has enabled detailed assessments of the physical conditions in typi-
cal SFGs at high-redshift which underpin the metallicity measurements (e.g., Shapley et al.
2015).

1.2 The Relations Between SFR, M�, and Metallicity, and Their Evolution

1.2.1 SFR–M� Relation

The evolution of the relationship between SFR and M� may be used to deduce, at least
on average, how galaxies are building their stellar mass with cosmic time. Trends between
SFR and M� have been found at essentially all redshifts where the relationship has been
probed, including at z � 1 (Noeske et al. 2007), and z � 2 (Reddy et al. 2006; Daddi et al.
2007; Rodighiero et al. 2011; Whitaker et al. 2014). Generally, there is a universal trend for
SFGs where the SFR increases with stellar mass, but with an increasing normalization with
redshift (Fig. 2).

Generally, many studies have advocated that the scatter in the SFR–M� relation is rel-
atively “tight” (i.e., � 0.3 dex), however there are a number of reasons why the measured
scatter should be considered as a lower limit. First, sample selection (e.g., in the UV) may be
biased against detecting the highest SFR galaxies (and M�) because they are very dusty, and
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Fig. 2 Top Row: SFR vs. M� for 2905 galaxies at 0.20 � z � 1.10 from the AEGIS survey (from Noeske
et al. 2007). Bottom: SFR vs. M� for a sample of far-IR-detected (red and cyan points) and undetected (black
points) galaxies at z ∼ 2 (from Rodighiero et al. 2011)

thus one might underestimate the scatter in SFR at larger stellar masses (e.g., Daddi et al.
2007; Reddy et al. 2012b). On the other hand, while IR-selection may be more “complete”
for the dustier and higher SFR galaxies, they will miss most of the typical SFGs. Further,
when computing IR SFRs, one typically assumes a fixed conversion between IR luminos-
ity and SFR. If this conversion changes from galaxy-to-galaxy, then the derived scatter in
IR SFRs at a given M� will be a lower limit to the true scatter. More generally, galaxy-to-
galaxy variations in dust corrections, IMF, SF histories, etc., all imply that the scatter in the
SFR–M� relation, regardless of which SFR indicator is used, could be substantially larger
than what has been claimed in the literature (Shivaei et al. 2015). Moreover, as many studies
rely on photometric redshifts to derive stellar masses, and in some cases SFRs, the true scat-
ter in SFR–M� will be underestimated. In any case, the small scatter in the SFR–M� relation
has been interpreted as a reflection of the “smooth” manner in which galaxies build up their
stellar mass (e.g, Davé 2008). However, given the uncertainties discussed above, we argue
that the “scatter” derived for the SFR–M� relation should be treated with caution.
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Fig. 3 Mass-metallicity relation at different redshifts, where the blue solid and dotted lines indicate the MZR
at z ∼ 0.07 from Kewley and Ellison (2008). Taken from Maiolino et al. (2008)

While the scatter may be difficult to pinpoint, the slope is generally more robust to the
issues discussed above, except for that of sample selection and Malmquist bias where, for ex-
ample, one is more prone to selecting galaxies with larger SFRs at a given low M� for a flux-
or line-selected (e.g, UV or Hα selected) sample (Reddy et al. 2012b). While rest-optical
selection can mitigate some of this Malmquist bias, such samples can still be incomplete
especially if they rely on photometric redshifts which are generally poorly determined for
young, low-mass, and essentially flat-spectrum galaxies. Nonetheless, significant efforts are
focused on constraining the slope of the SFR–M� relation at low masses, with the expecta-
tion that such galaxies may build up their stellar mass in a different way than their brighter
counterparts (e.g., Whitaker et al. 2014), perhaps because different feedback processes, or
the same feedback process with a different efficiency, operate in different mass regimes.
Resolved SED modeling (e.g., with Hubble Space Telescope), as well as resolved imaging
of the gas and dust contents in these galaxies may help to further clarify the relationship
between stellar populations, gas content, and feedback.

1.2.2 Mass–Metallicity Relation

Like the SFR–M� relation, the mass–metallicity relation (MZR) has been found across a
wide swath of redshift, at z ∼ 0 (Tremonti et al. 2004), z ∼ 0.7 (Savaglio et al. 2005),
z ∼ 2.3 (Erb et al. 2006a), and z � 3 (Maiolino et al. 2008); see Fig. 3. These studies in-
dicate that high-redshift galaxies are less metal-rich than local galaxies at a given stellar
mass. To infer this evolution, however, previous studies had to rely on comparisons of the
MZR that used different metallicity indicators at different redshifts (thus introducing some
uncertainty in the evolution owing to systematic differences in metallicity indicators), and
made the assumption that the local calibrations between strong-line emission indicators and
the oxygen abundance apply at all redshifts.

What has been lacking previously is access to the same metallicity indicator at differ-
ent redshifts, as well as an understanding of how such indicators scale with oxygen abun-
dance at different redshifts. Recent advances in near-IR detector technology (e.g., MOS-
FIRE, KMOS) have begun to remedy this situation. For example, the MOSFIRE instrument
enables access to the same strong rest-optical emission lines, including [OII], [OIII], Hβ and
Hα, at high redshift (1.4 � z � 2.6) that are used to estimate metallicities in local galaxies.
Further, the sensitivity of these observations is sufficient to obtain metallicity estimates for
individual objects rather than for an ensemble (Fig. 4).

Surveys like MOSDEF, which is sensitive to a number of different strong rest-optical
emission lines for 1.4 � z � 3.8 galaxies, can enable detailed photoionization modeling to
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Fig. 4 Mass-metallicity relation at z ∼ 2.3 based on data from the MOSFIRE Deep Evolution Field (MOS-
DEF) survey. Gas-phase metallicities are calculated using both the N2 (left) and O3N2 (right) indices, where
upper limits are indicated by the arrows. Taken from Sanders et al. (2015)

jointly constrain the electron densities, ionizing parameters and hardness, and metallicities,
of high-redshift galaxies. For example, preliminary studies suggest that for at a fixed ion-
ization parameter, the high-redshift galaxies have the same metallicities as those of local
galaxies (Shapley et al. 2015). Furthermore, these studies have suggested that high-redshift
galaxies are more abundant in nitrogen at a given gas-phase metallicity relative to their
local counterparts, perhaps due to the properties of massive stellar populations at high red-
shift (Masters et al. 2014; Shapley et al. 2015). Regardless, these larger samples will enable
more detailed comparisons of the slope and scatter of the MZR relation to the predictions
of galaxy simulations in order to deduce the effect of gas inflows and outflows on the metal
content and SFRs of galaxies across cosmic time (e.g., Finlator and Davé 2008).

1.3 Connections Between SFR, M�, and Metallicity, and Future Directions

To first order, the stellar mass simply reflects the integral of the SFR with time (modulo the
fraction of gas that is returned to the ISM). Similarly, the metallicity reflects the heavy ele-
ment yield from this star formation. These connections motivated Mannucci et al. (2010) to
propose a model whereby the SFRs, M�, and metallicities of galaxies lie on a “fundamental
plane” (or “fundamental metallicity relation”, FMR) that does not evolve, and that the ob-
served redshift evolution of the MZR simply reflects that change in average SFRs probed at
each redshift. However, more recent studies (e.g., Steidel et al. 2014; Troncoso et al. 2014;
Sanders et al. 2015) suggest that high-redshift galaxies do not fall on the FMR defined by
local galaxies. Current and forthcoming large surveys will enable detailed photo-ionization
modeling and more robust estimates of the gas-phase metallicities over a large swath of cos-
mic time. This, in turn, should give us a better indication of the effects of gas inflows and
outflows on the evolution of galaxies.

Aside from this impending improvement in our knowledge of the joint relationship be-
tween the SFRs, M�, and metallicities, future facilities and instruments will undoubtedly
provide a more “resolved” picture of these relationships. Multi-object spectrographs on
� 30 m class telescopes will enable the measurement of weaker lines like [OIII]4363, giving
us a direct metallicity indicator with which to calibrate all the strong line indicators. These
facilities will also extend upon the currently known trends and scatter in the SFR–M� and
MZR relations to fainter galaxies that host the bulk of the star formation activity at high
redshift (Reddy and Steidel 2009; Bouwens et al. 2015).
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Combined with adaptive optics, the future ground-based facilities will enable a study of
the connection between SFR, M�, and metallicity on kilo-parsec scales where the effects of
galaxy feedback may be modeled more easily. Finally, we note that the James Webb Space
Telescope will access the strong line indicators discussed above for galaxies at even higher
redshifts (up to z ∼ 6) where galaxies are evolving on more rapid timescales.

Probing faint galaxies at high redshift with gamma-ray bursts (GRBs), the topic of this
conference, provides an alternative and complementary means of evaluating the connec-
tions between SFR, stellar mass, and metallicity. In particular, because of their stellar ori-
gin, GRBs can be found in very faint galaxies that would otherwise be “missed” in current
surveys. Aside from opening up a new parameter space, GRBs also offer the opportunity
to measure stellar metallicities using rest-UV lines (e.g., CIV; Berger et al. 2006; Sparre
et al. 2014), or traditional metallicity diagnostics for DLAs that correspond to GRB host
galaxies (Ledoux et al. 2009; Cucchiara et al. 2015). Understanding the context of GRB
hosts in terms of the previously studied galaxy populations will require a more quantitative
connection between the propensity for GRBs and host galaxy properties.

2 Global Properties of SFGs at z < 4 (Primary Author: E. Daddi &
M.T. Sargent)

In this section, we further discuss modern understanding of the distribution of SFRs in galax-
ies following the Main Sequence paradigm. While the majority of SFGs are observed to be
close to the relation between SFR and M�, a smaller subset of the population—so-called
‘starbursts’—display specific SFRs and SF efficiencies that exceed those of normal (main-
sequence) galaxies by up to an order of magnitude. This can be used to devise a simple
description of the evolution of the star-forming galaxy population since z ∼ 3 that can
successfully reproduce the shape of the IR luminosity function of galaxies as a function
of redshift, the IR number counts and Planck-Herschel power spectrum of the cosmic IR
background, i.e., clustering of star formation. The evolution of star formation in galaxies is
linked to the underlying properties of the molecular gas. Typical Main Sequence galaxies
have warmer gas temperatures at high redshifts and display relatively stronger high-J CO
emission, probably linked to their clumpier interstellar medium. Evolution at even higher
redshifts is currently under investigation. A key driver is the expected decrease of metallici-
ties towards early times.

At high and low redshift, the population of SFGs comprise a mix of (1) ‘normal’ SFGs
following a narrow relation—the ‘star-forming main sequence’—between SFR and M� (e.g.,
Brinchmann et al. 2004; Salmi et al. 2012), and (2) ‘starbursts’ with a large excess specific
SFR (sSFR) compared to typical objects on the SFR–M� main sequence.

Investigations on the nature of the star-forming population have advanced our under-
standing by characterizing the systematic differences between starburst and normal galaxies
while also revealing large homogeneity within each of these populations, at fixed redshift
and also as a function of redshift: starburst galaxies tend to be more compact (e.g., Elbaz
et al. 2011; Rujopakarn et al. 2011) than main-sequence galaxies. The latter show a stellar
morphology that is well-fitted by exponential disks (e.g. Wuyts et al. 2011) (as opposed to
high Sersic-n for the spheroids), they display IR line deficits (e.g., PAHs or in the far-IR
the [CII]-line; Elbaz et al. 2011; Graciá-Carpio et al. 2011), both of which are consistent
with a scenario in which very compact, more efficient star formation is taking place, in line
with the up to tenfold higher SF efficiency (SFE) reported by molecular gas observations of
distant SFGs (e.g. Daddi et al. 2010b; Genzel et al. 2010).



88 K. Nagamine et al.

In the next sections we will show that a very simple characterization of the evolution
of SFGs based on these two populations can account for a large variety of observables in
galaxy formation and evolution, without the need of fine tuning or external parameters.
Such a simple and self-consistent scheme (referred to as the ‘Two Star-Formation Mode
framework’; 2-SFM) allows one to predict basic properties of SFGs, like the IR luminosity
function (LF), IR source counts, clustering, or molecular gas mass functions, starting from
basic observables (e.g., the evolution of sSFR for main-sequence galaxies and stellar mass
functions) and observed correlations (e.g., the main sequence or the integrated Kennicutt-
Schmidt law connecting their gas content and SFR).

2.1 IR Properties of SFGs: Luminosity Functions, Source Counts and IR
Clustering

Widely used, basic characterization of galaxy populations are the mass functions (MFs) and
LFs. While the former is generally well reproduced by a Schechter function (e.g., Ilbert et al.
2010), the IR LF (i.e., the distribution of SFRs) is not, requiring for example double power
law or exponentials (e.g., Le Floc’h et al. 2005; Magnelli et al. 2009). When accounting
for the two SF modes among SFGs (bursty versus main sequence SF), this difference is
naturally explained, suggesting that from the evolution of stellar mass and IR LFs, one can
gather information on the interplay among the two SF modes at different redshifts. In the
following we show how the contribution of main-sequence and starburst galaxies to IR LFs
(hence to the SFR density) can be disentangled. We use this information to infer source
counts from 24 to 1100 µm and predict the distribution of star formation among dark matter
halos as a function of redshift.

2.1.1 IR LF at z < 2.5

The main sequence evolution with redshift out to z ∼ 2 (e.g. Elbaz et al. 2011; Karim et al.
2011) and the evolution of galaxy stellar MFs to similar redshifts are well characterized, and
can be jointly used to derive the IR LF evolution if the distribution of sSFR at fixed stellar
mass is available. We use the results of Rodighiero et al. (2011) for SFGs at z ∼ 2, decom-
posed into two log-normal components (see Fig. 5, left, corresponding to main-sequence
and—likely interaction-induced—starburst-like SF activity, respectively; see Sargent et al.
2012 for more details and discussion of the underlying assumptions). The conversion of
stellar MFs to IR LF is effectively a convolution of the MF and an evolutionary double-
Gaussian kernel with (i) normalization fixed by the shape of the MF, and (ii) main-sequence
peak position that—given the redshift—is uniquely determined by the position of the SF
main sequence in the (s)SFR vs. M� plane. As a result of this approach, we can distinguish
the individual contribution to the IR LF of main sequence versus bursty SF (see Fig. 5, right).

Figure 1 shows that the stellar MF and the IR LF (i.e., the SFR distribution) of SFGs at
z ≤ 2 evolve consistently (see also Bell et al. 2007). The bright end of the IR LFs is entirely
determined by starburst galaxies. These results imply that the contribution of starbursts to
the cosmic SFR density is (8–14 %) perhaps marginally increasing with redshift at z < 2.
We can account for the well-known observation that most ULIRGs at z = 0 are starbursts
(e.g., Sanders and Mirabel 1996). Instead, the majority of ULIRGs at z > 0.9 live on the
main-sequence. In fact, their high SFR (> 100 M�/yr) is not thought to be triggered by
merging as in most local ULIRGs but is the result of large gas reservoirs in high-redshift
disks (e.g., Daddi et al. 2010a; Tacconi et al. 2010; Geach et al. 2011). Local and distant
ULIRGs are intrinsically different objects, in this respect, despite having similar SFRs by
definition.
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Fig. 5 Left: Distributions of sSFR are self-similar in mass bins (for M�/M� > 1010 from Rodighiero
et al. 2011) and can be decomposed into two log-normal components, one accounting for the distribution
of main-sequence galaxies, the other enhanced (s)SFRs in galaxies with starburstiness (likely due to inter-
actions, affecting the galaxies at various degrees). Right: Contribution to the IR LFs (or equivalently, SFR
distributions Kennicutt (1998)), resulting from normal (light grey) and burst-like (dark grey) galaxies. Liter-
ature measurements are displayed in color; see legend

2.1.2 IR Source Counts

An additional important observable on which evolutionary models of SFGs should be tested
are IR number counts over a variety of multi-wavelength bands. Purely semi-analytical mod-
els (e.g., Lacey et al. 2010) have difficulties reproducing IR number counts, while phe-
nomenological or hybrid models (e.g., Béthermin et al. 2011; Gruppioni et al. 2011) reach
better results but are in general forced to adopt ad-hoc parameters to force agreement in the
fit and thus imply evolution of the IR LFs which are not necessarily physically motivated.
The 2-SFM framework introduced in Sect. 2.1.1 can be used to naturally predict IR galaxy
counts.

In our framework we can assign SFRs (hence bolometric IR luminosities) to galaxies
as a function of redshift. The main additional ingredient to predict their observed fluxes
is determining their SED. We have been measuring the evolution of the average SED of
galaxies through redshift (Magdis et al. 2012b) which motivate adopting a very simple SED
library of templates: a single SED for both main sequence and starburst galaxies at fixed
redshift but with both rising in dust temperature with rising redshift. The predictions of
such a simple model agree nicely with measurements of differential galaxy counts from
24 µm to 1.4 GHz in Fig. 6. Overall, the observations of galaxy counts are well reproduced,
showing the effectiveness of the key ingredient of the 2-SFM approach, which is the explicit
distinction between normal and starbursting galaxies. When distinguishing main-sequence
from bursty galaxies we can investigate which selection biases could be present toward
normal or starburst galaxies in surveys defined at a variety of wavelengths and flux depth
levels. Given the overall paucity of starbursts, it is main-sequence galaxies that dominate
number counts, basically independently on flux densities and wavelengths. Nevertheless,



90 K. Nagamine et al.

Fig. 6 24 µm to 1.4 GHz number counts (reproduced from Béthermin et al. 2012b). Solid line—total counts
predicted by the 2-SFM framework, including a contribution for AGN-emission, mass-dependent dust attenu-
ation and lensed sources; gray line—counts predicted when neglecting the three aforementioned refinements;
dotted line—main-sequence contribution; short-dashed line—starburst contribution; dot-dashed line—lensed
sources; triple-dot-dashed line—difference between counts with and without AGN contribution. At 1.4 GHz
the model for SFGs was combined with the model of AGN-driven radio sources by Massardi et al. (2010;
long-dashed line). Despite some deviance, e.g. at the faint end in some cases, this is a high successful repro-
duction of the observations given precedent literature and the lack of adjustable parameters

their overall importance can vary substantially and becomes quite relevant (∼ 30 %) around
30 mJy at 70 µm and 50 mJy at 350 and 500 µm.

Despite its simplicity and the lack of adjustable parameters, these 2-SFM predictions
result in one of the best reproduction achieved so far to IR source counts, including counts
per redshift slice at SPIRE wavelengths, which were poorly reproduced in earlier models.

2.1.3 Star Formation and Dark Matter Halos

This simple framework can been extended further, using observations of how stellar masses
and dark matter masses are connected via measurements of clustering (e.g., Béthermin et al.
2014) and/or abundance matching techniques (e.g., Behroozi et al. 2013). This allows one
in turn to distribute star formation among dark matter halos, without the need of further
external parameter or tunings. Béthermin et al. (2013) showed that this approach success-
fully predicts the (cross-)power spectra of the cosmic infrared background (CIB), the cross-
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Fig. 7 Both panels show the fraction of SFR density as distributed among dark matter halos as a function of
redshift, but considering the instantaneous dark matter mass at each redshift (left) or the halo mass where the
activity will end up at z = 0 (right) (from Béthermin et al. 2013)

correlation between CIB and cosmic microwave background (CMB) lensing, and the corre-
lation functions of bright, resolved infrared galaxies measured by Herschel, Planck, ACT,
and SPT. This is an important result as it shows that we have a good basic understanding on
how to associate activity to hosting dark matter halos, at least for typical structures (most
activity in all redshifts is happening inside 11.5 < logMDM < 13.5 halos; Fig. 7). At the
same time, given the well understood evolutionary behavior of dark matter halos with time,
this approach can be used to investigate in which kind of dark matter halos at z = 0 will
eventually end-up the SFR activity observed in the distant Universe (Fig. 7): this is typically
borderline clusters with 1014M� z = 0 halos for 3 < z < 4.5 activity, and 1013M� z = 0
small groups at 1 < z < 3.

2.2 Molecular Gas in SFGs Near and Far

The evolution of molecular gas reservoirs in galaxies, including normal and starburst cases,
can also be described in the powerful framework we have been sketching so far, based on the
well determined evolution of the stellar MF at z < 2.5 and on the distribution of sSFR with
naturally decomposes into normal and burst like modes (at fixed stellar mass, and invariantly
to first order with redshifts and stellar mass). Similarly to what done for IR source counts in
Sect. 2.1.2, we can attribute gas masses to galaxies based on their IR luminosity once they
are classified into main sequence and starburst objects. The choice of the SFE is based on the
different observational behavior of normal versus starburst galaxies (Sect. 2.2.1). We apply
these relations to galaxy populations in the 2-SFM framework to show that the coherent
increase of gas fraction (fgas) in normal galaxies to high redshift is driving the evolution of
the main sequence to z ∼ 3.

2.2.1 Gas Reservoirs in SFGs: Basic Scaling Relations

Roughly 50–100 galaxies at z > 0.4 selected to be on the main sequence have been followed-
up in CO in recent years (e.g. Daddi et al. 2010a; Genzel et al. 2010; Tacconi et al. 2010;
Geach et al. 2011; Tacconi et al. 2013), providing information on their molecular gas prop-
erties. We combine this high-z literature data with a roughly equally sized local sample—
including massive galaxies from the HERACLES survey (Leroy et al. 2009) and AKARI-
detected disks from the COLD GASS survey (Saintonge et al. 2011)—and plot their LIR and
CO-luminosity L′

CO in Fig. 8(left). The well-defined correlation between these observational
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Fig. 8 Correlation between measures of SFR and gas content for massive (M� > 1010 M�), main-sequence
galaxies in the nearby universe and at z > 0.4 (see legends in panel (a) for data source). Selected starburst
galaxies with measured conversion factors αCO from Solomon et al. (1997) and Magdis et al. (2012b) are plot-
ted with crosses. (a): Correlation between infrared luminosity (LIR) and CO(1 → 0) luminosity (L′

CO(1→0)
;

standard excitations corrections—e.g. Dannerbauer et al. (2009), Leroy et al. (2009)—were applied to J > 1
transitions, cf. legend in panel (b)) with best-fitting relation derived for the main-sequence galaxy sam-
ple overplotted in black. (b): Correlation between SFR and molecular gas mass (Mmol.), the latter having
been derived based on either (a) observational determinations of αCO (available for sources with boxed
symbols) or (b) using a metallicity-dependent conversion factor (see text). The dispersion about the best–
fit linear trend (solid black line) for main-sequence galaxies is approximately Gaussian with a dispersion
σ(Mmol.) ∼ 0.2 dex (red curve in inset). Dashed line—offset locus with approx. 15-fold higher SFE for
strong starburst galaxies

proxies of SFR and molecular gas mass suggests that there is a high degree of homogeneity
between low- and high-redshift main-sequence galaxies in terms of their molecular gas prop-
erties. We measure a dispersion of 0.2 dex in the correlation between molecular gas mass
Mmol. and SFR (see Fig. 8, right), where we have applied either (a) observational determi-
nations of αCO (available for sources with boxed symbols) or (b) a metallicity-dependent
conversion factor1 to convert CO-luminosities to molecular gas masses. The best-fit, in-
verse integrated Kennicutt-Schmidt (K-S) relation plotted in Fig. 8 is slightly sublinear
(Mmol. ∝ SFRβK-S , with βK-S = 0.83), but due to the small overlap in luminosity-space be-
tween local and z > 0 main-sequence galaxies a redshift-dependent integrated K-S rela-
tion with different slope and changing normalization currently cannot be excluded. Note,
however, that by considering stacked samples of z ∼ 0 and 2 main-sequence galaxies from
Magdis et al. (2012b)—who inferred molecular gas masses indirectly by measuring of av-
erage dust masses—the correlation is found to extend over at least two orders of (partially)
overlapping magnitude in SFR at both redshifts, suggesting that the integrated K-S relation

1Recent observational studies, as well as a numerical predictions on a metallicity-dependence of the conver-
sion factor parametrized as αCO ∝ Zγ find a broad range of power-law exponents γ ranging from -0.5 to -2
(e.g. Feldmann et al. 2012; Genzel et al. 2012; Schruba et al. 2012). Here we adopt an intermediate value of
the exponent, γ 
 −0.9, which results in the best fit to the z ∼ 0 CO LF by Keres et al. (2003) (see Fig. 10)
within the 2-SFM framework and its underlying assumptions (see Sargent et al. 2014).
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Fig. 9 Star-formation efficiency (left), and molecular gas mass fraction, μmol ≡ Mmol/M� (right) vs. sSFR
for selected main-sequence galaxies and starbursts at z < 3 (all measurements normalized to the M�- and
redshift-dependent average of the main-sequence and all symbols and data as in Fig. 8). When normalized
to the characteristic main-sequence value, the homogeneous behavior of main-sequence galaxies at all red-
shifts becomes visible: SFE varies very little within the main sequence while fgas steadily rises. Starbursting
sources, on the other hand, have a gas content that is similar to the average main-sequence galaxy but display
enhanced SFEs that lead to their excess (s)SFR

to first order is a universal function of redshift for massive, normal SFGs (M�/M� > 1010)
at z < 3.

To further highlight this uniform behavior across a broad range of redshift, in Fig. 9 we
plot SFE and gas fractions that have been normalized to the (mass- and redshift-dependent)
average values of a galaxy located directly on the main-sequence and compare these to the
analogously normalized sSFR (i.e. the offset from the main sequence). This representation
of the data reveals that: (1) at all redshifts, the SFE in main-sequence galaxies in our “cal-
ibration sample” is almost independent of their position within the main sequence, while
their SFR rises in lockstep with fgas; (2) starburst galaxies (here we consider a small sam-
ple of local and high-z starbursts with measured αCO) have similarly-sized gas reservoirs
as normal galaxies but are characterized by a strongly enhanced SFE. The dashed line in
Fig. 9 illustrates the expected variation of SFE (∝ sSFR−0.17) and fgas (∝ sSFR0.83) within
the main sequence as it follows from the best-fit integrated K-S relation shown in Fig. 8(b),
in agreement with the dust mass-based findings of Magdis et al. (2012b).

2.2.2 Redshift Evolution of Gas Fractions

Given the tight correlations between M� and SFR, and between SFR and H2-mass, it is
straightforward to model the evolution of fgas in main sequence galaxies where Mgas/M� ≡
const. × SFR(M�)

βK-S/M�. This results in predictions for gas fractions in main sequence
galaxies at z < 3 in good agreement with observations (Magdis et al. 2012a) confirming
that the gas content of secularly-evolving SFGs is an important driver of the cosmic sSFR-
evolution. This is consistent with the observation in Fig. 9 that, also at fixed redshift, varia-
tions of sSFR across the main sequence are driven by varying fgas. Of course, all this agree-
ment is also, in part, by construction. It would considerably worsen if the various means by
which total molecular masses are estimated were to be incorrect, which would be surprising
given the overall consistency from CO, dust and dynamical estimations.
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2.2.3 Molecular Gas Mass Functions and the Molecular Gas History of the Universe

To estimate the redshift evolution of the distribution of molecular gas masses in normal
galaxies we convert the main-sequence component of the SFR-distribution depicted in Fig. 5
to a gas mass distribution by means of the best-fitting integrated K-S relation of Fig. 8(b).
For the starbursting population we assume that the SFE increase (with respect to the value
of the main-sequence state prior to the onset of burst activity) in these systems scales with
the boost in star-formation rate engendered by the burst (see Sargent et al. 2012 for details).
This kind of behavior is suggested by the roughly similar excess in sSFR and SFE observed
in Fig. 9(a) and also seen in numerical simulations of galaxy mergers (e.g. Di Matteo et al.
2007). The total molecular gas MF (i.e. including both normal and starburst galaxies) in-
ferred using this approach for the SFG population at z ∼ 0, 2 & 5 is shown in Fig. 10.
Note that the H2-MF is only observationally constrained in the local universe (Keres et al.
2003; Obreschkow and Rawlings 2009a) where the measurements are entirely consistent
with the 2-SFM predictions. (This is also true of the predicted CO LFs—cf. Fig. 10—which
follow from the H2-MFs after (a) assigning to main-sequence galaxies αCO-values based
on statistically-derived metallicities, computed using the fundamental metallicity relation of
Mannucci et al. (2010) given the known SFR and M�, and (b) for starbursts assumes a con-
version factor that scales inversely with the SFE-enhancement. (See Sargent et al. 2014 for
additional details and underlying assumptions/simplifications.) The dominant contribution
to the predicted H2-MF stems from main-sequence galaxies which hence also are the main
contributors to the evolution of the cosmic abundance of molecular gas which is obtained by
integration of the molecular gas mass functions and which is shown in Fig. 11. This indirect
measurement of the comoving H2-density reveals a roughly 5-fold increase of the molecu-
lar content of the Universe out to z ∼ 1.5 where it roughly equals the stellar mass density
and the cosmic abundance of atomic hydrogen. The increase traces the rise of the cosmic
SFRD but is roughly five times smaller due to the sublinear relation between SFR and H2-
mass found in Fig. 8 which implies slowly rising SFEs for the typical SFGs (of stellar mass
∼ 5 × 1010 M�, cf. Karim et al. 2011) that contribute most to the cosmic SFRD density
over this time. Overall, there is a large range of predictions from alternative models at high
redshifts (Fig. 10, emphasizing the need for observations to confirm our results based on
scaling relations).

2.2.4 Evolution of the Interstellar Medium

While there are no convincing evidence yet that star formation laws are changing with red-
shift, the strong rise of the specific SFR of galaxies appears to be accompanied by substantial
changes in the properties of the interstellar medium of Main Sequence galaxies, other than
a simple augmentation of the gas reservoirs. This is manifested already in evolution in opti-
cal emission line ratios (e.g., Steidel et al. 2014), which requires variations in the radiation
field that the gas is witnessing. From the point of view of the ISM, several studies now
have converged to show that this evolution is paralleled for Main Sequence galaxies to a
rise in the intensity of the radiation field which is heating dust (the parameter 〈U〉 scaling
like (1 + z)1.2–1.8; Magdis et al. 2012b; Béthermin et al. 2015; Genzel et al. 2015). This is
understood to be driven by a combination of rising star formation efficiencies and declining
metallicities towards high-z (at fixed stellar mass; Magdis et al. 2012a, 2012b). On a simi-
lar manner, observations of CO excitation for Main Sequence galaxies also show evolution
from low redshift disk-like SFGs. In particular, high-z galaxies have much stronger CO[5-4]
transitions, which points to a higher relevance of denser and/or warmer gas (Daddi et al.
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Fig. 10 Molecular gas MFs (upper row; grey shading) and CO(1-0) LFs (lower row) based on (1) the evo-
lution of the stellar MF of SFGs, (2) the redshift evolution of the sSFR of main-sequence galaxies, (3) the
distribution of main-sequence and starbursting galaxies in the SFR-M�-plane (see Fig. 5, left), and (4) a
metallicity-dependent conversion factor αCO. MFs/LFs include contributions both from ‘secular’ and burst–
like star formation (the latter being characterized by increased SFEs with respect to the secular mode which is
assumed to be typical of galaxies residing on the main sequence). Colored lines—predictions of recent semi–
analytical models (see legend above figure) covering a similar redshift range as the empirically-motivated,
predictive analysis of Sargent et al. (2014). At z ∼ 0 we show observational constraints on the local MF/LF
reported in Keres et al. (2003) and Obreschkow and Rawlings (2009b)

2015; Fig. 12). Empirically the high-J to low-J CO ratios among various populations is well
correlated to their radiation field intensity 〈U〉 (hence dust temperature) as well as to star for-
mation surface brightness (hence gas density). Simulations suggest that such a dense/warm
gas is typically associated to clumpy star-forming regions (Bournaud et al. 2015). This is
supported by observations but not fully proven yet, and there is debate on the real mass
and relevance of clumpy star formation in the distant Universe. However, a massive clump
formation event has recently been observed (Zanella et al. 2015).
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Fig. 11 Redshift-evolution of the comoving mass density (cf. scale on left) of molecular gas, ρ(Mmol.). The
hatched region shows the evolution inferred from the integration of the predicted molecular gas MFs in Fig. 10
(extended to z > 2.5 with a set of assumptions that successfully match high-z stellar MFs and UV-LFs, e.g.
González et al. 2010; Bouwens et al. 2011). The evolution of ρ(Mmol.) is compared to compilations of the
cosmic evolution of the atomic hydrogen abundance (ρ(MHI); e.g. Bauermeister et al. 2010, blue symbols)
and of ρ(M�), the stellar mass density (red symbols; see, e.g., compilation in Marchesini et al. 2008). Yellow
symbols—SFRD-evolution (cf. scale on right), as constrained by literature data

Fig. 12 Comparison of the
average SLED of BzK galaxies to
the MW SLED, the average of
SMGs and the average (U)LIRGs
SLED. All SLEDs are
normalized to the CO[1-0] of the
average BzK galaxy SLED,
except the MW which is
normalized using CO[2-1]. The
results models and simulations
are also shown. See Daddi et al.
(2015) for references. We notice
that the average SLED of lensed
SPT sources (Spilker et al. 2014)
is similar to that of SMGs

2.2.5 Going to Earlier Epochs

Star formation in the high-z Universe beyond z ∼ 3 has been so far very well studied in
the UV, but detailed IR investigations (required to trace dusty star formation and study the
gas content) have become potentially feasible only since the advent of ALMA, as they re-
quire exquisite sensitivity. Initial results are coming in, and many more will come in the
near future. In the meanwhile, a general worry to keep in mind, which could adversely af-
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Fig. 13 The redshift evolution
of dust to stellar mass ratios, for
Main Sequence (circles) and
Starburst (stars) galaxies, see Tan
et al. (2014) for details and
references. The (uncertain)
evolution in the metallicity of
massive galaxies at high redshift
could imply a rapid drop of dust
masses at z > 4

fect IR observations in the distant Universe is the possible general decline of metallicities,
suggested to increase its pace earlier than z ∼ 3 (e.g., Troncoso et al. 2014; Onodera et al.,
2016). In turn, lowering the metallicity (Z) also dust masses are decreased, as one can write
approximately Mdust ∼ 0.5 × Z × Mgas (roughly half of the metals being caught in dust).
The possible evolution of dust to stellar mass ratios is depicted in Fig. 13. This could make
IR fluxes of galaxies substantially fainter, especially in the Rayleigh-Jeans tail which is more
directly proportional to the dust mass present, while the overall IR luminosity might be kept
high by an increase of dust temperature. Early confirmation of these effects to z ∼ 4 were
provided by Béthermin et al. (2015). In turn, CO emission could be adversely affected as
well as a roughly constant Mdust /L

′CO ratio is expected and observed at z < 3 for normal
galaxies (Tan et al. 2013). Observations of distant GRBs could help shedding light on this
issue (e.g., see Laskar et al. 2011).

2.3 Summary of Section 2

Motivated by the homogeneity of the bulk of SFGs (in particular those occupying the so-
called “main sequence” of SFGs) across a broad range of redshift we have presented a
simple framework (2-SFM) for the prediction of basic properties of the star-forming popu-
lation. By explicitly distinguishing between (1) the population of ‘normal’ galaxies residing
on the star-forming main sequence, and (2) starbursting galaxies for which we assume dif-
ferent characteristics (e.g. IR SEDs or a burst-dependent continuum of SFE enhancements)
based our currently best observational understanding, we show that this simple description
is capable of reproducing the evolution of the IR LF out to z ∼ 2.5 and IR/radio source
counts at 24 to 1100 µm and 1.4 GHz, and the distribution of IR light among dark mat-
ter halos. We use the 2-SFM framework to predict the molecular gas mass function (and
CO(1 → 0) luminosity function of SFGs, a fundamental observable which so far has only
been measured at z = 0 and the extension of which to higher redshift is a major goal of the
ALMA era. The strong evolution of the inferred H2-mass function to higher masses with
increasing redshift suggest that the cosmic H2-abundance was ∼ 5 times larger at the peak
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of the cosmic SFH than in the local universe. Furthermore, we provide strong evidence that
the higher gas fractions in distant galaxies are directly reflected in the higher sSFR of these
systems. We discuss evidences for the evolution of ISM properties of galaxies to z = 2–4,
manifested in higher dust temperatures and higher CO excitations. Further investigations at
higher redshifts will be soon possible thanks to ALMA, barring the possible adverse effect
of declining metallicities at high redshifts.

3 Galaxy Formation at High Redshift using Cosmological Hydrodynamic
Simulations

Over the past quarter of a century, computational astrophysicists have been making tremen-
dous advances in simulating structure formation in the Universe from shortly after the last
scattering surface to the present time. In this section, we summarize some of the recent
highlights of the study of high-z galaxy formation using cosmological hydrodynamic simu-
lations.

Astronomers now have a standard cosmological model, the � cold dark matter
(CDM) model, which can be described well with only six cosmological parameters:
(	M,	�,	b,h,σ8, ns) ≈ (0.3,0.7,0.04,0.7,0.8,0.96) (Komatsu et al. 2011; Hinshaw
et al. 2013; Planck Collaboration et al. 2015). This simple fact itself is a remarkable achieve-
ment, and it is one of the highlights of cosmological studies obtained from the temperature
anisotropy of cosmic microwave background (CMB) radiation. The predicted power spec-
trum of matter density fluctuations agrees well with various observational estimates, includ-
ing CMB, galaxy clustering, number density of galaxy clusters, weak lensing, and Lyman-α
forest (Tegmark et al. 2004). The collisionless dark matter (DM) in the �CDM model
provides the back-bone of structure in our Universe, and it describes the matter density dis-
tribution very well on scales greater than ∼ 1 Mpc. For example, nowadays one can easily
run a simple N-body simulation with ∼ 5003 particles, which can reproduce the network of
filamentary structures harboring dark matter halos and galaxies. The big question is, “Can
we understand galaxy formation in the cosmological context of �CDM model?”

Based on the �CDM model, we now understand the cosmic time-line relatively well.
Starting from the Big Bang at 13.8 billion years ago, the cosmic gas in our Universe expe-
rienced a major transition from being optically thick to thin, when the electrons combined
with protons, and the Universe became transparent to the photons at z ∼ 1100 (i.e., ‘reion-
ization’ of the Universe). We now observe these photons as the CMB radiation that have
traveled from the ‘last scattering surface’ to the present time without being scattered ran-
domly.

From z ∼ 1100 to z ∼ 20, the ‘dark ages’ continued, during which the intergalactic
medium (IGM) was fully neutral and there were no light sources in the Universe. Then
the ‘first stars’ started to form in DM halos with masses Mh ∼ 106 M�, and the bubbles of
ionized region (i.e., the Stromgren spheres) expanded and percolated gradually (e.g., Iliev
et al. 2006). Shortly after, the ‘first galaxies’ started to form in DM halos in the atomic-
cooling halos with virial temperatures greater than T ∼ 104 K and Mh ∼ 108 M�. It is
widely believed that these first stars and first galaxies are the sources which provided the
ionizing photons necessary to reionize the Universe (e.g., Iliev et al. 2006; Yajima et al.
2011). From the measurements of electron scattering optical depth by CMB, it is estimated
that the reionization took place at around z ∼ 6–11 (Hinshaw et al. 2013; Planck Collab-
oration et al. 2015), and the Gunn-Peterson trough in the quasar spectrum tells us that the
reionization was completed by z ∼ 6 (Fan et al. 2006).
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The first stars and first galaxies also enriched the IGM for the first time, and the metals
change the cooling rate of gas in later galaxy formation processes via metal-line cooling.
Therefore understanding the formation of first galaxies and evaluating their number density
is important for both cosmology and galaxy formation theory. One of the key physical pa-
rameters that we need to determine is the escape fraction of ionizing photons, fesc, from first
galaxies as we will discuss further in the following subsections.

Galaxies have complex internal structures, e.g., bulge, disk, halo. The disk exhibits spiral
arms, and the bulge size varies from galaxies to galaxies. In order to estimate fesc, we need to
understand the structures of galaxies better, and how the stars and gas are distributed within
in them. This means that we want to understand the disappearance of the Hubble Sequence
towards high-redshift, and how the SFR changes over time in different galaxies. One method
to characterize the star formation in galaxies is to examine the Kennicutt-Schmidt relation,
which has been performed extensively at low redshift as described in earlier sections. The
same can be done at higher redshifts with ALMA, and computer simulations can provide
useful information on galactic structure evolution at high-redshift where observational data
are still scarce.

3.1 Computational Cosmology

To understand the history of structure formation in the Universe, computational cosmology
(or numerical cosmology) provides a useful method, where we try to follow the formation
and evolution of structures in our Universe self-consistently from first principles as much
as possible. We start from the initial condition that is consistent with the fluctuations ob-
served in the temperature fluctuations of CMB, then prepare a universe in a supercomputer
assuming a set of cosmological parameters; namely, dark energy, dark matter, and baryons
in an expanding universe. And then we simulate the structure formation as a function of time
using the laws of gravity and fluid dynamics. The hope is to reproduce the Universe as we
observe today at z = 0, after the simulation is evolved from z ∼ 200 to z = 0.

To form galaxies in cosmological simulations, one has to include additional physics, such
as radiative cooling and heating, star formation (SF), and feedback. For example, we use the
modified version of GADGET-3 smoothed particle hydrodynamics (SPH) code (Springel
2005), which includes radiative heating by UV background radiation, cooling by H, He
and metals (Choi and Nagamine 2009), multi-component variable velocity (MVV) wind
model for supernova (SN) feedback (Choi and Nagamine 2011), self-shielding effect of UV
background (Nagamine et al. 2010). The treatment of self-shielding is important for these
cosmological simulations, and follow-up work have shown that our treatment works well to
simulate HI absorbers (Bird et al. 2013).

The resolution of these cosmological simulations depend on the box size and parti-
cle counts. For example, our simulations have box sizes of 10–100 h−1 Mpc, the parti-
cle count ranges from 2 × 1443 to 2 × 6003, comoving gravitational softening length of
a comoving few kpc to 700 h−1 pc. A simulation with 2 × 6003 particles in a comoving
10 h−1 Mpc has a dark matter particle mass of 2.78 × 105 h−1 M�, gas particle mass of
5.65 × 104 h−1 M�, and gravitational softening length of comoving 670 h−1 pc. Usually it is
difficult to cover a wide range of dark matter halo masses in one simulation box, therefore,
we use different comoving box sizes (e.g., 10, 34, 100 h−1 Mpc) to cover a wide range of
Mh = 108–1013 h−1 M�. This composite method allows us to also examine galaxies with
stellar masses M� = 107–1011 h−1 M� (Jaacks et al. 2012), from dwarfs to moderately mas-
sive galaxies.

In our simulations, the star formation is treated either by the fiducial pressure-based
SF model (Schaye and Dalla Vecchia 2008; Choi and Nagamine 2010) or the H2-based
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SF model (Thompson et al. 2014). With the mass and spatial resolution given above for
cosmological hydrodynamic simulations, it is still not possible to resolve the formation and
destruction of giant molecular clouds in detail. Therefore many research groups resort to
various subgrid multiphase interstellar medium (ISM) models, where each SPH particle is
pictured as a multiphase hybrid gas (Yepes et al. 1997; Springel and Hernquist 2003). Only
the thermodynamics of the hot phase is followed here, while the cold phase is assumed to
stay cold with T ∼ 104 K. The exchange of energy and mass between the hot and cold phase
is assumed to be in equilibrium, as the exchanges in high-density regions take place on a
much shorter time-scale than the global simulation time-steps.

The star formation is typically computed with an equation similar to ρ̇� = (1 − β)ρc/t�,
where β is the instantaneous recycling fraction of gas after supernova explosions, and ρc is
the cold phase gas density. The SF time-scale, t�, is usually taken to be proportional to the
dynamical time of the gas, i.e., t� = t0

� (ρg/ρth)
−0.5, where the normalization t0

� ∼ 2 Gyr is
needed to reproduce the observed normalization of Kennicutt-Schmidt law, and ρth is the
SF threshold density. One of the problems of such simple SF law is that it does not have an
explicit dependence on metallicity. Therefore we have revised our model and adopted the
H2-based SF law (Thompson et al. 2014), where the H2 mass fraction is computed for each
SPH particle and the H2 mass density is used for the SF law instead of total cold gas density.
Since the H2 fraction is dependent on the gas metallicity Krumholz et al. (2009), this intro-
duces the metallicity dependence of SFR naturally through the abundance of H2 molecules.
The H2 molecules form on dust, and the model of Krumholz et al. (2009) provided sim-
ple approximate formulae to estimate H2 fraction as a function of gas surface density and
metallicity.

The effect of supernova feedback is considered, and a part of SN energy is given to nearby
SPH particles as a kinetic energy. There are various ways of distributing SN energy, but some
form of efficient kinetic feedback is necessary to distribute the metals and energy into the
IGM. In the case of the MVV wind model by (Choi and Nagamine 2011), we compute the
galactic properties such as stellar mass and SFR by grouping the star/gas/DM particles on
the fly as the simulation runs, and compute the wind velocity based on the SFR of individual
galaxies. Such a scaling between galactic wind velocity and galaxy SFR (or stellar mass)
has been suggested by some observations of high-z galaxies (Weiner et al. 2009).

Once the star particles are created based on the above SFR estimate, each star particle
carries physical tags such as the stellar mass, formation time, and metallicity. Based on
these quantities, we can apply population synthesis models (e.g., Bruzual and Charlot 2003)
to each star particle and compute the spectral output of simulated galaxies. Of course the
simulation examples that we describe in this section is a limited example, and there have
been other extensive efforts by many groups. For example, the Illustris project (e.g., Genel
et al. 2014; Vogelsberger et al. 2014) and EAGLE simulations (Schaye et al. 2015) have
performed even larger cosmological hydrodynamic simulations than described in this article
and provided large galaxy catalogues to the astronomical community.

3.2 Evolution of Galaxy Stellar and Luminosity Functions at High-z

One of the key statistics for galaxy formation and evolution is the galaxy stellar mass func-
tion (GSMF) and luminosity function (LF). The shapes of these functions at z = 0 have been
constrained well (Blanton et al. 2001; Cole et al. 2001), and they can be fit well with the
Schechter function. However, the situation at higher redshift is more uncertain, in particular
the faint-end slope, α, is not constrained well yet. At z = 0, the slope is α ∼ −1.2, and it
becomes steeper to α ∼ −1.6 at z ∼ 3 (Reddy and Steidel 2009).
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Fig. 14 Comparison of galaxy luminosity functions at z = 4–8 between cosmological hydrodynamic simu-
lation (Jaacks et al. 2012, left panel) and observations (Fig. 19 of Bouwens et al. 2015). In both panels, the
observational data is shown as data points, and either simulation or a simple model results are shown with
Schechter fits. Both panels show the steepening of the faint-end slope α with increasing redshift at z > 4,
e.g., from α = −1.64 (z = 4) to −2.06 (z = 6)

Using the results of cosmological hydrodynamic simulations, several groups have shown
that the GSMF and LF become steeper at the faint-end with increasing redshift, from α =
−1.6 at z ∼ 3 to even α ∼ −2 at z ∼ 6 (e.g., Nagamine et al. 2004; Night et al. 2006; Finlator
et al. 2006; Lo Faro et al. 2009). More recent work has extended the comparison to z > 6,
and some simulations indicated that the slope could become even steeper with α < −2.0
(Jaacks et al. 2012; Bouwens et al. 2015), as shown in Fig. 14. However, the initial work by
Jaacks et al. (2012) used an SF model which does not have any dependence on metallicity,
and this may have lead to a slight overestimation of SF efficiency at high-z.

Jaacks et al. (2013) have examined the impact of lower metallicity on GSMF at high-z
using the H2-based SF model of Thompson et al. (2014). In this SF model, the mass fraction
of molecular hydrogen, fH2 , is computed within the framework of multiphase ISM model
of Springel and Hernquist (2003), and fH2 becomes lower with decreasing metallicity be-
cause H2 molecules form on dust. Figure 15 shows the star formation rate (SFR) function at
z = 6–8, in comparison with the observational data by Smit et al. (2012). The SFR function
provides a more direct comparison between simulations and observations, as SFR is a more
direct output from the simulation rather than spectral output that has to be computed by a
population synthesis code with an assumption of a stellar initial mass function (IMF). The
simulation with the H2-based SF model yielded a flatter faint-end slope at SFR < 1 M� yr−1,
which corresponds to a limiting rest-frame UV magnitude of Muv ∼ −16. Within the ob-
served range of magnitudes, the simulation result agrees very well with the observed data
(red crosses). The flatter faint-end slope and the break at SFR ∼ 1 M� yr−1 is caused by the
inefficient star formation at low metallicities in faint galaxies at high-z in our simulations.

The faint-end slope of GSMF and LF is quite important for the ionizing photon budget, as
these faint galaxies are the ones that provided the photons necessary to reionize the Universe.
Jaacks et al. (2013) have shown that, even with the reduced number of faint galaxies with
the H2-based SF model, these galaxies can provide a sufficient number of ionizing photons
for reionization by z ∼ 6, and the contribution is in fact dominated by the lower mass and
fainter galaxies with M� ≤ 108M�.
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Fig. 15 SFR function at z = 6,7,8 in cosmological hydrodynamic simulations with H2-based SF model
(adopted from Jaacks et al. 2013). The data points are mostly simulation data, and the red crosses are the
observed data by Smit et al. (2012). The fits shown by the solid lines are the modified Schechter function
with an additional break at the faint-end, and the fits for z = 6,7,8 are compared in the right-most panel,
where we can see that the galaxies become brighter and more numerous from z = 8 to z = 6. The grey shade
is the range of Schechter fits to the observed data by Bouwens et al. (2011)

Integrating the observed galaxy UV luminosity function can give the estimates of UV
luminosity density, which can be converted to the cosmic SFR density with an assumption
of an IMF. However, since current galaxy observations cannot probe the faintest galaxies
that might exist at high-redshift at MUV > −15, it is difficult to constrain the SFR density
accurately at high-z. Using GRBs can be useful in this context, as it is very bright and could
be detected as high redshift as z > 8 (Kistler et al. 2009; Tanvir et al. 2009). These initial
estimates, albeit from a very small sample, gives higher value of cosmic SFR density at
z > 6 than the estimates based on UV luminosity function of galaxies.

A more proper treatment of ionizing photon budget requires a radiative transfer calcula-
tion to estimate the escape fraction of ionizing photons from galaxies, and there have been a
number of interesting works that gave varying results on the values of fesc based on radiative
transfer calculations (e.g., Gnedin et al. 2008; Wise and Cen 2009; Razoumov and Sommer-
Larsen 2010; Paardekooper et al. 2011). Yajima et al. (2011, 2015) have shown that fesc is
a decreasing function of halo mass at high-z, although with a large dispersion particularly
for lower mass galaxies (Fig. 16). Significant amounts of gas around star-forming regions
prevent the escape of ionizing photons in massive galaxies, whereas the gas distribution is
somewhat more irregular in low-mass galaxies, enabling the photons to escape in a preferen-
tial direction. Folding in the estimated values of fesc of each galaxies into the calculation of
ionizing photon budget, they estimated that the faint galaxies at z ≥ 6 can provide sufficient
number of ionizing photons thanks to their large fesc.

GRBs can also help to set constraints on fesc of high-z galaxies. For example, Chen
et al. (2007) showed that one can estimate fesc of ionizing photons using the afterglows
of long GRBs based on the optical depth of neutral hydrogen column density in the host
ISM, free from the background subtraction uncertainties. This method is potentially very
useful, because it can provide estimates of fesc of sub-L∗ galaxies where most GRBs occur
and otherwise difficult to observe directly. These faint galaxies at the fainter end of the
luminosity functions contributed the most to the ionizing photon budget, therefore having
observational estimates of fesc for these low-mass galaxies is quite important for the study
of reionization of the Universe. Both Chen et al. (2007) and Fynbo et al. (2009) found
small mean values of 〈fesc〉 ∼ 0.02, however larger values have also been suggested by
observations (e.g., Inoue et al. 2006; Smith et al. 2016) and from models based on GRB and
galaxy observations (Wyithe et al. 2010; Dijkstra et al. 2014).
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Fig. 16 Escape fraction of ionizing photons at z = 3–6 in cosmological SPH simulations (panel (a), Yajima
et al. 2011), and that of UV photons from z = 12 to z = 6 (panel (b), Yajima et al. 2015). In general, it is
a declining function with increasing Mh, but with a large scatter for lower mass galaxies in particular. Also
there doesn’t seem to be strong evolution in the relation from z = 6 to z = 3

Fig. 17 Massive disk galaxy at
z ∼ 6 found in a cosmological
SPH simulation (Yajima et al.
2015). The upper row represents
the most massive galaxy in the
constrained realization of a
high-density region
(Mstar ∼ 8.4 × 1010M� and
Mgas ∼ 4.8 × 1010M�). The
lower row shows the most
massive galaxy in the less dense,
unconstrained region with
Mstar ∼ 1.5 × 109M� and
Mgas ∼ 3.1 × 109M�

Romano-Díaz et al. (2011) and Yajima et al. (2015) found the existence of massive spi-
ral disk galaxies at high redshift (z ∼ 10 and 6, respectively) using zoom-in cosmological
hydrodynamic simulations of a high-density region, as shown in Fig. 17. These massive
galaxies contain a fair amount of dust, and therefore might be good targets for ALMA ob-
servations. In fact bright quasars have been already detected by ALMA via [CII] line (e.g.,
Maiolino et al. 2005), and perhaps ALMA can extend these detections down to lower mass-
scale objects in the near future.

As these recent works have shown, it seems now possible to form massive disk galaxies
for a certain feedback models at high-redshift in zoom-in cosmological hydrodynamic with
sub-kpc resolution. Although Yajima et al. (2015) found a nice disk geometry for a massive
galaxy in a high-density region at high-redshift, some of the more recent high-resolution
zoom-in simulations employ more direct momentum injection rather than relying on sub-
resolution kinetic feedback model (e.g., Hopkins et al. 2013; Muratov et al. 2015), and these
more direct feedback models seem to be more efficient in ejecting gas from high-z star-
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forming galaxies, often disrupting the disk galaxy geometry. More future studies of galaxy
formation will be performed using cosmological hydrodynamic simulations, and the impact
of both supernova and AGN feedback will be assessed in more detail, giving insight into the
mechanism of forming the main sequence of star formation and downsizing of galaxies.
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