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1. Introduction

Anyone trying to understand the formation of the universetgonsider galaxies. Often used
as a tracer population of the underlying matter, it is becgnulear that the history and physics
of the formation of galaxies is a critical aspect for obtagna full picture of the evolution of the
universe. Yet we are really just starting to understand #rid uncertainties in our measurements of
evolution remain large, although significant progress le&snlmade in outlining the basic problem.

What is better understood is the observations of galaxibghwltimately should reveal how
the galaxies themselves have formed and evolved. In thé lmieerse we have a solid under-
standing of the galaxy population based on large surveys a8 SDSS and GAMA (e.g., Driver
et al. 2011). Galaxies which are elliptical/passive aloiitty wpirals that have active star formation
dominate the local population. The stellar and luminosityctions of nearby galaxies are also well
measured (e.g., Loveday et al. 2012) and we now understaad thie stars in these galaxies were
formed based on detailed stellar population analyses.

What we do not yet understand is how or when these galaxiesnédsd. There has however
been significant progress on addressing some of the issla¢sdréo this in the last 10-15 years.
For example, the first measurements of galaxy propertiesgat fredshift showed that the star
formation rate is larger at higher redshifts than at loweshgfts (e.g., Madau et al. 1998), but this
only reveals when stars form, not necessarily when galasesemble. We have some idea of this
through observing the merger history of galaxies (e.g., &a& et al. 2000; Conselice et al. 2003,
2008; Hammer et al. 2009; Lotz et al. 2008; 2011; Bluck et &l0® 2012; Man et al. 2012;
Lopez-Sanjuan et al. 2012), and other modes such as gasi@c@aee now also being measured
(e.g., Conselice et al. 2012). Itis also important to redlst the questions of when the stars form
in galaxies we see today, and when the galaxies themselues doe distinct. It is also important
to remember that these issues often must be addressedtspara

Traditionally the approach taken towards understandiegptiysics behind galaxy formation
is to use galaxy observables, such as luminosity/massifmsctrelations between observables,
such as velocities and luminosities to test models. Thes#empostarting with simple collapse
ones (Eggen et al. 1962) implement basic physics, and substy predict the observables. This
is now a large industry, and theory has revealed many clueartts understanding how galaxy
formation has occurred, although as we discuss later (85 thre still significant problems with
theory matching galaxy observables.

Overall, in this review | place galaxy studies into thredadiént classes: (1) Observables (i.e.,
measured or derived directly from telescopes) - this inetuglalaxy masses, luminosities, internal
velocities, sizes, morphologies, etc. (2) Measuring galastory, i.e., how does the mass assem-
bly/star formation, merging, and evolution in scaling tielaship occur? (3) Finally, physics - what
are the mechanisms driving the history of the observed ddg@mAn important side question is
whether we have identified all of these processes. Withmfthimework the observables are first
needed, then the history of the galaxy formation can be @gyiwhich influences and leads into
our understanding of the physics. Each of these three dwe areas of research and can and often
help guide the development of the other two.

This review will describe the observations of galaxies ugetishifts oz~ 10, and how we are
now able to measure the history of galaxy formation in defailo at leasz = 3, but only currently
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for the most massive systems with log M 11. For these systems we are obtaining a good idea of
the formation mechanisms of galaxies. We demonstratelitosigh measuring the merger history
of these galaxies, and the amount of cold gas accreted frerimtérgalactic medium at redshifts
1< z< 3. We show that these two processes are about equal in impertand that minor mergers
are as important as major mergers in forming galaxies. Weditsuss how well theory is able to
reproduce some of these properties, and discuss signifgsargs that still needing addressing. We
use a standard cosmology of H 70 km s Mpc1, andQm = 1— Q, = 0.3 throughoui.

2. Observations

2.1 Nearby Galaxies

Nearby galaxies a < 0.3 have been studied in detail since the 1920s, and in many ways
know the most about galaxy properties and observables frami@ing nearby systems. What we
know is that 75% of galaxies brighter tharngM- —20 are spiral or disk in morphology, with 22%
SO/elliptical, and the remaining 2% are peculiar/irreg@onselice 2006). Being nearby and thus
relatively easy to study, many properties of nearby gatali@e/e been measured in detail, including
their stellar mass and luminosity functions (e.g., Loveelagl. 2012; Taylor et al. 2011), as well as
their detailed surface brightness distributions and iretekinematics (e.g., Cappellari et al. 2011;
Kelvin et al. 2012).

Perhaps the most useful observation that can be performedtanby galaxies in terms of
their formation histories is to study in detail their stel@pulations through absorption lines (e.qg.,
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Figure 1: Plots showing basic features of the nearby galaxy populassca function of stellar mass. The left
panel shows the colour-mass diagram for nearby systemsirsipa clear differential between red galaxies
on the red sequence and blue galaxies in the blue cloud. dhislates very strongly &= 0 with galaxy
morphology with ellipticals found in the red sequence (rethts) and spirals/mergers (blue points) in the
blue cloud. The right panel shows the distribution of molpg as a function of stellar mass in the nearby
universe, with a smooth transition from early to late typelewer masses (Conselice 2006).
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Trager et al. 2000; Thomas et al. 2005). These studies hawval fthat the formation history of
the stars in galaxies depends strongly upon their stellasmend less so on their environment.
The most massive systems are dominated by old stars, suckitigée stellar population ages
of their stellar masses are older than 5 Gyr (Trager et al.0R0By comparing absorption line
strengths to models, it can be shown that the most massiarigalalso contain the mastenriched
stellar populations, demonstrating a quick formation fierstellar populations within these massive
galaxies (e.g., Thomas et al. 2005). The stars in lower mesgsras form later, although this may
not be the case in the densest environments. There is fomtinera lack of strong environmental
effects, such that galaxies in the most dense areas appbhaveosimilar ages as those in lower
densities. The effects of environment appear to be lessriaumtp and progressively so at higher
redshifts (e.g., Gritzbauch et al. 2011a,b; §84.2).

This is also seen in the distribution of morphology and stamftion in the local universe as
a function of stellar mass, whereby the lowest mass galaxethe most likely to have a spiral or
irregular morphology, and higher star formation rates anérocolours (e.g., Baldry et al. 2006;
Conselice 2006; see Fig. 1). There is in fact a very strongetadion such that the value of a
galaxy’s stellar mass, averaged over all environmentssisag predictor for the morphology and
star formation histories of individual galaxies.

In terms of galaxy evolution, another important insight tleaal galaxies provides is a nearby
benchmark by which we can gauge how galaxy properties haaegell as a function of redshift.
In this review, | focus on the evolution of galaxy masses, phofogies, and kinematics. | do not
provide a detailed study of other features of nearby gatalére, such as how galaxy clustering
or environment correlates with the properties or evolutibmearby galaxies, although see e.g.,
Kauffmann et al. (2004) for a discussion of this.

2.2 Distant Galaxies: TheUniverseat z> 1

The epoch of high redshift studies of galaxies began in sathee to deep Hubble Space Tele-
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Figure2: Morphological evolution of the galaxy population from Motk et al. (2013). The black lines are
for galaxies classified as peculiar (as in Conselice et @l1B}) and the red lines are for galaxies classified
as ellipticals and the blue lines those as disks. These heme torrected for redshift effects by determining
how structure changes due to redshift effects as detailsithinlations (see Mortlock et al. 2013). There is
a clear evolution in structure, such that the most massilaxigs form ‘normal’ Hubble types before lower
mass systems.
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scope observations (e.g., Ferguson et al. 2000), and vetfirdt 8-10m telescope observations of
Lyman-break galaxies (LBGSs) (Steidel et al. 1996), botltkiyileading to the first measurements
of the star formation history of galaxies (e.g., Madau etl#196). Since that time, observations
with the HST have pushed observations of LBGs up+08 and perhaps beyond (Yan et al. 2012)
up toz=10 (e.g., Coe et al. 2012). While we are still detecting gakat progressively higher
redshifts, and have unlikely seen the first galaxies yet, wweable to make observations of these
systems, during the-'13 Gyr time period when most galaxy assembly has occurred.

The observables that are most commonly investigated fexged beyond the local universe
are similar to what we can measure for nearby galaxies, dimau masses, luminosities, mor-
phologies, sizes, kinematics and clustering, as well alwatbquantities such as star formation
rates and gas masses. Observationally is makes sensede High redshift galaxies into four
epochs, largely for observationally reasons. These arel, 1< z< 3, 3<z< 6 andz> 6.
Each of these epochs is studied in slightly different ways, @bviously we know progressively
less about the more distant and earlier epochs.

The universe up ta~ 1 (at half its current age) in many ways ‘looks’ similar to tnaverse
today. It is still uncertain what fraction of the stellar reagas assembled ky= 1, but it is likely
more than half (e.g., Mortlock et al. 2011). The morpholegié z = 1 galaxies are also very
similar to those that we see in the local universe with a sinfilaction of different types (e.g.,
Conselice et al. 2005a), however these galaxies have marelompy structure overlayed on their
primary Hubble types (spirals, ellipticals) (e.g, Elmemgrest al. 2007).

At higher redshifts, particularly a > 2 the universe of galaxies is quite different from to-
day. In general, galaxies are bluer, smaller, more asynieneind contain higher star formation
rates. Attempts to understand the evolution of this inciugeeasuring luminosity and mass func-
tions (e.g., Bouwens et al. 2011); evolution of stellar gafons and colours (e.g., Finkelstein et
al. 2012); morphological evolution, including sizes andate brightness profile evolution (e.g.,
Conselice et al. 2005a; 2008; 2011; Buitrago et al. 2011n%#iet al. 2012); clustering evolution
(e.g., Foucaud et al. 2011) and star formation evolutiog.,(Bouwens et al. 2010). Alsa,> 1
systems have smaller radii at a given mass than local galakibe same stellar mass (e.g., Trujillo
et al. 2007; Buitrago et al. 2008), suggesting some evaldticoughout time to increase the sizes
of galaxies by some still uncertain process (Ownsworth.62@l12). See these papers for details of
these various issues.

As one example, Figure 2 shows the morphological evolutiogélaxies from the CANDELS
survey (Mortlock et al. 2013 in prep), demonstrating howéhe both a redshift and stellar mass
dependence on morphology. As can be seen-aB the morphological fraction is dominated by
galaxies that appear peculiar in appearance (the bladegiand lines), while at lower redshifts,
towardsz = 1 the classical Hubble type galaxies - those identifiableisissdor ellipticals start
to become the dominant population (e.g., Buitrago et al.120The other interesting feature of
this evolution is that there is a mass dependence such tRatrémsition’ from peculiar to normal
galaxy is at higher redshifts for higher mass galaxies. Fhissition redshift iz = 2.224-0.87 for
log M, > 10.5 galaxiesz= 1.75+0.76 for 1025 < log M,. < 10.5 galaxies, and = 1.73+0.56
for log M, < 10.25 systems.

There is also strong star formation evolution fram- 0 to z = 1, such that the total star
formation rate density averaged over all galaxiez atl is a few times higher per co-moving
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volume element than in today’s universe (e.g., Bouwens. étGdl0). However, the star formation
rate peaks and is roughly constant at a given stellar masgebrtl< z < 3 (Fig. 3), such that
a typical massive galaxy will double its stellar mass duehie star formation over the epoch
1 < z< 3, and lower mass galaxies grow even larger. Later we imegstithe relative role of
this star formation in growing the stellar masses of gaklxand what this reveals about their
formation (83). At even higher redshifts the total star fatibn density declines &> 3 up to
z~ 7 (Bouwens et al. 2010) although the specific star formatibe for the most massive galaxies
is relatively constant (Stark et al. 2009), suggesting sstaeformation regulation process might
be at work.

Perhaps the most basic way to address when galaxies formvisvhoto compare the stellar
mass distribution of distant galaxies to that of galaxiethanearby universe. This is particularly
the case for the most massive systems, as these form beforadss galaxies (e.g., Bundy et al.
2006; Mortlock et al. 2011), and are the easiest galaxiesrulate in computers and are thus an
invaluable test of galaxy formation models (e.g., Consetital. 2011b). Massive galaxies have
been studied in detail using various surveys from the HuBplkece Telescope within deep pointed
surveys (Mortlock et al. 2011), as well wider area surveysgisnaging from telescopes such as
UKIRT within the UKIDSS Ultra Deep Survey (Hartley et al. 201

There is a strong signature of galaxy ‘downsizing’ in almedbgalaxy properties up to at least
z= 3, such that the highest mass galaxies tend to ‘shut downidtion modes, including AGN,
before the lower mass galaxies. Essentially this meanshilght mass galaxies finish forming
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Figure3: Relation between stellar mass and star formation rate faxge from logM, = 9.5—12. The star
formation rate increases with stellar mass, on averag@gltitis epoch although the specific star formation
rate drops at higher masses. The star formation relatidmwéss is also fairly constant during this epoch
(from Bauer et al. 2011).
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before lower mass ones. For example, when examining thedabaas of massive galaxies with
M, > 10 Mg , the measured number densities ugto1— 2 are similar to what is found in the
local universe, at the same stellar mass limit (e.g., Caesek al. 2011b; Mortlock et al. 2011).
Therefore to study the properties of the the most massivaxiga and to examine their formation
observationally we must go to higher redshifts, nameby-ar.

Recent results have accomplish this by examining the moss$ireasystems at 1.5 < z < 3 with
Hubble Space Telescope surveys that can resolve thesensysihis includes the CANDELS sur-
vey (Grogin et al. 2011) and the GOODS NICMOS Survey (GNS;getice et al. 2011b). Recent
results from these surveys have shown that the formatioremfmt the most massive galaxies are
dominated by mergers (Bluck et al. 2009; 2012), and the tooref gas from the intergalactic
medium (Conselice et al. 2012) with the bulk of this formataccurring az > 1 (Mortlock et al.
2011). We explain below the reasoning behind these resuitshow others have found similar
conclusions. The below analysis has only been carried auh#highest mass galaxies so far,
although in the future lower mass systems can be analysediiilar way using deeper data.

3. Empirical Galaxy For mation

3.1 TheRoleof Mergersuptoz=3

Galaxy assembly is a combination of at least three proce$sese are: merging with existing
galaxies; the accretion of cold gas from the intergalactedionm; and the conversion of in-situ
initial gas into stars in a galaxy over time. Understanding telative role of these processes,
and how these vary as a function of stellar mass and enviroiriieeone of the major goals of
extragalactic astronomy.

We now have some idea about the role of mergers in galaxy &bgdeng., Conselice et al.
2003; Lotz et al. 2008; Bluck et al. 2012). While mergers camithate much of the evolution
within galaxies, including triggering star formation anGHN, instigating morphological changes,
etc., we are mainly interested here in how it builds up thikestaasses of galaxies over time.

The amount of stellar mass added to a galaxy due to the mexgsegs is given by the integral
over the merger history, based on the fraction of galaxiegimg, and the time-scale for mergers
(e.g., Bluck et al. 2009; 2012). Bluck et al. (2012) and Céosect al. (2012) carry out this
integration using the observed merger history measuredttlirfrom the GNS sample of massive
galaxies at b < z < 3 (Fig. 4), and the modeled time-scale for mergers (e.gclBai al. 2009;
2012).

Using pairs of galaxies and galaxies involved in merginges through the CAS system, we
can now measure accurately the merger history up=@ (e.g., Bluck et al. 2012 and references
within). The total amount of stellar mass accreted into agalis a double integral over the
redshift range of interesiq to z, corresponding to look-back timésandt,), and over the stellar
masses which we prob&i{ to M), which for the GNS, sensitive down to, M= 1095 Mg, can be
expressed as,

M fl(z,M,)
M., :/ / M, x -mEM) gy 3.1
7M tl M]_ Tm(M*) ( )
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where 1(M,.) is the merger time-scale, which depends on the stellar wiadse merging pair
(Bluck et al. 2012). The total integration of the amount ossiassembled through merging gives
M. m/M.(0) = 0.56+ 0.15, where M(0) is the initial average stellar mass of the GNS massive
galaxy sample. This is the fractional amount of stellar nadted due to both major and minor
mergers for systems with stellar mass ratios down to 1:106hf® average massive GNS galaxy
after following a merger adjusted constant co-moving dgri§lonselice et al. 2012).

However, to fully understand the total baryonic mass asseoflgalaxies due to the merger
process, we also need to account for how much gas mass ishbriotig these systems through
mergers. This is calculated by integrating the amount ofigdkese merging systems using an
empirical fit to the relationship between the gas mass actigas and the stellar mass found at
z=2— 3. Overall the lower mass galaxies contribute the bulk ofghseous mass from mergers,
whereas most of the stellar mass accreted in mergers arsashigher mass ratio mergers. We
show this relative role of mergers in Figure 4. This relatiam then be used to calculate for the
GNS sample how much gas mass is added due to merging, findjRgWi.(0) = M, m/M..(0) x
fg = 0.570.15. Over the redshift interval= 0 — 3 major and minor mergers are roughly equal in
terms of importance in building up galaxies.

The high number of minor mergers is also a solution to the imblem in massive galaxies.
When examining the effective radii of massive galaxies dshhédtsz > 0.5 they are much smaller
than galaxies of similar masses in today’s universe (eugjtr&jo et al. 2008; Truijillo et al. 2007,
Weinzirl et al. 2011). How these galaxies expand to becoradaige galaxies we see today is
not well understood. However, by examining the number ofanmergers we observe from= 3
down, and by using simple physics, it is possible to showttiede mergers provide enough mass
at the right locations to expand the measured sizes of galdi up to a factor of five (Bluck et
al. 2012). This is therefore likely the solution to the prhlof how galaxies can be so compact at
high redshift, but still have significantly high stellar rsas (see also Ownsworth et al. 2012).

3.2 GasAccretion From the Intergalactic Medium

One important observation of high redshift massive gatawigh log M, > 11 M, is that these
systems have an average star formation rate that is rdjativastant at 5 < z < 3, and declines at
z< 1.5 (Fig. 3). This star formation increases the stellar maglsinvthese systems by an amount
which approximately doubles it. This is a high star formatrate, and the amount of gas mass
accreted due to merging, plus the original amount of gastiemaugh to sustain the star formation
present (Papovich et al. 2011; Conselice et al. 2012).

We can show, based on this, that the amount of gas accreta imassive GNS galaxies
is Mga/M,(0) = 0.70+ 0.22 (Conselice et al. 2012), such that an amount of mass orrdez o
the entire initial stellar mass of a massive galaxy is addest tme outside of mergers to form
stars during B < z< 3, a time span ofv 2 Gyr. This reveals a net gas accretion, which is
then turned into stars, of 6% 19 M. yr—1. When considering that these galaxies have outflows
(e.g., Weiner et al. 2009) that could easily double the arhofigas mass needed to be accreted
from the IGM (e.g., Faucher-Giguere et al. 2011) we find thatdross inflow rate increasing to:
Macc= 964+ 19M, yr 1.

The result of this is that gas accretion accounts fot2@% of the stellar matter added to
galaxies from 15 < z < 3. Mergers account for the remainder of the mass assembly, 142 of
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this minor mergers and 1/2 of this major mergers (Bluck et28l12). Gas accretion however is
responsible for 66:20% of all new star formation during this epoch within log M 11 galaxies.
Overall this implies that gas accretion into massive galsust early epochs is potentially a major
formation method, and dominates over mergers as a formaterhanism for new stars. This is
however a first estimate of this quantity, and future stuevél wider and deeper surveys will
measure this number with more accuracy in the future.

This measured gas accretion rate is roughly consistent th@bretical calculations which
predict a similar amount of gas accretion (e.g., Murali et24102; Dekel et al. 2009). Some of
the first predictions of the gas accretion by Murali et al.020found a gas accretion rate M@A
~ 40 M., yr—1, while more recent work suggests higher ratengA ~ 100 M. yr~! (e.g., Dekel
et al. 2009; Faucher-Giguere et al. 2011). These first gesualtmeasuring cold gas accretion are
in general agreement with these models, although this me@asmt should be redone for larger
samples and at lower masses to determine the role of mergeaseretion as a function of stellar
mass.

4. Role of Environment

4.1 Galaxy Clustering and Dark Matter Halos

One of the new frontiers of studying galaxies and their enafuis to examine how they cluster
together, and what this reveals of their halo masses, asagéhleir environment. The summary
of how this evolution occurs is shown in Figure 5 based onltg$wm Foucaud et al. (2010). In

T T T T T T T T T T T T T T

1 10 9 8
06 —————————— — -

I [
= === Gag
| —— Stellar

o |

A

0.2 |- L 0.01 (-

m23<z <30
Al7i<z<23

Relative Mass Contribution

I
i
1 | 0 I S SN SRS NN TS ST SO NN SO SO ST S N
0 2 4 8 95 10 105 11

+ 6H,, magnitude log M.

Figure4: Plots showing the role of mergers, both major and minor, @asdagcretion in forming galaxies at
z=1-3. The left panel shows the merger fraction for systems wélies masses log M> 11. Shown at
the top of the left panel are the stellar masses of the lowssmalaxies merging with these massive galaxies
down to log M. = 9.5, demonstrating that minor mergers are more common thaormmgrgers (Bluck et al.
2012). The right panel shows the relative amounts of massdfidthese massive galaxies due to mergers,
revealing that most of the gas is brought in by lower massxgedavhile higher mass galaxies add most of
the stellar mass (Conselice et al. 2012.)
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general the most massive galaxies are the most clusterdéd carirelation lengths ofgr= 10-15
h~1 Mpc from redshifts (6 < z< 2 (Hartley et al. 2010). Interestingly, there does not appehe

a strong trend with redshift, such that the most stellar imasystems have the highest clustering
values up te = 2. At higher redshifts, the clustering strength increasesfixed stellar mass, such
that the most massive halos assemble their stellar massbefeer mass ones.

The clustering strengths of these galaxies can be convietiethalo masses by matching the
abundances of galaxies selected by stellar mass into asporrding halo mass from N-body sim-
ulations within a given cosmology (e.g., Mo & White 2002). itdsthis method it is therefore
possible to determine how the stellar to total mass ratidvegdfor ensembles of galaxies as se-
lected through their stellar mass. When comparing totabgsto stellar masses the most massive
systems have the lowest stellar to total mass ratios (Fig. Th)s implies that something is ei-
ther shutting off star formation within the most massiveagads, or more likely that halo masses
contain sub-halos which contribute to their total massegste®ns with total massesio > 103
M have stellar mass to halo mass ratioscd®.01 while this ratio goes down te 0.1 for systems
with Mpaio ~ 10t M, although we know that dwarf systems also have very lowMao ratio
(Penny et al. 2009).

Related to the stronger clustering at higher redshifts, #iso clear that at fixed stellar mass,
the ratio of stellar to halo mass increases at lower redshifta given halo mass. This implies
that there is a halo downsizing, such that the most massies fam stars first, and only after a
few Gyr do lower mass halos form enough stars for their systenenter the same stellar mass
selection. This thereby lowers the ratio of stellar to hakass) given that these late comers to a
given mass bin are in lower mass halos, which lowers the aringt strength of the population
selected by this stellar mass range. Note however, thaht itlear if this is a general result or
simply for galaxies selected by stellar mass. For example gialaxies up ta = 1.4 shows very
little evolution in the stellar mass to total mass ratiosr{€alice et al. 2005b), or alternatively in
the stellar mass Tully-Fisher relation (e.g., Conselical.e2005b; Miller et al. 2011).

Integral field spectroscopy far> 1 systems has also revealed important clues about the nature
of these high redshift galaxies (Forster Schreiber et &19R0T hese studies typically find an equal
distribution of systems which are: 1. rotationally domawt2. mergers and 3. systems that have
high velocity dispersions, but which are very compact. Te nature of these systems has yet
to be revealed, but clearly the kinematics of distant gaehows significant differences from
galaxies in the local universe. More IFU studies of largenglas of galaxies are currently needed,
as there are at most only a few hundred IFU spectra measured-ft galaxies thus far.

4.2 Environment vs. Mass - Which Dominates?

Since galaxies were first studied, and especially since dpermby Dressler (1980) there has
been a recurring question of the role of environment in dgwjalaxy formation/evolution. It is
clear that in the local universe disk galaxies are moreyikelnd in low density environments,
while early-type systems are found in denser ones (e.g.sdime1980). However, this effect
is most pronounced in extreme environments, and it is natrdeyond these extremely dense
environments how, say a modestly dense environment wotddtajalaxy evolution over a very
low density environment.

10
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This was examined in detail by Gritzbauch et al. (2011a,) lebked at galaxy colours
and star formation rates as a function of both environmatéakity as well as a function of stellar
mass and redshift. What was very clear is that while therersesenvironmental effect, such that
galaxies are redder in denser areas (Griizbauch et al. 2ahiagffect is most pronounced at
lower redshifts, typically ax < 1. At redshifts higher than this the effects of environmest\aery
minimal (e.g., Grizbauch et al. 2011a).

On the flip-side of this, when comparing galaxy colours amd &irmation rates with stellar
masses, there is a much stronger correlation, such thatdbegalaxies have red colours compared
to lower mass galaxies, as well as having a higher star foaomedte at higher redshift (Griitzbauch
etal. 2011b; Fig. 6). There is also very little trend in gglaxoperties with the overall halo mass in
which a galaxy is located, demonstrating that environmasitneasured by the number of nearby
galaxies and the total mass of the group/cluster a galaxgcatéd has very little effect on the
observed properties of galaxies. This is consistent wighetlbeing very little trend in age or star
formation history for local galaxies as measured throughastspectra fitting (e.g., Thomas et al.
2005; §2.1).

These correlations show that the stellar mass, or likelyhtile mass of an individual galaxy
is the overall most important aspect for how these systemms #md evolve. This is possibly re-
lated to the fact that galaxies with higher masses have massiwe black holes, and that AGNs
are significantly active during this epoch, depositing 3%et the binding energy into the galaxy
over 1< z< 3 on average (e.g., Bluck et al. 2011). Larger black holedyme more energy back
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Figure 5: The relationship between the halo mass and the ratio oéstellhalo mass (left panel), as well
as this ratio of masses as a function of redshift (right pafrelucaud et al. 2010). As shown, the amount
of stellar mass relative to dark matter mass declines aehigdushifts for systems with larger halo masses.
Furthermore, there is some evidence that the highest méss dr@ populated earlier than low mass ones,
with the result being that for a given stellar mass seledti@ne is a higher ratio of stellar to dark matter
mass at lower redshifts.
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into their host galaxies, and this is possibly the reason mhgs is such as defining characteristic
of galaxies. This may also explain how downsizing occurs finsthe most massive galaxies, al-

though finding direct proof that AGN/black holes have a digant effect on gas and star formation

in galaxies remains elusive.

5. How Well Does Theory Predict Galaxy Evolution?

Understanding how galaxy formation occurs was initiallgtficalculated using the ages of
different stellar populations in the Galaxy (Eggen et al69)9 and the default initial assumption
was that galaxies formed like stars in a monolithic-typdagse. In the 1980s the first computer
simulations of structure formation showed that a univemaidated by Cold Dark Matter (CDM)
matched observations of galaxy clustering on large sc@lagi§ et al. 1985), and that within this
framework galaxy assembly should be hierarchical (Blufma&iret al. 1984).

The situation today is that there are many simulations tteatigsed to predict properties of the
galaxy population, and how it evolves through time. Sigaificsuccess has been reached when
predicting the properties and scaling relationships adixjak, yet problems still exist (e.g., Guo et
al. 2011). While there are famous problems such as theigattid the CDM dark matter profile
problem, there are also issues when examining how the @wolaf galaxies occurs, and trying to
match this with the theory.

| focus here on the much less well known problems of CDM in jotaty galaxy evolution at
high-redshift. While semi-analytical CDM models can potdocal galaxy properties well (e.g.,
Bower et al. 2006; Guo et al. 2011), there are very significhfférences between observations
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Figure 6: The right panel and left panels show the relationship betvgedaxy rest-frame colour and en-
vironment (as measured throughdtand stellar mass (Gritzbauch et al. 2011a). This relatoaslso
shown as a function of redshift in three panels. The left [sasteows how the relationship between environ-
ment and colour such that there is very little trend betwbesé, while the right panel shows that there is a
strong correlation between the stellar mass and colouh, that higher mass galaxies are always on average
redder than lower mass systems. This strong trend contirmuesz— 3 (e.g., Gritzbauch et al. 2011b).
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and theory when probing at higher redshift. One of theseasriost semi-analytical simulations
are not able to reproduce the abundances, or the formatg&onhiof massive galaxies through
mergers (e.g., Conselice et al. 2007; Bertone & Conseli®®;20archesini et al. 2010; Guo et al.
2011; for further information on problems in other galaxgdictions using CDM see e.g., Guo et
al. 2011).

Specifically, the number densities of massive galaxies @M, > 11 are under-predicted in
CDM galaxy formation models at> 2 (e.g., Conselice et al. 2007; Marchesini et al. 2010; Guo et
al. 2011; Fig. 7). The difference with CDM models can be upfector of 10 or higher up ta= 2.
While some CDM models attempt to get around the star formalimvnsizing through merging
existing, but quiescent, galaxieszat 1 (De Lucia et al. 2006), these systems are clearly already
well formed by this time. To further investigate the problefrmatching observables with theory
requires that we investigate how the formation process laigss occurs, and whether models can
reproduce these known formation modes. One of major metfayddoing this is to investigate
how well CDM models can reproduce the formation history dagi&s as seen through processes
such as merging.

For example, Bertone & Conselice (2009) compare the meiigtori of galaxies to the pre-
dictions from the Millennium simulation. This comparisdmos/s that the Millennium simulation
underpredicts the number of major mergers by a similar coflenagnitude (factor of 10) that it
underpredicts the abundances of galaxies (Fig. 7). Themea®sr this are unclear, but may re-
late to either underlying cosmological assumptions, onvag in which baryons are implement
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Figure7: Plot showing issues with CDM simulation results. The lefigieshow the evolution of the number
densities for galaxies with stellar masses betwegrM 0 — 10*° M, and galaxies with M> 1015 M, .

For the most massive systems there is a significant differenthe numbers of massive galaxies and the
CDM prediction from the semi-analytical Millennium simtitan, up to a factor of 100 (Conselice et al.
2007). The right panel shows the comparison between thermragoger history and simulations based on
CDM (Bertone & Conselice 2009). The blue solid line showsghediction for the same quantities as the
points, demonstrating values that are significantly lowantthe observations.
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in these simulations. Future work, including investigatthe underlying role of dark matter, and
other cosmological features, will have to be included inifettheoretical research on how galaxies
form.

6. Summary and Outlook for the Future

The basic ideas presented in this review is that we can dditsenally determine how galaxy
formation occurs, and do not have to rely on comparing bdsseiwables to models to understand
this history. | have shown how we now have some understaridirttpw the most massive galaxies
with M, > 10 M, assembled their stellar mass and baryorzs<a8 — showing that likely mergers
and gas accretion are equally important during this epotise@ations of higher redshift galaxies
are still very new, especially in terms of having stellar mesmpleted samples, although progress
will be quickly made with surveys such as CANDELS, UKIDSS Ua@&l VISTA.

While we have learned quite a bit about the history of the fdiom of massive galaxies,
probing the star formation and merger rates, there is ssilaificant amount regarding galaxies
that we are still just starting to explore. Some of thesetantiing issues that have not been fully
addressed, include: how disk galaxies and their structigmsal arms, bars) form, and what the
nature of massive galaxies themselves are>at?, as these systems are not analogs to any local
galaxies in almost every way.

Deep and wide field surveys such as with Euclid and WFIRST eeitty out large imaging
surveys that will address the problem of galaxy evolutiogri@at detail, providing the large and
deep fields that Hubble and ground based telescopes camwvadgrHowever, what is also needed
is kinematic measurements alongside structural measutsritetruly decipher the nature of distant
galaxies. We are just starting to scratch the surface of whatbe done, but in the near future
instruments such as KMOS on the VLT, and in the future the Bidllgprovide large numbers of
IFU spectra through surveys.

We have also not yet detected the first galaxies to form, afthave are pushing the limits
(e.g., Yan et al. 2012). JWST and the ELTs will provide a deejb@ of the universe such that
we will likely see the first galaxies and perhaps stars fognaspecially utilising the benefits of
gravitational lensing (e.g., Coe et al. 2012). The next gggtimn of radio telescopes, such as SKA
and its precursors will furthermore allow us to measure tildargely uncertain properties of gas
within distant galaxies, including the important questiditnow the gas content evolves with time.
This will allow us to complete our physical and empirical lledge of galaxy formation.

| thank my collaborators, students and post-docs for atigwie to include some of their work
in this review, and for the numerous discussions that hayefgiantly increased my understanding
of the topic of galaxy formation. This includes: Alice Martk, Asa Bluck, Fernando Buitrago,
Matt Hilton, Ignacio Trujillo, Shardha Jogee, Tim WeinzWill Hartley, Jamie Ownsworth, Ruth
Gritzbauch, Seb Foucaud, Omar Almaini, Amanda Bauer andXean. Support for some of
the research presented here came from STFC, NASA, NSF aheveehulme Trust.
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