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Figure 1. The UV LFs of galaxies at z ! 6, 7, 8 as marked in each panel. In all panels, histograms show our theoretical results for
galaxies with MUV < −15, with error bars showing the associated poissonian errors, and points show the observed data. The observed
LBG UV LFs have been taken from: (a) z ! 6: Bouwens et al. (2007, filled circles) and McLure et al. (2009, filled triangles); (b) z ! 7:
Oesch et al. (2010, filled squares), Bouwens et al. (2010b, empty circles), Bouwens et al. (2011, filled circles), Castellano et al. (2010b,
empty triangles), McLure et al. (2010, filled triangles) and Bowler et al. (2012, empty squares); (c) z ! 8: Bouwens et al. (2010b, empty
circles), Bouwens et al. (2011, filled circles), McLure et al. (2010, filled triangles) and Bradley et al. (2012, empty squares). The vertical
short (long) dashed lines in each panel show approximate effective detection limits for HST (JWST) near-infrared imaging.

of this calculation. The observed UV luminosity can then
be expressed as Lobs

c = Lint
c × fc, where fc is the fraction of

continuum photons that escape the galaxy, unattenuated by
dust; UV photons (λ >

∼ 1500Å) are unaffected by the IGM,
and all the UV photons that escape a galaxy unattenuated
by dust reach the observer.

3 PREDICTED OBSERVABLES FOR LBGS

Once the UV luminosity of each galaxy in the simula-
tion snapshots at z # 6 − 12 has been calculated as ex-
plained above, we can study the galaxies that would be de-
tectable as LBGs. Although the current near-infrared ob-
servable limit of the deepest HST surveys corresponds to
MUV # (−17.75,−18.0,−18.25) at z # (6, 7, 8), as a result
of the exquisite simulation resolution we are able to study
LBGs that are an order of magnitude fainter (MUV < −15);
these faint galaxies will be detectable with future facilities
such as the JWST. As a first test of the simulation, we now
compare the UV LFs, specific star-formation rate (sSFR)
and the stellar mass density (SMD) of the simulated LBGs
to the observed values.

3.1 UV Luminosity Functions

We start by building the UV LFs for all galaxies with
MUV < −15 in the simulation boxes at z # 6, 7 and 8.
It is clear that the luminosity range sampled by the obser-
vations and the theoretical model overlap only in the range
MUV # −17.75 to −19.5, as shown in Fig. 1. This is be-
cause the data are limited at the faint end by the deep-
est HST+WFC3/IR data obtained prior to the upcoming
UDF12 campaign (HST GO 12498, PI: Ellis), while the
models are limited at the bright end by the size of the simu-
lated volume needed to achieve the exquisite mass resolution
(# 105M! in baryons) required to model the PopIII to II

transition in high-z galaxies. Nevertheless, in the magnitude
range of overlap, both the amplitude and the slope of the
observed and simulated LFs are in excellent agreement at
all three redshifts. This is a notable success of the model,
given that once the SEDs and UV dust attenuation of each
galaxy in the simulated box have been calculated as de-
scribed above, we have no free-parameters left to vary when
computing the predicted UV LF.

The simulated UV LFs reproduce well the observed pro-
gressive shift of the galaxy population towards fainter lu-
minosities/magnitude (M∗

UV ) and/or number densities (φ∗)
with increasing redshift from z # 6 to 8. Observationally
the physical driver of this evolution is not yet clear, with the
Schechter function fits of some authors favouring luminos-
ity evolution (Mannucci et al. 2007; Castellano et al. 2010a;
Bunker et al. 2010; Bouwens et al. 2011), while the results
of other studies appear to favour primarily density evolution
(Ouchi et al. 2009; McLure et al. 2010). However, by tracing
the histories of the individual galaxies in the our simulation
we can hope to shed light on the main physical drivers of
this population evolution (see Sec. 5).

Our simulations also reproduce well the observed steep
faint-end slope of the UV LF, consistent with α # −2 at all
three redshifts. There is, however, still considerable debate
over the precise value of α observed at these redshifts (Oesch
et al. 2010; McLure et al. 2010; Bouwens et al. 2011; Bradley
et al. 2012). The faint-end slope of the LF has important
implications for reionization since these faint galaxies are
expected to be the major sources of H I ionizing photons
(see e.g. Choudhury & Ferrara 2007; Robertson et al. 2010;
Salvaterra et al. 2011; Ferrara & Loeb 2012). The current
uncertainty in the value of α should be clarified somewhat
by UDF12 (Mclure et al., in preparation), and should be
resolved by JWST with its forecast ability to reach absolute
magnitude limits of MUV # (−15.25,−15.5,−15.75) at z #
(6, 7, 8) respectively.
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Figure 2. Stellar mass density (SMD) as a function of red-
shift. Filled squares (triangles) show our theoretical predictions
for galaxies with MUV < −15 (MUV < −18) at each redshift,
with error bars showing the associated poissonian errors. Empty
points show the magnitude-limited SMD values inferred observa-
tionally for galaxies with MUV < −18 by Labbé et al. (2010a,b,
empty stars) and González et al. (2011, empty triangles); empty
squares show the SMD inferred by Stark et al. (2012) for the
same magnitude limit after correcting the stellar masses for neb-
ular emission-line contributions to the broad-band fluxes (assum-
ing that the nebular line rest-frame equivalent width evolves with
redshift).

all three redshifts. There is, however, still considerable de-
bate over the precise value of α observed at these redshifts
(Oesch et al. 2010; McLure et al. 2010; Bouwens et al. 2011;
Bradley et al. 2012). The faint-end slope of the LF has im-
portant implications for reionization since these faint galax-
ies are expected to be the major sources of H I ionizing pho-
tons (see e.g. Choudhury & Ferrara 2007; Robertson et al.
2010; Salvaterra et al. 2011; Ferrara & Loeb 2012). The cur-
rent uncertainty in the value of α should be clarified some-
what by UDF12 (Mclure et al., in preparation), and should
be resolved by JWST with its forecast ability to reach ab-
solute magnitude limits of MUV ! (−15.25,−15.5,−15.75)
at z ! (6, 7, 8) respectively.

3.2 Stellar mass density

The stellar mass, M∗, is one of the most fundamental prop-
erties of a high-z galaxy, encapsulating information about
its entire star-formation history. However, achieving accu-
rate estimates of M∗ from broad-band data is difficult be-
cause it depends on the assumptions made regarding the
IMF, SF history, strength of nebular emission, age, stellar
metallicity and dust; the latter three parameters are degen-
erate, adding to the complexity of the problem. Although
properly constraining M∗ ideally requires rest-frame near

Figure 3. Specific star-formation rate (sSFR) as a function of
redshift. Filled squares (triangles) show the theoretical results for
galaxies with MUV < −15 (MUV < −18) at each redshift, with
error bars showing the associated poissonian errors. Empty points
show the sSFR values inferred observationally by Stark et al.
(2009, empty circles), González et al. (2010, empty triangles);
empty stars and squares show the sSFR inferred by Stark et al.
(2012), after correcting the stellar masses for nebular emission
lines assuming that the nebular line rest-frame equivalent width
at z " 4 − 7 is the same as that as z " 3.8 − 5, and alterna-
tively that the nebular line rest-frame equivalent width evolves
with redshift, respectively. The solid and dashed lines show the
evolution of sSFR as inferred from the simulation for galaxies
with M∗ = 106−8M# and M∗ > 108M#, respectively.

infra-red data which will be provided by future instruments
such as MIRI on the JWST, broad-band HST+Spitzer data
have already been used to infer the contribution of galax-
ies brighter than MUV = −18 to the growth in total stellar
mass density (SMD = stellar mass per unit volume) with
decreasing redshift (Stark et al. 2009; Labbé et al. 2010a,b;
González et al. 2011). Encouragingly, as shown in Fig. 2, the
observed growth in SMD is reproduced very well by inte-
grating the stellar masses of the simulated galaxies brighter
than MUV < −18; the theoretically calculated SMD of these
galaxies drops to zero at z > 9 since there are no galaxies
massive enough to be visible with this magnitude cut in the
volume simulated. Further, as a result of their much larger
numbers, galaxies with −18 ! MUV ! −15 contain about
1.5 times the mass as compared to the larger and more lumi-
nous galaxies that have been observed as of date; the JWST
will be instrumental in shedding light on the properties of
such faint galaxies, in which most of the stellar mass is locked
up at these high-z.

3.3 Specific star formation rates

The specific star-formation rate (sSFR) is an important
physical quantity that compares the current level of SF to
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Figure 2. Stellar mass density (SMD) as a function of red-
shift. Filled squares (triangles) show our theoretical predictions
for galaxies with MUV < −15 (MUV < −18) at each redshift,
with error bars showing the associated poissonian errors. Empty
points show the magnitude-limited SMD values inferred observa-
tionally for galaxies with MUV < −18 by Labbé et al. (2010a,b,
empty stars) and González et al. (2011, empty triangles); empty
squares show the SMD inferred by Stark et al. (2012) for the
same magnitude limit after correcting the stellar masses for neb-
ular emission-line contributions to the broad-band fluxes (assum-
ing that the nebular line rest-frame equivalent width evolves with
redshift).

all three redshifts. There is, however, still considerable de-
bate over the precise value of α observed at these redshifts
(Oesch et al. 2010; McLure et al. 2010; Bouwens et al. 2011;
Bradley et al. 2012). The faint-end slope of the LF has im-
portant implications for reionization since these faint galax-
ies are expected to be the major sources of H I ionizing pho-
tons (see e.g. Choudhury & Ferrara 2007; Robertson et al.
2010; Salvaterra et al. 2011; Ferrara & Loeb 2012). The cur-
rent uncertainty in the value of α should be clarified some-
what by UDF12 (Mclure et al., in preparation), and should
be resolved by JWST with its forecast ability to reach ab-
solute magnitude limits of MUV ! (−15.25,−15.5,−15.75)
at z ! (6, 7, 8) respectively.

3.2 Stellar mass density

The stellar mass, M∗, is one of the most fundamental prop-
erties of a high-z galaxy, encapsulating information about
its entire star-formation history. However, achieving accu-
rate estimates of M∗ from broad-band data is difficult be-
cause it depends on the assumptions made regarding the
IMF, SF history, strength of nebular emission, age, stellar
metallicity and dust; the latter three parameters are degen-
erate, adding to the complexity of the problem. Although
properly constraining M∗ ideally requires rest-frame near

Figure 3. Specific star-formation rate (sSFR) as a function of
redshift. Filled squares (triangles) show the theoretical results for
galaxies with MUV < −15 (MUV < −18) at each redshift, with
error bars showing the associated poissonian errors. Empty points
show the sSFR values inferred observationally by Stark et al.
(2009, empty circles), González et al. (2010, empty triangles);
empty stars and squares show the sSFR inferred by Stark et al.
(2012), after correcting the stellar masses for nebular emission
lines assuming that the nebular line rest-frame equivalent width
at z " 4 − 7 is the same as that as z " 3.8 − 5, and alterna-
tively that the nebular line rest-frame equivalent width evolves
with redshift, respectively. The solid and dashed lines show the
evolution of sSFR as inferred from the simulation for galaxies
with M∗ = 106−8M# and M∗ > 108M#, respectively.

infra-red data which will be provided by future instruments
such as MIRI on the JWST, broad-band HST+Spitzer data
have already been used to infer the contribution of galax-
ies brighter than MUV = −18 to the growth in total stellar
mass density (SMD = stellar mass per unit volume) with
decreasing redshift (Stark et al. 2009; Labbé et al. 2010a,b;
González et al. 2011). Encouragingly, as shown in Fig. 2, the
observed growth in SMD is reproduced very well by inte-
grating the stellar masses of the simulated galaxies brighter
than MUV < −18; the theoretically calculated SMD of these
galaxies drops to zero at z > 9 since there are no galaxies
massive enough to be visible with this magnitude cut in the
volume simulated. Further, as a result of their much larger
numbers, galaxies with −18 ! MUV ! −15 contain about
1.5 times the mass as compared to the larger and more lumi-
nous galaxies that have been observed as of date; the JWST
will be instrumental in shedding light on the properties of
such faint galaxies, in which most of the stellar mass is locked
up at these high-z.

3.3 Specific star formation rates

The specific star-formation rate (sSFR) is an important
physical quantity that compares the current level of SF to
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The LBG UV spectral slopes 

Negligible (no) contribution from PopIII stars even at z~7, 8 in galaxies 
detectable with JWST (HST).

Dunlop et al. 2013
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the horizontal dotted line, while the 1-σ uncertainty (standard error)
is shown by the surrounding grey shaded band (which acceptable
models should therefore intercept at plausible ages).

The predictions of β as a function of age shown in Fig. 6 have
been produced using the BC03 evolutionary models. Nebular con-
tinuum emission has been added to the stellar-population templates
self-consistently, based on the flux of Hydrogen-ionising photons
predicted from each BC03 model (using the code developed by
Robertson et al. 2010). The nebular continuum includes the emis-
sion of free-free and free-bound emission by H, neutral He and
singly-ionised He, as well as the two-photon continuum of H (see
the prescription given in Schaerer 2002).

In the upper panel of Fig. 6 we plot three alternative instanta-
neous starburst models, with metallicities equal to the solar value
Z! (red), 0.2Z! (green), and 0.02Z! (blue). For each model we
show the pure stellar prediction (i.e. zero nebular emission ≡ an
ionizing photon escape fraction of unity, fesc = 1) as a solid line,
and the extreme alternative of maximum nebular contribution (≡
zero ionizing photon escape fraction, fesc = 0) by the dashed line
of the same colour. Not surprisingly for these burst models, the im-
pact of the nebular continuum becomes negligible after " 10Myr.
During the time period when it is significant, its impact is more
pronounced the lower the adopted metallicity (see also figure 4 in
Bouwens et al. 2010b).

From Fig. 6 we infer that our results are inconsistent with
very young and very low metallicity models. Moreover, while
β " −2.1 can be produced by essentially any metallicity at a
carefully-selected age, the speed with which the UV continuum
reddens with age, coupled with the homogeneity of our results, ar-
gues strongly that the burst models illustrated in the upper panel
(and in Bouwens et al. 2010b) are inappropriate, and in any case
physically unrealistic.

A more natural assumption is that the galaxies selected by
our rest-frame UV-selection technique are forming stars quasi-
continuously (at least on average, especially at these early times).
Therefore, in the lower panel of Fig. 6 we show predictions for
constant star-formation models. Again we show the Z! (red) and
0.2Z! (green) models, but this time (for clarity) omit the 0.02Z!

model because, without dust-reddening, the 0.2Z! model is al-
ready too blue until an age of " 1Gyr (and the inferred trend
with further reduction in metallicity is clear). Instead, we add a
second version of the 0.2Z! model with modest dust obscura-
tion/reddening (≡ AV " 0.1 for dust produced by Type-II super-
novae (SNII), or ≡ AV " 0.2 for the extinction law of Calzetti et
al. 2000). This last curve (in dark green) illustrates the degeneracy
between dust extinction and the assumed metallicity of the stellar
population.

Clearly, these continuously star-forming models provide a
much more plausible explanation of our results, and are capable
of delivering the observed homogeneous value of β without any
requirement for fine tuning in age (i.e. β is little changed over the
relevant timescale, " 10Myr to " 100Myr). One is then left to
choose between solar metallicity with very little room for any ad-
ditional dust reddening, or moderately sub-solar metallicity stellar
populations coupled with modest dust reddening. The degeneracies
are clear, but the latter scenario is arguably more plausible, and in
fact happens to correspond well with the physical properties pre-
dicted for the currently observable galaxies (i.e. MUV < −17)
from the cosmological galaxy-formation simulation discussed be-
low. Finally, we note that while, as expected, the contribution from
nebular emission persists to much longer times in these continually
star-forming models, even the extremes adopted here of fesc = 1

Figure 7. Comparison of our most accurate (bias-corrected power-law)
measurements of average 〈β〉 as a function of MUV at z # 7 with the
predicted β values for individual galaxies as derived from the 10Mpc cos-
mological galaxy-formation simulation described in Section 5.3 (see also
Dayal et al. 2013). The data plotted here are given in column 4 of Table 1.
The model predictions include the effects of dust, and therefore correspond
to the predicted observed values of β.

and fesc = 0 yield unobservably small differences in observed
β. Thus, if quasi-continous star-forming galaxies of modestly sub-
solar metallicity are the correct interpretation of our results, there
is currently no realistic prospect of estimating fesc from measure-
ments of the UV continuum slope at z " 7.

5.3 Comparison with galaxy-formation model predictions

It is instructive to compare our findings with the predictions of
a state-of-the-art cosmological galaxy-formation simulation. The
simulation used here has been recently described, and its basic ob-
servational predictions (e.g. luminosity function, mass function)
verified by Dayal et al. (2013). Interested readers are referred to
Maio et al. (2007, 2009, 2010) and Campisi et al. (2011) for com-
plete details of the simulation, but the key details can be summa-
rized as follows.

The simulation has been carried out using the TreePM-SPH
code GADGET-2 (Springel 2005), within the ΛCDM cosmology
given in Section 1, and assuming a baryon density parameter Ωb =
0.04, a primordial spectral index ns = 1 and a spectral normalisa-
tion σ8 = 0.9. The periodic simulation box has a comoving size of
10h−1Mpc and contains 3203 DM particles and, initially, an equal
number of gas particles. The masses of the gas and DM particles
are 3× 105h−1 M! and 2× 106h−1 M!, respectively.

The code includes the molecular chemistry of 13 primordial
species: e−,H,H−,He,He+,He++,H2,H+

2 ,D,D
+,HD,HeH+

(Yoshida et al. 2003; Maio et al. 2007, 2009), PopIII and PopII/I
star formation according to the corresponding initial mass function
(IMF; Tornatore, Ferrara & Schneider 2007), gas cooling from res-
onant and fine-structure lines (Maio et al. 2007) and feedback ef-
fects (Springel & Hernquist 2003). The runs track individual heavy
elements (e.g. C, O, Si, Fe, Mg, S), and the transition from the
metal-free PopIII to the metal-enriched PopII/I regime is deter-
mined by the underlying metallicity of the medium, Z, compared
with the critical value of Zcrit = 10−4 Z! (see Bromm & Loeb
2003). If Z < Zcrit, a Salpeter IMF is used, with a mass range
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Figure 8. Upper panel: Redshift evolution of the total specific
ionization rate (solid line). The short (long)-dashed line corre-
sponds to galaxies detectable by JWST(HST/WFC3); dotted
lines show the specific IGM recombination rate IGM for differ-
ent values of the clumping factor CHII. Bottom panel: Fraction of
ionizing photons coming from galaxies identified by JWST and
in the HUDF. An escape fraction fesc = 0.2 has been assumed.

Pop III stars to the total luminosity is always less than 5%
for MUV < −17 (MUV < −16).

Among the candidate galaxies detected so far, we find
that Pop III stars contribute less than a few percent to
the total galaxy luminosity. Even at the detection limit
of JWST, no Pop III-dominated galaxies (∼

> 50% of total
luminosity) will be found, due to their extreme faintness
(MUV ∼

> −14. at z = 6). However, some objects having
≈ 10% of their luminosity powered by Pop IIIs are present
at z = 6 at the 1 nJy sensitivity level reachable by the
JWST.

Recently, many authors (Shapley et al. 2003, Nagao et
al. 2008, di Serego Alighieri et al. 2008) have searched for
the HeII 1640Å emission line in the spectra of the so-called
dual emitters, i.e. high-z galaxies showing strong emission in
both Lyα and HeII lines. The HeII line is usually taken as
a well-defined signature of Pop III stars. Up to now, these
searches have given negative results. Motivated by these at-
tempts, we have computed the rest-frame equivalent width
of the HeII line for the objects in our simulation box. In
particular, we focus here on z = 6 which might be more eas-
ily accessible to present or future observations. Regretfully,
the perspectives of direct detection of PopIII stars through
this technique do not appear as very promising. For objects
detectable in the JWST (HUDF) deep field survey, the ex-
pected HeII rest-frame equivalent width is < 0.5 Å (< 0.1
Å). Such small EWs will be very difficult to detect. The
EW increases to more accessible values of about 10 Å only
if much fainter objects (MUV = −13) could be observed.
We have to underline that the above discussion implies that
we cannot set limits on the total cosmic SFR in Pop III
stars using the results of dual emitters searches given that

Figure 9. Fraction of the total luminosity LUV due to Pop III
stars LUV,III as a function of the absolute UV magnitude MUV .
The vertical short(long)-dashed lines mark the sensitivity limit of
JWST (HST/WFC3). Absolute UV magnitudes are computed as
in Fig. 1.

the bulk of Pop III stars may be ’hidden’ in galaxies much
fainter than any present (and probably future) survey can
detect (Scannapieco, Schneider & Ferrara 2003).

In conclusion, Pop III stars are found to form essen-
tially at any redshift and in < 20% of the galaxies. However,
their contribution to the total galaxy luminosity is very low,
apart from the very faint objects and their detection could
be extremely difficult even with the next generation of space
telescopes.

7 EARLY GAMMA-RAY BURSTS

Long Gamma-Ray Burst (GRBs) are powerful flashes of γ-
rays that are observed with a frequency of about one per
day over the whole sky. The γ−ray emission is accompanied
by a long-lasting tail, called afterglow, usually detected over
the whole electromagnetic spectrum. Their extreme bright-
ness easily over-shines the luminosity of their host galaxy
and makes them detectable up to extreme high redshifts,
as shown by the discovery of GRB 090423 at z = 8.2 (Sal-
vaterra et al. 2009, Tanvir et al. 2009). Metal absorption
lines can often be identified in their afterglow spectra, al-
lowing a study of the metal (and dust) content of the en-
vironment in which they blow. Finally, once the afterglow
has faded, follow-up searches of the GRB host galaxy be-
come possible. At low redshifts, GRBs are typically found
in blue, low-metallicity dwarf galaxies with stellar masses
M∗ ∼ 108−9 M# and high specific star formation rates
(Savaglio et al. 2009). These objects closely resemble the
properties of high-z galaxies identified in our simulations,
whose mean specific star formation rates (SSFR) are ≈ 8−10
Gyr−1, albeit associated with a large spread (for M∗ ! 108,
SSFR=1.5-7 Gyr−1 at z = 6− 8). This suggests that high-z
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Building up the major branch mass

Progenitors of largest z~6 LBGs start assembling first with progenitors of smaller 
systems forming at progressively lower redshifts.

Assembly of high-z galaxies 7

Figure 4. The stellar mass of the major branch progenitor as a function of the z ! 6 stellar mass, for z ! 6 LBGs (small points) at the
redshifts marked in each panel: z ! 7 − 12. In each panel, the large symbols show the results for the 5 different example z ! 6 LBGs
discussed in the text: galaxy A (empty circle), B (empty square), C (empty star), D (asterix) and E (cross). The solid line indicates
M∗,MB = M∗,z=6 to guide the eye.

expected from the hierarchical structure formation scenario
where larger systems build up from the merger of smaller
ones, the earlier a system starts assembling, the larger its
final mass is likely to be; alternatively, this implies that the
progenitors of the largest systems start assembling first, with
the progenitors of smaller systems assembling later. A natu-
ral consequence of this behaviour is that it leads to a corre-
lation between M∗,z=6 and M∗,MB, i.e. at any given z, the
major branch stellar mass is generally expected to scale with
the final stellar mass at z ! 6.

This behaviour can be seen clearly in Fig. 4: firstly, we
see that the progenitors of the most massive z ! 6 LBGs
start assembling first, and progenitors of increasingly smaller
systems appear with decreasing z. Indeed, while the pro-
genitors of z ! 6 LBGs with M∗

>
∼ 108M" already exist at

z ! 12, there is a dearth of progenitors of the lowest-mass
galaxies, with M∗ ! 107M", which start building up as late
as z ! 9. It can also be seen from the same figure that there
is a broad trend for the z ! 6 LBGs with the largest M∗,z=6

values to have largest values of M∗,MB at all the redshifts
studied z ! 7−12, although the scatter grows substantially,
and only a few hundred progenitors exist at z ! 11. The
wide spread in M∗,MB for a given final M∗,z=6 value, points

to the varied stellar mass build-up histories of the galaxies
in the simulation; the relation between M∗,MB and M∗,z=6

inevitably tightens with decreasing redshift (see also Table
1).

Finally, we note that, averaged over all z ! 6 LBGs,
only about 0.3% of the final stellar mass has been built up
by z ! 12. The major branch of the merger tree steadily
builds up in mass at a rate (mass gained/Myr) that increases
with decreasing redshift such that about (1, 3, 8, 19, 37)% of
the final stellar mass is built up by z ! (11, 10, 9, 8, 7) as
shown in Table 1; this implies that z ! 6 LBGs gain the
bulk of their stellar mass (≈ 63%) in the ! 150Myr be-
tween z ! 7 and z ! 6, and only about a third is assembled
in the preceding ! 400Myr between z ! 12 and z ! 7. This
rapidly increasing stellar mass growth rate with decreasing
z probably results from negative mechanical feedback be-
coming less important as galaxies grow more massive: even
a small amount of star formation in the tiny potential wells
of early progenitors can lead to a partial blowout/full blow-
away of the interstellar medium (ISM) gas, suppressing fur-
ther star formation (at least temporarily). These progenitors
must then wait for enough gas to be accreted, either from
the IGM or through mergers, to re-ignite star formation;
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The major branch mass buildup: SF or mergers?

At any z, most major branch mass built up by star formation in the major branch with 
mergers contributing tiny amount to the total mass.

Assembly of high-z galaxies 11

Figure 7. The fraction of the total stellar mass assembled in z ! 6 LBGs by star formation in the major branch (grey circles), and by
merging of the minor progenitors (green squares), in the redshift ranges marked in each panel, as a function of the final stellar mass of
each object at z ! 6. The large squares (circles) in each panel show the mass assembled by the 5 example z ! 6 LBGs by mergers (star
formation) in each redshift interval: A (purple), B (black), C (maroon), D (blue) and E (red). Note that when any galaxy/major branch
progenitor has only one progenitor at the previous redshift, all the mass is assembled because of star formation; the mass brought in by
mergers is, by definition, zero.

in Fig. 4, galaxies D, E have built up only about 3, 0.3% of
M∗,z=6 by z ! 11; from panel (f) of Fig. 7, we can clearly
see that while for E this mass has solely been built up by
Msf , for D, there is some significant contribution due to
Macc. These galaxies then slowly build up their stellar mass,
mostly through star formation until z ! 9 − 8, 8 − 7 when
mergers of smaller systems start making a noticeable con-
tribution; mergers contribute as much to the stellar mass
as star formation in the major branch for C, D and E at
z ! 8− 6, 8− 7 and 9− 8, respectively. On the other hand,
galaxy E only has a single progenitor for most of its life and
thus grows solely by star formation in the major branch, ex-
cept between z ! 8 and z ! 7 when it has two progenitors
(see also fig. 5) and merger of the other major-branch pro-
genitor contributes a small amount to M∗,z=6. Finally, about
40-70% of M∗,z=6 for these five example galaxies is built-up
by star formation in the! 150Myr between z ! 7 and z ! 6,
with mergers contributing only about 2-25% to M∗,z=6 (the
remaining mass pre-existing in the major branch at z ! 7).

5 UV LUMINOSITY EVOLUTION

Now that we have discussed how z ! 6 LBGs assemble their
stellar mass, we can also study how their UV luminosity
varies over time. We address this question by comparing
the absolute UV magnitude of the major branch progeni-
tor (MUV,MB) at each redshift, with the final absolute UV
magnitude of the z ! 6 LBGs, MUV,z=6, as shown in Fig. 8.
Although 〈E(B−V )〉 < 0.05 at z ! 6 and is expected to de-
crease further with increasing z as a result of galaxies being
younger and less metal enriched, we have nonetheless calcu-
lated the dust enrichment of each galaxy in all the snapshots
used between z ! 12 and z ! 6, consistently applying the
dust model described in Sec. 2.1.

The first result we find is that MUV,MB ∝ MUV,z=6

at least for z ! 7 − 10, consistent with the most massive
z ! 6 LBGs having the most massive major branch pro-
genitor; this correlation becomes sketchy at z ! 11 as a
result of the scarcity of progenitors brighter than the ap-
plied magnitude limit of MUV < −15 above this redshift.
The average absolute magnitude shifts towards lower val-
ues (i.e. increasing luminosity) with decreasing z, thus pro-
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A common story: stochastic SF

•  
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Figure A2. The SFR computed as the ratio of the stellar mass assembled by the major branch in a given time step, by the time-step
width, as a function of the redshift. Each of the panels shows the SFR for different galaxies with the final M∗,z=6 value marked.
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Figure 8. The absolute UV magnitude of the major branch progenitors with MUV,MB < −15 for each z " 6 LBG (small points), as a
function of the final absolute UV magnitude at z " 6. The panels show the results for different redshifts, z " 7− 12, as marked, and the
large symbols show the results for the example z " 6 LBGs discussed in the text: B (empty square), C (empty star), D (asterix) and E
(cross); galaxy A does not appear on this plot since its progenitors are always fainter than the limiting value of MUV < −15 shown here.

ducing the effect of luminosity evolution in the luminosity
function (see below). Moreover, the brightest sources appear
to display fairly steady luminosity evolution on a source-
by-source basis; for example, the progenitors of the z ! 6
galaxies with MUV < −18.5 constitute ! 90% of the galax-
ies with MUV < −18 at z ! 7, and still provide ! 75% of
the galaxies brighter than MUV ! −18 at z ! 8.

However, at fainter luminosities the situation is more
complex, as illustrated by the fact that between z ! 7 and
z ! 10 a number of individual major-branch progenitors
with M∗,z=6 < 108M" are more luminous than their (higher
mass) z ! 6 descendants (i.e. MUV,MB < MUV,z=6, as shown
in panels (a) to (d) of Fig. 8). This result may seem puzzling,
given that even at z ! 7, these small galaxies have only been
able to assemble a stellar mass M∗,MB

<
∼ 0.4M∗,z=6, but is

explained by the more stochastic star-formation histories of
the lower-mass galaxies (as illustrated in Fig. A2 in the ap-
pendix). In other words, a short-lived burst of star-formation
in a low mass major-branch progenitor, which decays on
times-scales of a few Myr, can easily produce a temporary
enhancement in UV luminosity which exceeds that of the
(still fairly low mass) descendant at z ! 6.

As for the 5 example galaxies that have been discussed

above, the smallest at z ! 6, galaxy A is right at the limit of
our magnitude cut, with MUV,z=6 = −15.1, and its major-
branch progenitors are never luminous enough to clear this
threshold at higher redshift. The major branches of B and
C (MUV,z=6 ! −16.6,−17.9) already have a stellar mass
M∗,MB ! (15, 6)%M∗,z=6 respectively, when they become
visible with MUV,MB ! −15.2 at z ! 8. For D and E, which
have final z ! 6 magnitudes of MUV,z=6 ! −18.8,−21 re-
spectively, the major-branch progenitors are visible at all the
redshifts z ! 7− 12 with the UV magnitude decreasing (i.e.
their luminosities brightening) monotonically with decreas-
ing z. However, we note that the UV luminosity of E grows
faster compared to D for z ! 9 as a result of its faster stel-
lar mass growth that naturally produces more UV photons,
consistent with our finding above that most mass growth in
a given redshift interval is driven by star formation.

Finally, we show, and deconstruct the simulated UV
LFs for LBGs in the simulation with MUV < −15, over the
redshift range z ! 7 − 12. The full simulated UV LFs at
z ! 6, 7, 8 have already been shown in Fig. 1, but in Fig.
9 we extend this to predict the form of the total UV LF
up to z ! 12, and also separate out the contribution of
the major-branch progenitors to the LF. At all the redshifts
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Galaxies at the bright end gently build up their luminosity i.e. a positive luminosity 
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evolution as they brighten and fade
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The evolving UV LF: density + luminosity evolution

• Evolution of the bright end solely due to an increase in the luminosity

• Evolution of the faint end due to an evolution in both the luminosity and number density

Dayal et al., 2013

Assembly of high-z galaxies 13

Figure 9. UV LFs for the major branch of the merger tree for z ! 6 LBGs, for z ! 7 to z ! 12, as marked in each panel. In each
panel, the long dashed (red), short dashed (green) and dotted (blue) lines show the major branch of the merger tree for z ! 6 LBGs
with MUV,z=6 < −15, MUV,z=6 < −18 and −18 ! MUV,z=6 ! −15, respectively. For comparison, the solid (black) line in each panel
shows the UV LF obtained using all the galaxies in the 10cMpc simulation box with MUV < −15, at the redshift marked in that panel.

shown (z ! 7 − 12), the major branch progenitors of the
z ! 6 LBGs dominate the UV LF over the entire magnitude
range probed here. At the brightest magnitudes they are,
not surprisingly, completely dominant, and even at the faint
end (MUV

>
∼ − 16) they constitute ! 60% of the number

density of objects in the LF.

To further clarify the physical evolution of the galaxy
population, we have also produced the UV LF for the major-
branch progenitors of z ! 6 LBGs with (a) MUV,z=6 < −18
and (b) −18 ! MUV,z=6 ! −15. We find that the major-
branch progenitors of the former dominate the high lumi-
nosity end of the UV LF at all z and make a negligible
contribution to the faint end. By contrast, the progenitors
of the faintest z ! 6 LBGs with −18 ! MUV,z=6 ! −15
contribute to the faint end of the UV LF at all the redshifts
studied.

In conclusion, our simulation suggests that it is indeed
reasonable to expect a steady brightening of the bright end
of UV LF during the first billion years, and that this is pri-
marily driven by genuine physical luminosity evolution (i.e.
steady brightening, albeit not exponential) of a fixed subset
of the highest-mass LBGs. However, at fainter magnitudes

the situation is clearly much more complex, involving a mix
of positive and negative luminosity evolution (as low-mass
galaxies temporarily brighten then fade) coupled with both
positive and negative density evolution (as new low-mass
galaxies form, and other low-mass galaxies are consumed by
merging).

6 CONCLUSIONS

We have used state-of-the-art high-resolution SPH cosmo-
logical simulations, specially crafted to include the physics
most relevant to galaxy formation (star formation, gas cool-
ing and feedback) and a new treatment for metal enrichment
and its dispersion that allows us to study the transition from
metal free PopIII to metal enriched PopII star formation,
and hence simulate the emergence of the first generations of
galaxies in the high-redshift universe. By combining simu-
lation snapshots at z ! 6− 12 with a previously developed
dust model (Dayal et al. 2010), in addition to calculating the
LBG UV LFs, SMD and sSFR for the current magnitude
limit of MUV ! −18, we have extended our results down to
MUV ! −15 in order to make specific predictions for up-
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Figure 9. UV LFs for the major branch of the merger tree for z ! 6 LBGs, for z ! 7 to z ! 12, as marked in each panel. In each
panel, the long dashed (red), short dashed (green) and dotted (blue) lines show the major branch of the merger tree for z ! 6 LBGs
with MUV,z=6 < −15, MUV,z=6 < −18 and −18 ! MUV,z=6 ! −15, respectively. For comparison, the solid (black) line in each panel
shows the UV LF obtained using all the galaxies in the 10cMpc simulation box with MUV < −15, at the redshift marked in that panel.
In all panels, we have slightly displaced the solid black line horizontally for clearer visualization.

z ! 6 LBGs having the most massive major branch pro-
genitor; this correlation becomes sketchy at z " 11 as a
result of the scarcity of progenitors brighter than the ap-
plied magnitude limit of MUV < −15 above this redshift.
The average absolute magnitude shifts towards lower val-
ues (i.e. increasing luminosity) with decreasing z, thus pro-
ducing the effect of luminosity evolution in the luminosity
function (see below). Moreover, the brightest sources appear
to display fairly steady luminosity evolution on a source-
by-source basis; for example, the progenitors of the z ! 6
galaxies with MUV < −18.5 constitute ! 90% of the galax-
ies with MUV < −18 at z ! 7, and still provide ! 75% of
the galaxies brighter than MUV ! −18 at z ! 8.

However, at fainter luminosities the situation is more
complex, as illustrated by the fact that between z ! 7 and
z ! 10 a number of individual major-branch progenitors
with M∗,z=6 < 108M" are more luminous than their (higher
mass) z ! 6 descendants (i.e. MUV,MB < MUV,z=6, as shown
in panels (a) to (d) of Fig. 8). This result may seem puzzling,
given that even at z ! 7, these small galaxies have only been
able to assemble a stellar mass M∗,MB

<
∼ 0.4M∗,z=6, but is

explained by the more stochastic star-formation histories of

the lower-mass galaxies (as illustrated in Fig. B2 in the ap-
pendix). In other words, a short-lived burst of star-formation
in a low mass major-branch progenitor, which decays on
times-scales of a few Myr, can easily produce a temporary
enhancement in UV luminosity which exceeds that of the
(still fairly low mass) descendant at z ! 6. The stochastic
star formation in low mass galaxies is possibly the effect
of these tiny potential wells losing a substantial part/all of
their gas in SN driven outflows, suppressing further star for-
mation; these progenitors must then wait for enough gas to
be accreted, either from the IGM or through mergers, to
re-ignite star formation. Obviously, the star formation rates
in these galaxies are dependent on the mechanical feedback
model used and changing the model parameters such as the
mass upload rate and the fraction of SN energy carried away
by winds could alter our results: increasing the mass upload
rate (fraction of SN energy carried away by winds) would
lead to a decrease (increase) in the wind velocity as it leaves
the galactic disk, leading to these galaxies retaining (losing)
more of their star forming gas.

As for the 5 example galaxies that have been discussed
above, the smallest at z ! 6, galaxy A is right at the limit of
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z ! 6 LBGs having the most massive major branch pro-
genitor; this correlation becomes sketchy at z " 11 as a
result of the scarcity of progenitors brighter than the ap-
plied magnitude limit of MUV < −15 above this redshift.
The average absolute magnitude shifts towards lower val-
ues (i.e. increasing luminosity) with decreasing z, thus pro-
ducing the effect of luminosity evolution in the luminosity
function (see below). Moreover, the brightest sources appear
to display fairly steady luminosity evolution on a source-
by-source basis; for example, the progenitors of the z ! 6
galaxies with MUV < −18.5 constitute ! 90% of the galax-
ies with MUV < −18 at z ! 7, and still provide ! 75% of
the galaxies brighter than MUV ! −18 at z ! 8.

However, at fainter luminosities the situation is more
complex, as illustrated by the fact that between z ! 7 and
z ! 10 a number of individual major-branch progenitors
with M∗,z=6 < 108M" are more luminous than their (higher
mass) z ! 6 descendants (i.e. MUV,MB < MUV,z=6, as shown
in panels (a) to (d) of Fig. 8). This result may seem puzzling,
given that even at z ! 7, these small galaxies have only been
able to assemble a stellar mass M∗,MB

<
∼ 0.4M∗,z=6, but is

explained by the more stochastic star-formation histories of

the lower-mass galaxies (as illustrated in Fig. B2 in the ap-
pendix). In other words, a short-lived burst of star-formation
in a low mass major-branch progenitor, which decays on
times-scales of a few Myr, can easily produce a temporary
enhancement in UV luminosity which exceeds that of the
(still fairly low mass) descendant at z ! 6. The stochastic
star formation in low mass galaxies is possibly the effect
of these tiny potential wells losing a substantial part/all of
their gas in SN driven outflows, suppressing further star for-
mation; these progenitors must then wait for enough gas to
be accreted, either from the IGM or through mergers, to
re-ignite star formation. Obviously, the star formation rates
in these galaxies are dependent on the mechanical feedback
model used and changing the model parameters such as the
mass upload rate and the fraction of SN energy carried away
by winds could alter our results: increasing the mass upload
rate (fraction of SN energy carried away by winds) would
lead to a decrease (increase) in the wind velocity as it leaves
the galactic disk, leading to these galaxies retaining (losing)
more of their star forming gas.

As for the 5 example galaxies that have been discussed
above, the smallest at z ! 6, galaxy A is right at the limit of
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The story of high-z galaxy assembly:

 Rate of stellar mass assembly increases with 
decreasing redshift from z~12 to z~6.

 Majority (~90%) of stellar mass of z~6 LBGs 
assembled by star formation in the major branch, with 
only 10% brought in by mergers.

 UV LF evolution depends on luminosity range probed:
     - genuine physical luminosity evolution at bright end
     - faint end is a mix of positive and negative luminosity 
      and density evolution.
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