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ABSTRACT

We study stellar assembly and feedback from active galaciitei (AGN) around the epoch of
peak star formation (£ z< 2), by comparing hydrodynamic simulations to rest-frasmeoptical
galaxy colours from the Wide Field Camera 3 (WFC3) EarlyeRsk Science (ERS) Programme.
Our Adaptive Mesh Refinement simulations include metaledielent radiative cooling, star for-
mation, kinetic outflows due to supernova explosions, amdidack from supermassive black
holes. Our model assumes that when gas accretes onto bliesk &draction of the energy is used
to form either thermal winds or sub-relativistic momentimparting collimated jets, depending
on the accretion rate. We find that the predicted rest-frdivieoptical colours of galaxies in the
model that includes AGN feedback are in broad agreementhétbbserved colours of the WFC3
ERS sample at £ z< 2. The predicted number of massive galaxies also matchéswikelobser-
vations in this redshift range. However, the massive getare predicted to show higher levels
of residual star formation activity than the observatiegstimates, suggesting the need for further
suppression of star formation without significantly alerthe stellar mass function. We discuss
possible improvements, involving faster stellar asserttinigugh enhanced star formation during
galaxy mergers while star formation at the peak epoch isxstilulated by the AGN feedback.
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1 INTRODUCTION This picture appears to be supported by the tight observee-co
— . ) lation between SMBH mass and the bulge of its host galaxy. (e.g
The present-day galaxy luminosity function shows a rapiddver at 2004), evidence for the suppression of gasiegond

luminosity L. E!!ml)’ whilé\CDM cosmology predl_cts a star formation due to AGN interaction with the interstéltatracluster
power-law form for the dark matter halo mass function (Jeslt al. medium (e.d. Mch & Nul 2007), high-velocity gétactit-
@)' The low mass-to-light ratio in low- and high-massobaks flows that are commonly detected in quasars (Pounds ket af: 200
y q

interpreted as evidence for the existence of baryonic faedhthat Ganguly & Brothertor_2008) and X-ray cavities inflated by icad
regtulates st?]r Lormatlon f(e -t.'-loltl) Cor:senilée;fava jets, associated with AGN, that are observed in clusterresnt
lplf urtehlnfw 'Ct enirgy rom acllve 9a C ic_nuclei ( pue' 6). Nevertheless, it is still unclear asoiw, to what
ates the formation of massive galaxies ( extent, and at what epochs, AGN feedback shapes the staatiorm

Kaviraj et al.| 2011a), despite the S|gn|f|cat dlfferencethe scale . L .
of a supermassive black hole (SMBH) from that of its host gala history (SFH) of galaxies in the Universe.

Several studies have used semi-analytic or fully hydrodyoa
models of galaxy formation, to understand the effect of tiega
* e-mail: taysun.kimm@astro.ox.ac.uk feedback on the cosmic SFH (e.g. Fontanot Ht al. [2009). Wieile
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tailed physical ingredients and prescriptions differ ircleanodel,
such studies agree on the importance of AGN feedback foofepr
ducing the masses, colours, and star formation rates (S#Rsjal
massive galaxies (e.m Ebog). However, the coinpas
are almost exclusively performed in the nearby Universdleathe
bulk of the stellar assembly in these galaxies takes plab&htred-
shift (z> 1). Unfortunately, 8-10 Gyrs of evolution can easily wash
out many of thedetails of stellar assembly, and thus it is neces-
sary to investigate the epoett which the bulk of the star formation
takes placel<z<3) (Madau et di. 1998). Confronting the observed
galaxy colours with the models at these epochs representsra m
stringent test of their reliability.

In this Letter, we study the stellar assembly in massive galax-
ies, by comparing a fully hydrodynamical cosmological diation
to rest-frameUV-optical galaxy colours from the WFC3 Early Re-
lease Science (ERS) programme_(Windhorst gt al. [2011). &5 r
frame UV (shortward of 300@), which is sensitive to even resid-
ual amounts of star formation, is a powerful tracer of howegqui
cent a galaxy is (e.q. Kaviraj etlal. 2011b; Rutkowski ét 81L2), en-
abling us to constrain the quenching of star formation duAGiN
and stellar feedback. By contrast, the rest-frame opticlurs con-
strain the average epoch of stellar mass assembly. Thisifirgt
direct comparison to simulations of rest-frame UV-opticalours
at the epoch of peak star formation. We describe the dataiand s
ulations in §[2 and3 respectively. We present the compariisn
tween observations and models in (B 4, and discuss the implica
tions of our results on galaxy formation in[§ 5. Throughoug w
adopt(hg, Qm, Qp, Qa, 0g) = (0.7, 0.26, 0.045, 0.74, 0.8) following
the WMAP-3 results (Hinshaw etlal. 2009). All fluxes are based
the AB magnitude system.

2 OBSERVATIONS

The WFC3 ERS programme (Windhorst ef al. 2011) has imaged

of the GOODS-South field~45 arcmirf), using the WFC3 F225W,
F275W, F336W, F098M, F125W, and F160W filters, with expo-
sure times of 1-2 orbits per filter. In combination with thesex
ing GOODS BViz coverage (Giavalisco ef al._2004), this pdesi
10-filter panchromatic coverage (0.2—Li) to point source depths
of AB ~26.5-27.5 mag (UV-IR, &). Here, we study 188 and 151
galaxies withMstar > 101%M,,, for comparisons at.8 < z< 1.2 and

1.7 < z< 2.3 respectively. Note that the ERS sample is complete

Kaviraj et ai! 2011

E(B—V) < 2 are employed, with the normalisation of the models
yielding the stellar mass. The likelihood of individual nedsl (*/2)

are calculated and parameters are marginalised. The metlitie
marginalised probability distributions are taken to be best esti-
mates, with the 25 and 75 percentile values (which encloge 60
the total probability) providing an associated uncertaifgee e.g.
b). Specific SFRs (SSFRs) and stellar esasgis
derived have uncertainties 0.3 dex.

3 SIMULATION

In this paper, we use the octree-based Eulerian hydrodysami
code, RAMSES 2). Metal-dependent radiative cooling
is modelled based on_Sutherland & Dopita (1993), and a unifor
UV background is instantaneously turned onzat 10.5 follow-

ing IHaardt & Madalul(1996). Star particles are created fdhawa
Schmidt law with 2% efficiency, when the density of a gas cell
reaches a critical densitpy = 0.4 H/cm3. We use the polytropic
equation of state for the gas above the threshold densitytixé min-
imum temperature of K. Massive stars are assumed to lose their
mass through stellar winds and a supernova phase, dispegam
and metals (18% and 2% by mass, respectively) into theiosod-
ings. Feedback is modelled as an isotropic kinetic outflohictv
carries matter amounting to ten times the mass loss fromtte s
(Dubois & Teyssiéer 2008).

Our model assumes that seed BHs ofMIQ form in re-
gions of high gas density, ensuring that only one BH is formped
galaxy 2). The growth of the BH is trackeli-se
consistently, based on a modified Bondi-Holye-Lyttletorration
rate. We adopt a density-dependent boost faapr = (p/po)?, fol-
lowing/Booth & Schayel (2009). When gas accretes onto BHs,ave a
sume that a central BH can impact the ambient gas in two ways, d
pending on the Eddington ratix & m/meqq). For a high accretion
rate > 0.01), 1.5% of the accretion energy is injected as thermal
energy (quasar-like mode), whereas sub-relativistie: (L0* km/s)
momentum-imparting collimated winds are launched for adoere-
tion rate § < 0.01) event with 10% efficienc 12).
The parameters are chosen to match the stellar baryondinaiti
groups and clusters of galaxies (Dubois etialprep. In order to
avoid artificial cooling and maximise the impact of AGN feadk,
we store the thermal energy and kinetic energy until it eiteaches

down to~ 10°M., and the observed images that trace both the rest 16K or the energy corresponding to 10% of the BH mass. There-

frame UV and the rest frame optical are deep enough for alkivias
galaxies to be detected (Windhorst et al. 2011). For eveaxgapho-
tometric redshifts were calculated using EAZY, based ot@filters
with all possible combinations of pairs of the EAZ¥L.0 templates
(Brammer et gl. 2008). The absorption due to interveningrijlac-
tic HI clouds is taken into consideration. No redshift pioobability
distribution specific to these fields is used. The resultireamre-
ducedy? of the fit is 0.94, and the typical redshift uncertainty of the
sample isAz= |zspec— thot| ~ 0.15. We note that no k-correction is
applied to the observed sample, and that we refer the r@steftuV
and optical fluxes to the fluxes through the WFC3/ACS bandibeds
roughlytrace the GALEXNUV or JohnsorB/V. Thus our estimated
rest-frameNUV or optical fluxes are slightly different from GALEX
NUYV or JohnsorB/V fluxes.

In addition, the full suite of WFC3/ACS photometry of each
galaxy is compared to a library of exponentially decayingdeio
star formation histories, based on the Bruzual & ChlakloO@Cstel-
lar models. A wide range of ages (0.001-13 Gyr), decay tialesc
(0.1-9 Gyr), metallicities (0.005-Z.) and dust extinctions &

fore, the efficiency of the two modes should be regarded asighro
estimate, not a true efficiency.

We have performed two cosmological simulations with theesam
initial conditions generated hypgr afi ¢ I8), a par-
allel version of theggyraf i ¢ packagOl). The simula-
tions contain 256 dark matter particles withngm ~ 4 x 10°M,, in a
50h~1 Mpc comoving periodic box. We fix the maximum spatial res-
olution to~ 0.38 kpc/h in physical units. The minimum mass of the
star particles is 55x 10PM.,. The virial mass of the most massive
halo in our simulated volume is3x 103M, atz= 1. Note that the
mass of dark matter halos used to compare with the obsemiat&?
is in the range 1Z logM,;; <135, and hence our sample represents
massive galaxieststar> 101 M, atz= 1) forming in group/field en-
vironments. This allows for a fair comparison with the ER8pke,
which is known to have few cluster galaxies (Windhorst €pal1).

It is also worth mentioning that 36% of the simulated masgafex-
ies are bulge-dominated at= 1, which seems compatible with the
observed morphological fraction in the GOODS fie

2005).
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Figure 1. Colour comparisons of massive galaxiegat1 (left; msgr > 101 M) andz = 2 (right; Mstar>, 1015 M,,)) with simulations that include AGN+supernova
feedback. The observed colours on the x and y axes trac&aest-8 — V) and (NUV — V), respectively (see text for more details). Filled ciroléth error bars
indicate the WFC3 ERS data, while simulated galaxies areslusing filled grey circles. The size of the symbol scaleswiellar mass. The three lines represent
the expected colours of simple stellar populations (SSRk)different ages at different redshift: in the left-harahpl,z=0.8 (dashed), 1.0 (solid), and 1.2 (dotted),
in the right-hand panek =1.7 (dashed), 2.0 (solid), and 2.3 (dotted). For claritg, ¢blours of SSPs with different ages (0.1, 0.2, 1, and 4 Ggr)ralicated by
filled square symbols. Points with a concentric circle dematiaxies with low specific star formation rate (SSFR01 Gyr1). We indicate the median uncertainty
of the observed colours in the top right and the typical exiom vectors of the simulated galaxies in the left of eaahgha

Predicted colours of simulated galaxies are generated by

folding the stellar spectra of individual star particlesthwithe
stellar population models df Bruzual & Chaflat (2003). Thp- o

tical depth is calculated following the empirical calibost

of |Guiderdoni & Rocca-Volmerange (1987), and dust atténpat
is calculated using the Cardelli efal. (1989) extinctionrveu

(Devriendt et al. 2010, Eq. 1). We emphasise thatattenuated spec-
tra of the simulated galaxies are redshifted to eithese 2 or z=2
before convolving them with the throughput of WFC3/ACSilte
directly compare with ERS galaxies.

4 RESULTS

In Fig.[l we present the rest-frame UV and optical colours RSE
galaxies around ~ 1. We use the ACS F435W, F850LP, and WFC3
FO98M filters to trace theest-frame NUV(NZBOO&), B, andV bands,
respectively. In order to test the influence of AGN feedbawad,re-
strict our sample to galaxies more massive thag,> 101 M., be-
cause SN feedback is ineffective in such large potentidbwelaving
AGN feedback as the most plausible mechanism for modulatiag
formation. Three reference lines are included in the figordelp
distinguish the age and redshift sequence. Each line @umes to

a simple stellar population (SSP) with various ages (maried to
the line). Differences between the lines indicate the chaingthe
colours when a spectrum is redshifted to different valugsrbeit

is convolved with the filter throughputz £ 0.8, 1.0, and 1.2 [left
panel] orz= 1.7, 2.0, and 2.3 [right panel]). Observed galaxies show
a large scatter iiNUV —V) and (B —V) colours, partly because no
k-correction is applied. When the redshift interval of tlanple is
constrained around~ 1, a colour sequence is apparent (red points),
with massive galaxies being redder in both UV and opticabai.
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Figure 2. The fraction of passive galaxies for the observations kxdagiares),
the model with supernova and AGN (red stars), and the modél suiper-
nova (blue diamonds). Top panels show the fraction of gefashowing
SSFR< 0.1 Gyr1, while bottom panels display the fraction of galaxies which
are an order of magnitude less active SSFR01 Gyr 1. Poisson errors are
indicated by error bars.

tric circle in Fig.[d. We find that almost all massive galaxieish
(NUV —V) =>4 mag are quiescent. It is worth emphasising here that
this provides a stringent test for any cosmological galaxynfation
model, since such low SSFRs are comparable to those of ngatby
and dead’ galaxies (e. Eboghus, any process that
shapes the star formation history of massive galaxies neupblver-

To make a detailed comparison, we study the SSFRs derived ful enough to quench star formation at this early epoch.

from SED fitting (see Section 2), marking ‘quiescent’ (SSER
Mstar/ Mstar < 0.01Gyr 1) galaxies in our sample with a concen-
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We find that the simulated galaxies with AGN feedback agree
reasonably well with the observed sequence -atl. The left-hand
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panel of Fig.[l indicates that a majority of model galaxieshwi
(NUV —V) 2> 4 mag are indeed quiescent (double circles), but not due
to dust reddening, indicating that AGN feedback is a pldasspla-
nation for the emergence of quiescent galaxies-atl. However, in
the absence of AGN feedback almost all model galaxies ackqbeel

to be actively star forming (Fi@l 2), suggesting that grtidinal heat-
ing by substructure alone (e iker 2008)dsable
to account for the build-up of quiescent galaxies in groefufien-
vironments at this epoch (see also Johansson let all 2018). that
such interactions between infall of substructure and thersitel-
lar/intracluster medium is automatically accounted fooim hydro-
dynamic calculations. We also see that the model with AGNl-fee
back reproduces the observed trend of blue galaxd8Y —V) <3
mag) being less massive. However, there is an indicatidmihasive
galaxies with intermediate colourdNUV —V) ~ 3.5 mag) are more
frequent than observed in the data (see the left panel ifllrig.

In Fig.[ (right panel), we show the corresponding colour €com
parisons atz ~ 2. We only show galaxies with masses greater than
3 x 10, which form more than 90% of the progenitors of our
model galaxy sample at= 1. Since the redshift of the galaxy sam-
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ple has changed, we now use the ACS F606W and the WFC3 F125WFigure3. The stellar mass functions of galaxies atz(reddish colours) and

and F160W filters to trace the rest-fral&V, B, andV bands re-
spectively. We find that our simulated galaxiez at 2 compare bet-
ter with WFC3 galaxies at.T < z< 1.9 rather than B <z < 2.1.
We suspect that this is due, in part, to a systematic undierzsdn
of the photometric redshifts at these epochs (see alsoawdiet al.
). Note that the observed galaxies &t4 z < 1.9 are compa-
rable to the model galaxies at= 2, given the typical uncertainty
of EAZY redshifts at these epochdz ~ 0.15). At z~ 2 we find
that there exists a non-negligible number of massive gatawith
a very low level of star formation activity, which are absémtthe
run with AGN feedback. The massive galaxiessf> 101Mg) in

the model are actively star forming (SSFR.3 Gyr 1), leading to
colours (NUV —V) < 3) that are inconsistent with the observations.

Fig.[2 shows the fraction of passive galaxies, which confiiras
the modelled recent star formation needs to be further eggpd in
massive galaxies at~ 2. While our simulation predicts that 20 %

of massive galaxies have SSER.1 Gyr 1 atz~ 2, the observations
suggest that 30-60% of the massive galaxy population isvea@sp
right). At z~ 1, a majority (60—-80%) of the massive galaxies in the
model have become passive (top left), but when a more caatbarv
definition for a passive galaxy is used (SSER.01 Gyr 1), we find
that the passive fraction in the model drops to approximgaieR0%
(bottom left). This is inconsistent with the observatiom$ich sug-
gest that 50—-100% of massive galaxies are quiescent atpbihe

Nevertheless, the impact of AGN feedback becomes cleasty vi
ible in the stellar mass functions (see Hify. 3). The numbeanas-
sive galaxies in the AGN rumar> 10"M,,; solid lines) are sys-
tematically smaller than the run without AGN (dashed linkg)a
factor of ~ 3. Comparing twin halos that share position and mass
in the feedback/no feedback runs, we find that the stellarsezas
of the galaxies they host are reduced by a factor of 2-5, mgani
that the mass functions are shifted horizontally (to thé) letie to
AGN feedback. The mass functions are in reasonable agreevtan
the stellar mass function estimated |by Pérez-Gonzalaz ¢€2008)
(red and blue shadings), and also compatible with the simpie-
ber counts from the WFC3 galaxies af X z < 2.3 (orange stars) or
0.8 <z< 1.2 (blue stars).

One may wonder whether our AGN feedback recipe is too
strong, given the apparent deficit of the most massive gadaidow-
ever, this can be partly attributed to the absence of defisitjua-

z=1 (bluish colours). Our estimations at each redshift irgtlsr¥or simulated
galaxies with and without AGN feedback are plotted as saliti@ashed lines,
respectively. Error bars indicate Poisson errors in thetsodor comparison,
we display the mass functions a86< z< 1.0 (blue shading) and@ < z< 2.0

(red shading) froth Pérez-Gonzalez étlal. (2008). Alstiited as stars are the

simple number counts from the WFC3 sample.
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Figure 4. The median star formation history of simulated galaxieg -atl
in the run with (solid) and without (dotted) AGN feedbadlop the median
star formation rates of galaxies in three different mass.bior clarity, the
SFRs are scaled down by 100 for galaxies witA1P0< mgar < 10122 (red),
50 for galaxies with 180 < mgr < 10115 (cyan), and 20 for galaxies with
100 < mgar < 10 (blue). Bottom The specific star formation rates (SSFRs)
as a function of look-back time.

tions on scales comparable to the size of the simulam;
[Gnedin et dll 2011). Moreover, the fact that we need furtiengh-
ing of residual star formation in massive galaxies does ppear to
favour moderating the impact of AGN feedback. We discussifisue
further in the next section.

Finally, in agreement with the downsizing picture (Cowiekt
), we find that in the run with AGN feedback, the star farora
histories of more massive galaxies are peaked at highehife@slid

(© 0000 RAS, MNRASD00, 000—000
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lines in the upper panel of Figl 4). This can also be seen ibattem
panel, where we plot the median SSFR of 1127, 117, and 29igalax
in three mass bins, < mgtar< 1011Me,), 101 < mggar< 10112 M,
and 161° < mgiar< 10122 M, as a function of look-back time. If we
compare the galaxy SFHs in the runs with (solid lines in tipga@nel)
and without AGN feedback (dotted lines), we see that stanébion

is preferentially suppressed atz<3 at which the bulk of the star
formation takes plac 98).

Interestingly, we see that the most massive galaxies haeg-an
tended SFH, which may, at first sight, seem inconsistenttélhigh
observed ¢i/Fe] ratios in local systems (e.M@O%).
However, we note that it is the star formation timescale eshb-
unitsthat finally merge to form the larger galaxy that determinss i
average ¢i/Fe]. In other words it is not possible to directly infer the
[a/Fe] from a ‘composite’ SFH of the various subunits (suchhas t

one shown in Figl14), because much of the broadness of the SFH

is driven by the fact that star formation peaks at differgiahs in
different subunits. Hence, the degree of the discrepangymabe
substantial as it appears, and will be tested with moreldetahemo-
hydrodynamic simulations in a forthcoming paper.

5 DISCUSSION AND CONCLUSIONS

We have presented the first direct comparison of the restefrdV-
optical colours of massive galaxies at <2 to the predictions
of hydrodynamic simulations that include AGN feedback. Vdeeh
shown that massive galaxies in the simulations are actstalyform-
ing at this redshift in the absence of a strong source of etierg
feedback. In an attempt to estimate the stellar assemblyaskive
galaxies, we have incorporated a simple, jet/quasar-m@afs feed-
back [, 2012), and found that it reproduces aoredse
fraction of moderatelyguiescent galaxies in both rest-frame UV and
optical colours az = 1. However, the model slightly overpredicts the
level of recent star formation activity in massive galaxaez= 1 and

2, compared with the observations. Despite this, the steléss func-
tions in the model with AGN feedback agree reasonably weth wi
the WFC3 ERS data (within the statistical uncertaintiegg tb the
efficient quenching of star formation during the epoch ofkpstar
formation.

The lack of massive, quiescent galaxies in the model seems to

require further suppression of residual star formation without sig-
nificantly altering the stellar mass function. This suggesat the
peak epoch of the stellar assembly in massive galaxies ¢ tooumh-
mence earlier than we have predicted, while the residuafataa-
tion must decline more sharply over time. Although furthiar $or-
mation quenching is attainable by introducing more enhdrieed-
back or other processes that we have ignored (e.g. phasaitom of
gas coolants due to soft X-ray and extreme UV photons froms,sta
[Cantaluplh 2010), changing the peak epoch of stellar asgemhile
keeping the stellar mass function fixed may require welabeg¢d in-
terplay between feedback and star formation.

Regarding the extended nature of the predicted SFHs, a-diffe
ent approach, involving a higher level of star formationiwtgt in
the very early universe (e.009) is also dpped he
advantages of this idea are 1) it does not violate the stal#s func-
tions atz < 2, 2) it alleviates the discrepancy ia/Fe] ratio in mas-
sive galaxies to some degree (€.9. Pipino Bt al.|2009), witnother
routes, such as the use of a top-heavy IMF may offer more siomi
solutions [(Arrigoni et 8ll_2010)), and 3) star formation dae effi-
ciently suppressed with the same amount of energy releaserttie
black holes by consuming gas earlier on. Even though theigzddys
origin of such high specific star formation rates is uncleas,note

(© 0000 RAS, MNRASD00, 000—000

that proper modelling of gas fragmentation in galaxy mesgan
easily elevate star formation by an order of magnit.
), and may even be able to match the observed high SSH#s in
early universe (e.g. Khochfar & Silk 2011).

We also note that the mass and spatial resolution of a siionlat
plays a role in determining the star formation history of thedel
galaxies. Adopting a better resolution allows us to ressivaller ha-
los in the early universezg 5), leading to earlier star formation, with
an order of magnitude enhancement in the star formatiomitycét
this epochl(Rasera & Teyssler 2006). This will naturallyréase the
mean age of the massive galaxies (e.g. Johanssof et al.. Pai@)
ever, the question is how many stars form during this epanhpared
to the total stellar mass at~ 1 or 2. Inspection of the top panel of
Fig.[4 shows that an order of magnitude increase in the SER-d&
will not significantly affect the overall SFHs.

Given the simplicity of our modelling of AGN feedback, the
agreement between observations and models is encourdgirigi-
portant challenge will be to match chemical abundancesationas-
sive galaxies, while producing the correct number of red dead
galaxies at high redshift. In a forthcoming paper we willestigate
these issues in detail, focussing on more realistic maodglif the
starburst phases and the interplay between feedback anfdstea-
tion at high redshift.
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