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ABSTRACT

We use a novel method to predict the contribution of normet-firming galaxies, merger-
induced bursts, and obscured AGN, to IR luminosity fundifirs) and global SFR densities.
We use empirical halo occupation constraints to populaleshaith galaxies and determine
the distribution of normal and merging galaxies. Each systan then be associated with
high-resolution hydrodynamic simulations. We predictdistribution of observed luminosi-
ties and SFRs, from different galaxy classes, as a functioedshift fromz=0-6. We
provide fitting functions for the predicted LFs, quantifgthncertainties, and compare with
observations. At all redshifts, ‘normal’ galaxies domaghe LF at moderate luminosities
~ L, (the ‘knee’). Merger-induced bursts increasingly domenattl. > L. ; at the most ex-
treme luminosities, AGN are important. However, all popiolas increase in luminosity at
higher redshifts, owing to increasing gas fractions. Tlngs'transition luminosity’ between
normal and merger-dominated sources increases from th@URIRG threshold az ~ 0 to
bright Hyper-LIRG thresholds at~ 2. The transition to dominance by obscured AGN evolves
similarly, at factor of several highérig. At all redshifts, non-merging systems dominate the
total luminosity/SFR density, with merger-induced burstastituting~ 5 — 10% and AGN

~ 1—5%. Bursts contribute little to scatter in the SFR-stellasmsrelation. In fact, many
systems identified as ‘ongoing’ mergers will be forming stiar their ‘normal’ (non-burst)
mode. Counting this as ‘merger-induced’ star formationi¢etn a stronger apparent redshift
evolution in the contribution of mergers to the SFR densig. quantify how the evolution
in LFs depends on evolution in galaxy gas fractions, mergtst and possible evolution in
the Schmidt-Kennicutt relation. We discuss areas wheresrdetailed study, with full radia-
tive transfer treatment of complex three-dimensional gymgeometries in mixed AGN-star
forming systems, is necessary.

Key words: galaxies: formation — galaxies: evolution — galaxies:\a&ti— star formation:
general — cosmology: theory

1 INTRODUCTION systems. A wide range of observed phenomena support the view
that gas-rich mergers are important to galaxy evolution; but it
is less clear what their role is in the global star formatign-p
cess and buildup of stellar mass in the Universe. In the [doa
verse, the population of star-forming galaxies appearsatusition

from “quiescent” (non-disturbe@i)disks — which dominate thee-

Understanding the global star-formation history of thevdmse re-
mains an important unresolved goal in cosmology. In receats;
observations of the properties of galaxies in the infrastdied-
shiftsz= 0— 3, have begun to shed light on this history, but have
also revealed a number of intriguing questions.

Of particular interest are the roles of mergers and AGN in

driving star formation and/or the infrared luminositiesroéssive 1 By “gas,” we refer specifically to cold, star-forming gas ialaxy disks

as opposed to hot, virialized gas.
2 Inthis paper, we use the term “quiescent” to refer to stamfog systems
+ E-mail:phopkins@astro.berkeley.edu that are not strongly disturbed in e.g. major mergers antbangng stars in
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tal star formation rate/IR luminosity density — at the lumindns
frared galaxy (LIRG) threshold 8L, (M. ~ 10— 20Mg yr™)

to clearly merging, violently disturbed systems at a fewetinthis
luminosity. The most intense starburstzat 0, ultraluminous in-
frared galaxies (ULIRGsLr > 10'°L~), are invariably associ-
ated with mergers (e.g. Joseph & Wright 1985; Sanders & Mirab
[1996; Evans et al. 2009), with dense gas in their centersigsrov
ing material to feed black hole (BH) growth and to boost the-co
centration and central phase space denS|ty of merglnglspma

references therein), it is clear that thaometric output of quasars
and AGN is at least roughly comparable to the total infrared |
minosity density of the Universe at most redshifts~(1— 3) —
although the measurements above suggest it is still a facfor 3
lower. Some recent observations have suggested that théapiop
of very luminous, highly obscured (Compton-thick) quasaasy
be considerably larger than previous estimates, in whisle the
heavily-obscured AGN population could represent a Iargetimn
of the total IR luminosity density at high redshl

match those of ellipticals_(Hernquist ef al. 19

M) Various studies have shown that the mass mvolveluielset
starburst events is critical to explain the relations betwspirals,
mergers, and ellipticals, and has a dramatic impact on theepr
ties of merger remnants (e.g., Lake & Dressler 1986; Doyail et
11994 Shier & Fischér 1998 James ef al. 1999: Genzel et @ll;20
Tacconi et all 2002; Dasyra et al. 2006, 2007; Rothberg &glbse
2004/ 2006} Hopkins et hl. 2009a,e)

At high redshifts, the role of mergers is less clear. It isacle
that LIRGs and ULIRGs increase in relative importance wét-r
shift, with LIRGs dominating the star formation rate/IR lum
nosity densities at ~ 1 and ULIRGs dominating a ~ 2 (e.qg.

20071 Daddi et al. 2007; Treister etlal. 2009). This woulddhea-
matic implications not just for BH populations and e.g. tmplied
radiative efficiencies of BH accretion, but also for the iragltotal
star formation rate density. Some apparent discrepaneiggekn
e.g. the total mass density observed in old stars and theeichpl
star formation rate density have been cited as possibleervél
of a time-dependent stellar initial mass function (IMF)t Auising
contribution from obscured AGN at high redshifts could nartfiis
effect [Hopkins & Beacofh 2006; Davé 2008).

In particular, there are long-standing questions of what-po
ers the most luminous infrared sources, for example, ULIBGS
sub-millimeter galaxies. This debate extends to the disgowof

lLe Floc'h et al. | 2005; Pérez-Gonzalez et al. 2005; Caputileta these objects (see elg. Soifer et al. 1984, 1987; Scoviit 2986;
Sargent et dl. 1987; Sanders €

[2007] Magnelli et dl. 2009). This, together with the facttiarger

rates are expected and observed to increase with redshiit féx-

Lal. 1988b: Solomor et al) 1@8T

has persisted despite the addition of millimeter spectipga@nd

tor ~ 10 fromz = 0— 2; see e.g. Hopkins etlal. 2009i, and refer- observations in a large number of independent wavebandsa (fo

ences therein) has led to speculation that the merger ratetion

review of the debate, see bath Sanders 1999: Jaseph 1999). Al

may in fact drive the observed evolution in the cosmic SFR-den though some evidence suggests that they are pr|mar||y pmn/ver

sity, which rises rapidly fronz ~ 0 — 2 and then turns over, de-

clining more slowly (e.g. Hopkins & Beacom 2006, and refess

therein).
However, many LIRGs at ~ 1, and potentially ULIRGs at

by star formation (Farrah etlal, 2003; Lutz et al, 1

[2007{Pope et dl. 20084 Lb_.AALaIab_e_élLa.L_PD_QQ._N_aLdeJb_QQMZ

the constraints and correlations typically invoked havenent fac-

tor ~ 2 uncertainties, and thus could easily accommodate compa-

z~ 2, appear to be “normal” galaxies, without dramatic morpho- rable power input from star formation and AGN. Moreover, & su

logical disturbances associated with the local starbwputatlon

or large apparent AGN contributions (Yan ellal, 2 |
[2007:[ Dey et al. 2008; Melbourne et al. 2008; Dasyr. alé t aldp0oo

ficiently obscured AGN, in a medium with the right optical tkep
properties, is indistinguishable from star formation by tlsual in-
dicators (e.g. PAH strengths, emission region sizes, orcdngr

At the same time, even more luminous systems appear, includ-infrared spectral or morphological criteria). Hence evea =& 0,

ing large populations of Hyper-LIRG (HyLIRGr > 10"°L)
and bright sub-millimeter galaxies (e.n. Chapman et al. 5200
IYounger et al. 2007, 2009c; Casey et al. 2009). These systgms

hibit many of the traits more commonly associated with merge
driven starbursts, including morphological disturban@es may

debate surrounds the power source of many bright infrarstes)s,
and there exist a number of examples of systems classifiestars “
formation dominated” by all of these metrics that later eded
Compton-thick AGN whose longer-wavelength emission hanbe
fully re-processed, even into “cool” dust (see

be linked to the emergence of massive, quenched (non stari2008, and references therein). In a bolometric sense, tis imo

forming), compact ellipticals at times as early asv 2 — 4
(Papovich et all_2005; Younger ef al. 2008 Tacconi &t al620
\Schinnerer et al. 2008; Chapman €t al. 2009; Tacconi et 88)20

minous galaxies observed (with> 10"Ls or > 10" ergs™)
are the most luminous quasars; although the contributichexe
systems to the infrared remains highly uncertain. This maini

But reproducing their abundance and luminosities remains a portant for resolving the theoretical difficulties in moidel these

challenge for current models of galaxy formatlta

MMMQU&M@&@MQDW e
20095).

In a related vein, observations of a tight correlation betwe
the masses of super-massive BHs and their host sphermdrpmp
(Gebhardt et al. 2000; Ferrarese & Meltitt 20
[1998] Novak et &l. 2006; Hopkins et al. 2007b) suggest a tight
pling between BH growth and star formation, perhaps in palidr
to the mergers believed to drive the formation of the mostsimas
bulges. Considering the energy output required to form tHg8p-
ulation (e.gl Soltah 1982), or the observed bolometric guas-

ergy density as a function of redshift ($ee Hopkins &t al720and

similar fashion to most “normal” disks. We dot mean non-star forming
systems, as the term is used in some literature.

bright systems.

There has been important theoretical progress in model-
ing these processes in @npriori manner (see e. aI
Miﬂmkmsﬁim&wmnjmubw e
). However, two basic limitations remain. In direcsroo-
logical hydrodynamic simulations, as well as semi-anelytodels
of galaxy formation, it is well known that it remains chalggng
to accurately reproduce global quantities such as the gatess
function and the distribution of sizes, gas fractions, aedde star
formation rates, especially the distributions of starforg gas and
their relations to whether or not galaxies are “gquencheeéntly,
see e.gl Weinmann etlal. 2006: Maller étlal. 2006: Kimm et al.
[2008;| Fontanot et &l. 2009). This makes it difficult to detierm
whether discrepancies between such models and the oheasvat
owe to their treatment of star formation, or to discrepamadre
these quantities. Moreover, it is difficult to disentandie effects
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of these different properties on the distribution of stamnfation
rates. In addition, for merger-induced starburst and AGtViag,
although it may be possible to roughly estimate some globahg
tities (e.g. the total mass involved in a starburst) frompderana-
lytic motivations or low-resolution cosmological simttats (sev-
eral~kpc typical), it is not straightforward to estimate the cti@o
time-dependent behavior of full lightcurves needed tonest the
distribution of time spent at different, rapidly varyinginosities
without high-resolution simulations of individual systenSince
the number density of the most bright systems is expongntiat
clining, fluctuations and features in the starburst/AGNifigehis-
tory on small time and spatial scalest(~ 10"yr, R < 100pc) can
be critical for correct estimates of their contribution$taht pop-
ulations.

In this paper, we present theoretical predictions for tlséridi
bution of galaxy star formation rates and infrared lumitiesi as
a function of galaxy mass and redshift, using a novel metioagyo
that can circumvent some of these obstacles. We combineoa hal
occupation based approach, in which we take galaxy preseas
fixed from observations at each epoch, and then apply rutabdo
distribution of star formation rates/infrared luminosgtiin “quies-
cent” systems, merger-induced starbursts, and obscuréd A&-
culated from a large suite of high-resolution hydrodynasiicula-
tions of individual galaxies and galaxy mergers. We usetthisde-
pendently estimate the contributions of “normal” galaxiasrgers,
and AGN to the luminosity functions. The comparisons we make
are approximate — we do not include full time-dependentataadt
transfer in simulations (the subject of future work, in mexsg), and
so focus on integral quantities such as the total IR lumtgcand
SFR distributions, that are less sensitive to issues oftleegexact
dust distribution, temperature, and other properties. Méeexplic-
itly separate the contributions of AGN and star formatiart,diress
that, in real systems where the two are comparable, theitiazld
effects are non-linear, and will require further study. \Wevg how
adding or removing components of the model taken from obser-
vations such as e.g. the distribution of galaxy sizes andrgas
tions affects these consequences. We compare to obses/atio
all quantities, where available, and find reasonable ageaebut
with some interesting apparent discrepancies at high ifesistWe
also show how these populations relate to the scatter infatar
mation rates at fixed galaxy masses, and in a global sense to th
total star formation rate density, the star formation raesity in
mergers, and the fraction of the inferred star formatioa cansity
which might really be driven by obscured AGN activity. Reede
interested primarily in the comparison of predictions abdesva-
tions may wish to skip directly to[§ 3.

Throughout, we adopt@w = 0.3, =0.7,h=0.7 cosmol-
ogy and 3) stellar IMF (discussed furtheowgl
but these choices do not affect our conclusions.

2 THE MODEL

The model used here is a slightly modified version of one that
has been discussed extensively in a series of papers (ncesitlse
Hopkins et all ZOOH],i). We summarize the salient propsrtiere.
Figure[d provides a simple outline of the model, on which vedel
orate below.
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2.1 Halo Occupation Constraints: The Initial Galaxy
Population from Observations

At a given redshift, we use the halo occupation distribufftence-
forth HOD) formalism to construct a mock sample of galaxies.
Specifically, we begin with the observed galaxy stellar nfass-

tion (MF), which we take as given. Since we are interestedifipe
cally in star-forming galaxies, we adopt just the galaxylatenass
function of star forming or “blue” galaxies where availalflere

at all z < 2); although there may be some trace star formation in
red galaxies, assuming typical values yields a negligiblertbu-
tion to the bright far-IR and massively star-forming popigas.

At redshiftsz > 2, type-separated MFs are no longer available, so
we simply adopt the total galaxy MF (i.e. assume all systeras a
star-forming); however, the fraction of massive galaxiest tare
“quenched” and red has become sufficiently lowzxy 2 (and is
rapidly falling) that it makes little difference (e.g. adog the up-

per limit — that the red fraction at all massexzat 2 is equal to that
atz= 2 — makes no difference to our predictions).

The uncertainties in the galaxy abundance are one of the dom-
inant uncertainties in the model, especially at high rdtshive
therefore consider different mass function fits, to repretiee pos-
sible range. Atz = 0, the uncertainties are relatively small; we
adopt the mass function of star forming galaxies flom Betlbt
). Fronz=0— 2, we consider the MFs of star-forming galax-
ies from[Arnouts et al[ (2007) and llbert ef al. (2009). Thegea
between the two is representative of the uncertainties aatt s
ter in a number of other calculations, which cover differpot-
tlons of this dynamic range (elg. Bundy el al. 2005; Panmli.

[2006; [ Franceschini et’dl. 2006; Borch etlal. 2006; Fontaaé et
IMi Brown et a|. 2007). At> 2, we adopt as bracketing the rele-
vant dynamic range the mass functions flom Pérez-Gonzakz e
(2008) and Fontana etlal. (2006); again, other determinge.g.
Marchesini et dl. 2009; Kajisawa et/al. 2009) lie within thasge.

Given each galaxy and its stellar mass, we assign it other pro
erties in accord with observations. First, a gas mass. Itai-w
established that, at fixed stellar mass, galaxy gas frestame
higher at high redshifts (see compiled references belovwgreM
over, the trend of galaxy gas fractions as a function of stel-
lar mass, and their scatter, have been quantified (bothtigirec
and indirectly) at a range of redshifts from= 0 to z = 3.

We have compiled observations from the available sourges)-s
ning this redshift range and a stellar mass range fidm~
10'° — 10**Mg;, (more than sufficient dynamic range for the pre-
dictions of interest here), specifically from Bell & de Jo/2D00);
McGaugh [(2005):] Calura etlal] (2008): Shapley ét al. _(P005);
[Erb et al. [(2006);| Puech etlall_(200€); Mannucci et al. (2009)
Cresci et al[(2009); Forster Schreiber €tlal. (2009); E@0§3. We
present these observations in a number of pa et
[ 20074, 2009b,g) and show thatzhe 0 zero-point and
evolution with redshift can be well-fitted by the simple ftinos

1
1+ (M, /10°15)04

foaM.|2) = fo{1-T(2)[1— fg/2} 7%, (D)

where7(z) is the fractional lookback time to a redshifi{= 0 at
z=0and=1 atz — oo). The former functional form is mo-
tivated by cosmological hydrodynamic simulatio
,), and the latter by the scalings of simple clds®d-
models that obey tu98) relation at all tihd@he

fgas(M* |Z: O) = fo ~

3 This function is presented m MOgc), Eqmai2); we
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Input/Initial Conditions:

Adopt Observed Galaxy
Stellar Mass Function:
n(Mstars)

Assign each galaxy a size and
gas mass from observed
correlations:
Re(Mstars) & Mgas(Mstars)

Had
Merger
No
Merger

Use observed abundances

& clustering to populate
HOD (place each galaxy in
a halo).

Knowing the halo
evolution, this gives the
galaxies that have recently
had a merger:

Add Models:

Burst & AGN lightcurves follow
from Mburse and Lpeak:
SFR(tv Mburst) & LBH(ty Lpeak)

Construct Luminosity
Functions:

Determine starburst mass Mpurst &
peak BH luminosity Lpea from high-
resolution merger simulations, as
function of (U, fzas, Re, Mstars )

Adopt observed
obscured fraction and

AGN

template IR spectra, as
function of Lsy

Star Convert to Lir with

Formation

empirical relation
Lir ~ SFR

Assign “steady-state” SFR from observed

fm erger(M starsy ‘“)
Kennicutt Schmidt relation:
~ (Mg/RE) 4

2SR ~ gas

Figure 1. Summary of our model methodology, described in detail[ih @/& begin with a halo occupation model: at a given redshié,ghlaxy stellar mass
function, and distribution of galaxy sizes and gas fractiare taken from observations. Placing galaxies in halos tark matter simulations according to their
observed abundance and clustering, and evolving thesaifdiiw time some short time, we obtain the merger populattmm-merging galaxies are assigned
a star formation rate based on their size and gas mass, aggéodhe observed Kennicutt-Schmidt relation; for mesgéhne lightcurves of merger-induced
starburst and AGN activity are taken from fits to high-refiolu galaxy merger simulations (including star formaticased on a local Kennicutt-Schmidt
law, gas cooling, and feedback from accretion and star foomg as a function of salient galaxy properties. Star fation rates are converted to infrared
luminosities with a simple empirical proportionality; AGMlometric luminosities are corrected to far-IR luminesitbased on observed obscured fractions.

important quantity is not the precise scaling, but rathee, fact
that it provides a convenient interpolation formula betwde ob-
servations above. We assume a constant, intrin&6 dex scatter
about these gas masses at each stellar mass, also in agreéthen
the observations above.

Next, we assign galaxy spatial sizes, again from observa-
tions. Atz = 0, the distributions of disk sizes are well-measured;
at higher redshifts, there is some uncertainty, but obsens
are converging on the conclusion that the star-forming |[adjmun
evolves relatively mildly in size with redshift (whereasthon-
star-forming population evolves more rapidly). Fram= 0 — 2,
we find that the compilation of observational results on the- e
lution of the disk size-mass relation from_Trujillo et a.0(2});
IRavindranath et al.| (2004); Ferguson &t al. (2004); Bardef e
(2005); Toft et al.[(2007);_Akiyama etlal. (2008), and theottas-
ical models in_Somerville et al. (2008), can be simply repnesd

note that in the text there is a typo, and the equation isewritith a+7(z).
The correct form (above), with-7(z) was, however, used for the calcula-
tions therein.

as relatively weak power-law evolution in disk size at fixedss
M. 0.25
10'M, )

Re(M..|2) = Re(M. |2=0) (1+2)*° @)
where thez = 0 relation is taken fr003) (appro-
priately normalized for our adopted cosmology and IMF), ar=d
assume a constantdex scatter in disk sizes. As we will show, our

results are not especially sensitive to the adopted sizetéwo, so
this is not a major source of uncertainty.

Re(M, |z=0) ~ 5.28kpc(

2.2 “Normal” Star Formation: Relation to Galaxy Properties

Our major assumption is the Kennicutt-Schmidt law holdslat a
redshifts, relating the (average) surface density of stanétion to
the average surface gas density

3 =13%x 10 *Mgyr ‘kpc <7
with the best-fit indexnk ~ 1.4 (Kennicufl 1998). The normaliza-
tion here is corrected for our assunimmom) IME. W
will later consider the index and normalization to be freet, for

now take this relation as fixed. Some simple algebra showts tha
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this (assuming no dramatic evolution in disk profile shajpas)be
written in the global form

M. 13 100\ k-1 Mgas \™ / Re \ —2(—1)

Moyr—t— ~ (T) (1010|v|®) (k_pc) ‘
Together with the assumptions above, this defines a “stetatly’s
or “quiescent” star formation rate for all disks in the maodel

We will show that the resulting SFR distributions agree well

with those observed for normal galaxies, suggesting tlestiscal-
ings are reasonable. However, we have also checked themsagai
direct observations of the median SFR of disc galaxies asaifin
of stellar mass and redshift. These are measur
(20074) fromz = 0— 1.2 and in[ Papovich et hl. (2006) at~ 2;
comparing with the simple predictions from Equat[dn 4 anel th
equations above yields reasonably good agreement. Theimednb
dependence ofgagM..) andRe(M..) means thaM..(M..) weakly
increases withM.. in a roughly power-law like fashion, in good
agreement with these observations; and the redshift deperdf
fgasyields a similar increase in the normalization of the SFRwi
redshift (and by construction, tlze= 0 normalizations are similar).
In fact, we find that our results for the quiescent disk pofpora
are completely unchanged (within their uncertainties)aefsimply
adopt a parameterized fit to the observations in these papess

4)

et

if we bypass all of the above assumptions and simply adopt a fit ©n the sam

to the observedi, (M. | z) relations. However, this would severely
limit the dynamic range in redshift and mass to which we coaid
bustly apply these models, as well as limiting the physinaight
gained, and (most of all) would not allow for the straightard
predictions for merger and AGN populations.

2.3 Merger Rates and Resulting Starburst Properties

We next require a model for merger rates, in order to modegarer
induced bursts of star formation and AGN activity. The mehie
ogy for doing so is described and tested in Hopkins ket al. 9Bp0
but we briefly summarize hefeWe assign each galaxy to a halo
or subhalo in a simple manner following the standard halaiocc
pation methodology described lin_ Conroy & Wechsler (2008); e
suring, by construction, that the galaxy mass function aalexy
clustering (as a function of stellar mass, galaxy color, phgsi-
cal scale) is exactly reproduced. At a given instant, theowing
the halo-halo merger rates as a function of e.g. halo masmasd
ratio, we can convolve this with the determined galaxy nagase
each halo (and appropriately correct for e.g. the dynanfiicdion
time delay between halo-halo and galaxy-galaxy mergdoviahg
[Boylan-Kolchin et all 2008), and obtain the galaxy-galaxgrger
rate as a function of galaxy makk., redshiftz, and galaxy-galaxy
baryonic (or stellar) mass ratio= M/M; (defined always so that
M1 > My, i.e. 0< p < 1). The halo mass functions and merger rates
are adopted from the Millenium simulatidn (Springel et £103b;
Fakhouri & Mal 2008); but in_Hopkins et lal. (2009i) we compare
this with a wide variety of alternative simulations and cdde
tions, as well as a number of differences in methodology,sdrayv
that these all lead to small (facter 2) differences in the result-
ing merger rate. In that paper, we also compare this calonlab

4 The approximate merger rates from the model presented

in [Hopkins etal. [(200Bi) can also be obtained as a func-
tion of galaxy mass, merger mass ratio, and gas fraction
from the publicly available “merger rate calculator” stripat
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a large number of observational constraints in the redshifge
z=0-2 (see references therein), and show that the two agree well;
adopting a parameterized fit to the observed major mergefran
most observations yields an identical result in our catouhahere

(but does not have the convenience of being easy to exttapola
to arbitrary mass ratiog or redshiftsz). Note that, again, we be-
gin from just the star-forming galaxy luminosity functiorf‘eéry”
mergers of quiescent systems will not produce interestiagpsrst

or AGN activity.

In a merger, gravitational torques lead to gas in the disiclap
losing angular momentum to the nearby stars, and fallingids/
(Barnes & Hernquist 1991, 1996). The rapid increase in the ce
tral gas densities drives a massive starbq
,). Here, we assume that every merger induces-a star
burst and corresponding AGN activity. In_Hopkins et al. (26§
as well as a number of other studies (¢.g. di Matteolet al.|:2007
Cox et all 2008; Hopkins et al. 2009h, and references thertkia
resulting total starburst mass/amplitude and peak QSOnlosity
are quantified as a function of merger properties, from & sufit
hundreds of high-resolution hydrodynamic galaxy mergeus-
tions. These simulations span a range in the relevant fgieper
redshift, merger mass ratio, orbital parameters, galasyctral
properties, and gas fractions; and they include presoriptbased
tt (1998) law for dynamic star formatas,
well as black hole accretion and feedback from supernovae an
AGN (Di Matteo et al| 2005| Springel etlal. 2005a). Togettes t
allows for a full sampling of the interesting parameter spand a
simple, direct parameterization of the resulting burspprées.

Despite the complex physics involved, it is shown theredat th
the average burst scalings can be represented in analgftic fioo-
tivated by basic gravitational physics. We adopt the fudlisigs de-
rived therein, but note that the important parametertote mass
of gas that loses angular momentum and participates in the ce
tral starburst, scales (to lowest order) with the simplatreh (after
averaging over a random distribution of orbital paraméters

Mburst~ Mgas/t (1* fgas) . (5)

The scaling with merger mass ratgiorepresents the declining ef-
ficiency of angular momentum loss in more minor mergers; the
scaling with (1 — fgas) comes from the fact that the torques that
remove angular momentum from gas are primainigrnal, from
stars in the same galaxy — a pure gas merger would simply gield
new disk, not a compact starbursAdopting the simplified scaling
above, in fact, yields very similar results to the full soglipre-
sented in Hopkins et al. (20§19b) fourst @s a function ofu, Mgas,
fgas @and orbital parameters (we assume random orbital inainsit
and parabolic orbits, motivated by cosmological simulajo Mo-
tivated by the simulations (or e.g. allowing for the full wilbution

5 The physics of these scalings, particularly that with gastfon, is dis-
cussed in detail i a]L_(_ZQ_d)Qb). In short, hydrayic torques
and pressure forces are negligible, and direct torques fanthe sec-
ondary galaxy and halo are suppressed by a tidal terfn/Re)3, the short
time of close passage (much less than the several dynarimed heeded
to continue strong gas inflows), and the fact that they arebutsonance
with the primary gas disk. Moreover these torques are jusikely to in-

crease as decrease the gas angular momentum. As shown prapestand
earlier [Barnes & Hernqui5t 1996: Barlies 1998), this meaaisthe stellar
disk in the same galaxy (with fractional maSk— fgas)), being in direct
spatial proximity and resonance, always dominates theiegsrglriving an-

http://www.cfa.harvard.edu/~phopkins/Site/mergercalc.htgillar momentum loss in the gas.
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of orbital parameters), we adopt a constaBB@lex scatter iMpyrst
at fixed galaxy properties (with of course the lifburst < Mgas).

In a burst, there is some non-trivial time-dependent lighte
or star formation rate versus time. Since we are considdtirg
statistical distribution of luminosities, we do not need kizow
the exact time-dependent form of this function; rather,ithpor-
tant quantity is the distribution of times spent at differémi-
nosities. Examples of this are shown in detail_in_Hopking et a
(2006t), and similar quantities are presente e
(2007); Cox et d1.[(2008). We find that, integrated over tsdny/
of a burst, this function can (on average) be convenienttyere
sented by the simple function

dt
dlogM.

M.

tburs{ln 10 eXp{ Mbursl/tburst} ’ (6)
where, fitting to the simulations, we firtgyst =~ 0.1 Gyr, nearly
independent of galaxy mass and redshift. This functionahfis
characteristic of a rapid, exponential rise from low SFR fmeak
in the burst, with a burst lifetime of ordes,s. The constancy
and normalization of this lifetime is a simple consequentte
observed dynamical times in the central regions of galaxdad
the fact that these dynamical times scale weakly or not avigtl

mass and redshift (see e.g. Bell & de Jong 2001; McGaugh 2005;

[Courteau et al._2007). Given some merger rate, and corrdspon
ing rate of “creation” of bursts of a given massn(Mpursy) /dit),
the observed number density of bursts at a gi%enis simply
given by the convolution of this rate with the lifetime abpve.
dn(Mpurst) /dlogM.. = (dn(Mpursi) /dt) (dt /dlogM..) (for more ex-

plicit details of this methodology, see Hopkin l. 2006a

Note that the numbers above are somewhat different from
those presented In Hopkins et al. (2006c). However, in thpep
we were considering the total distribution of star formatiates
that would be observed over tleatire duration in which a system
might be identified as a merger or interacting pair. Theitifetof
that phase is much longex, 1 — 2 Gyr, and (by time and by to-
tal mass) most of the star formation comes from the “normiat’ s
formation that would be associated with the two merging slisk
dependently (see e.g. di Matteo et al. 2007; Cox ket al.|2aD8).
pending on the observational criteria used to identify raezgof
course, this definition of star formation “in mergers” maydfén-
terest. It is, however, a subset of the “quiescent” star &iom for
the most part, and is distinct physically (and very distinderms
of the imprint that it leaves on galaxy stellar populatickisemat-
ics, and structural properties) from the short lived, coofmurst
specificallyinduced by the merger.

2.4 AGN and Quasars

Given some merger, quasar activity is also excited; to |oweder

in simulations with AGN-feedback, the peak bolometric lnos-

ity of the AGN is tightly coupled to the total bulge mass thall w

be formed from a disk-disk merger. The total bulge mass is the
burst mass (discussed above), plus the violently relaxadidstisk
mass, which is simpli¥yelaxed= 1+ M. in simulations and from sim-
ple gravitational physics considerations (again, S
) At fixed bulge mass, the peak AGN Ium|n05|ty, corre-
sponding to the Eddington limit of the maximum BH mass, is-cou
pled to this bulge mass as it must overcome its binding eriargs

der to halt continued growth. In Hopkins et al. (2§j(ﬁ|7b,a),shew

how this scales in simulations with bulge mass and othereptias.

We find that it can be conveniently represented by the scaling

Mburst+ Mrelaxed

1 0.5
Lpeakoso™ 4.6 x 10" L x (1+2) ( oM

). @
The latter scaling simply reflects the fact that the peal/fidta
mass scales roughly linearly with total bulge mass, in bdatbeo
vations and simulations. TH& + z)°° scaling comes from the sim-
ulations discussed in Hopkins et al. (2007a); it comes frioerfact
that galaxies at high redshift, being both more gas-rich rande
compact, require more “work” to be done by the AGN before it
can self-regulate its luminosity/BH mass, and so yield aigBH
masses at otherwise fixed bulge mass. We refer to that paper fo
more details, but note that the other parameterizationkisfevo-
lution (discussed therein) yield nearly identical resuligewise,
other models for AGN self-regulation at high masses andori-
nosities predict a similar maximum BH mass as a function st ho
galaxy propertied (Silk & Rees 1998; Murray etlal. 2005; $aan
), and the resulting “cutoff” in the AGN luminositiestagh
masses (owing to self-regulation combined with a cutoffhie t
depth of host galaxy potential wells) is similarly preditia e.g.
Natarajan & Treister (2009). Moreover, such moderate eiaiin
Mgr /M. is suggested by a number of observations etal.
20061 Woo et al. 2006; Treu etlal. 2007; Salviander 2t al.)280@
references therein). Motivated by the simulations and tisenved
BH-host correlations, we assume a constaBtéx scatter in these
relationships.

In what follows, we consider only AGN induced in merg-
ers, but stress that this does include non-trivial contiging from
minor mergers down to e.g. mass ratios~of:10. There is con-
siderable debate regarding whether or not entirely norgerer

processes such as stellar bars (e.g. Shlosmanlet al. 1988¢ Jo
[2006 Younger et al. 2008a, and references therein) aniicinas-
tic encounters with molecular clouds (Hopkins & HernqLigo@;
Nayakshin & King| 2007) might drive significant AGN activity.
However, it is generally clear both from observations aranfr
simple theoretical considerations that the resulting AGNIld be
important only at low luminosities. Hopkins & Hernguist (Zh)
compile both empirical and theoretical estimates of theidum
nosities below which non-merger processes dominate AGN fu-
eling and find consistently that this is exclusively in thadir
tional Seyfert regime Lo < 10*°L.; seel Malkan et al._198;
Canalizo & Stocktan_2001; Dunlop etlal. 2003; Kauffmann ét al
|jp_$ Flgygg t all_2004; Hutchings el al. 2006; Zakamskalet al
12008; Rigby et al. 2006: Guyon et al. 2006: Urrutia bt al
) This is clear from integral constraints; bulges fedmin
bars (“pseudobulges”) or non-merging bulges with bars atreé
molecular gas concentrations dominate only at low galaxyses,
in galaxy types of Sb/c and later (Kormen Kennidutt 2004;
Fisher 2006: Allen et al. 2006; Driver et/al. 2007: Fisher &Br
M). Given the observed BH-host correlations, this cpoads
to BHs with massesS 10 Mg, or maximum luminosities at the
Eddington limit ofLsei = 3 x 10" L. But as we will show, AGN
are significant in the IR luminosity function only at the hégh
luminosities,L > 10"°L¢, — i.e. BHs with~ 10°M, at Edding-
ton, with accretion rates of 10M, yr~1. Since it is unlikely that
these extreme systems are powered in non-violent eventsesu
glect of non-merger induced AGN makes little difference to o
predictions. We have, in fact, explicitly checked whethwelud-
ing them (according to the model luminosity functions pesetil in
Hopkins & Hernquist 2006) makes any difference, and find iyon
increases the very low-luminosity contributions of AGN bigetor
of ~ 2— 3, far less than the- 3 — 4 orders of magnitude required
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to substantially change our conclusions. Likewise, singadppt-
ing the observed AGN bolometric luminosity functions — irihg

all observed AGN — from_Hopkins etlal. (2007c)lor Shankar et al
M) with our estimated template spectra and obscuretidres,
we find no significant difference.

For a given peak BH mass or peak luminosity, we simply re-
quire again the distribution of luminosities corresporndio the
average lightcurve, in order to construct the number dgrasta
function of luminosity. These lightcurves and the resgitdistri-
bution of time spent at different AGN luminosities (both olet-
ric and in various observed bands) have been extensivadysised
in a series of papers (Hopkins eflal. 20054/d.b, ZﬁbGa,b)idet

the Schechter-function parameterization therein,

ool =) ee{ - (22)

a ~ —0.44+40.21 log(Lpeay/ 10 L))

~ 0.22c;yr(

®)

Again, this is taken from simulations, but in those paperss i
shown that this yields very good agreement with the obsedigd
tribution of AGN Eddington ratios, host masses and lumitesi
and the evolution of the AGN luminosity function (most rethgn
see \olonteri et al. 2006; Foreman etlal. 2008; Bonoli 5t Q&2
Marulli et all [2009;| Hopkins et &l. 2008d; Hopkins & Hernduis
20094.b).

2.5 Construction of IR Luminosity Functions

Finally, given these predicted SFR and AGN bolometric lursity
distributions, we need to convert to the observable quantimely
total infrared luminosity. Because we are not attemptingntalel
the full SEDs and dust physics of these systems, the onlytifyan
that we can robustly predict is thetal infrared luminosityLr, de-
fined as the integrated luminosity from-8L000:m. In the case of
SFR distributions, we adopt the simple conversion from Keuth
), corrected for our adoptrOOS) IMF, of
Lir = 1.1x 10°L e, (#) . )

Note that more sophisticated (e.g. luminosity-dependeoiyer-
sions have been proposed, but since this choice is usedilboatal
the gas surface density-SFR surface density relation, wptatl
for consistency. In any case, alternative formulationgdbr devi-
ate from the above only in non-starburst or lower IR-lumityos
galaxies, where absorption is weaker, but these are natyplarty
important for our comparisons here, and experimenting thidse
in[Buat & Burgarellal(1998) and Jonsson €tlal. (2006) yieldwat
no difference atr > 10" L.

An advantage of our semi-empirical model is that our conclu-
sions do not depend significantly on the adopted stellar IMIF,

typical choices. Altering the IMF between er
Kroupa [2002)] Scalol (1986) or elg. Salgefer (1955) gellyeral

amounts to systematic changes in the mass-to-light ktid_ by

up to 03dex. However, because we begin with observed galaxy

properties and calculate observed luminosity functiohs $ys-
tematic dependence cancels out. Specifically, in adoptiagob-
servet8) relation, the observable quaititiie lu-
minosity surface density — this factor enters in the coneerto a
SFR surface density. But then, converting the resulting 8F&h
observed luminosity, the same factor enters, cancellingeoglic-
itly re-calculating our predictions with other IMF choicesnfirms
this. The only residual effects are second order, and velgtiveak

(© 0000 RAS, MNRASDOQ, 000-000
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— for example, changing the implied gas exhaustion timedealds

to slightly different dynamics of the gas on small scales ergers.
Such details are outside the scope of our comparison hedenan
any case amount to smaller effects than our systematic taicer
ties. In ana priori model for star formation, on the other hand, the
factor would enter fully. The IMF will only present a systetina
source of uncertainty in our predictions if it evolves sfgmantly
with redshift or galaxy properties, or if it is extremely tbpavy,
possibilities we discuss further below.

For AGN, the conversion from bolometric to IR luminosi-
ties is somewhat more complex — unobscured (Type 1) AGN re-
radiate only a fraction~ 1/40— 1/20 of their bolometric lumi-
nosity in the FIR, and are thus negligible for the luminosityic-
tions here. We adopt the empirically calculated obscuradtisn
as a function of quasar luminosity frdm Gilli et/ &l. (2007)daas-
sume that the obscured bolometric luminosity is re-radiatethe
IR; this allows us to convert our predicted bolometric QLFato
IR QLF of obscured quasars. Technically, not all of the lupsin
ity will be obscured, of course, but we find that e.g. using the
full distribution of column densities as a function of quakami-
nosity from@l@m) to attenuate a template AGN SED
yields a very similar answer (see also Franceschinilet @B RGs
does using a mean X-ray to IR bolometric correction of obsdur

AGN (Elvis et all 1994; Zakamska et al. 2004; Polletta ¢t @06).

The obscured AGN fraction at high luminosities remains uiade;

Mrm& argue that it could be lower by a factor oesav

than thm.mn estimate at the highest lumitiesi(al-
though this is redshift-dependent andzat 1.5, the two estimates
agree well), whereds Daddi ef Mbon argue that the nuote
obscured quasars should be a factoro® — 3 higher. These un-
certainties are generally comparable to (or up to fastd@ larger
than) the uncertainties from the choice of stellar masstfoncand
we discuss some implications below.

3 STAR FORMATION RATE DISTRIBUTIONS AND
INFRARED LUMINOSITY FUNCTIONS

3.1 Basic Predictions

Figure2 shows the resulting predicted total-IR luminogityctions
from z= 0— 6, divided into the contributions from “normal” (non-
merging, quasi-steady-state) star-forming systems, eneéngluced
“bursts,” and obscured AGN. As discussed iif]§ 2, we have re-
calculated our model adopting at least two different stéfl& de-
terminations at each redshift; the range between the twadt e
redshift is shown by the shaded range, and is representdtie
scatter in different observational estimates. Unsunpgisi this un-
certainty is substantial at high redshifts. We also add (iadya-
ture) a systematic factor 2 uncertainty in galaxy-galaxy merger
rates, representative of the systematic theoretical asereational
uncertalntles as estimated from the compilatio

|) We add a factor.% additional uncertainty in the AGN ob-
scured fractions, again representative of systematicredtsenal

uncertainties (see elg. Hopkins el al. 2005¢, 2009d; St 2086;

Treister & Urrj/ 2005| Hasmglér 2008, and references theréife

also note that direct observational constraints used fomumad-
els of the galaxy stellar mass function are either non-emtsor
extremely uncertain above> 4; we extrapolate the fitted LF pa-
rameters fronz= 2— 4 into this redshift range, and so the resulting
predictions should be treated with the appropriate caution

We compare with observations of the IR luminosity functions
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Figure 2. Total (8— 1000:m) IR luminosity functions as a function of redshift. We shitve model contribution from “normal” (non-merging) stamfing
disks (green), merger-induced starbursts (blue), anduobdcAGN (red). The range in the total (summed) LF is showr wlittted black lines. Shaded
ranges reflect the uncertainty from different stellar masgtion observations used in constructing the model. Ba@hbw observational estimates from

Saunders et Al[ (1990, magenta stdrs). Soifer & Neugébd@éd ( blue triangles]. Yun etlal. (2001, black circlés). htuat al. [(2007, magenta squares),

ILe Floc'h et al.[(2005, violet diamonds), Caputi et
[Chapman et all (2005, dark greers).

where available, fror= 0— 3. Note that all of these are corrected
to a total IR luminosity from observations in some band; wepad
the corrections compiled in_Valiante ef &l. (2009), but eagire
that some caution, and at least a systematic fact®uncertainty in
Lir, should be considered in estimates from most if not all oleskr
wavelengths. The agreement between the total predictedndF a
the observations is generally reasonable, at most regshiftthe
highest luminosities and redshifts, specifically the suiliimeter
population observed [n Chapman et al. (2005), we appearderun
predict the abundance of bright systems, but these obsm1satre
very uncertain, Austermann et al. (2009), for example, firad the
millimeter number counts in these surveys are stronglycedteby
cosmic variance, and may be factors of several larger trendbk-
mic mean. We discuss this il 4, but note for now that these sys
tems contribute relatively little to the global SFR densitythese
redshifts.

At all redshifts, “quiescent” galaxies dominate the LF at lo
luminosities and high space densities, reflecting the admeel of
star-forming disks and relative rarity of mergers and qrsasAt
higher luminosities, eventually merger-induced star fation and
AGN activity become dominant, as expected in order to erplze
most extreme (but short-lived) bursts of star formationwieeer,

mmﬂange inverted triangle MOOQ, blasl, M@G red pentagons),

both types of systems increase in luminosity with redshiftrfz =
0— 3in similar fashion.

As discussed in 2.5, the obscured AGN fraction is some-
what uncertain. However, Figuié 2 shows that even at exttame
minosities, the contribution from obscured AGN is compégdb
that from merger-induced starbursts. Thus, in terms ofdta tR
luminosity function, even an obscured AGN fraction of zeimnd
only lead to factor~ 2 changes in the predicted bright-end num-
ber densities (smaller than the uncertainties owing to tioéce of
mass function, for example).

To facilitate future comparisons with observations, wespre
the corresponding predictions in Appendik A for the IR luosity
function in various specific rest-frame wavelengths. Havewe
stress that these anet direct predictions of the model — a proper
model for the SEDs will depend on full radiative transfer raisd
applied to the simulations as a function of time and galaxoppr
erties (these will be presented in future work). Here, wepfm
convert total IR luminosities to wavelength-dependentihosities
using the same bolometric corrections used to convert therol-
tions in FigurdD.

(© 0000 RAS, MNRASD00, 000—-000
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Figure 3. Best-fit parameters for the luminosity functions in Figurgi2en

a double-power law formulation (Equatin]10). Points shbe best fit
(with uncertainty reflecting the allowed range in Figlie 2several red-
shifts, lines the overall maximum likelihood fits from TalleParameter de-
generacies are such that the best-fit curves can be systaliyagiightly off-
set from the fits at each redshifop: Break luminosity. Rising gas fractions
drive the increase; but for mergers, the results asympiaertaximum ow-
ing to the physics of very gas-rich mergers (see t&ejond from Top: Nor-
malization. Modulo a decrease at the lowest redshifts israpproximately
redshift-independentecond from Bottom: Faint-end slope. Again, the red-
shift dependence is weak. The apparent large evolutiortdoferming sys-
tems is somewhat degenerate with the evolution in the begHhtslope — a
fit where both are held constant is, in fact, acceptaBéttom: Bright-end
slope. Again, relatively flat with redshift (per note abov@&ar-forming sys-
tems fall off in number density at high luminosities much msteeply than
mergers or quasars, reflecting the exponential cutoff imthes function.

3.2 Fitting Functions to the Predicted LFs

For the sake of comparison with future observations, weigeov
fits to the model predictions in Tadlé 1. We find that the priedic

IR LFs From Cosmological Models 9

power-law model, i.e.
o= dn P
T dlogL " (L/L.)™ 4 (L/Ly)B
where the parametets. (normalization)L.. (break luminosity)q
(faint-end slope, i.eP oc L™ for L <« L), andg (bright-end slope,
i.e.® oc L=# for L > L..) depend on redshift, with that dependence
conveniently approximated as
logL, =Lo+L'¢+L"¢?
logg. = o+ ¢’ +¢" ¢
Oé:Oéo-‘rOélf-‘rOé”{Z
B=po+pE+B"E
&=log(1l+2)

(10)

(11)

(Note that log here and throughout refers to, jpp\We perform this
fit using only our results up to redshift= 4, as the HOD con-
straints used to build the model have to be extrapolatedgiehi
redshifts. In TablE]1, we quantify the uncertainty in eactapeeter;
this reflects the systematic theoretical uncertaintiesvahia Fig-

ure2 (the shaded range), with the appropriate covarianvecke

parameters taken into account (for this reason, fitting ¢ushift

evolution with free parameters up to second-ordef i@ads to rel-
atively large uncertainties in the fit results). We alsosthate the
best-fit parameters as a function of redshift in Figdre 3.

The behavior seen in each parameter reflects that discussed
above; the bright and faint-end slopes, and normalization
evolve relatively weakly with redshift.In fact, we can find rea-
sonable fits within the theoretical uncertainties that hbkke pa-
rameters fixed with redshift. But the break luminodity evolves
rapidly, ascc (1+2)? for z < 2 in all populations, then levels out
to a maximum at higher redshifts. We do see this flatteninmfro
z~ 2—4, hence the quadratic term here; although givenzeur
limit (log (1+ z) < 0.7), we are only just sensitive to the quadratic
terms in¢ (and see no significance fitting higher-order terms).

At all redshifts, L. is higher for merger/AGN populations
(> 10L,) relative to normal galaxies; but the space dengity
is much lower (by a factor of- 100— 300). The bright-end slope
of the normal population is steep, reflecting the rapid erpdial
cutoff in the galaxy mass functions; the bright-end slopghia
merger/AGN populations is much more shallew2.5— 3 — such
a slope is, in fact, very similar to the observed bright-elloges of
the brightest IR populations (Sanders ét al. 1988a; Sasmde.
[1990; Chapman et Al. 2005) and to the well-constrained begh
slope of the quasar luminosity functions from redshifts 0 — 6
(see e.d. Fan etlal, 2004; Brown ell al. 2006: Richards| et 8620
Hopkins et all 2007¢; Shankar etlal. 2009: Croom Et al. 2008, a
references therein).

For comparison, we also consider fitting the LFs to a modified
Schechter function parameterization, namely

L\ - L\#
v () ee{-(T) }-
with the same assumed form for the evolution in the fit paranset
with redshift. This is akin to a standard Schechter funcégoept

(12)

6 The apparent ‘jump” i, atz~ 0.3 owes partly to real evolution in the
observed input mass functions, but mostly to parameterrizmae (here
betweeng., L., anda). Accounting for this covariance, the changegin
fromz=0.2— 0.3 is only significant at 5— 20, and a smoothly evolving

IR LFs for each type can be reasonably represented by a doubleg.. provides just as good a fit.
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with the addition of a bright end “slope” term, wheres < 1 al-
lows for a less-steep falloff at highthan would be predicted by
a standard Schechter functiofi £ 1). We find that, because the
functions shown in Figurgl 2 do not have sharp “breaks” charac
istic of a double power-law, this provides a marginally mare
curate representation of the ldRape. However, the difference is
small, and direct interpretation of the parameters in Hqon&i2
is complicated by serious fitting degeneracies. With thisia of
functional form, we find the second-order redshift evolatierms
make little difference to the fits, and so — given the steeppater
degeneracies involved — do not free the higher-order temrieifit.
Interestingly, thetotal luminosity function obtained by summing
the contributions from each component is better repredenith a
double power-law, as opposed to the modified Schechteritumct

3.3 The Luminosities & Space Densities of Population
Transitions

We explicitly quantify the “transition point” between themi-
nance of one population or another as a function of redshift i
Figure[4. Specifically, we define this as the point where tieiHu
nosity functions from different populations in Figurke 2 €0 For
example, the transition luminosity or space density betwdmm-
inance by normal disks and mergers is given by the point in Fig
ure[2 whereg(Lir |norma) = ¢(Lir|burs); above thisLir (and
below the corresponding(Lir)), ¢(Lir |bursy > ¢(Lir | normal),

at lower luminosities and higher space densities the ofmpissirue.
Likewise, we can define the transition luminosity or spacesitg
where obscured AGN become numerous than star-formatiodom
nated systemsj(Lir | AGN) = ¢(Lir |normal) + ¢(Lir | bursi. The
uncertainties in Figurlg] 2 are translated to correspondigtain-
ties here.

Our comparisons generally affirm the conventional wisdom:
at low redshift, mergers dominate the ULIRG and much of the
LIRG populations, above a luminosity 10"°L,. Heavily ob-
scured (potentially Compton-thick) AGN (in starburst reigbe-
come a substantial contributor to IR luminous populatianshie
most extreme> a few x 10"%L, systems (nearing hyper-LIRG
> 10"%L -, luminosities which are common bolometric luminosities
for > lé?MQ BHs near Eddington, but would imply potentially
unphysicalz 1000Mq yr~! SFRs). At higher redshifts, disks are
more gas-rich, and thus have characteristically largefatmation
rates, dominating the IR LFs at higher luminosities.zBy 1, most
LIRGs are quiescent systems, andzy 2, only extreme systems
> afew x 10”L, are predominantly mergers/AGN.

This appears to agree well with recent observations. First,
consider the results of systematic morphological studietRe
bright sources as a function of their luminosities, at lowstafts
dSanders & Mirabél 1996), which affirms the conclusion théa—
cally —the brightest LIRGs and essentially all ULIRGs areggy
systems, while less-luminous systems are not (see alsenefes
in 8[). At high redshifts, similar studies have now beenqrened
(see e.d. Tacconi etlal. 2008, and references therein). fobeind
that the brightest sources are almost exclusively mergatsyith a
transition point (from non-merger to merger-dominatedpeder-
of-magnitude larger in luminosity. Other morphologicaldies at
intermediate redshiftz ~ 0.4 — 1.4 have reached similar conclu-

sions . 2007).

servations of the strength of observed PAH featum et
[1998{ Veilleux et al. 2009b), full SED template fittirig (Fairet al.
), or indirect comparison with Type 2 AGN luminosity &un
tions (Chary & ElbdZ 2001). In each case, these studies fatddh

cal “normal” ULIRGs are star-formation dominated, but extely
rare systems approaching Hyper-LIRG luminosities tend é¢o b
AGN-dominated. At high redshifts, there have recently baen
tempts to apply similar methodologies, especially conguariof
PAH strengths, and we show such an estimate et al.
M), who find a similar transition from star formation tGN
dominance as at low redshift, at a factor of several highairos-

ity. . 7) measure dust temperature distobstiand
positions on the far IR-radio correlation for a sample of BGs
over the redshift range = 0.3 — 1; they find that belowLr =
10%**Le (Ler = 10%%°Lg), the systems appear star-formation
dominated, while abover = 10'*°L,, the IR luminosities are
dominated by AGN. Atz = 2, the same constraints support the
conclusion from Sajina et al. (2007); Younger €t al. (2008w
that samples of- 2— 8 x 10”L¢, ULIRGs atz = 2 follow the
local far IR-radio correlation, indicating they are stasiudomi-
nated, but Bussmann et al. (2009a,b) find that by luminasitie
~2x10®Lg, IR samples are dominated by warm dust sources
more likely to be (post-merger) AGN. Of course, changingake
sumed number of obscured AGN, as a function of luminosity or
redshift, will correspondingly shift the predicted traiwm point;

the agreement seen here suggests that the correct numbebis p
ably not very different from that adopted here. For furthetadls,

we refer to the above as well as Chapman bt al. (2005). Dey et al
(2008), and Casey etlal. (2009).

The transition point between non-merger and merger domi-
nance of the luminosity function shifts to larger luminastat high
redshifts, even though gas-rich merger rates increasdlyapine
evolution in gas fractions, which drives up both disk stanfation
rates and merger-induced bursts similarly, is the domieéfect;
the evolution in merger rates is also reot rapid as to dominate
the population at redshiftgs < 2. Moreover, as noted in[g 2, al-
though disk star formation rates (at otherwise fixed progexin-
crease monotonically with their gas fractions and hencesgdace
densities, merger-induced bursts and quasar episodesectined
in efficiency in extremely gas-rich systems, because theitgra
tional torques that allow for such bursts depend on a sizdisle
sipationless (stellar) disk component (Hopkins ét al. 2008s a
result, merger-induced bursts do not grow in importancepslly
as might naively be expected from analysis of e.g. halo-fremer
rates.

3.4 Corresponding SFRs and Bolometric Luminosities

In Figure[® we reproduce our model from Figlie 2, but show in-
stead the distribution of star formation rates. Of coursBNAare
not present here, since although there will be star formatidheir
hosts, the AGN IR luminosity itself is not from star formatio
Figurd® shows the corresponding bolometric luminosityfun

tions. For the star-forming systems, this is essentiakgniital to
the total-IR luminosity functions, as the total IR emissidomi-
nates the bolometric luminosity in at least the luminousblight
end of the distribution (of interest here). However, for #@N, the
bolometric emission is considerably larger than the IR eiois

Other studies have attempted to separate the contributionsWe therefore highlight the AGN predictions. We compare ¢hes

of star formation and (obscured) AGN. At low redshifts, we
find similar results from observational comparison of einiss

line strengths| (Sanders & Mirabel 1996; Kewley et al. 200®),

to the large compilation of observations used to derive rekd

ric quasar luminosity functions [n Hopkins et al. (2007 ®¢sef-

erences therein). Similar results have been obtained ar otimpi-
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Figure 4. Top Left: Total IR luminosity threshold above which the predicted URninosity functions in FigurE]2 transition from being domtied by non-
merging (“quiescent”) disks to merger-induced star foforgbursts. We compare observational estimates from nobogical studies of bright-IR sources
in[Sanders & Mirabkl (1996, circle) ahd Tacconi €tlal. (2a6@ngle). Bottom Left: Same, but showing the space density threshdldr{ Mpc—2 log—1LR)

of the same transitionfop Right: Luminosity threshold above which the IR luminosity funetiotransition from being dominated by star formation to gein
dominated by AGN. Points show the observed estimates franpadson of PAH feature strengths and emission line stheteghplate fitting i

- squaremgb a, diamond), m -7 star), and from comparison of the far IRerarrelation |I-7)
Bottom Right: Same, in terms of the space density threshold. As gas frecti@rease with redshift, star formation rates increasd! isystems. As a result,
the threshold for merger-dominance grows from bright LIRGa~ 0, to bright ULIRGs az ~ 1 — 2, to HyLIRGs atz > 2. In terms of space density, this
transition is relatively constant over this range at $6- 10->Mpc—3 log— 1L (at higher redshifts, the space densities of all massiveesysdrop rapidly).
Atall redshifts, bright HyLIRGs(jr >> 10*3L); @ ~ 10~"Mpc—23log~! Lir atz~ 0— 4) have a non-negligible AGN contribution.

lations [Shankar et El. 2009), or from hard X-ray luminositsic-
tions with appropriate bolometric corrections (see .
[2009] Yencho et al. 2009). The observationally estimatédrbet-
ric QLF agrees reasonably well with our predictions. Thearnd
prediction of very low-luminosity AGN owes to our neglect of
non-merger induced AGN (&2.4); it is clear here that these ha
a negligible impact on our conclusions. The model may alsoeso
what under-predict the number density of the most lumingss s
tems (v > 10"L); this is discussed in detail al.

), but is sensitive to the assumed scatter in boldenedr-
rections, and to the existence of even a small lensed or lwkame
QSO population.

Normal/Disk
BurstiMerger

_ \2:0.0

z=15%

log(®) [Mpc®log*(SFR)]
ee] (o)) B N 0o (2} H N 00 (2} H N

1520253035 1520253035 1520253035 3.5 The Effects of Different Model Assumptions
l0g(SFR) [Mgyr?]
We briefly outline the effects of several important compdsen
Figure 5. As Figure[2, but showing the distribution of star formatiates the models adopted. For further details, see Appehdix B revhe
at each redshift (hence no AGN contribution). we reproduce our model from Figuré 2 explicitly, with difeit

changes (discussed here) to the model.
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Figure 6. As Figure[2, but in terms of bolometric luminosity (similar t
the IR for star-forming systems, but significantly larger &GN, which
are highlighted here). Black points show the compilatiorolo$ervational
data used to derive bolometric AGN luminosity function.
@b); these should be compared to the predicted AGN LF.

If we do not allow galaxy gas fractions to evolve with redshif
(i.e. adopt the = 0 value at all redshifts), this leads to a substantial
under-prediction of the luminosities of “quiescent” gaéexatz >
1. In short, the existence of apparently “normal” galaxiekigh
redshifts, with ULIRG-level luminosities, requires verigh gas
surface densities (relative to thosezat 0) if thet8)
relation is to hold in some form.

If we do not allow for disk sizes to be more compact at high
redshift, this yields lower surface densities, and henceesthat
lower SFRs, but the effect is relatively minor. Because the o
served size evolution (of star-forming galaxies) is weRKN .. )
(14 2)~©=%9) and the size evolution (at otherwise fixed proper-
ties) only enters into the SFR at sub-linear order forec X3z
this yieldsM.. «« R~%% at otherwise fixed properties), the total dif-
ference is relatively small (facter 2) in luminosity, comparable to
many of the other uncertainties involved.

If we do not allow for scatter in any quantities (e.g. disk
sizes, gas fractions, burst masses, quasar bolometriectiorms,
and SFRs at otherwise fixed properties) —i.e. force all waloex-
actly trace the medians given il B 2 — this has the expectedteff
that the rare, high- population is significantly suppressed. These
objects depend on the existence of some systems with ediativ
high gas fractions at high masses and Highrelative to many of
their other properties.
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Figure 7. Distribution of SFR in galaxies of fixed massl{ = 10"Mc)
atz= 0 andz = 2. We show the total (black), contribution from “normal”
systems (green), and contribution from merger-inducedtbyblue). The
“normal” systems here have scatter reflecting that in ttelii and gas frac-
tions (assumed lognormal). Mergers, everzat 2, do not dominate the
population or scatter in SFRI.), except in the extreme wings, consistent
with observations indicating small deviations about thediae M..-SFR
trend in normal galaxieO?a). Obsenatmnobing be-

tween~ 2 — 3¢ in the wings are needed to see the merger “tail.”

lar to our default model — however, the steeper index leadsoie
star formation in the very high gas density systems at highhit.
This actually somewhat improves the agreement with therobde
number densities of the most luminous systems; howevedithe
ference is ultimately within the range of our other uncetias, in

We can also re-construct our model predictions, but adopt a particular the number density of the most massive galaxies.

more steep power-law index for t998) relgtior

Again, to facilitate future comparisons, we provide in Efll

example.., oc Ygg, as suggested by some recent observations of fits to the same double-power law functional form for the pree

high-redshift systemO?). In order tocowier-
producing local star formation rates (and indeed the LFsllat a
luminosities and redshifts), it is necessary to correspmig re-
normalize the relation: we do so such that a Milky-Way likskgli
with effective gas surface density 3 x 10°M¢, kpc™? (10% gas
fraction) has the same SFR as that expected from the relfition
byt ). This amounts to a facter3.1 lower normal-
ization in Equatiofi13, with the steepag. Considering simulations
with such a steeper index, the resulting burst propertiesjaalita-
tively similar, but the burst timescale in Equatidn 6 is sepby a
factor~ 2, tourst=~ 0.4 x 10°yr. The AGN properties are relatively
unchanged. Together, the results from this revised moéesiami-

luminosity functions in both the case of no gas fraction etioh,
and the case of a steeper Kennicutt-Schmidt index.

3.6 The Luminosity/SFR Density: Contribution of Mergers
and AGN

3.6.1 Luminosity Densities: Predictions

In Figure[T, we examine the distribution of SFRs at fixed galax
stellar mass (for an L., M. = 10" M, system), for the standard
model used in constructing Figuré 2,zt 0 andz = 2. We sep-
arately show the distribution of SFRs from the “quiescem®r(-
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merger) systems at that mass, and from the merger-indugstsbu
The scatter in non-merger systems comes from the distoitbwt
gas fractions and effective radii, at a given stellar masisradshift.
Obviously, SFRs are systematically highezat 2, and the merger
contribution is relatively larger, as merger fractionsefsd have
increased from~ 1% atz=0 to ~ 10% atz= 2 (see e.g.
IBundy et al.| 2009 Conselice et al. 2009; Kartaltepe &t a0720
[2009; Bridge et al. 2009, and references therein). Howetdmoth
redshifts, the merger contribution is relatively smalldafthough

it dominates the tail at very high SFR at fixed mass, it comsts
much less than the 30% of the population needed for it to bias the
~ 1o scatter in SFRM..). Various observations have shown that
there is a tight sequence of SFR with galaxy mass in starifgrm
systems (e.d. Noeske el al. 2007a), with small scaft€x3 dex,
similar to that predicted here. This presents a constraiihe role

of merger-induced bursts in affecting SFRs, but one eaatigfied
here — far from affecting the scatter at the level, one has to ob-
serve the scatter at a level between 2o in the high-SFR “wings”
of the distribution at fixed stellar mass before the mergduced
tail would be evident.

Figure[8 combines the LFs predicted in Figlite 2 to show the
total infrared luminosity density, and corresponding it8&aR den-
sity, of the Universe as a function of redshift. Approximéite to
these predictions can be obtained by simply integratingfittes
LFs in Tabld1. The luminosity density in quiescent systeoms-d
inates the global total at all redshifts. Merger-inducetstsicon-
tribute a relatively small fraction to the global SFR deysiis-
ing from ~ 1 —5% at low redshiftsz ~ 0 to a roughly constant
~4—-10% atz > 1.

The contribution from obscured AGN is at most comparable to

that from merger-induced bursts, and in general a facter Bf- 3
lower (of course, the conversion to SFR density is not vatid f
AGN, as the IR emission is powered by accretion; they shoald b
compared to the total IR luminosity density only). It is tely
that obscured AGN contribute more than5% to the global IR
luminosity density, even assuming a generous near-isotlyp
obscured fraction ofv 1/2 at high luminosities (large given the
observational constraints from elg. Gilli et al. 2007; Taieal.
20071 Daddi et &l. 2007 Hickox et al. 2007; Caccianiga 2@08;

Treister et al. 2008; Menéndez-Delmestre ét al, 2009; fEneé al.
[2009; | Malizia et al.| 2009t Trichas etlal. 2009). In fact, aHo
ing the entirebolometric AGN luminosity density estimated in
Hopkins et al.[(2007c) and_Shankar € al. (2009) to be reatedi
in the IR increases the contribution of AGN by only a factoB.
Even under conservative assumptions, then, the conwib@itom
obscured AGN is much less than the other current statisticdl
systematic errors in the estimation of the global SFR dgnaitd
infrared-derived SFR densities are not likely to be sigaifity con-
taminated by AGN. This question has been studied via othans)e
as well — for example, in X-ray background synthesis modelgh-
S|m|Iar conclusions (see e. try 2006; Treisteal.
2008).

These are global statements — at a given (high) luminobigy, t
contribution of merging systems and/or AGN may be much highe
Moreover, at any specific frequency, the results here coeilglite
different — for example, in near and mid-IR wavelengths, AGN
might be relatively much more luminous than cold dust eraissi
from galaxy-wide starbursts (and even un-obscured AGNawitl-
tribute significantly at these wavelengths), thus the AGihos-
ity density in such a rest-frame band might compete with onido
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nate the luminosity density from star formation (see.
(1999).

As discussed in B2, there is an important difference between
the total SFR density specificaliigduced via merger-driven galaxy
starbursts (i.e. gas losing angular momentum owing to travi
tional processes in the merger, falling to the galaxy ceraed
driving a short-lived starburst over 1(Pyr timescales), and the
total SFR density that might be identified observationaby“ia
ongoing mergers.” The latter includes all star formatiosystems
that would be identified as merging (usually specificallyifed to
“major” mergers), via either some morphological or paipa@tion
based selection criteria. The duration of these phaseshance
the total SFR density associated with mergers in such a manne
depends on the exact selection criteria, but calibratioolfer-
vational methodologies with numerical simulations suggésis
~ 1Gyr (see e. 08). During this time, excepttfier
much shorter duration of the burst itself, the SFRs will (vést
order, at least) reflect the “quiescent” or “normal” SFR & thisks,
approprlate for their gas content and structural prope(see e.qg.

[ 2007; Cox ethl. 2008, 2009). In order to compa
with these observations, we calculate the analogous SFRtgen
in ongoing mergers with the following simple method: givée t
total rate of major mergers at each redshift, we simply agssam
1Gyr observable lifetime for each such (majer> 1/3) merger,
and during this time assume it has a constant SFR equal tatihe r
of the quiescent systems with the same properties. We adsRRe
density calculated in this fashion to that from the burstsrteelves,
and obtain an estimate of the “total” SFR that might be assedi
with e.g. disturbed or paired systems.

This is much larger than the burst SFR density, especially at
high redshifts. At high redshifts, merger rates are higha $ong
observable duty cycle- 1 Gyr means that a large fraction of sys-
tems will appear perturbed (i.e. the “merger fraction” viedicome
large), and so a large fraction of star formation will appeanerg-
ers. Here, we estimate this to rise from a few percent-at0 to
~ 20% atz~ 2 and as high as 20— 50% atz~ 3— 6. This is sim-
ilar to the conclusions from the analysis in Hopkins ét/abogt),
using a different methodology but similarly attempting tdoulate
the total SFR in “ongoing” mergers. Of course, this shoulthbger
than the burst SFR density at all times; but the primary nedise
difference becomes so large at high redshift is that tygjaalfrac-
tions are very large. As discussed ifil§ 2, and shown in detail i
simulations ir_Hopkins et all_(2009b,f), large gas fracsitead to
less efficient angular momentum loss and so (relativelyd &8-
cient bursts in mergers, on average. However, local standtion
in disks is not affected by this; star formation rates in thaiés-
cent” or extended disk mode continue to rise super-linearti

fgasaccording to th@%) law.

3.6.2 Luminosity Densities: Comparison with Observations

We compare these predictions to a number of observatiomal co
straints. First, for the total luminosity/SFR density, wieow
the compilation of observations presented kDO4
Hopkins & Beacomm (2006). These come, for the SFR density fro
a variety of different observations at various wavelengthey are
shown here in terms of the estimated total SFR density wéhkh
luminosity density following from the standard conversamopted
here. Complementary constraints at higher redshift camfieered
from observations of the Lyman-forest in quasar spectra and ion-

izing background, compiled in Faucher-Giguére ét al. (3088all

redshifts, the prediction is within the scatter of thesecotztions;
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Figure 8. Total IR luminosity density (and corresponding SFR density a function of redshift. We show the model prediction fa tontribution from
“normal” (non-merger-induced) disk star formation (grgeand that for merger induced bursts (dark blue), and AGHN)(ras in FiguréR. We also show the
total IR luminosity density associated with “ongoing” irdgetions, which might be identified via morphology or patested samples for a duratien1 Gyr
(light blue). Note that most of the star formation in thesetesns is the continuation of their “quiescent” star format- the specifically merger-induced
starburst lastsw 108 yr. We compare the observational compilation fiom HopkinBe&acori mG) for the total IR luminosity density/SFR dgngjreen
diamonds) and at high redshifts the SFR density inferremh ftpman-« forest measurementslin_F@gLe@_@Le_leEZOOS, giees). We also compare
the results from the multi-wavelength “bolometric” AGN limosity function compilation frommm)mhe IR luminosity density in AGN
(red). Observational estimates of the SFR density speltyficaduced by mergers (e.g. subtracting some “baseline” SFR estinmate & control sample of
non-merging systems for identified mergers) are shown (di) fro @og, triangles) dm inverted triangle); estimates
of the total SFR density in ongoing/identifiable (e.g. paimmrphologically selected) mergers are shown (light bften I@)G, circles),

IL(_;LQ_@S, squares), MMOOQ.MaII redshifts, AGN represent a small contribution e total (FIR-dominated) IR luminosity
density. Mergeiinduced star formation is a similarly smail 5% of the IR luminosity density; thietal luminosity density associated with mergers is somewhat
larger, but still small, rising fromv 5—10% atz < 1 to ~ 10— 20% atz~ 2 — 4.

at low redshiftsz < 1, the median predicted is somewhat higher obtained from the complimentary QLF compilations presgirite

than the median of the observed points but the differencenéls
in absolute terms;- 0.2 dex — well within the systematic uncertain-
ties of both theory and observations.

Next, we consider the luminosity density in obscured AGN.
[Hopkins et al.[(2007c) present bolometric quasar lumigdsinc-
tions, compiled from observations at a wide range of difiere
wavelengths, together with observationally inferred ouluden-
sity distributions and template spectra. Adopting the fies¢in’
assuming that the obscured luminosity is re-radiated inRifg
we construct the corresponding QSO IR luminosity densitys T
agrees well with our theoretical estimate. Similar coristsaare

7 A code for generating the observed quasar luminosity func-
tions in various bands, based on these observations, isidprbvat
http://www.cfa.harvard.edu/~phopkins/Site/glf.htmll

Shankar et al! (2009), and from synthesis models of the IR-bac
grounds (e. 99).

We also compare observational estimates of the luminos-
ity/SFR density in mergers. First, several authors havargited
to estimate the total amount of star formation in observatio
ally identified ongoing mergers or recent (morphologicadig-
turbed) merger remnants. We compare observations compiled
from|Brinchmann et al| (1998); Menanteau etlal. (2006); Bel.
@), who estimate this quantity in morphologicallyeséd
samples at ~ 0— 1.58 Second, more recently, attempts have been

8 Note that most of these authors actually measurefttheion of the
SFR density in or induced by mergers, not the absolute vaNe con-
vert this to an absolute density by rescaling with the olenotal SFR
density at the same redshift from the best-fit observed tpadented in
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made to specifically isolate the mergaduced star formation rate
density. Typically, in these cases, the SFR density of soeen
sample (identified in a similar manner) is considered, bly aft
ter subtracting away/removing the contribution from thpested
“normal” mode star formation. In general, this is accontpdid via
comparison to some control sample of star forming galaxiigls w
similar stellar masses and redshifts. Robainalet al. [2686jnpt
this from a pair-selected samplezat 0.4 — O.S;MI@bQ)
consider a similar estimate from morphologically select&ahples
atz~ 0.4— 1. Clearly, the two estimates (total SFR in “ongoing”
mergers versus the SFR densityancement from mergers) should
be compared to the appropriate respective theoreticalqgbi@us,
as discussed above. In both cases we see good agreement.JAt
the observations may in fact indicate the predicted growliffgr-
ence between “all” star formation in mergers and the stamé&bion
specifically induced by mergers.

3.6.3 Contributions from LIRGs and ULIRGs

In Figure[9, we illustrate the contributions to the lumingsien-
sity from galaxies in various luminosity intervals — spegafly,
non-LIRG, LIRG, and ULIRG systems. For clarity we show just
the results from our best-fit luminosity functions in Tablettie
full allowed range scatters about these curves-b.15dex. We
find the well-known result from a number of observationaldstu
ies (see e.g. Le Floc’'h etlal. 2005): higher-luminosity egst pro-
gressively dominate more of the IR luminosity density athieig
redshifts. Atz = 0, the luminosity density is dominated by rel-
atively low-luminosity Lir ~ 10°°L;, systems. The contribution
from LIRGs (Lir > 10" L, systems) rises rapidly from=0—1,
such that byz > 0.7 or so, these systems dominate the IR lumi-
nosity density. Their fractional contribution remainsatelely con-
stant, above this point. ULIRG&.& > 10*L)) also rise rapidly
in prominence, from negligible contributions to the IR lunosity
density £ 1%) at low redshifts to comparabte 20— 50% contri-
butions to LIRGs az ~ 2, and byz > 3 dominating the total IR
emission. The contribution from HyLIRG&/& > 10*°L ) rises in
similar fashion, but is always much less than the contrdvufrom
ULIRGSs — the highest contributions we find from such systeras a
atz> 3 at~ 1— 5% of the luminosity density.

These trends simply reflect the predicted (and observed) evo
lution in the IR luminosity function break L. (see Figurgl3) —i.e.
the fact that all active systems become more IR luminousgit hi
redshifts. It should be clear both from our discussion [n3 a8nd
from direct comparison with Figufé 8, that these luminoslasses
do not necessarily represent distinct physical object classesve\
have shown, we expect most of the LIRGgat 1, and ULIRGs at
z> 2, to be “normal” star forming systems, with their lumin@esst
driven by increasing gas content and rapid growth.

4 CONCLUSIONS

We present a simple model for the distribution of star foiorat
rates and infrared luminosities owing to “normal” starridng
disks, merger-induced starbursts, and AGN. Comparingvtitis
observations, we find reasonable agreementa — 3. At all red-
shifts, we find that the low-luminosity population is domtied by

Hopkins & Beaco 6). Since this agrees well with our foted total

SFR density, it makes little difference if we use that indtea
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Figure 9. Contribution to the IR luminosity density from galaxies iiffet-
ent luminosity intervalsTop: Luminosity density, as Figurlgl 8. We com-
pare the total, and contribution from sub-LIRGH < 10'1L), LIRG
(Lir = 10" — 10*2L)), and ULIRG (g > 10*2L,) systems. HyLIRGs
(Lir > 10*2L) are negligible £ 1— 5% contribution) in this total at all
redshifts. For clarity, we show the results for the fits in [€&lly each curve
has an approximate 6 dex uncertaintyBottom: Same, as a fraction of the
total pir. LIRGs rise to dominance g~ 1. ULIRGs are comparable and
then dominant in output at~ 2 andz ~ 3, respectively. We stress that, as in
Figure[3, these luminosity cuts ot necessarily correspond to physically
different classes of systems.

disks, whereas the high-luminosity population becomegne
sively more dominated by merger-induced bursts and then, ul
mately, obscured AGN.

The threshold for this transition is always at high lumirosi
ties and low space densities. At higher redshifts, gasifmastin
all systems increase — hence, specific star formation ratesia
“typical” systems are much higher at highAs a consequence, the
luminosity threshold for the disk-merger transition irases with
redshift, from between LIRGs and ULIRGs in the local Unieeit®
ULIRG luminosities az ~ 1, to HyLIRG luminosities at ~ 2— 4.
Similarly, the threshold for AGN dominance, at the brightIBIG
range at low redshifts, rises to HyLIRG luminositieszat 1 — 2
and to the very brightest HyLIRGs at> 2.

We provide simple fitting functions for each of these quan-
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tities, and show how they depend on different parameterfen t
model. Most critically, it is the evolution in galaxy gas dra
tions that drives most of the evolution in the IR LFs. Obser-
vations have shown that typical gas fractions in massiva; st
forming galaxies increase rapidly with redshift (see .
[2006] Bouché et al. 2007; Puech et al. 2008; Mannuccil et 80:20
[Forster Schreiber et fal, 2009). This naturally follows frthra facts
that cooling rates onto galaxies at high redshift are muginéri
than at low redshift, and there has simply been less timede pr
cess gas into stars (higher cosmic densities may also meke st
lar and AGN feedback relatively less efficient). A higher fras-
tion by a factor of~ 3, as implied by observations of Milky-Way
mass disks at ~ 2 — 3, leads to a factor 5— 6 higher star for-
mation rate, according to the Kennicutt-Schmidt relatidhhigh
masses/luminosities, i.e. where the number density okmstis
falling exponentially, such a systematic increase in luosity more
than offsets the declining space density of massive gaaxith
redshift.

Other parameters have little effect. Changes in galaxyssize
and/or structural parameters, while potentially very imgot for
e.g. how gas fractions are maintained, make little diffeecto the
SFR distributions given some gas fraction and stellar missstil-
tions. Allowing for a more steep index in t@&@ﬁ-
lation may help to account for the most luminous observetbays
such as bright sub-millimeter galaxies at the Hyper-LIR@shold
atz~2—-4 dChapman etal. 20b5). However, the number counts
of such objects remains quite uncertain, and recently it
suggested that the average counts might be much lower with co
mic variance still a concern (Austermann el al. 2009). Lasgen-
ples and better calibration of bolometric corrections —artigular,
real knowledge of the appropriate dust temperatures forersion
to total-IR luminosities, which requires sampling bothesidbf the
cold dust peak (see elg. Younger €t al. 2009b) — will be netated
better understanding of extreme systems.

Our simple model succeeds reasonably well at explaining
the observed global SFR density. At all redshifts, normateys
dominate the global SFR density. Obscured AGN contribtitie li
< 5%, to the total IR luminosity density. Substantial bias o |
based SFR density estimates from obscured AGN would regaire
undiscovered population of heavily, isotropically obszlisources
with luminosity densities~ 5 times what is currently suggested
(which would be in conflict with relic BH mass densities).

The contribution of merger-induced bursts is similarly §ma
~ 5—10% at most redshifts. This owes both to the physics dis-
cussed above — disks also rapidly increase their SFR denihy
redshift owing to higher gas fractions — and also to the faat in-
creasing disk gas fractions arbitrarily will not continaeinicrease
the merger-induced burst contribution arbitrarily. Ratrees dis-
cussed in detail ih_Hopkins et a]._(ﬂﬂb,f), at high gastioas
angular momentum loss in mergers becomes less efficients- thu
for an otherwise identical merger with a much larger gastivac
the fraction of gas funneled into the nuclear starbursgtined to
the total available, will be less (and the fraction that remean
an extended disk distribution to continue “normal” mode &ba-
mation will be larger), even if the absolute mass in the bigst
larger. Similarly, at a given mass, the distribution of SERsll
redshifts is dominated by normal-mode star formation — ®erg
induced bursts are important only in the high-SFR tail— 30)
of the distribution. These trends explain a number of recbser-
vations that similarly indicate a small effect of merger @mte-
ments to star formation rates, and that show that most starafo
tion by number and luminosity density appears to follow aptén

trend or “main sequence” as a function of galaxy stellar naass

redshift {Blain et all 1999 Noeske ef al. 2007h.a; Papostdl.
[2006; Bell et al. 2005; Jogee eflal. 2009; Robaina &t al.| 2009)

Support for these fractions also comes from completely in-
dependent sources. Recently, a number of high-resolutiath s
ies of spheroid formation via galaxy mergers have shown that
properties such as the surface brightness profiles, sipesen-
trations, kinematics, and isophotal shapes of spheroidsvary
sensitive to the mass fractions formed in such bursts, wpioh
duce dense, disky, nuclear mass concentrations, versundhse
in a more extended envelope formed via the violent relaratio

of the pre-burst stellar disks (see e.q. Cox et al. 2006: éaah

@M&nﬂﬂlﬂdﬁ.&u&eﬂﬂﬂjwm
[Hopkins et all 2008d,a, 2009¢). In particular, typiealL. early-
type galaxies, which dominate the spheroid stellar mass den
sity, have properties that are reproduced accurately bylaim
tions if and only if this burst fraction is- 10% (for details, see
Hopkins et all 20093, e). Independent analysis of theitastpbp-
ulation properties leads to similar conclu5|o

@mﬂmmﬁmmammﬂmr
2009).

There is an important technical distinction between theltot
SFR density in “ongoing” or recent mergers and that actualy
duced by the merger (we present predictions for both). The former
includes systems in their “normal” star-forming mode, alable
for ~Gyr as perturbed or in pairs; the latter reflects specifichity
~ 10%yr event where gravitational torques drive a nuclear statbu
Under some circumstances, especially in very gas-rich engrthe
sum of this “normal mode” star formation over a longyr dura-
tion yields significantly more total stellar mass formedrntiiathe
burstitself. The “ongoing” merger SFR density must, of caurise
with the observed merger fraction, reachin@0% atz= 2 and as
high as~ 20— 50% atz > 4; however we stress that these high
fractions reflect predominantly the “normal” modes of stanfa-
tion simply present in systems that may be on their way to mgrg

Finally, we caution that the above comparisons are approx-
imate, and intended as a broad means of comparing the primary
drivers of star formation and their contributions relato@bserved
IR luminosity functions and SFR distributions. We have igatba
number of potentially important effects: for example, abstion is
a strong function of time in a merger, and may affect variousii
nosities and morphological stages differently. Moreowar,simple
linear addition of the star formation contribution of meng& the
IR LF and the AGN contribution is only technically correcobife or
the other dominates the IR luminosity at a given time in thegee
however, there are clearly times during the final mergeestagen
the contributions are comparable. Resolving these is®msres
detailed, time-dependent radiative transfer solutionsutph high-
resolution simulations that properly sample the mergerauds-
cent galaxy parameter space at each redshift, and is outside
scope of this work (although an |mportant subject for futunere
detailed study; see, elg. Lietal. 2D
Younger et al. 2009a). It would be a mistake, therefore, &0l teo
much into e.g. the detailed predictions for sub-millimegataxies
or other extreme populations in Figdrk 2 that may have comple
dust geometries and/or a non-trivial mix of contributionsnfi all
of “normal” and “burst” mode star formation as well as AGN.wo
ever, most of our predicted qualitative trends, including ¢volu-
tion of the luminosity density (and approximate relativetcibu-
tion of mergers) and the shift in where quiescent or mergsed
populations dominate the bright IR LF, should be robust.

(© 0000 RAS, MNRASD0O, 000—-000
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Table 1.Fits to Model IR LF Predictions

Object Clas$ Lo(:I:ALo) b L’¢ L d ¢0 e ¢/ T ¢// g o h v BO K B/ T 6” m
Double Power-Law Fit (Full) - Standard Model
Normal/Star-Forming  11.37(0.14)  2.17(0.82) -1.15(1.13)3.97(0.50) 5.27(2.81) -6.11(3.53) 1.57(0.45) -3.4042.4 2.09(3.06) 6.60(1.33) 7.46(8.12) -17.57(10.81)
Merger/Burst 12.16(0.26)  1.93(1.53) -2.41(2.09) -6.3%) 5.15(3.06) -4.77(4.02) 1.13(0.21) -0.86(1.30) QI30§) 3.23(0.59) 3.94(3.55)  -7.42(4.69)
Obscured AGN 12.15(0.29)  2.07(1.63) -3.19(2.10) -6.6(P. 5.69(2.56) -5.39(3.15) 0.73(0.23) -0.64(1.37) -0183%) 2.55(0.50) 3.90(2.91) -7.41(3.74)
Double Power-Law Fit (First-Order i) - Standard Model
Normal/Star-Forming  11.31(0.12)  1.99(0.29) 0 -3.30(D.410.16(0.88) 0 1.39(0.35) -1.68(0.72) 0 6.59(1.10) 0.9%(p. 0
Merger/Burst 12.08(0.30)  1.23(0.69) 0 -5.67(0.59) 0.724)L 0 1.07(0.25) -0.53(0.55) 0 3.18(0.60) 0.79(1.71) 0
Obscured AGN 11.95(0.34)  1.37(0.75) 0 -5.80(0.53)  0.74(1. 0 0.69(0.28)  -0.83(0.60) 0 2.40(0.45) 1.06(1.32) 0
Modified Schechter Function Fit - Standard Model
Normal/Star-Forming  10.46(0.58)  2.35(0.97) 0 -1.64(D.70-1.28(1.14) 0 0.46(0.74) -0.99(1.24) 0 0.73(0.22) 0.2 0
Merger/Burst 10.23(1.83)  1.05(0.64) 0 -3.41(1.10) 0.AH7ID 0 0.28(0.72) -0.26(0.76) 0 0.36(0.15) 0.0(0.0) 0
Obscured AGN 10.10(0.66) 0.90(0.60) 0 -4.25(0.40) -0.3(D 0 0.0(0.0) -0.60(0.61) 0 0.33(0.06) 0.0(0.0) 0
Double Power-Law Fit (Full) - Steeper Kennicutt-Schmiddéx
Normal/Star-Forming  11.28(0.14)  2.43(0.84) -1.12(1.14)4.09(0.53) 5.67(2.91) -6.35(3.58) 1.69(0.48) -3.9%».5 2.48(3.09) 657(1.36) 7.39(8.12) -17.75(10.66)
Merger/Burst 12.39(0.25)  2.06(1.49) -2.59(2.07) -6.64%) 5.00(2.65) -4.84(3.52) 0.96(0.17) -0.85(1.05) (148) 2.93(0.50) 3.71(3.08) -6.88(4.09)
Obscured AGN 12.15(0.29)  2.07(1.63) -3.19(2.10) -6.6%(D. 5.69(2.56) -5.39(3.15) 0.73(0.23) -0.64(1.37) -0183%) 2.55(0.50) 3.90(2.91)  -7.41(3.74)
Modified Schechter Function Fit - Steeper Kennicutt-Schriridex
Normal/Star-Forming  10.34(0.56)  2.79(0.91) 0 -1.62(D.69-1.34(1.11) 0 0.51(0.71) -1.07(1.16) 0 0.72(0.21) 0.ZRY 0
Merger/Burst 10.62(1.53)  1.05(0.59) 0 -3.83(0.95)  0.FAD 0 0.27(0.53)  -0.21(0.59) 0 0.36(0.13)  0.0(0.0) 0
Obscured AGN 10.10(0.66)  0.90(0.60) 0 -4.25(0.40) -0.33(D 0 0.0(0.0) -0.60(0.61) 0 0.33(0.06) 0.0(0.0) 0
Double Power-Law Fit (Full) - No Gas Fraction Evolution
Normal/Star-Forming  11.38(0.15)  1.06(0.96) -1.50(1.41)4.00(0.57) 4.36(3.45) -5.71(4.65) 1.57(0.53) -2.1%3.3 1.05(4.67) 6.70(1.52) 7.34(9.66) -16.84(13.18)
Merger/Burst 12.20(0.26)  1.35(1.54) -2.77(2.12) -6.488) 4.51(3.18) -3.53(4.26) 1.12(0.22) -0.21(1.42) -(2586) 3.33(0.64) 4.08(3.85)  -7.61(5.03)
Obscured AGN 12.15(0.33)  1.91(1.92) -2.88(2.62) -6.@KP. 5.45(2.99) -5.29(3.90) 0.75(0.24) -0.83(1.48) O0.3KP 2.54(0.53) 3.65(3.20) -6.66(4.23)
Modified Schechter Function Fit - No Gas Fraction Evolution
Normal/Star-Forming 10.37(1.08)  0.93(1.74) 0 -1.52(9.94-1.55(1.47) 0 0.27(1.48) -1.01(2.53) 0 0.69(0.34) 0.1®(D 0
Merger/Burst 10.09(2.41)  0.18(0.74) 0 -3.41(1.12)  0.5®(D 0 0.18(0.92) -0.15(0.94) 0 0.35(0.19)  0.0(0.0) 0
Obscured AGN 10.07(0.71)  0.73(0.68) 0 -4.31(0.41)  0.38(0. 0 0.0(0.0) -0.28(0.65) 0 0.32(0.06) 0.0(0.0) 0

2 Refers to sub-sample of objects for which the fit pertains.
b parameters of best fit to the redshift-dependent form offheAl (Equation§ T0-12). is the break luminosity.. atz= 0, in log(Lo/L)-
cd Redshift dependence of the break luminosity per Equatiofil1 (logL /Lo} =Lo+L &+L" £2, wheret = log(1+2).)
€ Log LF normalizationg. atz= 0, in Mpc=23 log~ 1L g.
9 Dependence of normalizatiaf. on redshift (log{ ¢« /Mpc—3log=Lir} = ¢o + ¢ € + ¢’ £2).
P Faint-end IR LF slopex atz= 0.
I Dependence of faint-end slopeon redshift & = o+ o’ € + o £2).
kBright-end IR LF slope3 atz= 0.
I'm Dependence of bright-end slopeon redshift 3 = 8y + 8’ € + 8" £2).

Observed galaxy mass functions extend te 4, the range used for these fits. Extrapolations beyondehdishift should be considered with caution.
If this is done, however, a minimum should be imposed on tighbend slope ag 2 2.

SPPOIA [e2160[0Ws0) Wol4 SH47 Y|

TZ



22  Hopkinset al.

APPENDIX A: PREDICTED LUMINOSITY FUNCTIONS warmer dust temperatures typical in AGN lead to their be&lg-r
AS A FUNCTION OF WAVELENGTH tively less important.

Figure[2 presents the predicted total IR luminosity funtgidrom
the models discussed here. To facilitate comparison witteia-
tions (and broaden the range of observations to which we @amn c
pare), we here present corresponding predictions in a nuofbe
different rest-frame wavelengths. Figufes] A1) AZ] B3] A4AS
present the predicted LFs at rest-frame wavelengths.of23 .,
60, 100u, and 16Qu, respectively. For each, we compare to the
available observations at or near that wavelength.

For the star-forming systems (normal galaxies and mergers)
we simply convert our predicted SFR and corresponding t&al
luminosity to an observed luminosity in the given band, give
the SED templates (themselves a function of bolometric has
ity) discussed in §3]1, namely those from Valiante étlal0g@0
using the model SEDs in_Dale & Heloli (2002). As discussed in
8§[3, varying the exact scaling of these corrections withiseniza-
tional uncertainties is comparable to the uncertainty fiahopt-
ing different mass function estimators. For the AGN, we adop
the template SEDs for obscured and unobscured systems from
IHopkins et al.[(2007c), but adopting alternative dlffermmmate
obscured or unobscured AGN spectra (e.g. those_in Elvis et al
[1994:[Zakamska et hl. 2004: Polletta dtlal. 2006: Richardﬂ et
[2006h) makes little difference.

We stress that these predictions should be regarded with con
siderable caution. The models here (or, for that mattemynfally
cosmological model for disk/merger/AGN systems as a fomoif
redshift) donot predict full SEDs. Rather, the robust quantity is
some more physical number such as the total star formatien ra
(or AGN luminosity and obscured fraction). This allows rebas-
timatiions of total IR luminosity, but we are now using a sfiec
simple empirical conversion between bolometric luminoaitd lu-
minosity at a given wavelength. If structural propertiegafaxies,
spatial distributions of gas and star formation, dust prioge (gas-
to-dust ratios, dust spatial distributions and clumpijedamping
factors, and AGN contributions evolve, then these coneasswill
be problematic and may introduce systematic errors. In fat
very likely that these parameters that govern the SED doadh f
evolve with redshift, or are different in merging and nonrgieg
systems (given the different spatial distributions of gag dust),
and/or are a function of the relative AGN/star formatiorelele in
the galaxy.

More detailed modeling, including full, self-consisteatiia-
tive transfer treatment of high-resolution hydrodynamimiga-
tions of mergers and normal galaxies with all the effectssabo-
cluded, will be necessary to predict e.g. the distributibaust tem-
peratures and other quantities critical, especially, famparison
with the number counts at long wavelengths (e.g. sub-reflén
galaxies). These models will be presented in future worlKapa-
ration); therefore we do not construct such comparisonat{empt
to compile predicted number counts) here.

Nevertheless, the comparisons in Figures[A1-A5 are infor-
mative, and useful for future comparisons with observatiqumo-
vided appropriate caution is used. In particular, thisvedlais to
see how the relative contributions of AGN and star formatiary
as a function of IR wavelength (as the dust temperatures B S
are not the same). At shorter wavelengths, eg. 8GN play a
role at even moderate luminosities. We can compare to some ob
servational studies, for example that in Babbedge|et aDé(pa@hat
explicitly separate the AGN and star-forming populaticarg] find
good agreement. On the other hand, at the longest wavetenigéh
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Figure Al. As Figure2, but for the luminosity function in a specific réstme band (here) = 81) as a function of redshift. We stress that werdd model
the SEDsa priori, but simply adopt a specific set of empirical templates — ah e information in this plot is identical to that in Figlil. We compare
to the same observations as Figure 2, for the observatiamrsnaiar this rest-frame wavelength. Solid red pentagons $he estimates from al.
@) specifically for the contribution of AGN at this waergth.
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Figure A2. As Figure[Al, but at rest-frame 24 We compare observations spanning rest-frame- 85, (corrected with the same standard bolometric
corrections to 24).
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Figure A3. As Figure[Al, but at rest-frame 60 We compare observations spanning rest-frame-80p (corrected with the same standard bolometric
corrections to 6@).
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Figure A4. As Figure[Al, but at rest-frame 1@0 We compare observations spanning rest-frame- 820 (corrected with the same standard bolometric

corrections to 100).
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Figure A5. As Figure[Al, but at rest-frame 160 We compare observations spanning rest-frame-1260p (corrected with the same standard bolometric
corrections to 160).
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APPENDIX B: CONSEQUENCES OF MODEL , _
ASSUMPTIONS oy, — B, 1

The consequences of adding, removing, or changing somerof ou 5
model assumptions are discussed [0 § 3.5. Here, in FiguidB®1
B3, & B4, we explicitly illustrate the effects discussedréne

In Figure[B1 we reproduce Figuié 2, but do not allow galaxy
gas fractions to evolve with redshift (adopting the- 0 value at
all redshifts). As discussed il & 8.5, this leads to significander-
prediction of the IR LF at high redshifts. In FigurelB2, we nep
duce Figurd R again, but this time do not allow for disk sizes t
be more compact at high redshift. This has a much smallecteffe
In Figure[B3, we repeat Figufd 2 but do not allow for scatter in
any quantities (e.g. disk sizes, gas fractions, burst nrsasgmsar = 1 _ L
bolometric corrections, and SFRs at otherwise fixed prasrt.e. 1 12 13 14 11 12 13 14 11 12 13 14
all values exactly trace the medians given i § 2. This sigga® 1og(Lig) [Lo]
the bright end of the LF. In Figule B4, we repeat Figlle 2, but
adopt a steeper power-law index for 9983tima11
(3. o T5%), as discussed if&3.5). These LFs correspond to the fits
for the steep Kennicutt-Schmidt slope case presented ile[Mhb

log(®) [Mpc? log™(L;e)]

o &b A Db b A Nb

Figure B1. As Figurd 2, but neglecting the increase in galaxy gas trasti
with redshift. The SFRs of even normal, low-mass undistirbisks are
significantly under-predicted.

-2 Normal/Disk -
{3 Burst/Merger. 9
——— Obscured AGN N

log(®) [Mpc? log™(L;e)]

o &5 A Nd b b Nb

11 12 13 14 11 12 13 14 11 12 13 14
log(Lg) [Lel

Figure B2. As Figurd 2, but neglecting the evolution in disk sizes wét-r
shift. Because the observed size evolution (of star-fogrgmlaxies) is rela-
tive weak Re(M..) o (14 2)~(0=099)) and the size evolution (at otherwise
fixed properties) only enters into the SFR at sub-linearmite difference
is relatively small (factor~ 2).
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- =

log(®) [Mpc? log™(L;e)]
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log(Lg) [Lol

Figure B3. As Figure[2, but not allowing for any scatter in SFR at
fixed galaxy mass, in mergers or disks (and no scatter in obdduac-
tions/bolometric corrections in AGN). The hightail is significantly sup-
pressed. Note that the “kinks” at high redshift are artffaaf the analytic
fitting functions used.

Normal/Disk
Burst/Merger.
Obscured AGN

log(®) [Mpc? log™(L;e)]

1 12 13 14 1 12 13 14 1 12 13 14
log(L) [Lol

Figure B4. As Figurd2, but with all calculations adoptng a steepeniride
the Kennicutt relation (Equatidd 3)s = 1.6, normalized to the same SFR
for Milky Way-like disks. Systems at high redshifts are hiedssignificantly
in SFR, and mergers are more concentrated in time, leadisigaigoer peak
SFRs. The agreement with observations is somewhat improutdverall
the differences are comparable to the uncertainties frenadopted SFR.
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