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ABSTRACT

We show that g bursty model of high redshift star formation explains several
puzzling observatiofis of the high redshift galaxy population. We begin by pointing
out that the obseyved specific star formation rate requires a duty-cycle of ~ 10%,
which is much loger than found in hydro-dynamical simulations. This value follows
directly from the that the observed star formation rates in galaxies integrated over a
Hubble time wewld exceee observed stellar mass by an order of magnitude. We use
the large observed specific star formation rate to calibrate the efficiency of feedback
in a model for the high redshift star formation rate which includes merger driven star
formation regulated by SNe feedback. This model reproduces the star formation rate
density function and the stellar mass function of galaxies. A prediction of the model
is that the specific star formation rate does not evolve with either mass or redshift
as is observed. This is in contrast to results from hydrodynamical simulations where
the star formation closely follows the accretion rate, and so increases strongly towards
high redshift. The bursty star formation model naturally explains the observation that
at z ~ 2 — 4 there is not enough stellar mass to account for all of the star-formation
observed, without invoking properties like an evolving . The finding of a duty
cycle that is ~ 10% implies that should be ten times the nulnker of known galaxies at
fixed stellar mass that have not yet been detected. We thereforéNpredict the existence
of a large undetected population of UV-faint galaxies that accounts for most of the

stellar mass density at 2 =4 —8. initial mass function of stars
Key words: galaxies: formation, high-redshift, — cosmology: theory, diffuse radiation
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1 INTRODUCTION

The galaxy luminosity function is the primary observable
that must bg reproduced by any successful model of galaxy
formation. At z >6, it also represents one of the most im-
portant obsgrvables for studying the reionization of cosmic
hydrogen. The luminosity function of Lyman-break galaxy
candidates |discovered at z 2 6 in the Hubble Ultra-Deep
Field is desfribed by a Schechter function with characteristic
density ¥, |in comoving Mpc™3, and a power-law slope « at
luminositigs L below a characteristic break L, (e.g. Bouwens
et al. 201T). Developing a theoretical picture of the impor-
tant processes involved in setting the star formation rate at
high redshift lies at the forefront of understanding this im-
portant cosmic epoch (e.g. Trenti et al. 2010; Finlator et al.
2011; Munoz & Loeb 2011; Raicevié¢ et al. 2011; Salvaterra
et al. 2011).

Complex hydrodynamical models have been used to
model the observed properties of high redshift galaxies. For
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example, Finlator et al. (2011) have modelled the growth of
stellar mass in high redshift galaxies using hydrodynamical
simulations coupled with sub-grid models for processes in-
cluding star formation and metal enrichment, and broadly
reproduce the luminosity function evolution as well as the
blue colours of the young stellar populations at high redshift.
Similarly, Salvaterra et al. (2011) and Jaacks et al. (2012)
have calculated the evolution of the luminosity function in
detailed numerical simulations including calculations of en-
richment and dust reddening, with the latter also including
additional physics related to the transition from population-
IIT to population-II stars. While these models are able to
reproduce the luminosity function and star formation rate
density function, they over-produce the high redshift stellar
mass function, particularly at the low mass end.

Recently, Wyithe & Loeb (2013) presented a model for
the high redshift star formation rate density function, which
includes merger driven star formation regulated by SNe feed-
back. This model fits a range of observables, and implies
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Figure 1. The specific star-formation rate as a function of redshift calculated based on equation (1) for duty-cycles of 10% and 15%, in
comparison with measurements at stellar masses of 10° and 5 x 10° solar. The data points are from Gonzalez et al. (2012)

there are more than

a duty cycle of [1-10%, much lower than found in hydro-
dynamical simulations. Current observations select galaxies
by their UV luminosity, and hence only d_—Ppct starbursts.
The finding of\frduty cycle b{ *(10% therefore
implies that shewld-be ten times the numbe known galax-
ies at fixed stellar mass that have not yet been detected.
The model thezefore predicts a large undetected population
of UV-faint galaxies that accounts for most of the stellar
mass density at z=4-8. Unfortunately, at z > 4 there are

cific star formation history within a suite of semi-analytic
models. At z > 4, they found that the evolution of specific
star formation rate could be reproduced in the presence of
strong SNe feedback. In this paper, we find that SNe regu-
lated model with low duty cycle naturally reproduces both
the large value of specific SFR, and the observed behaviour
with mass and redshift.

We begin in § 1 by pointing out the general constraint
on the duty-cycle that is provided by observations of the

currently no good constraints on nonsstar-forming galaxies. ific star formation r in § 3 we briefly sum-
These UV faint galaxies would be detectable Withithe Spitzer Space Telescope|or JWST. | formation presented

However, it is difficult to define selection criteria that select
such sources without significant contamination from lower
redshift dusty galaxies. The existence of a large population
of undetected galaxies which are not forming stars would
not affect the global star formation rate history or inferences
about the reionization of the ¥&ivf; but would affect the esti-
mated cumulative stellar mass assafunction of redshift and
the number density of passive galaxiesSat_each redshift.

The relationship between the observed formation
and stellar mass,has been an observational focus:
et al. (2008) co ed estimates of stellar mass and star
mation rates as a function of redshift in order to investigate
whether the integral of star formation rate matches the the
observed stellar mags. Interestingly, at z ~ 2 — 4, Wilkins
et al. (2008) find thit there is not enough stellar mass to
account for all of the\star-formation observed. Conversely,
at high redshift Bouwels et al. (2011) find that the observed
stellar mass is accountey for by the observed star-formation
rate. In this paper we afgue that both observations can be
undéstood in the contex} of a star formation model with a

dutyicycle of order 10%. per unit volume
A second puzzling observation In high redshift galaxy
resegrch has been that the star formation rate does not
evolye with either mass or redshift. Most simulagions of high
redshift galaxy formation do not reproduce the observed
platpau in specific star formation rate at z >\2. This is
becquse simulations generally associate star form¥gtion pri-
maiily with the accretion of gas. As a result they
rapld increase in the specific star formations rate, wljich can
be linderstood because the specific accretion rate i
to cale as (1 + 2)%° (Neistein & Dekel 2008). To
stahd which aspect of high redshift galaxy formation
els|drives the incorrect prediction of an evolving specific §tar
fornation rate, Weinmann et al. (2011) calculated the she-

in Wyithe & Loeb (2013). We next present comparison of
this model with various observables including the star for-
mation rate density function, specific star formation rate,
clustering amplitude and stellar mass function in § 4. We
finish with a discussion in § 5. In our numerical examples,
we adopt the standard set of cosmological parameters (Ko-
matsu et al. 2011), with values of Qp, = 0.04, Qm = 0.24 and
Qa = 0.76 for the density parameters of matter, baryon,
and dark energy, respectively, h = 0.73, for the dimension-
less Hubble constant, and og = 0.82.

intergalactic medium (IGM) |

2 THE SPECIFIC STAR FORMATION RATE

OF STAR-FORMING GALAXI

supernovae (SNe) |

Before discussing our particular model for' SNe regulated
star formation, we begin by looking at the constraint on

duty-cycle (eaury) PrlcOrrect the equation (1/R.H.S.)

rate. In the simplest model the specific star Idrmafion rafe
is
SFR SFR

sSFR = Mstar SFR(camy H )™= €duty H (1)
Thus, the specific star formation rate leads to a direct esti-
mate of the duty cycle of star formation. This is plotted in
the upper two panels of Figure 1 as a function of redshift for
€duty = 0.1 and 0.15, compared with observations of specific
star formation rate at stellar masses of M, = 10°Mg and
M, = 5x10°Mg respectively. We note the weak dependence
of the inferred duty-cycle over the range of stellar mass and
redshift probed. This low duty cycle has a range of important
implications for the properties of the high redshift galaxy

population, and|exp|ains |several puzzling
properties of the observed relation between stellar mass and

Mention also: Robertson, B., et al., arXiv:1301.1228\(2013) |
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per stellar mass (specific SFR)
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star formation rate. For the remainder of this paper we ex-
plore these explanations in the context of the merger driven
model of Wyithe & Loeb (2013).

3 MODEL

A complication that arises when modelling the luminosity
function is that models predict a star formation rate, which
must then be converted to a luminosity assuming an initial
mass function (IMF) for the stars. While this calculation is
straightforward, of more importance is the potential contri-
bution of reddening. A simpler way to constrain theory by
observations is therefore to estimate the star formation rate
density observationally, where the correction is made from
luminosity to star formation rate using the observed contin-
uum properties of the galaxies under study. Recently, this
has become a viable approach following the work of Smit
et al. (2012) who combined estimates of dust extinction at
z ~ 4 — 7 with measurements of the UV luminosity func-
tion in order to derive star formation rate density (SFRD)
functions at z ~ 4, 5, 6 and 7. The resulting star forma-
tion rate density (SFRD) functions are well-described by a
Schechter function, with a characteristic break separating a
shallow dependence of SFRD on star formation rate at low
luminosities from the exponential dependence at high lumi-
nosities. We focus on modelling the SFRD function rather
that the luminosity function of high redshift galaxies.

In this section be briefly summarise the model for star
formation in high redshift galaxies presented in Wyithe &
Loeb (2013). The reader is referred to that paper for details
of this model. The star formation rate in a galaxy halo of
mass M that turns a fraction f, of its disk mass mgqM into
stars over a time tgsp is

SFR=0.15Moyr " (1) S M tse )™
=Yt 17/ Vo1 ) \108M,, ) \ 107yr
2)

The model assumes that major mergers trigger bursts of
star formation. The star formation rate density function (i.e.
galaxies per Mpc™2 per unit of SFR) can be estimated as

dn \ (dSFR\™" .
where €quty is the fraction of the Hubble time () over which
each burst lasts, and dn/dM is mass function of dark mat-
ter halos (Press & Schechter 1974; Sheth & Tormen 1999).
The rate of major mergers (d Nmerge/dt) is calculated as the
number of halos per logarithm of mass AM per unit time
that merge with a halo of mass M; to form a halo of mass
M (Lacey & Cole 1993). We assign a 2:1 mass ratio to major
mergers (i.e. M1 = 2M and AM = M/3).

The most massive stars fade away on a timescale of
ts ~ 3 x 10° years (Barkana & Loeb 2001). If the starburst
lifetime tsr is the duty-cycle can be written as

ts + tSF
tu '

®(SFR) =

dNIererge
dtdAM

€duty <AM tH
M ,AM

(4)

€duty =

For comparison with observations we define

U(SFR)=1In10 x SFR x ®, (5)
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which has units of Mpc™2 per dex.

We expect that SNe feedback will alter the fraction of
gas in a galaxy that is turned into stars (e.g. Dekel & Woo
2003). To determine the mass and redshift dependence of f,
in the presence of SNe we suppose that stars form with an
efficiency f. out of the gas that collapses and cools within a
dark matter halo and that a fraction Fsx of each supernova
energy output, Egn, heats the galactic gas mechanically (al-
lowing for some losses due to cooling). The mechanical feed-
back will halt the star formation once the cumulative energy
returned to the gas by supernovae equals the total thermal
energy of gas at the virial velocity of the halo (e.g. Wyithe
& Loeb 2003). Hence, the limiting stellar mass is set by the
condition

M, 1
— EsnFexfofa = By = ~maMuvl,. (6)
WSN 2

In this relation F}, is the binding energy in the halo, wsn
is the mass in stars per supernova explosion, and the total
stellar mass is M, = ma M fy ot Where fitot = Nmergefx
is the total fraction of the gas that is converted to stars
during major mergers, and Nmerge is the number of major
mergers per Hubble time. The parameters f; and fq denote
the fraction of the SNe energy that contributes because of
the finite timescale of the SNe feedback or the disk scale
height being smaller than the SNe bubble. These terms are
described in more detail below.

The ratio between the total mass in stars and dark mat-
ter is observed to increase with halo mass as (M,/M)
M5 for M, < 3 x 10'°Mg, but is constant for larger stel-
lar masses (Kauffmann et al. 2003). Thus, the star forma-
tion efficiency within dwarf galaxies decreases towards low
masses. For comparison with equation (6), a Scalo (1998)
mass function of stars has wsny ~ 126 Mg per supernova
and Esy = 10°! ergs, and so we find that M, = 3 x 101°
Mg and ve ~ 175 km/s (the typical value observed locally;
see e.g. Bell & de Jong 2001) implies fx tot ~ 0.1 for a value
of Fsn ~ 0.5. Smaller galaxies have smaller values of f,.
Equation (6) indicates that

fe=

2
. 0.008 M 3 (142 1
min |:f*,maX7 chrgc <1010M®) ( 10 ) (ftdeSN) :|(7)

We utilise equation (7) with equation (3) as a function of
the parameters tsrp and fi max-

3.1 Disk structure

The effect of SNe feedback is dependent on the conditions
of the interstellar medium (ISM) gas. We assume that the
cold gas (out of which stars form) occupies a self-gravitating
exponential disk where R4 is the scale radius, mg is the mass
fraction of the disk relative to the halo and A ~ 0.05 is the
spin parameter of the halo (Mo et al. 1998). The scale height
of the disk at radius r is
o

= asay ®)
where ¢s is the sound speed in the gas, which we assume to
have a temperature of 10*K, and 3(r) is the surface density.
We adopt the density in the mid plane at the scale radius,
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Figure 2. Constraints on the model parameters fx max and tgg at four different redshifts (constraints are independent at each redshift).
In each case, three contours are shown corresponding to differences in x? relative to the best-fitting model of Ax2 = x2 —x2. =1, 2.71

min

and 6.63. Projections of these contours on to the axes provide the 68.3, 90 and 99 per cent confidence intervals on individual parameter
values. The vertical grey regions represent time-scales longer/shorter than the lifetime of the highest/lowest mass SNe progenitor (3 x

10%yr/4 x 107yr).

within which half the gas is contained, as representative of
the density of the ISM.

3.2 Supernova evacuation of the ISM

Clarke & Oey (2002) presented a simple analytic model for
the effect of supernovae on the interstellar medium which
we apply to high redshift galaxies. In this model, clusters
of Ne SNe produce super-bubbles in the ISM with a radius
R. at which the super-bubble comes into pressure balance
with the ISM. This radius can be found by approximating
R. as the radius within which the thermal energy of the
ISM equals the mechanical energy of the SNe cluster. The
timescale associated with the evacuation of a super bubble
in the ISM by a SNe cluster is t, = 4 x 107 years, corre-
sponding to the lifetime of the lowest mass SNe progenitor.
The evacuation radius for a cluster of Ne SNe, each with
energy output Esn within an ISM of sound speed cs is

1 1 4
Ne\ 3 Esn \2/( XA \?®/ma\—%
0.08kpe | =< A (7)
be ( 10) (1051erg> (0.05) 0.17
M 142\ 73
10 ‘

Re

9)

In the limit where SNe evacuated regions are smaller
than the scale height of the disk, and the starburst lifetime
tsr is much larger than the gas evacuation timescale t., the
fraction Fgn of the SNe energy may be used in feedback
suppressing subsequent star formation. However, if the SNe
evacuated regions break out of the disk, or tsp < te, not
all of the energy will be available for feedback. Based on
the ISM porosity model of Clarke & Oey (2002), a fraction
fa = 2H/R. of the SNe energy goes to increasing the ISM
porosity for disks where R. > H. In this case we find

1 1 2
No\ 3 Esx \ 3/ X \®/ma\—3
0-85 ( 10) (105lerg) <0.05> <0.17)
M \"9 [1+2z) 3 2
z Cs
( ) ( 10 > (10km/s> » (10)

108Mg
as long as fq < 1 and fq = 1 otherwise. Similarly, in cases
where tsp < te ~ 4 x 107 yrs, only

fa

X

Je = (tse /te)’ (11)

of the overall SNe energy output is generated by the time
the starburst concludes. The quadratic dependence on time
arises because the number of bubbles produced grows in
proportion to time, while the maximum size of a bubble at

© 0000 RAS, MNRAS 000, 000-000
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Figure 3. Comparison between the observed and modelled SFRD function (plotted as ¥ = In10 X SFR X ®). The four panels show
results for different redshift values. In each panel, the four curves correspond to a different choice of model parameters tgr and fx max,
labeled by the symbols in Figure 2. The thick solid lines represent values close to the best fit.

time ¢ < t. is also proportional to time (Oey & Clarke 1997).
In cases where tsp > t. we have fi = 1.

4 RESULTS

The inferred duty cycle based on Figure @is much lower
than unity, but is larger than the value found in the merger
driven model of Wyithe & Loeb (2013). We note that there
is degeneracy in the model between between duty-cycle equty
and the parameter Fsny which governs the fraction of SNe
energy that is harnessed for feedback. In Wyithe & Loeb
(2013) we simply chose an arbitrary value for this since
unconstrained by just the SFR density function.

including the constraint on specific star formation
lows us to constrain Fsy in addition to fi max and 3
the following section we use this additional constraint.

OWeVET,
ate al-
. In
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4.1 Comparison with observations

We fit our model to the recent data of Smit et al. (2012) in
order to constrain the two free parameters of our star forma-
tion model tsr and f. separately for four different redshifts
z~4,5, 6 and 7. Specifically we use the model to calculate
SFRD functions for combinations of these parameters and
calculate the x? of the model as

X2(f*,ma)(7 tSF)
R 1og U(SF R, femax, tsF, 2) — log Wons(SFR;, 2)

> ( FR

=0

)2(12>

Here Wobs(SF R, fx,max, ts¥, z) is the observed star forma-
tion rate density measured at redshift z, with uncertainty
in dex of osrr(SFR;). In calculating likelihoods at z ~ 4
and z ~ 5 we increased the quoted error bars by factors
of 3 and 2 respectively in order to obtain a reduced x? of
order unity. The SFRD function is sensitive to the value of
Fsn, and we therefore integrate the likelihood over a range
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The data points are from Gonzalez et al. (2012).
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of values uniformly distributed between —1 < log,, Fsn < 0
0 -x*/2
E(femestsr) o [ dlogg )™/ (13
—1

We note that the relation between SFR and M in equa-
tion (2) is not perfect. As part of our comparison with ob-
servations, and to account for scatter in this relationship, we
convolve the predicted SFRD function equation (3) with a
Gaussian of width 0.5 dex in SF'R. An intrinsic scatter of 0.5
dex is motivated by the scatter in stellar mass at constant
SFR found by Gonzdlez et al. (2011). However, in addition
we find that the value of 0.5 dex provides the best statis-
tical fit to the observations. Our qualitative results are not
sensitive to the choice of this scatter.

4 5 6 7
z

for stellar masses of 109 and 5 x 10° solar masses. The data points

4.2 Parameter constraints

In Figure 2 we show constraints on models models for values
of Fsy =0.03 at z =4 and Fsx = 0.1 at z=5,6 and 7 (c.f.
Fsx = 0.1 and 0.3 in the original paper). Given these sSFR
driven constraints on Fsn, we find that the shape of the
SFRD function requires starburst durations of a few tens of
Myr at z ~ 5, z ~ 6 and z ~ 7, with a few percent of the
gas turned into stars per burst. For comparison the left and
right hand vertical grey regions represent times smaller than
the lifetime of the most massive stars (ts ~ 3 x 10° years),
and times in excess of the lifetime of the least massive stars
that produce SNe respectively. Our results therefore indicate
that star formation in high redshift galaxies is terminated on
the same timescale as feedback from SNe can be produced
(Wyithe & Loeb 2013).

© 0000 RAS, MNRAS 000, 000-000
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Figure 3 shows the comparison between observed and
modelled SFRD functions for four different redshifts z ~ 4,
5, 6 and 7. The burst lifetime is tsp = 2.5 x 107 years in each
case. The four curves shown correspond to model parame-
ters tsp and fi,max labeled by the symbols in Figure 2. The
thick solid lines show models close to the best fit to the ob-
servational data'. The other three values were chosen so as
to illustrate the dependence of the predicted SFRD function
on the different parameters.

Figure 4 shows the specific star formation rate as a func-
tion of mass for the models listed in Figure 3 at z =4, 5, 6
and 7, illustrating the success of the model in reproducing
the observed specific star formation rate for the constrained
parameters (particularly Fsn). Beyond the narrow range of
observed stellar mass values, the model predicts that the
specific star-formation rate remains quite insensitive to stel-
lar mass (or star formation rate). Figure 5 shows the specific
star formation rate as a function of redshift for these mod-
els, illustrating the model prediction that the specific star-

1 These curves are not plotted at the formal best fit because
whereas the constraints were determined independently, we have
chosen common values for parameters fx max and tgg across sev-
eral redshifts.
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formation rate does not evolve with redshift. This finding is
in agreement with observations, in contrast to results from
many hydrodynamical, models of galaxy formation indicat-
ing that star formation activity does not directly follow the
gas accretion rate.

The parameters fi max and tsr refer to single bursts,
whereas our model includes multiple bursts at the rate of
major mergers. We therefore calculate the total star forma-
tion efficiency fitot = Nmergefs (i.€. the sum of f. over
all mergers), as well as the overall duty-cycle €quty,tot =
Nmergetsr/tu. These quantities are plotted in Figure 6 based
on our model with parameter choices corresponding to the
examples in Figure 3. We find that ~ 5—10% of the gas forms
stars in bright galaxies of SFR ~ 1 —100Mg per year, with
lower fractions down to a percent in fainter galaxies. We find
duty-cycles of ~ 10 — 20 with higher duty-cycles at
higher redshift reflecting tThe mcreased ratio between the life-
time of massive stars and the age of the Universe. The duty
cycle is also larger for systems of higher star formation rate.
This trend is in agreement with the observational estimate of
Lee et al. (2009) based on comparison of the luminosity and
clustering of luminous z 2 4 galaxies. These authors (see
also Lee et al. 2012) find that star-formation is constrained
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Figure 7. The correlation length in samples above a limiting SFR. The data points are from Lee+09 and Overzier+06. I calculated
the correlation length for a sample above the limiting star-formation rate by averaging over correlation functions weighted by the SFR

density function

to be bursty, and infer a duty-cycle at z ~ 4 (15%-60% at
1-0).

4.3 Clustering of star forming galaxies

To check whether the relationship between halo mass and
SFR is correctly reproduced in our model we calculate the
correlation length in samples above a limiting SFR for the
four models in this paper. The results are plotted in Figure 7.
The correlation length is calculated for a sample above the
limiting star-formation rate by averaging over correlation
functions weighted by the SFR density function. For com-
parison we also include clustering measurements from Lee
et al. (2009) and Overzier et al. (2006). To convert from an
apparent magnitude limit to an intrinsic star formation rate,
we assumed a flat SED with 8 = —2 for computation of a K-
correction, and a conversion conversion from UV luminosity
to SFR using Kennicutt (1998). We find that the clustering
length increases rapidly towards high SFRs, in agreement
with observations. Our model yields a clustering length in
the best fit model is consistent with clustering measurements
at z ~ 5 — 6, but underestimates observations at z ~ 4.

4.4 The stellar mass function

The final observable that we consider is the stellar mass
function. Observationally, the stellar mass function that is
observed is the stellar mass function of Ly-break selected
galaxies, which can be estimated as

dSFR
dM,

O(M,) = ®(SFR) x ( ) = ®(SFR) x sSFR. (14)

The resulting stellar mass function is plotted as the green
curves in Figure 8 for the models shown in Figure 3-7. The
data points are from Gonzélez et al. (2011). Since since the
model produces both the correct specific star formation rate
and the SFR density function it is no surprise that the agree-
ment is good. This agreement is in contrast to most hydro-
dynamical models of galaxy formation, in which the constant
accretion leads to high duty cycles mean that the SFR to
halo mass,is too low. This low mass-to-light ratio is why
hydrodyn‘éhlical models lead to a mass function that is too
steep.

The lgw duty-cycle implies that our model predicts the
existence of many galaxies of large stellar mass that are not
star formirlg, and so not included in the Ly-break selected
stellar mass function. Using our model we therefore calculate
the predictied mass function in the case where the sample

ratio © 0000 RAS, MNRAS 000, 000-000



loeb
Callout
ratio


LR RLIL | LB R R | T T o T

- All galaxies
Ly Break galaxies

PRTTTT R IR R T B N R 11| B S S W AT 1T N
107 108 109 1010
M, (solar masses)

log;(®) (Mpc'sldex)
|
N

RARLLL| LR | LR | LR AL | T
<
[}
e
(\')\
‘o
o
=3
)
o
=3
o
prnl oyl sl oy el |“'
107 108 109 1010

M, (solar masses)

10910(©) (Mpc /dex)

10910(©) (Mpc >/dex)
|
N

The short duty-cycle of high redshift galaxies 9

IRRLLLL| LR RLIL | LB R R | T T o T

z=5

-2

n §_

vl sl sl sl
107 108 10° 1010
M, (solar masses)

RARLLL| LR | LR AL | LR AL | T

z=7

prnnl oyl sl oy sl
107 108 109 1010
M, (solar masses)

Figure 8. The stellar mass function of a Ly-break selected sample. This is plotted as the green curves in the attached figure. These
curves are for the same models as Figures 3-7. The data points are from Gonzdlez et al. (2011). We also calculate the mass function that
would be seen if the sample were selected in stellar mass rather than SFR. The black curves show these models, which are a factor of 5

to 10 higher.

were selected in stellar mass rather than SFR. This is

1 dSFR
eall(M*) = Eduﬁyﬂtth)(SFR) X ( dM. )
_— 1 &(SFR)x sSFR
€duty,tot
R - 10TAY (15)
€duty,tot

In Figure 8 we show the resulting predicted stellar mass
functions for the models shown in Figure 3-7 (black curves).
Owing to the low duty-cycle, these curves are a factor of 5
to 10 higher than the Ly-break selected case, indicating that

hioh roedchift cuirveve mise mast af the etellar macs nradnced
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M—about how to detect the missing population

of galaxies with Spitzer, HST or JWST.

5 DISCUSSION

In this paper we have employed a bursty model for SNe
regulated high redshift star formation to investigate possible
solutions to two observed puzzles in high redshift galaxy
formation.

The first puzzle relates to the issue of an observed spe-
cific star-formation rate that does not evolve with redshift,
in contrast to theoretical expectation. The shape of the stel-

© 0000 RAS, MNRAS 000, 000-000

lar mass function for high redshift galaxies is related to this
quantity. We find that the value of the specific star forma-
tion rate, and its observed evolution at high redshift directly
constrain the duty-cycle of high redshift star-formation to
be approximately 10%, independent of a specific model for
star-formation.

The second puzzle lies in the relation between the ob-
served growth of stellar mass and the observed instantaneous
star formation rate. The observed stellar mass density that
is directly observed in samples at high redshift is the stel-
lar mass density in the population of star forming galaxies
rather than the total stellar mass density in the Universe
(Gonzélez et al. 2011). Our model successfully reproduces
this star-formation selected stellar mass because it predicts
the correct specific star formation rate. However, if we are
considering the stellar mass function of the whole galaxy
population then there is stellar mass missing from the ob-
served census. Moreover, there seems to be disagreement be-
tween the relation of star formation rate to stellar observed
at z ~ 6 (Bouwens et al. 2011) and z ~ 2 — 4 (Wilkins et al.
2008).

Specifically, at z ~ 2 —4, Wilkins et al. (2008) find that
there is not enough stellar mass to account for all of the
star-formation observed. Wilkins et al. (2008) calculate the
stellar mass using fits to the stellar mass function, extrapo-
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lated to high and low mass, and then find the star formation
rate as the derivative of this function. If the observed star
formation rate is p4 obs in units of mass per time per Mpc?,
we can calculate the inferred stellar mass density as

. dt

Paint = Probs A2, (16)
where Az ~ 0.5 is the survey depth. When this is com-
pared with the observed stellar mass density at z ~ 2 — 4,
Px,0bs, Wilkins et al. (2008) found that ps obs < pPx,int With
a difference of ~ 0.6 dex. However with a duty-cycle smaller
than unity, the stellar mass in the stagforming galaxies was
built up over a time shorter than the survey depth, mean-
ing that p, inr is an overestimate relative to the observed
stellar mass. In this case only a fraction e of galaxies with
stellar mass M, are observed in a particular survey, but all
galaxies would have starbursts during a time corresponding
to the survey depth (note this does not imply that the in-
stantaneous SFRD is underestimated). Thus, if a Ly-break
is needed to find the galaxies, much of the stellar mass at
a particular time is contained in non—starfforming galaxies
and so would be missed by the survey (by a factor of inverse
the duty-cycle), explaining the difference found by Wilkins
et al. (2008).

In a complementary analysis Bouwens et al. (2011) have
taken the stellar mass function at z ~ 6 — 8 determined by
Gonzélez et al. (2011) and differentiated to get the star for-
mation rate in a survey at z > 6. However in this higher red-
shift case, the resulting stellar mass is found to agree better
with the stellar mass inferred directly from spectroscopy, in
contrast to the results of Wilkins et al. (2008) at z ~ 2 — 4.
At first sight this is a failure for our model, which predicts
that these estimates differ by a factor of inverse duty-cycle
as they do at lower redshift. The solution to this appar-
ent contradiction lies in the fact that the survey depth of
Az ~ 0.5 corresponds to a time difference across the survey
that is longer than the star-burst lifetime at z ~ 2 — 4, but
similar to the starburst lifetime at z ~ 6 — 8. This means
that at z ~ 2—4, the observed galaxies do not form stars for

a time that is as long as the duration of the survey, [Implying
that the contribution to the stellar mass from the observed

star formation rate using equation (16) is overestimated by
the ratio of (dt/dzAz) to the starburst lifetime. However,
in contrast to observations at z ~ 2 — 4, at z > 6 we ex-
pect that the observed galaxies did star form of a time equal
to the survey depth, meaning that the stellar mass census
does include all the stellar mass that was generated during
the survey depth time interval. As a result, in the z > 6
samples equation (16) does give a stellar mass that approx-
imately equals the mass observed in those z ~ 6 galaxies,
in agreement with the comparison of Bouwens et al. (2011)
This equivalence is a coincidence, and does not correspond
to a large duty cycle. Galaxies not star forming and there-
fore not seen in the survey did not form stars during that
time in this case. As in the z ~ 2 — 4 case, this implies that
there is additional stellar mass in quiescent galaxies that is
not accounted for in the observed stellar mass function.
We note that if the galaxy sample were selected on stel-
lar mass rather than on UV luminosity, the estimates of
star formation rate density based on instantaneous SFRD
and the derivative of stellar mass density would agree.
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