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ABSTRACT

We predict the evolution of galaxy scaling relationships from cosmological, hydrody-
namical simulations, that reproduce the scaling relationsof present-day galaxies. Although
we do not assume co-evolution between galaxies and black holes a priori, we are able to re-
produce the black hole mass–velocity dispersion relation.This relation does not evolve, and
black holes actually grow along the relation from significantly less massive seeds than have
previously been used. AGN feedback does not very much affectthe chemical evolution of our
galaxies. In our predictions, the stellar mass–metallicity relation does not change its shape,
but the metallicity significantly increases fromz ∼ 2 to z ∼ 1, while the gas-phase mass-
metallicity relation does change shape, having a steeper slope at higher redshifts (z . 3).
Furthermore, AGN feedback is required to reproduce observations of the most massive galax-
ies atz . 1, specifically their positions on the star formation main sequence and galaxy
mass–size relation.

Key words: black hole physics – galaxies: evolution – galaxies: formation – methods: nu-
merical – galaxies: abundances

1 INTRODUCTION

The formation and evolutionary histories of galaxies have been
constrained from scaling relations. In particular, the black hole
mass–bulge mass relation indicates that black holes (BHs) and
galaxies co-evolve, while the mass–metallicity relationssuggest
self-regulated chemical evolution of galaxies. Large-scale surveys
with ground-based telescopes, such as SDSS, have revealed these
scaling relations, and with future space missions such as JWST
these relations will be obtained at higher redshifts. In this paper,
we predict the time evolution of these relations in our cosmological
simulations that include detailed chemical enrichment.

While the evolution of dark matter in theΛ cold dark mat-
ter (CDM) cosmology is reasonably well understood, how galax-
ies form and evolve is much less certain because of the com-
plexity of the baryon physics, such as star formation and feed-
back from supernovae and active galactic nuclei (AGN). In galaxy-
scale hydrodynamical simulations (e.g., Scannapieco et al. 2012),
such small-scale physics has been modelled with some parame-
ters, the values of which we have determined from observations of
present-day galaxies (Taylor & Kobayashi 2014, hereafter TK14).
Although our modelling of star formation and stellar feedback
is similar to other cosmological simulations (Vogelsberger et al.
2014; Schaye et al. 2015; Khandai et al. 2015), we have introduced

⋆ E-mail: philip.1.taylor@anu.edu.au

a new AGN model where super-massive BHs originate from the
first stars (TK14). This AGN feedback results in better reproduc-
tion of the observed downsizing phenomena (Taylor & Kobayashi
2015a, hereafter TK15a), and cause AGN-driven metal-enhanced
outflows from massive galaxies (Taylor & Kobayashi 2015b, here-
after TK15b).

The BH mass–bulge mass relation found by Magorrian et al.
(1998) has underscored the importance of BHs during galaxy evo-
lution. The correlation with central velocity dispersion is one of the
tightest and most straight forward to measure (Ferrarese & Merritt
2000; Gebhardt et al. 2000; Tremaine et al. 2002; Kormendy & Ho
2013). Mass–metallicity relations (Faber 1973; Kewley & Ellison
2008; Gallazzi et al. 2008) contain information on how stars
formed in galaxies, namely the importance of inflow and outflow
during star formation. This has been demonstrated with classi-
cal, one-zone models of chemical evolution (e.g., Tinsley 1980;
Matteucci 2001), followed by hydrodynamical simulations (e.g.,
Kobayashi et al. 2007; Finlator & Davé 2008). Colour–magnitude
relations are the combination of the mass–metallicity relation and
mass–age relation, although in early-type galaxies they are mostly
caused by the metallicity effect (Kodama & Arimoto 1997). On
stellar ages, the relation between specific star formation rates and
stellar masses have been shown (Juneau et al. 2005; Stark et al.
2013), and the star formation main sequence (e.g., Renzini &Peng
2015) has become more popular in recent works. The size–mass
relation (Kormendy 1977; Trujillo et al. 2011) can also be repro-
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duced with our cosmological simulations, which is important since
this relation contains information on when stars form in collapsing
dark halos, as demonstrated in simulations by Kobayashi (2005).
The observed rapid evolution in size is one of the unsolved prob-
lems for early-type galaxies (Trujillo et al. 2004; Damjanov et al.
2009).

This paper is laid out as follows: in Section 2 we briefly de-
scribe the setup for our simulations, before showing presenting the
evolution of various galaxy scaling relations from our simulations:
the BH mass–velocity dispersion relation; mass–metallicity rela-
tions; size–mass relation; and the star formation main sequence, in
Section 3. Finally, we present our conclusions in Section 4.The
box-averaged, cosmic evolution and stellar mass/luminosity func-
tions are also presented in Appendix A for reference.

2 SIMULATIONS

Our simulations were introduced in TK15a; they are a pair of
cosmological, chemodynamical simulations, one run with the
model for AGN feedback introduced in TK14, the other identi-
cal but for its omission of AGN feedback. Our simulation code
is based on the GADGET-3 code (Springel et al. 2005), updated
to include: star formation (Kobayashi et al. 2007), energy feed-
back and chemical enrichment from supernovae (SNe II1 and
Ia, Kobayashi 2004; Kobayashi & Nomoto 2009) and hypernovae
(Kobayashi et al. 2006, 2011), and asymptotic giant branch (AGB)
stars (Kobayashi & Nakasato 2011); heating from a uniform, evolv-
ing UV background; and metallicity-dependent radiative gas cool-
ing. The BH physics that we include is described below. We adopt
the initial mass function (IMF) of stars from Kroupa (2008) in the
range0.01 − 120M⊙, with an upper mass limit for core-collapse
supernovae of50M⊙. These simulations have identical initial con-
ditions consisting of(240)3 particles of each of gas and dark mat-
ter in a periodic cubic box25 h−1 Mpc on a side, and show cen-
tral clustering of galaxies. This setup gives a gas particlemass
of Mgas = 1.44 × 107 h−1M⊙, dark matter particle mass of
MDM = 7.34 × 107 h−1M⊙, and gravitational softening length
ǫ = 1.125 h−1 kpc. We employ a WMAP-9ΛCDM cosmology
(Hinshaw et al. 2013) withh = 0.7, Ωm = 0.28, ΩΛ = 0.72,
Ωb = 0.046, andσ8 = 0.82.

A detailed description of our AGN model was presented in
TK14; we reiterate the key features here. BHs are seeded from
gas that is metal-free and denser than a threshold value in order
to mimic the most likely channels of BH formation in the early
Universe, specifically as the remnant of a massive stellar progeni-
tor (e.g., Madau & Rees 2001; Bromm et al. 2002; Schneider et al.
2002; Hirano et al. 2014) or following the direct collapse ofa
massive, low angular momentum gas cloud (e.g., Loeb & Rasio
1994; Omukai 2001; Bromm & Loeb 2003; Koushiappas et al.
2004; Agarwal et al. 2012). We determined that a seed mass of
MBH = 102−3M⊙ was necessary to best reproduce observations.
Such a seeding scheme is in contrast to other AGN feedback mod-
els (e.g., Vogelsberger et al. 2014; Schaye et al. 2015) in which a
single BH seed of massMBH ∼ 105M⊙ is placed in every dark
matter halo more massive than∼ 1010M⊙. Since our seeds are
significantly less massive than other particles, we track the black
hole mass due to accretion and mergers separately to the original
particle mass. BHs grow via Eddington-limited, Bondi-Hoyle gas

1 Our description of SNe II also includes a prescription for Type Ibc.

accretion, and may also merge with other BHs if their separation is
less than the gravitational softening length and their relative veloc-
ity is less than the local sound speed. This velocity criterion ensures
that BHs undergoing a flyby do not merge (we note that the Illustris
simulations do not use a velocity criterion; see Sijacki et al. 2015).
We note that the criterionvrel <

√

GM/ǫ has been used in other
works (e.g., Booth & Schaye 2009; Schaye et al. 2015), whereM
is the mass of the more massive of the merging BHs, andǫ their
gravitational softening. We do not use this because the BH mass is
calculated from its merger and accretion rates, whereas itsveloc-
ity is determined using its ‘dynamical mass’= max(MBH,Mgas),
which can be orders of magnitude larger thanMBH. The net ef-
fect of our AGN feedback is presented as the evolution of cosmic,
box-averaged gas and stellar mass fractions and metallicities in Ap-
pendix A.

In TK15a, we showed how the final states of our simulations
changed due to the action of AGN feedback by examining galaxy
scaling relations, and found that it is essential in order tobetter
match observed downsizing phenomena. Despite the parameteriza-
tion of small-scale physics due to the finite numerical resolution,
our fiducial simulation gives good agreement with various physical
properties of present-day galaxies. We now extend this analysis to
high redshift. We compare the simulations to observations where
available; all observationally derived galaxy masses are converted
to a Kroupa IMF (Bernardi et al. 2010), unless a Chabrier IMF was
used since they give very similar values (Bruzual & Charlot 2003).

In TK15a, we introduced three galaxies, labelled A, B, and C,
which we used to highlight the effects of AGN feedback on galax-
ies in different environments. A is the most massive galaxy at the
present day, and sits at the centre of a cluster, B is a massivefield
galaxy, and C is a low mass galaxy embedded in a dark matter
filament away from the main cluster; more detailed descriptions,
including star formation histories, may be found in TK15a. In sec-
tion 3, we trace the positions of galaxies A, B, and C in the scaling
relations back through the simulations.

3 RESULTS

3.1 MBH–σ

Of the many correlations between super-massive BH mass,MBH,
and galaxy properties, the correlation with the central line-of-sight
velocity dispersion of the stellar bulge,σ, is one of the tightest and
most straightforward to measure. Fig. 1 shows the evolutionof the
medianMBH − σ relation atz = 0 − 4 in our simulation with
AGN, which shows no significant evolution.σ measured within the
central projected2h−1 kpc of a simulated galaxy.

In Fig. 2, we plot simulatedMBH againstσ at 6 redshifts
(z = 0, 0.36, 1, 2, 3, 4), comparing with observations. In all pan-
els, the grey dashed line corresponds to the local relation given
in Kormendy & Ho (2013), extrapolated below the observational
limit of ∼ 106M⊙, and the solid red line denotes the ridge line
of the 2D histogram of the data. We are limited by resolution for
log

(

σ/200km s−1
)

. −0.8, giving rise to the vertical feature
present in most panels. BHs therefore join the relation at this ve-
locity dispersion, andlogMBH/M⊙ = 3 − log h (see TK14), but
quickly grow onto the observed relation. While their mass issmall,
BH growth is dominated by mergers rather than gas accretion;this
gives rise to the horizontal features that can be seen atz 6 2.
Our simulatedMBH–σ relation does not evolve, and lies on the
observed local relation of Kormendy & Ho (2013) at all redshifts.

c© RAS, MNRAS000, 1–16



Evolution of Scaling Relations 3

Figure 2. Evolution of theMBH–σ relation from our simulation. In all panels, the red line shows the ridge line of the simulated relation, and the dashed grey
line shows the observed local relation from Kormendy & Ho (2013). Also plotted are the observational data atz = 0 from Graham (2008); Graham et al.
(2011), and atz = 0.36 from Woo et al. (2006). Black dots show the positions of galaxies A, B, and C.

Figure 1. Median MBH–σ relation from our simulation at a range
of redshifts. The grey line shows the observed local relation from
Kormendy & Ho (2013).

At z = 0, the high-mass end of our relation is consistent with
the data of Graham (2008, updated in Graham et al. 2011). Dataat
z > 0 are difficult to obtain due to the necessary resolution needed
to obtainMBH (∼ 1 − 10 pc), but we include the measurements
of Woo et al. (2006) atz = 0.36, with which our data are also
consistent. The apparent offsets ofMBH − −M∗ often found in
higher redshift observations (e.g., Peng et al. 2006) are likely due
to selection effects (Schulze & Wisotzki 2014). A lack of or weak
evolution inMBH–σ (or the relatedMBH–M∗) has been seen in
many other theoretical works, using different models and simula-
tion techniques (e.g., Robertson et al. 2006; Di Matteo et al. 2008;
Hirschmann et al. 2014; DeGraf et al. 2015; Khandai et al. 2015).
This is due to the fundamental nature of the co-evolution of galax-
ies and BHs, which is not an a priori assumption in our model.

The evolution of galaxies A, B, and C (TK15a) is shown as
well, with their positions on theMBH–σ relation shown at each
redshift by the black dots (galaxy A is the most massive of the
three at each redshift). To provide additional informationfor these
three galaxies, we also show theirMBH–σ evolution with much
finer time sampling in Fig. 3. Galaxies A and B form atz > 4,
and lie close to the observed local relation at this time. Atz ∼ 2.5,
A evolves away from the observed local relation, withσ increas-
ing more quickly thanMBH, and grows back onto the relation at
z ∼ 0.5. Galaxy B, on the other hand, lies relatively close to the
observed local relation at all times. This difference is dueto the
different merger histories of the two galaxies; A undergoesseveral

c© RAS, MNRAS000, 1–16
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Figure 3. Evolution of theMBH–σ relation of galaxies A, B, and C from
our simulation. The position of each galaxy in theMBH–σ plane is colour-
coded by redshift. Also shown is thez = 0 relation for all galaxies in the
simulation (grey stars).

major mergers (including a triple merger atz = 0.75) that increase
its mass before gas is accreted by the BH, whereas the growth of
B is dominated by more quiescent gas accretion that fuels both star
formation and BH growth. The narrow, horizontal features followed
by rapid BH growth are caused by galaxy mergers followed by
BH mergers. Galaxy C forms betweenz = 1 and2, and its BH
grows quickly onto the observed local relation, but does notevolve
at lower redshifts due to the passive nature of the galaxy’s growth.
In summary, independent of the merging histories, BHs co-evolve
with galaxies, which is indeed the origin of the tightness ofthe
MBH − σ relation. Small deviation from the relation (i.e., smaller
MBH and largerσ) suggests that the galaxy has experienced a ma-
jor merger just before the observed epoch.

To provide a quantitative comparison with observations, we
show in Fig. 4 the evolution of the intercept,α•, and gradient,β•,
of MBH–σ, defined by the equation

log (MBH/M⊙) = α• + β• log
(

σ/200km s−1
)

. (1)

Most studies fit this relationship following the work
of Tremaine et al. (2002, see also Gültekin et al. 2009;
McConnell & Ma 2013; Graham 2016), using aχ2 minimi-
sation technique (we also note that there are biases affecting the
values ofα• andβ• obtained from observations; see Shankar et al.
2016). Due to the presence of the artificial features in our data
discussed above, we employ a slightly different method. We
use least squares fitting, separately assumingMBH andσ is the
independent variable, giving two fitted straight lines and two sets
of parametersα• andβ•. Then our final best fit line is that which
passes through the intersection of these lines and makes an equal
angle with both (see Appendix C for more details). Errors onα•

andβ• are obtained by repeating this procedure on 5000 bootstrap
realisations of the simulatedMBH–σ distribution, and taking the
standard deviation of the resultingα• andβ• distributions. The
left hand panel of Fig. 4 shows the evolution ofα• with redshift
for our simulations (dark grey line, light grey shaded area shows
1σ uncertainties). At low redshift, our data are consistent with
the observed values of Tremaine et al. (2002,α• = 8.13 ± 0.06)
and Graham et al. (2011,α• = 8.13 ± 0.05) and the theoretical
prediction of Robertson et al. (2006), but lower than the obser-
vational value of Kormendy & Ho (2013,α• = 8.490 ± 0.049)
as well as DeGraf et al. (2015). At higher redshift, the model

Figure 5. The medianV -band luminosity-weighted galaxy stellar MZR
from our simulations at a range of redshifts. Solid (dot-dashed) lines corre-
spond to the simulation with (without) AGN feedback. The short, vertical
line indicates the mass of galaxies containing 1000 star particles.

predictions of Robertson et al. (2006) are consistent with our
values. Intriguingly, the evolution ofα• in DeGraf et al. (2015) at
low redshift (0 < z < 2) shows a very similar trend to our data,
but offset by∼ 0.5 dex.

The same is not seen in the right hand panel of Fig. 4,
where we show the evolution ofβ• with redshift. The theoreti-
cal values of Robertson et al. (2006) lie∼ 0.5 higher than ours
at all z, while DeGraf et al. (2015) show much stronger evolution
with redshift than we predict. The agreement with observations at
z = 0 is not so good as forα•; the values of4.02 ± 0.32 and
4.377 ± 0.290, from Tremaine et al. (2002) and Kormendy & Ho
(2013) respectively, are∼ 0.5 − 1 larger than we measure, while
the value of5.13 ± 0.34 from Graham et al. (2011) is larger by al-
most 2. It may be that the ‘bump’ above the observed relation at
log

(

σ/200km s−1
)

∼ −0.9 is artificial, and caused by the very
rapid growth of young BHs towards the relationship, but always
at that velocity dispersion due to our finite resolution. This feature
may then cause the gradient to be underestimated, but our method
to estimateβ• is meant to mitigate against this. In any case, it is
worth reiterating that the fitting procedure we used to obtain α•

andβ• is different to that typically used in the literature, and that
we have limited numbers of BHs withMBH > 106M⊙ because of
the limited volume and finite seed mass.

3.2 Mass–Metallicity Relation

Fig. 5 shows the evolution of the stellar mass–stellar metallic-
ity relation (MZR) atz = 0 − 5 in our simulations with (solid
lines) and without (dot-dashed lines) AGN. Stellar metallicity,
[M/H] ∗ ≡ logZ∗/Z⊙, is measured within the central projected15
kpc, weighted byV -band luminosity to compare with observations
of absorption lines. Due to the metallicity gradient present within
galaxies, our results could be sensitive to this radius, butmodest
changes to it cause metallicities to change by less than the scat-

c© RAS, MNRAS000, 1–16
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Figure 4. Evolution of the fitted parameters of theMBH–σ relation (see equation (1)). The left-hand panel shows how the normalization,α•, changes with
redshift in our simulation (dark grey line and light grey shading), while the right-hand panel shows the evolution of thegradient,β•. Also shown are thez = 0
observations of Tremaine et al. (2002), Graham et al. (2011), and Kormendy & Ho (2013), as well as the simulated evolutionfrom Robertson et al. (2006) and
DeGraf et al. (2015).

Figure 6.Evolution of the luminosity-weighted galaxy stellar MZR. Simulated data are shown by the black stars (with AGN) and red diamonds (without AGN),
with their median (solid lines) and1σ scatter (dotted lines) overlaid. The median local relationand scatter from Gallazzi et al. (2005) are denoted by the blue
diamonds and black error bars, and the fits to observations from Thomas et al. (2010), Sommariva et al. (2012), Gallazzi etal. (2014), and McDermid et al.
(2015) are also shown. The short, vertical lines indicate the mass of galaxies containing 1000 star particles.

c© RAS, MNRAS000, 1–16



6 P. Taylor and C. Kobayashi

ter in the MZR. The lines denote the median relation of simulated
galaxies. There is only weak evolution in the stellar MZR at these
redshifts, almost no evolution fromz = 0 to z ∼ 1, and∼ 0.15
dex increase fromz = 4 to z = 1. Fromz = 2 − 1, the MZR ex-
periences its strongest evolution as stars form from metal-rich gas
after the peak of cosmic star formation. With AGN, the shape of
the MZR is very similar at all redshifts. The slope is steeperat the
low mass end, which is due to supernova feedback; more metalsare
ejected from low mass galaxies (Kobayashi et al. 2007).

We show in Fig. 6 the stellar MZR for our simulations, at var-
ious redshifts, and with observational data where available. Values
for individual galaxies in our simulations are shown by black stars
(AGN) and red diamonds (no AGN), while the median and1σ scat-
ter are shown, respectively, by the solid and dotted lines ofthe same
colours. As shown in TK15a and explained in TK15b, AGN feed-
back has no significant effect on the MZR at this redshift, with both
the median and scatter consistent between the simulations at all
galaxy masses. Only at high redshift (z > 4) do the two simulations
differ from one another; the galaxies in the simulation withAGN
have metallicities on average∼ 0.1 dex lower than their counter-
parts in the other simulation, comparable to the1σ scatter, which
is due to the delayed onset of SF due to AGN feedback.

At z = 0, both simulations agree well with the fits of
Thomas et al. (2005, cyan squares and triangles), especially for
1010 6 M∗/M⊙ 6 2 × 1011, although the most massive galax-
ies are under-enriched by∼ 0.1 dex with respect to these obser-
vations. The SDSS sample (Gallazzi et al. 2005, blue diamonds;
Thomas et al. 2010, yellow ticks) show a very similar slope, but
with ∼ 0.1 dex lower metallicities. This difference may be due
to the different analysis of the observational data. The fit of
McDermid et al. (2015) to data from the ATLAS3D survey shares
the gradient found by Thomas et al. (2005) using a relativelysmall
sample of early-type galaxies, but is offset by∼ −0.4 dex, the rea-
son for which is uncertain (McDermid et al. 2015). Gallazzi et al.
(2005) shows a rapid decrease at the low mass end, which is weak-
ened by the analysis of Panter et al. (2008). Atz > 0, very few
observational data are available; we show thez ∼ 0.7 MZR of
Gallazzi et al. (2014) alongside ourz = 0.5 results. Our simu-
lated MZR shows enrichment at least0.2−0.3 dex higher than ob-
served. At higher redshift, we include the observational data from
Sommariva et al. (2012, cyan triangles), which tend to lie below
our predictions, though with a large amount of scatter. Estimating
stellar metallicity is difficult to do with observations at high red-
shift due to the spatial resolution, and even atz = 0 because of
the age-metallicity degeneracy, and so there can be a significant
offset between different authors, as well as large scatter in indi-
vidual catalogues. For example, the1σ scatter in the relation for
SDSS galaxies atz = 0 from Gallazzi et al. (2005, blue diamonds
and error bars in top left panel) is larger than the1σ scatter from
our simulations, shown by the dotted lines. It also lies offset from
our median simulated relations, with a greater difference at lower
masses.

The evolution of the position of galaxies A, B, and C in the
MZR is also shown by the black and red dots (with and without
AGN, respectively; A, B, and C are ordered by mass at all redshifts
in both simulations). All three galaxies grow along the relation,
which explains the low scatter of this relation in our simulations,
and byz ∼ 1 − 2, A and B have attained their present-day metal-
licities, while C continues to be enriched to low redshift asstar
formation is not totally quenched.

Fig. 7 shows the evolution of the gas-phase MZR atz = 0−5
in our simulations with (solid lines) and without (dot-dashed lines)

Figure 7. The median SFR-weighted galaxy gas-phase MZR from our sim-
ulations at a range of redshifts. Solid (dot-dashed) lines correspond to the
simulation with (without) AGN feedback. The short, vertical line indicates
the mass of galaxies containing 1000 star particles.

AGN. We measure gas oxygen abundance within the central15
kpc of each galaxy (regardless of the gas’ temperature), weighted
by SFR to compare with observations, which are estimated from
emission lines. The lines denote the median of the simulatedre-
lation. There is much greater evolution in the gas-phase MZRat
these redshifts than the stellar MZR. The evolution atz = 0− 0.5
is weak, but the metallicities systematically decrease until z = 3,
with a steeper slope at high redshifts. However, the relation be-
comes flatter fromz = 3 − 4, with fewer low metallicity galaxies
at a given mass at higher redshift. This is because low mass galax-
ies that form earlier have rapid star formation enriching their ISM,
while later galaxies form stars more slowly with larger gas accre-
tion,which is evidence for downsizing in our simulations.

The simulated results are shown in Fig. 8 displayed in the
same way as in Fig. 6. Unlike the stellar MZR, the gas-phase MZR
is consistent between the two simulations to high redshift.Galaxies
A and B reach their present-day metallicities atz ∼ 1− 2 (though
low-redshift AGN-driven winds subsequently remove much ofthe
gas in these galaxies), while for galaxy C this happens at lower red-
shift (and more quickly with AGN feedback since enriched winds
from the central cluster help to pollute this galaxy).

All observational data from the literature have been con-
verted to a Kroupa IMF (unless a Chabrier IMF was used, since
this gives very similar results), converted to our adopted solar
metallicity, 12 + log(O/H)⊙ = 8.78, and converted to the
method of Kewley & Dopita (2002) using the procedure given in
Kewley & Ellison (2008). In cases where the assumed solar value
was not given, we adopted12+log(O/H)⊙ = 8.66 (Asplund et al.
2005) for papers earlier than 2009, and12 + log(O/H)⊙ = 8.69
(Asplund et al. 2009) otherwise. Atz = 0, in the top left panel
of Fig. 6, there is excellent agreement between our simulations
(which are fully consistent with one another) and the observations
of Tremonti et al. (2004), Kewley & Ellison (2008), Maiolinoet al.
(2008), and Sánchez et al. (2013) at all galaxy masses, as well as

c© RAS, MNRAS000, 1–16



Evolution of Scaling Relations 7

Figure 8. Evolution of the SFR-weighted galaxy gas-phase MZR. Simulated data are shown by the black stars (with AGN) and red diamonds (without AGN),
with their median (solid lines) and1σ scatter (dotted lines) overlaid. Also shown are the observational data of Tremonti et al. (2004), Savaglio et al. (2005),
Erb et al. (2006), Sánchez et al. (2013), Maier et al. (2014), Steidel et al. (2014), and Sanders et al. (2015), as well as the fits to data from Kewley & Ellison
(2008), Maiolino et al. (2008), Zahid et al. (2011), Yabe et al. (2012), Troncoso et al. (2014), and Zahid et al. (2014). All observational data have been con-
verted to our metallicity scale, a Kroupa IMF, and to the method of Kewley & Dopita (2002) using the procedure given in Kewley & Ellison (2008). The short,
vertical lines indicate the mass of galaxies containing 1000 star particles.

Mannucci et al. (2010) atM∗ > 1010M⊙. The fit of Zahid et al.
(2014, solid green line) is systematically lower than both our sim-
ulations and other observational data by∼ 0.1 dex, the reason for
which is unknown. We also find the scatter in the simulated MZRs
to be greater than observed. This may be because we do not con-
sider only cold (T < 1.5 × 104 K) gas, which observations are
sensitive to, though weighting by SFR should alleviate thiseffect.
At higher redshifts, out toz = 2, our simulations tend to agree
well with observational data for high-mass galaxies, but show ex-
cess enrichment in low-mass galaxies compared to observations.
By z = 3, where few data are available, the simulated relations
lie ∼ 0.5 dex above the observations of Maiolino et al. (2008) and
Troncoso et al. (2014) at all masses.

3.3 Size–Mass Relation

The size–mass relation of galaxies gives information aboutwhere,
on average, stars formed in the initial collapsing gas cloud, and
therefore can constrain the SF timescale (Kobayashi 2005).How-
ever, cosmological simulations have struggled to produce galaxies
as large as observed, and AGN feedback has been found to offer
a solution by suppressing star formation at the centres of massive
galaxies (e.g., Dubois et al. 2013; Taylor & Kobayashi 2014,but
see also Snyder et al. 2015’s analysis of galaxies in the Illustris
simulation, which are larger than observed). At high redshifts, it
has been shown that spheroid-like galaxies are much more com-
pact than at present (e.g., Trujillo et al. 2004). The favoured forma-
tion scenario for this size evolution is not major mergers orpuffing
up by AGN of stellar winds, but minor mergers (see Trujillo 2013,
for a review). In our cosmological simulations, it is very hard to
determine the morphology of galaxies due to the limited resolu-

tion, and we show the size evolution simply as a function of stellar
mass. Note that at high redshifts, the fraction of early-type mas-
sive galaxies decreases, and large galaxies may have young stellar
populations (Belli et al. 2015).

Effective radii are calculated differently from in TK14 and
TK15a, where they were defined as the circular radius enclosing
half of the galaxy’s stellar mass. In order to compare more consis-
tently with observations, we fit elliptical isophotes to the2D bolo-
metric luminosity distribution of each galaxy, and fit a core-Sérsic
function (Graham et al. 2003; Trujillo et al. 2004) to the intensity
profile as a function ofr =

√
ab, wherea andb are the semi-major

and semi-minor axis lengths, respectively. For galaxies with a lu-
minosity distribution that is not well fit by ellipses (whichtend to
be merging or poorly resolved systems), the intensity profile is ob-
tained using circular annuli. The effective radius is then the value
of r that encloses half the total light from the galaxy. Some galax-
ies still have a bad fit, and are not included in the following figures.
Galaxy stellar masses are from a friends-of-friends code used to
identify galaxies, as in TK14 and TK15a.

The median size–mass relation for both simulations with and
without AGN at several redshifts is shown in Fig. 9. In both simula-
tions, the galaxy sizes become smaller at higher redshifts,at the low
mass range. The difference between the simulations atz . 0.5 is
not discernible due to the small number of galaxies that are strongly
affected by AGN. This suggests that the primary process of the size
evolution is not related to AGN, but to minor mergers that occur
naturally in cosmological simulations. We should note thatthe re-
lationship flattens towards lower masses atRe ∼ 1− 2 kpc, which
is comparable to the gravitational softening length (1.125 h−1 kpc
atz = 0).

The size evolution in the simulations is not as large as ob-
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Figure 10. Evolution of the galaxy size–mass relation. Simulated dataare shown by the black stars (with AGN) and red diamonds (without AGN). Fits
to observed relations are shown for early-type galaxies by the red lines (Shen et al. 2003; Shankar et al. 2010; Newman et al. 2012; Cappellari et al. 2013;
van der Wel et al. 2014), and for late-type galaxies by the blue lines (Shen et al. 2003; van der Wel et al. 2014). The short, vertical lines indicate the mass of
galaxies containing 1000 star particles.

Figure 9. The galaxy size–mass relation of our simulations at a range of
redshifts. Solid (dashed) lines correspond to the simulation with (without)
AGN feedback. The short, vertical line indicates the mass ofgalaxies con-
taining 1000 star particles, while the dashed horizontal line shows the grav-
itational softening length.

served. In Fig. 10, we show the galaxy size–mass relation forour
simulated galaxies at various redshifts, as well as severalpublished
observed relations (blue lines are for late-type galaxies,red for
early-type galaxies). The effects of AGN feedback are only appar-

ent in the most massive galaxies, but atz = 0 this steepens the re-
lationship, and brings it more in line with observations (Shen et al.
2003; Shankar et al. 2010; Newman et al. 2012; Cappellari et al.
2013), i.e. the time evolution is stronger with AGN feedback. At
higher redshift, the difference between the simulations with and
without AGN becomes less pronounced because BHs have had less
time to influence star formation in galaxies since the peak ofcos-
mic star formation atz = 2, which is almost unaffected by AGN
feedback. There is, however, betweenz ∼ 1 and 3, an excess of
galaxies with AGN that lie above the main relation and close to the
observed relation for late-type galaxies of van der Wel et al. (2014)
compared to the simulation without AGN. Other than their large
radii, these galaxies do not exhibit properties that set them apart;
their colours are not systematically bluer, as might be expected for
late-type galaxies, and they may be due to imperfect fits.

The three example galaxies, A, B, and C, are denoted by the
black and red dots (AGN and no AGN, respectively). There is lit-
tle difference in their evolution in the different simulations until
z < 1, when A and B exhibit much larger effective radii in the
simulation with AGN feedback, due to the suppression of central
star formation at late times. Galaxy C, on the other hand, evolves
consistently in both simulations since it does not experience strong
AGN feedback at any time.

3.4 Star Formation Main Sequence

The star formation main sequence (SFMS) describes the correla-
tion between galaxy mass and SFR, with more massive galaxies
tending to have larger SFRs. The simulated SFRs are found from
the total of the initial stellar masses of star particles that formed
in the preceding108 yr, divided by108 yr. Not surprisingly, more
massive galaxies tend to have higher SFRs. In Fig. 11, we showthe
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Figure 12. Evolution of the SFMS. Simulated data are shown by the black stars (with AGN) and red diamonds (without AGN). Observational data from
Tacconi et al. (2013) are also plotted, along with the fits to observations of Daddi et al. (2007), Elbaz et al. (2007), Dunne et al. (2009), Magdis et al. (2010),
Oliver et al. (2010), Elbaz et al. (2011), Karim et al. (2011), Bouwens et al. (2012), Lee et al. (2012), Zahid et al. (2012), and Renzini & Peng (2015). The
short, vertical lines indicate the mass of galaxies containing 1000 star particles.

Figure 11. The SFMS in our simulations at a range of redshifts. Solid
(dashed) lines correspond to the simulation with (without)AGN feedback.
The short, vertical line indicates the mass of galaxies containing 1000 star
particles.

median SFMS for both of the simulations with and without AGN
at different redshifts, which indicates that AGN feedback has very
little effect on it except at the high-mass end. In addition,while
the normalisation shows quite strong evolution with redshift, the

gradient does not change, which is consistent with observations
(Whitaker et al. 2014).

Fig. 12 shows the SFMS for our simulated galaxies at various
redshifts, along with fits to observational data (Daddi et al.
2007; Elbaz et al. 2007; Dunne et al. 2009; Magdis et al.
2010; Oliver et al. 2010; Elbaz et al. 2011; Karim et al. 2011;
Bouwens et al. 2011; Lee et al. 2012; Zahid et al. 2012;
Tacconi et al. 2013; Renzini & Peng 2015). AGN feedback is
particularly important for galaxies that lie in the region of the
M∗–SFR plane occupied by early-type galaxies (e.g., Wuyts et al.
2011; Renzini & Peng 2015). In our simulated galaxies, AGN
feedback is quenching star formation. Therefore there is a clear
dearth of high-mass (M∗ > 1011M⊙) galaxies on the SFMS
compared to the simulation without AGN, but it is otherwise
unchanged by the inclusion of AGN feedback. In terms of evo-
lution, our simulations are consistent with observations,with a
very similar gradient, but slightly lower normalisation. At z = 0
in particular, fitting a straight line to our simulated SFMS gives
log SFR = (−0.11 ± 0.01) + (0.77 ± 0.03) logM∗/10

10 in
excellent agreement with the fit of Renzini & Peng (2015) to SDSS
galaxies:log SFR = (−7.64± 0.02) + (0.76± 0.01) logM∗. At
z & 2, the offset between observations and simulations becomes
greater than the scatter in our observed relations at all masses.
This is surprising since our simulation is consistent with,or
even slightly higher than, the observed cosmic SFR (see Fig.
2 of TK15a). At these high redshifts, observations may suffer
from a Malmquist bias. Additionally, star formation tracers from
observations typically probe timescales< 108 yr, which may
contribute to the offset seen before the peak of star formation
at z ∼ 2. It is worth noting that with recent estimates of dust
obscured star formation, the evolution in SFMS is found to be
weaker, in excellent agreement with our predictions (Smith, D. J.
B., et al. 2016, MNRAS, submitted).

c© RAS, MNRAS000, 1–16



10 P. Taylor and C. Kobayashi

Figure 13. Stellar mass–halo mass relation atz = 0. Simulated data are
shown by the black stars (with AGN) and red diamonds (withoutAGN).
Fits to observational data from Behroozi et al. (2010); Moster et al. (2010)
are also shown (green dashed and blue dot-dashed lines, respectively), with
a shift for the different definition of halo masses (see the text for the details).

Galaxies A, B, and C are shown as the black and red dots (with
and without AGN, respectively). These galaxies in the simulation
with AGN tend to have a lower SFR than their counterparts in the
other simulation. This is most clearly seen for galaxies A and B
at z . 0.5, when these galaxies move off the SFMS, due to the
suppression of star formation, and into a region occupied, observa-
tionally, by early-type galaxies (Wuyts et al. 2011).

Related to the SFMS, we show in Fig. 13 the stellar mass
– halo mass relation from our simulations atz = 0, as well as
fits to observational data (Behroozi et al. 2010; Moster et al. 2010).
Note that these observations used the virial halo masses, while we
showM200, which may cause some offset in halo mass with re-
spect to our simulated data. We have therefore plotted theirre-
lations with a shift of−0.54 dex applied to their halo masses to
facilitate comparison. Although our simulation box do not cover
the mass range of the observations, the influence of AGN feedback
at ∼ 3 × 1011M⊙ is clear, reducing their stellar mass at given
halo mass. Even stronger feedback may be required as discussed in
Taylor & Kobayashi (2015a).

4 CONCLUSIONS

Using our cosmological, chemo-dynamical simulation that well re-
produces the observed scaling relations of present-day galaxies, we
predict the redshift evolution of the scaling relations. Inkeeping
with previous theoretical works, we find no evolution of theMBH–
σ relation atz < 4, and show that BHs grow along the relation
despite the relatively low seed mass used in our model (Fig. 3).
This is due to the fundamental nature of the co-evolution of galax-
ies and BHs, which is not an a priori assumption in our AGN model.
Furthermore, we predict the intercept and gradient of theMBH–σ
relation asα• ≈ 8 andβ• ≈ 3.5, respectively. This value for the in-
tercept is consistent with both observational estimates atz = 0 and
the results of other simulations at all redshifts. Our estimate for the
gradient is lower than observational estimates in particular, though
there is evidence that these may be overestimated (Shankar et al.
2016).

The influence of AGN feedback on galaxy formation and evo-
lution, highlighted through comparison of our two simulations with

and without AGN feedback, is most apparent atz < 2, after the
peak of cosmic SFR, and preferentially in more massive galaxies.
These galaxies host the most massive BHs (Fig. 2), and may have
high accretion rates at late times when they have grown to be super-
massive. The primary effect of this feedback is to quench star for-
mation in the central regions of massive galaxies, thereby reducing
the prevalence of high-mass and high-luminosity galaxies,increas-
ing their effective radii (z < 1; Fig. 10), and moving them off the
star formation main sequence at low redshift (z . 0.5; Fig. 12).

However, the chemical evolution of galaxies is not much af-
fected by AGN, and the MZRs (Figs. 6 and 8) are mostly estab-
lished at a galaxy’s first starburst, which is typically before its BH
has grown sufficiently to strongly affect star formation andstel-
lar feedback. In our predictions, the stellar MZR does not change
shape, but the normalization changes significantly fromz ∼ 2 to
z ∼ 1 as stars form from metal-rich gas after the peak of cos-
mic star formation. The gas-phase MZR does change shape, with
a steeper slope at high redshifts. Observations of these relations at
high redshift with instruments such as JWST are of particular im-
portance to constrain the formation processes of the majority of the
stellar population in galaxies.

We also compare our simulations to available observations,
finding excellent agreement in many cases at low redshift, and
fairly good agreement out toz = 2 − 3, especially for the most
massive galaxies, with the agreement usually better for thesimula-
tion with AGN feedback (for the size–mass relation in particular,
Fig. 10). Our size evolution is driven mainly by minor mergers that
occur naturally in cosmological simulations, and is not as large as
observed even with AGN feedback. We also find that the simulated
mass andK-band luminosity functions (see Appendix B) signifi-
cantly overpredict the number of low-mass galaxies at all redshifts,
and that their evolution is not in keeping with observations. A po-
tentially related issue is that low-mass galaxies in our simulations
are over-enriched compared to observations (Fig. 8). This may be
due, at least in part, to our initial condition. It may also bethe case
that baryon physics is more complicated than in our prescriptions.
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APPENDIX A: EVOLUTION OF COSMIC PROPERTIES

Here we show the next effect of our AGN feedback in the box-
averaged, cosmic evolutions. Needless to say, chemical enrichment
takes place inhomogeneously, highly depending on the environ-
ment, in the Universe. This should be considered in the comparison
to the observations of cosmic quantities.

Cosmic star formation rates (SFR) are strongly affected by our
AGN feedback, with lower rates at both low and high redshifts(Fig.
2 of TK15a; TK14). However, individual BHs in our simulations
directly affect only their local environments, with even the most
massive affecting a region∼ 1 Mpc across (TK15b). It is therefore
interesting to examine how other cosmic quantities of the simulated
gas and stars change. To this end, we show the cosmic gas fraction,
defined asfg = Mg/(Mg +M∗ +MBH), as a function of redshift
in Fig. A1a. The total gas fraction falls fromfg = 1 at high redshift,
to fg ∼ 0.93, which compares well with the observational estimate
of Fukugita & Peebles (2004),fg = 0.95 ± 0.09. The cold gas
fraction also shows a decreasing trend with time, while the fraction
of hot gas increases, especially atz . 2 when large scale structure
has collapsed and feedback from stars and AGN is most effective.
In all cases, the effects of AGN appear to be very small in this
figure. In particular, the hot gas fraction is almost the same, which
is due to the self regulation; the simulation with AGN has lower
SFRs and thus less supernova feedback. The largest difference is
seen at intermediate redshift (1 . z . 3) in cold gas, with the
simulation with AGN having the larger cold gas fraction, which
may be due to the reduced rate of star formation at higher redshift
compared to the other simulation.

Figure A1b shows the cosmic stellar fraction,f∗ =
M∗/(Mg + M∗ + MBH), as a function of redshift for our two
simulations. As seen in the cosmic SFR, at all times, the simulation
without AGN has a higher stellar fraction than when AGN feedback
is included. AGN feedback also delays the redshift by which half of
the present-day stellar mass has formed, fromz ∼ 1.5 to z ∼ 1.3,
a difference of about0.5 Gyr. Thez = 0 values off∗ = 0.079
and f∗ = 0.068 are both larger than the observational estimate
of f∗ = 0.046 ± 0.01 (Fukugita & Peebles 2004), which may be
because our simulations show a clustering of galaxies. Our simu-
lated data follow the same trend as observations, but lie slightly
above observations atz ∼ 2−3. Observational data are taken from
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Figure A1. a) Cosmic gas fractionMg/(Mg + M∗ + MBH) as a function of redshift for all gas (left panel), hot gas (T > 106K), and cold gas (T <
1.5 × 104K). b) Cosmic stellar fractionM∗/(Mg + M∗ + MBH); observational data (cyan circles) are taken from the compilation of stellar densities in
Madau & Dickinson (2014).c) Gas-phase oxygen abundances as a function of redshift for all gas, ISM, and IGM. Observational data are from: Balestra et al.
(2007, green triangles); Rafelski et al. (2012, cyan squares); Aguirre et al. (2008, orange dot); Simcoe et al. (2011, blue diamond); Ryan-Weber et al. (2009);
Simcoe et al. (2011); Becker et al. (2011, lime box).d) Cosmic mass-weighted stellar metallicity as a function ofredshift; observational data (blue circle) is
taken from Gallazzi et al. (2008). In all panels, solid blacklines are for the simulation with AGN, and the red dot-dashedlines are for the simulation without
AGN.

the compilation of cosmic stellar densities in Madau & Dickinson
(2014), converted to a mass fraction assumingΩb = 0.046.

AGN feedback also greatly affects the chemical enrichment
of the Universe. In Fig. A1c, we show how the gas oxygen abun-
dance changes over the course of the simulations, separately con-
sidering all gas, the ISM, and the IGM. Following Kobayashi et al.
(2007), we define the ISM as being any gas particle belonging to a
galaxy identified by a Friend of Friends group finder (Springel et al.
2001), and the IGM as all other gas particles. In all cases, the sim-
ulation with AGN shows lower [O/H]g at high redshift than the
other simulation, and the opposite towards lower redshift.At all
redshifts, star formation is suppressed by AGN feedback, and the
lower [O/H]g atz & 3 is due to the reduced enrichment of gas from
stars. However, atz . 2, [O/H]g is higher with AGN than without
it, which is due to the metal ejection by AGN-driven winds. This
difference is more clearly seen in the IGM; by this time, BHs have
grown massive enough to drive gas out of their galaxy and intothe
IGM, causing it to become more enriched than the case without
AGN feedback (for more details, see TK15b). We also compare to
observations; the data of Balestra et al. (2007) and Rafelski et al.
(2012) (green triangles and blue squares, respectively) trace the in-
tra cluster medium, which should lie between our simulated values
for the ISM and IGM and follow a similar trend with redshift. Data
from Aguirre et al. (2008); Ryan-Weber et al. (2009); Simcoeet al.
(2011); Becker et al. (2011) are for the metallicity of the IGM, and
are in good agreement with our simulation with AGN feedback.

The influence of AGN feedback on the evolution of stellar
metallicity is much more straightforward; Fig. A1d shows this as
a function of redshift, with the simulation without AGN having
higher average metallicity at all times. This difference ismost pro-
nounced at high redshift since AGN feedback delays early star for-
mation and enrichment, and shifts the redshift at which halfthe
present day metallicity is attained fromz = 3.76 to z = 3.07, a
difference of∼ 440 Myr. Towards low redshift the difference in
metallicities is smaller, but since fewer stars are produced overall
when AGN feedback is included, the enrichment is not as much by
the present day. The observational estimate of Gallazzi et al. (2008)
at the present day lies slightly below the results of both simulations,
which, again, is due to our initial conditions.

APPENDIX B: MASS AND LUMINOSITY FUNCTIONS

The stellar mass/luminosity functions are also important constraints
for galaxy simulations, but there is limitation of the simulations
volume, which should be taken into account when comparing to
observations. Fig. B1 shows the evolution of the stellar mass func-
tion of simulated galaxies atz = 0− 5, which has a similar shape
at all redshifts. At all redshifts, there are fewer high-mass galaxies
when AGN feedback is included (solid lines), which is easilyun-
derstood due to the suppression of star formation (e.g., TK15a). At
the low mass end, the effect of AGN is not so simple. There are
more low-mass galaxies with AGN feedback at all but the highest
redshift. AGN feedback delays early star formation in all galax-
ies by heating the ISM. This reduces the strength of supernova
feedback, which would otherwise disrupt some low mass galaxies.
More low mass galaxies therefore survive to low redshift. Inad-
dition, metal ejection to the IGM by AGN feedback could trigger
star formation in low mass halos near massive galaxies. We should
note that the excess of low mass galaxies could be due to the lim-
ited simulation volume; our simulation box contains a cluster of
galaxies, producing more sites for galaxy formation than might be
expected for different initial conditions.

As was discussed in detail in TK15a, at the present, the sim-
ulated mass function agrees fairly well with observationaldata of
Pérez-González et al. (2008), Li & White (2009), and Baldry et al.
(2012) except the under-abundance around the observed value of
M∗. This is also true atz = 0.5, where we compare with the obser-
vational data of Pérez-González et al. (2008), Ilbert et al. (2013),
Muzzin et al. (2013), and Tomczak et al. (2014). There is better
agreement with the observed high-mass end at this redshift than
z = 0, but the low-mass slope is still too steep. Atz = 1, both sim-
ulations, particularly the one that includes AGN feedback,under-
predict the number ofM∗ galaxies and overpredict the abundance
of low-mass galaxies (M∗ . 1010M⊙). The discrepancy at low
masses is even more pronounced atz = 2 compared with the ob-
servations of Marchesini et al. (2009) and Tomczak et al. (2014);
the observed normalization,φ∗, decreases by∼ 0.5 dex between
z = 1 and 2, while the simulated value remains unchanged. The
high-mass end, on the other hand, is well-reproduced, especially by
the simulation without AGN feedback. This is true also atz = 3,
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Figure B1. Evolution of the galaxy stellar mass function. Simulated data are shown as the solid black and red dot-dashed lines (withand without AGN
respectively). The observational data from Pérez-González et al. (2008), Marchesini et al. (2009), Baldry et al. (2012), and Tomczak et al. (2014) are shown,
as well as the Schechter function fits of Li & White (2009), Ilbert et al. (2013), and Muzzin et al. (2013).

although there is greater scatter between different observational
datasets, and even though the simulatedφ∗ has decreased, there
are still more low-mass galaxies than observed. At high redshift,
z = 4, observations can constrain only the high-mass end of the
mass function, and the simulated data lie below the observations of
Pérez-González et al. (2008) and Ilbert et al. (2013).

From z = 4 − 2, there is some evolution inφ∗, and there
is strong evolution inM∗ at all epochs in both simulations. These
trends are opposite to the observed strong evolution inφ∗ and rela-
tive constancy ofM∗ (e.g., Pérez-González et al. 2008; Ilbert et al.
2013; Tomczak et al. 2014), but similar to the semi-analyticsimula-
tions of Guo et al. (2011) and Guo et al. (2013) who also find that
low-mass galaxies form too early compared to observations.The
over-production of low mass galaxies has also been seen in other
simulations (e.g., Oppenheimer & Davé 2006; Davé et al. 2011;
Hirschmann et al. 2014), where it was attributed to the inadequacy
of the model for the production of stellar winds. It might therefore
be the case that our prescription for stellar feedback needsaltering,
or that BHs are exerting too much influence on the early stagesof
these galaxies due to our relatively simplistic model. It isalso pos-
sible, however, that UV background radiation suppresses the for-
mation of low mass galaxies, which needs properly saving using
radiative transfer.

Related to the mass function, we show in Fig. B2 the evolu-
tion of theK-band galaxy luminosity function of our simulations at
z = 0− 5. Note that, different from TK15a, we calculate the lumi-
nosity of each galaxy simply by adding the contribution of each star
particle in its FoF group, and not by estimating the total luminosity
by fitting a Sérsic function. This means that all galaxies identified
in the simulation contribute to the luminosity function, and since
galaxy light is centrally concentrated the magnitudes obtained are
fairly consistent by the two different methods. This has theeffect
that, at ever lower masses, more galaxies contribute to the luminos-

ity function than in TK15a, but the differences between simulations
found in that paper remain, and none of our conclusions is compro-
mised.

At z = 0, the high-mass end of the simulated data with AGN
shows very good agreement with the observations of Cole et al.
(2001) and Jones et al. (2006), and the Schechter function fits to the
data of Bell et al. (2003) and Huang et al. (2003), while the simula-
tion without AGN greatly over-predicts the number of such galax-
ies. Caputi et al. (2006) and Cirasuolo et al. (2010) fit an evolving
Schechter function to their data at various redshifts with

M∗

K (z) = M∗

K (0)−
(

z

zM

)kM

, (B1)

φ∗ (z) = φ∗ (0) exp

[

−
(

z

zφ

)kφ

]

, (B2)

and fixed low-mass slopeα∗. The fitting parameters are used in
each of the panels in Fig. B2, and the luminosity function plotted
in the approximate range of magnitudes for which data were avail-
able. There is also good agreement between the simulation with
AGN at the high-mass end and these fits atz = 0. Both our simu-
lations over-predict the number of low-mass galaxies compared to
observations, except those of Huang et al. (2003), who find a much
steeper low-mass slope (α∗ = −1.37) than contemporaneous and
subsequent studies (α∗ ∼ −1).

By z = 0.5, neither the simulated nor the observed luminos-
ity functions have changed much compared toz = 0, and the sim-
ulation without AGN still vastly over-predicts the numbersof the
most luminous galaxies. Atz = 1, the observed decline ofφ∗ with
redshift is apparent, while no such change is seen in the simula-
tions. This trend continues out toz = 5, with both simulations
over-predicting the number of galaxies at all luminositiescompared
to observations. The simulation with AGN produces consistently
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Figure B2. Evolution of the rest-frameK-band luminosity function. Simulated data are shown as the solid black and red dot-dashed lines (with and with-
out AGN respectively). Observational data from Cole et al. (2001) and Jones et al. (2006) are shown, as well as the Schechter function fits of Bell et al.
(2003), Huang et al. (2003), Pozzetti et al. (2003), and Saracco et al. (2006), and the evolving Schechter function fits (see text) of Caputi et al. (2006) and
Cirasuolo et al. (2010).

fewer galaxies at a given magnitude than the other simulation, at
all but the lowest luminosities.

The constancy of the normalization,φ∗, across a wide range of
redshifts is clear, as is the increase ofM∗

K to lower luminosities at
higher redshifts. These trends lie in opposition to observations (but
are similar to the evolution in the mass function); the fittedvalues of
kM andkφ of Caputi et al. (2006) and Cirasuolo et al. (2010) im-
ply only weak evolution ofM∗

K with redshift, but relatively strong
evolution ofφ∗.

The fact that there is not much evolution in the luminosity
function in our simulations from high redshift implies thatgalax-
ies grow hierarchically and do not show downsizing. However, we
know from figure 10 of TK15a that the stars that form the most
massive galaxies atz = 0 are very old in the simulation with AGN,
while low-mass galaxies are, on average, much younger. The large
number of low-mass galaxies at high redshift may therefore be the
progeny of today’s most massive galaxies, with more low-mass
galaxies forming at low redshift, leading to the constant normal-
ization of the luminosity function.

Fig. B3 shows the evolution of the simulatedB-band lumi-
nosity function atz = 0 − 5. It is worth noting that theB band is
more affected by dust extinction in observations than isK, but we
do not include a prescription for dust extinction in our simulations.
All M∗

B from observations have had 0.09 added to them to convert
from the AB to Vega magnitude system (Blanton & Roweis 2007).

As with theK-band luminosity function, the simulation with
AGN feedback predicts fewer high-luminosity galaxies thanthe
simulation without at all redshifts, and both produce more low lu-
minosity galaxies than are observed at all redshifts. At redshifts
away from the peak of star formation atz = 2, the simulation
with AGN feedback shows good agreement at the high luminos-
ity end, but over-predicts the number of high luminosity galaxies
at z = 1 − 2. This coincides with the epoch of maximum dust

attenuation (Cucciati et al. 2012), which may affect the observed
luminosity functions.

Applying a Schechter function to the simulated data shows
thatM∗

B tends to decrease with increasing redshift, in qualitative
agreement with observations. TheB band traces recent star for-
mation, which is quenched in the most massive galaxies at low
redshift, leading to the observed evolution. The decrease of φ∗

B is
slower than observed, and only apparent fromz ∼ 2.

APPENDIX C: LINE FITTING FOR MBH–σ

As described in the main text, we fit straight lines to our simulated
MBH–σ relation assuming separately thatMBH andσ is the inde-
pendent variable. Thus we obtain two fitted lines:

logMBH = α1 + β1 log(σ/200 kms−1), (C1)

and

log(σ/200 kms−1) = α′ + β′ logMBH. (C2)

Equation (C2) may be rearranged to give

logMBH = α2 + β2 log(σ/200 kms−1), (C3)

with α2 = −α′/β′ andβ2 = 1/β′. We now wish to findα and
β such that the linelogMBH = α + β log(σ/200 kms−1) passes
through the intersection of the lines defined by equations (C1) and
(C3), and makes an equal angle to both. The second requirement
suggests that

tan−1 β =
1

2
(tan−1 β1 + tan−1 β2), (C4)
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Figure B3. Evolution of the rest-frameB-band luminosity function. Simulated data are shown as the solid black and red dot-dashed lines (with and without
AGN respectively). The Schechter function fits to the observational data of Poli et al. (2003), Gabasch et al. (2004), Ilbert et al. (2005), Willmer et al. (2006),
and Marchesini et al. (2007) are also shown.

and hence that

β =
sin tan−1 β1 + sin tan−1 β2

cos tan−1 β1 + cos tan−1 β2

=
β1

√

1 + β2
2 + β2

√

1 + β2
1

√

1 + β2
1 +

√

1 + β2
2

≡ β1w2 + β2w1,

(C5)

where we have definedwi =
√

1 + β2
i /(

√

1 + β2
1 +

√

1 + β2
2).

We can now find expressions forlogMBH and
log(σ/200 kms−1) in terms of α1, α2, β1, and β2 from
equations (C1) and (C3), and substitute into our desired relation:

α1β2 − α2β1

β1 − β2

= α+ β
α2 − α1

β1 − β2

. (C6)

Substituting the expression forβ from equation (C5), and after
some algebra, we find that

α = α1w2 + α2w1. (C7)

This paper has been typeset from a TEX/ LATEX file prepared by the
author.
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