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Galaxies at z=2.3

Simulated galaxies starting by zooming a cosmological
simulation of a galaxy of virial mass M,;, = 102 M5 (Pontzen et
al. 2017)
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Following Hubble
(1936), we still classify

galaxies as ellipticals,
spirals, and irregulars
. (see Sandage 2005),
e based on
3 morphology. But

' r'l ~u : B B morphology

j ¢ . L correlates with the

- stellar population
B Notw N contfent of these

e .\% galaxies, with typical
ellipticals being
redder than the

| NGCL7s wacass  Ofhers and showing
PR , AR purely stellar
N . | absorption-line
Lenticulars w ‘ B ¥ spectra with no or
¢ very weak nebular

SBa emissions.
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The galaxy colours bimodality
reflects the bimodality of SFRs.
ETGs are red, spirals are blue.
Only a small fraction of galaxies
have infermediate colours
(Green Valley galaxies).

This suggests that star formation
iNn galaxies is either ongoing or
was quenched several Gyr ago.
Green Valley galaxies should
have experienced a recent
quenching of their star
formation. Seyfert galaxies have
infermediate age stellar
populations (Schawinski et al.
2007) and mostly lie in the
Green Valley (Schawinski 2012).
This suggests that star formation
IS quenched by nuclear activity.



Spheroid- vs disk-dominated galaxies

» A consequence of the morphology-colour correlation is that one often
refers to early-type galaxies (ETG), even if they are colour (or spectral-
type) selected rather than morphologically selected.

» The bulges of spirals of the earlier types show morphological as well as
spectral similarities with ellipticals, and one often includes both ellipticals
and bulges under the category of galactic spheroids.

e correlation between colour and morphology selection persists up to
substantial redshift, e.g., at z ~ 0.7 about 85% of color-selected, red-
sequence galaxies are also morphologically early-type, i.e., E/SO/Sa (Bell
et al. 2004), an estimate broadly consistent with the local one, when
allowing for the broader morphological criterion.

» The space density of spheroids (excluding little blue spheroids, LBS) is
lower than that of disks, but their mean stellar mass is much higher. As a
result, spheroids contain the majority of the stellar mass.
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1 Comparison of the stellar
1 mass functions of disk- and

spheroid-dominated

i galaxies (without the little

1 blue spheroids, LBS).

1 Spheroids dominate the

| galaxy stellar mass function
{above ~101° M
1 Approximately 70% of the

1 total stellar mass is found in
| spheroid-dominated

sun-

systems (E and S0-Sa) and

1 approximately 30% per cent
1in disc-dominated systems

| 1(Sab-Scd and Sd-Irr).

| 1However, this depends on
.l how we deal with bulges.



Only less than 10% of baryons make
stars!

Galaxy formation
IS
shokingly inefficient

More than 90% of baryons are elsewhere!




In red Planck results

a a . .
Parameter (Planck Collaboration X111 2016) Components Totals Total visible
yark sector: 0.954  0.003 matter:
.951+0. —
g‘“t energy g;i 1 g-g; 0.601140.0062 Sdyig—
ark matter 23 £ 0, 0.2589+0.0022
Primeval gravitational waves <1010 000525’
rimeval thermal remnants: 0.0010 + 0.00051.e. ~ 10.5%
Neutrinos 10722+ 01 ’
Prestellar nuclear binding energy —10~41£00 total
Jaryon rest mass: 0.045 + 0.003 baryons N
Warm intergalactic plasma 0.040 £ 0.003 0.050+0.0066 alaxies:
Virialized regions of galaxies 0.024 + 0.005 9 ]
Intergalactic 0.016 + 0.005 Q=
Intracluster plasma 0.0018 £ 0.0007 0.00345
Main-sequence stars: spheroids and bulges 0.0015 + 0.0004 N 0 ’
Main-sequence stars: disks and irregulars 0.00055 + 0.00014 l.e. ~ 8% of
White dwarfs 0.00036 + 0.00008 baryons_

Neutron stars
Black holes
Substellar objects
Hi1+ He1
Molecular gas
Planets
Condensed matter
~ Sequestered in massive black holes

Fukugita & Peebles (2004)

0.00005 £ 0.00002
0.00007 £ 0.00002
0.00014 £+ 0.00007
0.00062 £ 0.00010
0.00016 £+ 0.00006
10~
10—5.6 + 0.3

107341 + ¢,,)

g,~0.1: radiation
efficiency



Galaxy vs halo mass function

» \\hy Is the shape of the galaxy stellar mass function
different from the halo mass function?

» \\/hy Is there an upper limit to the galaxy stellar mass
function?




Merger Iree adapted from Lacey & Cole  Galaxy vs halo mass
t mm MNRAS 262, 627 (1993) function -1

Schematic representation of
a ‘merger tree’ depicting

the growth of a halo as the
result of a series of
mergers. The widths of the

branches represent the
masses of the individual
parent haloes. A slice

Halos & through the_ trge h_orlzontally
gives the distribution of
masses in the parent

Disks

grow

‘ Bulges grow
ks between \a

W during haloes at a given time. t, is

mergers mergers the present time and t, is
| / the formation time, defined
D as the time at which a

parent halo containing

In excess of half of the
mass of the final halo was
first created.




Log[n/(h-*Mpc)—3]

-10

| T T T I v ! B
Halo mass function computed with the
- Sheth & Tormen (2002) formalism
3 T -
\ -;::_:___\\\
G -::::>“.
\,\ ~ -:x.._ '\ \-::\
\\\ \.-::t%:{
\ . ~ .‘*553“\
‘\\ \\ \' \ -‘.\\e‘.‘&?
\\. \ ™ :'\:ax_‘:\_\
\ \ - .G
\ \ b \ < .
G ? N N\ .
..\‘ o \ )
z=30 15 10 © D 3 \0 ]
. % \\

-\“. \-.“ _‘
'|| \ l'l

l | 1 I I ] I".l - I'i e

5 10 15

Log M/M,

The halo mass
function evolves
strongly with
redshift. At the
present time it
smoothly
extends to
masses > 1015
MSUI’]'

But this is not
the case for the
stellar mass
function.



Goloxy Holo Mass Function
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1 Comparison between the halo

1 mass function offset by a

1 factor of 0.05 (dashed line),

1 the observed local galaxy stellar
1 mass function (Panter et al.

1 2007; symbols) and model by

1 Moster et al. (2010) with (dotted
1 line) and without scatter (solid

1 line). The drop at low mass of

1 the observed stellar mass

{ function is due to

1 incompleteness.

1 The halo and the galaxy mass

1 functions have different shapes,
1 Implying that the stellar-to-halo
1 mass ratio m/M is not constant.
J The closest approach is for

m=3x101° M.
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Ratio of stellar,
m, to halo
mass, M, as a
function of M,
derived using
the abundance
matching
technique. The
light shaded
area shows
the 10 region
while the dark
and light
shaded areas
together show
the 20 region.
The maximum
star formation
efficiency
corresponds to
M~1012 M

sun-*



The comparison of the stellar to halo mass function identifies a characteristic
galactic halo mass M;, ~ 10'> M.

M), 1s understood by the requirement that cooling within a dynamical time 1s a
necessary condition for efficient star formation.

Define teoo = 3/2nkT/[n*A(T)] and tayn = 3/( \327xGp). For star formation to
occur, cooling is essential, and the condition 7., < 73y, guarantees cooling in an
inhomogeneous galactic halo where gas clouds collide at the virial velocity.

One finds that (Silk 1977, Silk & Mamon 2012)

3
M = @ My leool T1+28

cool —
a/'z; Me ldyn

where a = ¢ /(hc) and @, = Gm;, /e are the electromagnetic and gravitational
fine structure constants.

The condition fcoo1 = fayn than defines a critical halo mass ~ 10'% M, (Silk
1977), corresponding to a stellar mass of ~ 3 x 10'"M,, and to a typical
L, ~ afew x 10'Y L, for a typical mass-to-light ratio M/L ~ a few.



Why is the star-formation efficiency decreasing
as we move away from the characteristic halo
MAsse

The current favourite answer is feedback

There are various flavours of feedback, but
those thought to have the main role are
supernova explosions and AGN activity.




e Supernova feedback may affect the surrounding gas by
transferring kinetic energy to it and giving the gas enough
velocity to escape the galaxy.

- 7SN
e The cold gas removal rate by supernova explosions, M,

can be written as (Granato et al. 2004; Lapi et al. 2014):

- Ngn esn Egn
MEN  — SFR .
cold )
€bind

where Ngy = 1.4 X 107%2/M,, is the number of SNae per unit
solar mass condensed into stars, Eqx ~ 107 erg 1s the Kinetic
energy released per SN explosion,

€bind = 3 X 10" (My/10" M,)*" [(1 + z)/3.5] cm? s™% is the
specific binding energy of the gas in the halo; esny ~ 0.05 1s
the standard value adopted for the SN feedback efficiency
(e.g., White & Frenk 1991; Cole et al. 2000).




The gas binding energy 1s then

57

Mgas/MH MH S ]l + 7
0.01 \102Mm,) 35

Thus, at x = 2.5 and for Mg,s ~ 0.01 My the kinetic energy of a
single SN exceeds the gas binding energy for My < 10° M.,
Taking into account the SN feedback efhiciency (egn ~ 0.05), a

single SN can expel all the cold gas from a galaxy with
My <4 x10°M,.

For larger galaxies, the feedback involves the combined action of
many SNae and the balance of the energy supplied by them with
that dissipated 1n collisions between cold gas clouds.



According to the simulations by Efstathiou (2000), in a Milky
Way-type system (i.e. My ~ 10'? My) feedback from SNae may
drive out some of the gas from the halo in the early phases of
evolution (¢ £ 0.3 Gyr) when the star formation rate is high and
the temperature of the hot phase exceeds ~ 5 x 10° K. For
plausible sets of parameters, perhaps 20 — 30% of the final stellar
mass might escape from the galaxy. At later times, the
temperature of the hot phase drops to ~ 10° K and the evaporated
gas cycles within the halo in a galactic fountain.

The energy injected by SNae into the ISM also regulates the star
formation efficiency (SFE). SNe provide recirculation and
venting of gas into fountains, thereby reducing the SFE and
prolonging the duration of star formation in normal disk galaxies,
that are the dominant population for My < 10'2 M,,.

According to Silk & Mamon (2012), SN feedback accounts for
typical SFE ~ 0.02.



Font et al. (2001)
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Spheroidal galaxies

» Spheroidal galaxies dominate the galaxy stellar mass function
for M, > 1010 M

®» Again the baryon fraction is far from its primordial value, but
SNae cannot eject significant amounts of gas from massive
galaxies.

suns

® |n the early simplest version of hierarchical growth of galaxies,
baryons contfinue to be accreted over a Hubble time and the
stellar mass grows. Consegquences:

= Massive galaxies are overproduced
» Are too blue since the star formation continues down to low z

®» Form |late because massive halo preferentially form late.




i ' ' ' ' ! : ! ] ETGs follow
a tight color-
magnitude (C-
- - M) relation
~~~~~~~~~~~ o) (Baum 1959;
ot T T Visvanathan &
e, o‘o\~‘_ ------------ 1 Sandage 1977).
LD . T P | sandage s
i"r RS, N Visvanathan
RRE g Bl (1978a.,b)
established the
universality of
this relation. The
(U=-V)-MV
i oo o color-
- ® Elliptical °® P o4 li magnitude
L S0 o 1 relation for
galaxies that
are
- o Unclassified 1 spectroscopic
| 1 members of
' : ' : ' . , the Coma
—22 —20 -18 —10 cluster (Bower et

M,+Slogh al. 1999).

— @ Spiral + Irr -
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Relation
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V ) and ceniral
velocity
dispersion (O)
for ETGs in the
Virgo (open
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Coma (filled
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clusters. Red
circles
represent
ellipticals; blue
triangles
represent S0Os.
From Bower,
Lucey & Ellis
(1992).



The colour-velocity dispersion relation

®» Bower et al. (1992) reported a remarkable homogeneity of ETGs in the Virgo and

Coma clusters. They estimated the intrinsic colour scatter in the colour-o relation
to be 6(U -V ) = 0.04 mag.

» They concluded that if the scatter is attributed to an age dispersion, ellipticals in
clusters formed the bulk of their stars at z = 2, and later additions should not

provide more than ~10% of their present luminosity. This approach provided, for
Ime, a robust demonstration that cluster ellipticals are made of very old

®» The slope of the C-M and colour-o relations sets constraints on the amount of
erging that may have led to the present-day galaxies: merging without star
ormation increases luminosity and o, but leaves colors unchanged, thus
broadening and flattening the relations. Merging with star formation makes bluer
galaxies, thus broadening and flattening the relations even more.

Bower et al. (1998) concluded not only that the bulk of stars in clusters must have
ormed at high redshift, but also that they cannot have formed in mass units
uch less than about half their present mass.



The fundamental plane

» Three key observables of elliptical galaxies, namely the effective radius R, the
central velocity dispersion o, and the luminosity L, or equivalently the effective
surface brightness |, = L/211R 2, relate their structural/dynamical status to their stellar
content.

» Flliptical galaxies are not randomly distributed within the 3D space (R., o, |.). but
rather cluster close to a plane, thus known as the fundamental plane (FP), with R,
0% | > (Dressler et al. 1987, Djorgovski & Davis 1987), where the exponents a and b

depend on the specific band used for measuring the luminosity.
®» The mere existence of a FP implies that ellipticals:
» are well-virialized systemes,

®» have self-similar (homologous) structures, or their structures (e.g., the shape of the
mass distribution) vary in a systematic fashion along the plane,

®» and contain stellar populations that must fulfill fight age and metallicity constraints.
Renzini & Cioftti (1993) argued that the small scatter perpendicular to the FP implied
a small age dispersion (<15%) and high formation redshift, fully consistent with the
Bower et al. (1992) argument based on the narrowness of the Colour-Magnitude
and colour-o relations.



The line strength diagnostics. Lick indices

» Optical spectra of ETGs present a numlber of absorption
features whose strength must depend on the distributions of
lar ages, metallicities, and abundance ratios.

»/To exploit this opportunity, Burstein et al. (1984) intfroduced a set
of indices now known as the Lick system. The most widely used
iIndices have been the Mg, (or Mgb), Fe, and the Hfp indices.
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SSP Spectra: Variation with Age
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Star formation tfimescales of spheroidal galaxies - |

®» Models for the chemical evolution of elliptical show that the
bulk of the Fe abundance is produced by type |la SNe on o
timescale of =107 yr. The Fe enrichment is therefore delayed
compared to a-elements, such as Mg, produced by type li
SNe, on much shorter timescales (=108 yr).

The a-enhancement (high a/Fe ratio) observed in massive
galaxies requires star formation timescales < 0.5-1 Gyr
(Matteucci 1994; Thomas et al. 1999). This is at odds with earlier
expectations of a decrease with increasing galactic mass of
the [Mg/Fe] ratio, based on the assumption that the star
formation timescale should be approximately equal to the
dynamical timescale.




Formation of Early Type Galaxies (Evolution of

Clemens et al. (2009)
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= distance to the fifth nearest neighbour



Star formation timescales of spheroidal galaxies - 2

®» Another constraint on the star-formation timescale for Early Type

Galaxies (ETGs) comes from the luminosity functions of sub-mm
galaxies, determined up to z = 4 from Herschel survey data (Eales

et al. 2010; Lapi et al. 2011; Gruppioni et al. 2014).

®» The comoving density of galaxies with given SFR or infrared
luminosity at redshift z is related to the density of host halos by

D(SFR, z)~ N(M,z) =

exp

where 7., Iis the age of the universe at z and 74 is the lifefime of
the star forming phase.

» Observational determinations of ®(SFR,z) are matched by typical
tser = 0.7 Gyr for the most massive galaxies, increasing with

decreasing mass.
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To recover agreement with the observed counts it was necessary to assume dust temperatures ~20 K,
muchVlower than those expected, and actually observed, for the compact high-z sub-mm galaxies (30-
40 K)\ hower temperatures shift power to longer wavelengths. This solution is inconsistent with counts at
shorteywavelengths.
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the moshimportant of which was the adoption of a top-heavy (i.e., flat, dN/d In m=const) IMF in bursts. Such
a flat | as no observational confirmation. Also it makes difficult to account for the galaxy main sequence
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Constraints from clustering

An important constraint on any evolutionary picture comes from
observational measurements of the clustering of selected galaxies,
which provides information on the masses of the dark matter haloes
INn which they reside.

®» However, measuring the clustering of FIR/sub-mm galaxies has
proven challenging.

rmation about the clustering, and therefore host halo masses, of
e unresolved FIR/sub-mm galaxies which conftribute to the bulk of
the Cosmic Infrared Background (CIB), can be obtained from the
angular power spectrum of CIB anisotropies.

» A clear signal has been measured on Herschel and Planck maps
(Viero et al. 2013; Planck Collaboration XXX 2014).

®» The Viero et al. and the Planck Collaboration studies infer the typical
halo mass for galaxies that dominate the CIB power spectrum as
101175205071 M 5 and 101243201 =1 M, respectively, making various
assumptions.




Galaxy Biasing

Suppose that the density fluctuations in mass and in light are not

the same, but
(Ap/ p) light =b (Ap/ p) mass
E(}" ) light - b2 g(f’ ) mass

Here b is the bias factor.

If b = 1, light traces mass exactly (this 1s indeed the case at z ~ 0,
at scales larger than the individual galaxy halos). If 5 > 1, light is
a biased tracer of mass.

Or:

One possible mechanism for this is if the galaxies form at the
densest spots, 1.e., the highest peaks of the density field. Then,
density fluctuations containing galaxies would not be typical, but
rather a biased representation of the underlying mass density field;
if 1-o fluctuations are typical, 5-c ones certainly are not.

Source: www.astro.caltech.edu/~george/ay127/Ay127_ClustEvolBias.pdf




High Density Peaks as Biased Tracers

Take a cut through a density field. Smaller fluctuations ride atop
of the larger density waves, which lift them up in bunches; thus
the highest peaks (densest fluctuations) are a priori clustered more
strongly than the average ones:

Proto-
cluster

Proto-
void

Thus, 1f the first galaxies form in the densest spots, they will be
strongly clustered, but these will be very special regions.

Source: www.astro.caltech.edu/~george/ay127/Ay127_ClustEvolBias.pdf




Effective bias as @
function of redshift
for different halo
masses. At any z,
D IS A strong
function of M,, and
therefore provides
an estimate of the
halo mass.

From Matarrese et
al. (1997).
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Galaxy downsizing

» Prior to 2000 or so, the widely accepted hierarchical galaxy
formation models predicted that small galaxies form prior to
massive galaxies.

» However it had long been known that observations were
presenting a very different view. The first indications that this was in
error came from the recognition that more massive early-type
galaxies have redder colors (de Vaucouleurs 1961), higher
metallicities (Faber 1973) and enhanced [a]/[Fe] metallicity rafios
(Ziegler et al. 2005), indicative of an older stellar population with a
shorter star formation time. This effect is called downsizing, as the
most massive galaxies have their stellar populations in place early.
assembly favored more massive systems at earlier epochs.

» A direct view of galaxy downsizing comes from determinations of
the redshift-dependent stellar mass function.
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formation rate history, as
function of look-back time
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Star-formation timescale for massive ETGs

We have seen arguments showing that the star-formation timescale of
massive ETGs is not determined by either the dynamical time, that
would imply a longer SF timescale for the more massive galaxies, or by
the merger timescale which is too short (and the merging sequence
proceeds for foo long).

» SF on a dynamical (merger) timescale conflicts with the observed
downsizing, with the colour-magnitude relation (massive ETGs would be
tog blue), with the colour-o relation, with the line strength diagnostics
stellar populations (Lick indices), with the a-enhancement, with the
uniformity of ETG properties demonstrated by the fundamental plane
and hard fo account for by a stochastic process such as a sequence
of merger events, and with the abundance of bright sub-mm galaxies
(SMGs),

» \Which process then conftrols the SF fimescale of massive ETGse A
plausible answer: AGN feedback.
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The growth histories of the stellar mass (left panel) and of the AGN luminosity (hence of BH
mass) share further similarities: the most massive galaxies form in intense starbursts at high
redshift while less massive galaxies have more extended star formation histories that peak later
with decreasing mass. This ‘anti-hierarchical’ nature (downsizing) is mirrored in BH growth: the
most massive BHs likely grow in intense quasar phases which peak in the early universe, while
less massive BH have more extended, less intense growth histories that peak at lower redshift.
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How can AGNs affect the host galaxy?
The BH’s gravity has a negligible effect on its host galaxy. On the

other hand, the energy released by the AGN

M
Epy ~ eMc? ~2x 10615 _2BH
0.1 10% M,

Ig,

where € 1s the mass to radiation conversion efficiency, is far larger
than the gas binding energy. Setting My,s = f Myyige, With f < 1,
we have

K
Myyige /M My o
erg,

3 R 58
E as N — M e T o~ l .2x ].0
oas 2f bulge J 103 108 M \ 200 km/s

where o is the line-of-sight velocity dispersion (the
corresponding 3D velocity i1s v = V30). This means that only a
few percent of the BH energy output may have a strong influence
on the gas in the host galaxy, potentially expelling it and, at the
same time, limiting its own growth.



AGN feedback

» Strong AGN-powered winds offer a plausible physical origin for
the connections between the black hole and properties of its
host and can defermine the star formation fimescale.

®» The physical mechanism responsible for the AGN feedback is
however still debated (see King & Pounds 2015 for an excellent

review).
To account for the observed downsizing either the fraction of

AGN energy released in a mechanical form or the coupling with
the gas must be somewhat higher for the more massive galaxies

(Granato et al. 2004).




Self-regulated galaxy-AGN co-evolution

= Dark matter

= Q\g °
. Cold gas u

f,:. 2 Gas cools, collapses and forms stars directly
Zyir » in M,~< 10" Mgy SNae regulate SF
» in M,;>~10"Mg nothing prevents a huge burst

DM halos form by fast accretion of few massive clumps
while gas is heated to virial temperature

3 Growth of supermassive BH promoted by SF
High-z QSO after ~0.7 Gyr

QSO

4 passive evolution
PHASE

Based on the
Granato et al.
(2004)
model.
Figure:
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Observed cosmic star formation history - |

» There are many SFR indicators (see reviews by Kennicutt (1998) and Kennicutt
& Evans (2012)). Such indicators generally measure the rate of massive star
formation, because massive stars emit most of the energy from a young stellar
population.

» Different observational tracers are sensitive to different ranges of stellar
masses; hence, they respond differently as a function of stellar population
age.

a emission arises primarily from Hll regions photoionized by O stars with
ifetimes shorter than 20 Myr, whereas the UV continuum is produced by stars
with a broader mass range and with longer lifetimes.

Opfical/UV tracers of the SFR are liable to dust extinction that can be large,
especially at high z, when the dusty ISM is abundant.

Dust absorbs the starlight and reradiates it at MIR and FIR wavelengths. The
effect of dust extinction at FIR wavelengths is generally regarded as negligible,
although in the MIR extinction can still be relevant for the most deeply buried
star formation and AGN.
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Conclusions - |

®» The galaxy formation is quite inefficient: only about 10% of baryons are in
galaxies. This calls for processes capable of hindering star formation and of
cutting down exponentially the galaxy stellar mass function (feedback
processes).

®» The ratio of the stellar o halo mass function shows a well defined peak at
Mnaio ~ 1012 M ., corresponding to M, ~ fewx10'° M, ,, close to the
boundary between the disk and the spheroid dominated stellar mass
function.

=/This mass also corresponds to t.,, = ty,, Which is related to the
disk/spheroid dichotomy (Eggen et al. 1962).

» Below this critical mass, the feedback from SNe dominates. For small halos
a single SN can disrupt a proto-galaxy. For larger galaxies, the feedback
Involves the combined action of many SNe and the balance of the
energy supplied by them with that dissipated in collisions between cold
gas clouds. SN feedback can account for a typical star formation
efficiency of 0.02.



Conclusions - 2

» Above that critical mass the AGN feedback provides a plausible
explanation for the observed relationships between the black hole
mass and properties of its host.

» The AGN feedback can also determine the star formation timescale for
spheroidal galaxies and account for the observed “downsizing”.

» The narrowness of several well established relations (fundamental
plane, the colour-magnitude, colour-o) indicate that the properties of
ETGs are remarkably uniform and that their star-formation history is
primarily determined by the halo mass. This implies tha stochastic events
such as merger-driven starbursts play a relatively minor role.

» This conclusion is further supported by the abundance of bright
submillimeter galaxies and by their clustering properties.



Conclusions - 3

» The global SFR density peaks at z~2.5 i.e. ~3.5 Gyr after the Big
Bang and drops exponentially at z < 1 with an e-folding fimescale
of 3.9 Gyr. The Universe was much more active place in the past:
stars formed at a peak rate approximately almost one order of
magnitude higher than is seen today.

» Approximately 25% of the present-day stellar mass density formed
at z > 2, before the peak of the SFRD, and another 25% formed
since z=0.7, i.e., roughly over the last half of the Universe’s age.

®» The smooth evolution of the cosmic star formation history
suggests that it is primarily determined by a balance between
gas accretion and feedback processes, both closely related to
galaxy mass. Again stochastic events such as merger-driven
starbursts appear to have played a relatively minor role.



