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ABSTRACT

Recent observations have shown that the characteristindsity of the rest-frame ultraviolet (UV) lumi-
nosity function does not significantly evolve ak4z < 7 and is approximatelij,, ~ -21. We investigate
this apparent non-evolution by examining a sample of 17ghbyMyy < —21 galaxies at= 4 to 7, analyzing
their stellar populations and host halo masses. Includeep8pitzer/IRAC imaging to constrain the rest-frame
optical light, we find thaM{},, galaxies az = 4—7 have similar stellar masses of IMy(My) = 9.6-9.9 and are
thus relatively massive for these high redshifts. Howelvgght galaxies ar = 4—7 are less massive and have
younger inferred ages than similarly bright galaxieg at2—3, even though the two populations have similar
star formation rates and levels of dust attenuation for alftkest-attenuation curve. Matching the abundances
of these brighz = 4-7 galaxies to halo mass functions from the BolshGDM simulation implies that the
typical halo masses i M{},, galaxies decrease from lddf/Mp) = 119 atz= 4 to logMn/Mp) = 114 at
z=17. Thus, although we are studying galaxies at a similar raessss multiple redshifts, these galaxies live
in lower mass halos at higher redshift. The stellar baryantfon in units of the cosmic medp,/Qm rises
from 5.1% atz=4 to 11.7% atz = 7; this evolution is significant at the 3¢ level. This rise does not agree
with simple expectations of how galaxies grow, and implieg some effect, perhaps a diminishing efficiency
of feedback, is allowing a higher fraction of available barg to be converted into stars at high redshifts.

Subject headings: early universe — galaxies: evolution — galaxies: formatiergalaxies: high-redshift —
ultraviolet: galaxies

1. INTRODUCTION of datasets from different campaigns (e.g., Behroozi et al.

Tracing the buildup of stellar mass from the epoch of the 2013a).

; ; .~ The advances facilitated by the Wide Field Camera 3
first galaxies through the present can be used to constrai y
models of galaxy formation. Understanding what physics%gzgggggetﬂgcg?gde %?ﬁg E?sgeg?ygis(y?)S)YgééﬂﬁifiSt

governs this buildup is one of the key outstanding questions X . ;

in galaxy evolution. There is a consensus that the cosmic sta 8 9alaxies (E.?LﬂﬂkﬂblﬂnﬂwmmMZO
formation rate (SFR) density rises from the dawn of galgxies 5012 (201 zlazm%ﬂhzl_ﬂlmﬂéé—z%l%—o—g—s—cvejﬁf—au 20::'0'
peaks at redshifts~ 2—3, and then declines steeplyzat 2 2012,.2013 2014; McLure etlal. 2010, 2013; Wilkins et al.
(e.g./Madau & Dickinsdh 2014). The physical origin of this 201%;.Schenker etal. 2013). Among the detailed analyses
evolution in galaxy stellar mass growth is poorly undergtoo facilitated by these large samples is the measurement of the
especially at high redshifts. While studies of galaxy evolu '€St-frame ultraviolet luminosity function, which quéfies

tion routinely quantify the stellar content of distant gas,  the relative abundances of galaxies over a wide dynamierang
it remains challenging to relate the stellar masses to the su 1N luminosity. As the UV light probes recent star formation

ply of gas fueling star formation. Theoretical works attemp activity, the integral of the rest-frame UV luminosity func

to address these fundamental questions to a varying degrelion provides an estimate of the cosmic SFR density (e.g.,
of success, but observational data have remained incoeplet Madau et al. 1996; Bouwens eflal. 2012; Madau & Dickinson

particularly at the massive end, and they are dominated b ;LFinkelstein et al. 2015). The luminosity function is

systematic uncertainties unavoidable in the stitchingtiogr typically parameterized with ttie Schechfer (1976) funio
form that is a power law at low luminosities and declines ex-

ponentially at high luminosities. Its parameters are tharch

1 Department of Astronomy, The University of Texas at Austhustin,

TX 78712 ‘ _ _ acteristic luminosityMy,, the faint-end slope;, and the nor-
? Space Telescope Science Institute, Baltimore, MD 21218 malization ¢*. Previous studies typically found that these
® Department of Physics & Astronomy, Rutgers University, 13@l- parameters evolved with redshift: the characteristic hosi

inghuysen Road, Piscataway, NJ 08854 : e - - —y
4 George P. and Cynthia Woods Mitchell Institute for FundataigPhysics ity decreased with increasing redshift as the faint-engeslo

and Astronomy, Department of Physics and Astronomy, Texg@lsl Alniver- teepened (e.d., Bouwens et al. 2007, 2011a.,b; McLure et al.

sity, College Station, TX 77843 2013). This “luminosity evolution” of the luminosity furion

® Racah Institute of Physics, The Hebrew University, Jemms®1904, Is-  was widely accepted as it fit the general trend observable in
rael the evolution of the cosmic SFR density.
P:E,%ﬂirtmem of Physics and Astronomy, Haverford Collegeverfard, More recent work, however, has shc;[\)//vn that the picture de-

7 Harvard-Smithsonian Center for Astrophysics, 60 Gardeeet Cam- scribed above is incomplete. The first evidence came from
bridge, Massachusetts 02138 lOno et al. [(2012), Finkelstein etlal. (2013), and Bowler et al

8 Center for Cosmology, Department of Physics and Astrondumyyer- M) where a larger than expected number of bright galax-
sity of California, Irvine, CA 92697
ies turned up axz = 7 surveys moved to wider fields.
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FiG. 1.— The spectral energy distribution of a representatalexy in each of our redshift bins, shown as the blue cirdtes filters where the signal-to-noise
was <2, we show the & upper limits. The black curve shows the best-fit stellar pafmn model, and we list the ID and best-fit stellar mass &mhegalaxy.

[Finkelstein et dl.[(2015) and Bouwens et al. (2015) have con-M}),, at these redshifts as our threshold.

firmed this excess, and recent studies have concluded it is We use the sample of 7500 galaxies at & z < 8 from

not attributable to gravitational lensing (Mason et al. 201 |Finkelstein et al. (2015) and refer the reader to that paper f
Barone-Nugentet al. 2015). Both Finkelstein et al. (2015) details on the photometry, photometric redshift sample se-
and Bouwens et al. (2015) computed the evolution of the rest-lection, and derivation of UV absolute magnitude at 1500 A
frame UV luminosity function az = 4-8, finding that con-  (Myy). From their full catalog, here we analyze the 150, 75,
trary to the preceding results derived from smaller dasaset 28, 18, and 3 galaxies withlyy < —21 atz=4, 5, 6, 7, and
the characteristic luminositil;,, was remarkably redshift- g8 respectively, which come from the CANDELS GOODS-
independent betweerr 4, 5, 6, and 7. The constancy broke  soyth and North fields (with a total area©f280 arcmin).

down only atz= 8 where the data were least constraining. The redshift bins are bounded Bz = +0.5 from the central
Most of the evolution took place in the characteristic numbe edshift.

density: it declined towards higher redshifts. Therefaita)e

galaxies in general became less common at higher redshifts— 2.1. Inclusion of Spitzer/IRAC Photometry

consistent with the decline in the cosmic SFR density—lirigh o

galaxies remained relatively common in the distant uniwers 10 1arn more about these intriguing systems, we turn to
Here, we seek to constrain the physical properties in dis-Stellar_population modeling. We use th&ST photometry

tant UV-bright galaxies and attempt to understand how they from [Finkelstein et al. (2015) that includes ACS and WFC3

maintained high levels of star formation. In 82, we de- PSF-matched total fluxes in the wavelength range 0.4 — 1.8

scribe the bright galaxy sample that we have taken from #M (Se€ Koekemoer etlal. 2011, for details on the imaging).

1[(2015) and discuss the additional caires This catalog also includes photometry from ii“:‘ zer Space
that can be placed on the stellar populations with the inmius ~1e/escope Infrared Array Camera (IRAC;_Fazio et 04)
of Spitzer/IRAC photometry. In §3, we use cosmic abundance imaging of our fields. The IRAC imaging probes the rest-
matching to estimate the halo masses and the stellar-to-hal frame optical atz > 4 and thus provides significant con-
mass ratios for these galaxies. In §4, we discuss the evoluStraining power on the stellar masses of our galaxies. dt als
tion of the stellar baryon fraction with redshift, and in §5, 9ives & more accurate handle on the ages and dust attenu-
we present our conclusions. We assume the WMAEDM ations by reducing the degeneracy between the two param-
cosmological model (Komatsu et al. 2011) throughout, with 8€rs. The details of the long-wavelength photometry are
Ho = 702 km S Mpc'Y, O, = 0.275, and, = 0.725. All  Presented if Finkelstein eflal. 2015); here, we review them
0~ ; e, Sim ' 4 only briefly. The mosaics were obtained by coadding all the
magnitudes given are in the AB system (Oke & Glinn 1983). available data in these fields: the GOODS (Dickinson et al.,
in prep),Spitzer Extended Deep Survey (SELS; Ashby €t al.
2. STELLAR POPULATIONS IN UV-BRIGHT GALAXIES )' andSpItzeFCANDELS (S-CANDELS,'
Here we wish to constrain the physical processes that reg2015) wide-field programs, as well as the deep pointings
ulate the abundance of bright galaxies in the distant usézer from %itzer rogram 70145 (the IRAC Ultra-Deep Field of
These luminous systems are observed only a short time af I 3) over the Hubble Ultra Deep Field and its
ter the Big Bang and trace prominent density peaks at theirparallels, and program 70204 (Pl Fazio) which observed a re-
epoch. We further investigate sources wWithsgo < —21. This gionin the GOODS-S field to 100 hr depth. The final mosaics
magnitude is approximately the value g, at these red- have a depth of 50 hr over both CANDELS GOODS fields
shifts (Bouwens et al. 2015; Finkelstein et/al. 2015), thoug and>100 hr over the HUDF main field (Ashby et al. 2015).
the exact value oM}, does get progressively more uncer-  The TPHOT software |(Merlin et dl. 2015), an updated ver-
tain with increasing redshift# 0.09 atz= 4 to + 0.4 at sion of TFI T (Laidler et al. 2007), was used to measure
z = 7; [Finkelstein et all 2015). Using ground-based data, photometry in theSpitzer/IRAC imaging. This software
Bowler et al. (2015) have found evidence ti\at,, may be  models the low-resolution IRAC images by convolving the
fainter than-21 atz= 7, though only at the @ level, and HST/WFC3H-band image with an empirically derived IRAC
thus not significantly discrepant with the measurements of PSF, simultaneously fitting all IRAC sources. This provides
Bouwens et &l (2015) and Finkelstein et al. (2015). Becauserobust photometry even for moderately blended sources. The
this study is concerned with the physics driving the appyren  full description of ourTPHOT IRAC photometry catalog is
high star-formation rates in distant bright galaxies, thkect  presented ih Song etldl. (2015).
luminosity we choose is not critical. In order to explore rel All high-redshift galaxies were visually inspected in the
atively bright galaxies, we choose the approximate value of TPHOT residual maps. If an object was on or near a strong
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residual, reliable IRAC photometry was not possible, dffec

age), and the star formation history (SFH). We assumed the

ing 20-30% of the galaxies in our bright galaxy sample. To Salpetef initial mass function (IMF). Allowed metallicities
obtain the most robust stellar mass measurements, in our sutspanned (0.02 — B, and ages spanned 1 Myr to the age
sequent analysis we do not include these affected galaxiesof the universe at the source redshift. We allowed several
Over 90% of the remaining galaxies in our sample had a 3.6different SFH scenarios, including a single burst, cordgimi

pm or 4.5um detection of at leasta3significance, with a
magnitude range a > 6 of 235 < mge < 25.5. This is
expected, as galaxies witll;500 < =21 should be massive

star formation, and both the exponentially decaying and ris
ing (so-called “tau” and “inverted-tau”) models. We incae
nebular emission lines using the prescriptioh of Salmorlet a

enough at all redshifts to yield an IRAC detection absent (2015), which takes the line ratios fram Inblie (2011), assum
crowding. In fact, when comparing median stellar massesing that the gas has the same metallicity as the stars and that

derived excluding and including galaxies without IRAC con-

straints, the median stellar mass of galaxies with IRAC con-

straints is at most 0.1 dexlower than that of the whole sam-

all the ionizing photons emitted by the model stellar popu-
lation are reprocessed in the galaxy and their escape is neg-
ligible. To the rest frame spectra we added dust attenuation

ple. This is because galaxies with true mid-infrared fluxes using the starburst attenuation curve _of Calzetti 21 al0020

well below the IRAC detection limit can have poorly con-

in the range of (< E(B-V) < 0.8 (0< Ay < 3.2 mag). Then

strained SEDs. In contrast, our results show that the ti/pica we redshifted the models to€0z < 11 and added intergalac-

UV bright z > 6 galaxy has a lower mass-to-light ratio than
other possible solutions, thus the IRAC detection priorsdoe
not drive us to higher M/L models.

tic medium (IGM) attenuation (Madau 1995). The resulting
model spectra were integrated through 18T and Spitzer
filter bandpasses to derive synthetic photometry for compar

The IRAC photometry used here is the same as by son with our observations.

[Finkelstein et al.[(2015) who used the IRAC and additional

We emphasize that our model parameterization assumes

HST/ACS F814W photometry to re-measure the photometric that the SFH of each object follows one of the simple sce-

redshifts, removing 14, 14, and 1 galaxies from ttesir 4,

narios (i.e., single burst, continuous, tau, or invergaltnot

5, and 6 samples, respectively. The galax% samgle we cona superposition of such scenarios. This may seem like an

sider here comes from the cleaned samp

already been removed. In this work, we have performed an2011;[Finlator et al. 2011;

et aloversimplification, but evidence is mounting that the SHHs i
(2015), thus these presumed lower redshift interlopere hav distant galaxies vary smoothly with time (

ta

e.g. Papovichi
Bl.2012b; Salmonet al.

additional iteration of visual inspection of the IRAC imag- [2015%). Therefore, the simple scenarios may in fact be rather
ing, which results in a few more galaxies having preferred good approximations, in particular when deriving the atell
lower redshift solutions. From our sample we remove sevenmass (e.gl, Lee etldl. 2010). Therefore, the SFHs and thus
such additional galaxies which now have preferred lower red the physical properties of the bright galaxies that we con-

shift solutions (two from ouz =4 sample, and five from our

sider here should not be strongly affected by burstiness, (e.

z=5 sample). We also remove five additional sources fromlJaacks et al. 20112).

our z= 4 sample which have 2.Z zns < 3.5, as we do not

The best-fit model was found vigZ minimization. We in-

wish to bias ouz = 4 sample stellar mass measurements. Af- cluded an extra systematic error of 5% of the object flux in

ter excluding these objects, galaxies in the remaining gamp
all have photometric redshifts withilample— 0.5 < Zphot <
Zsamplet 0.7, thus we consider the effects of potential low-
redshift interlopers to be minimal. The inclusion of theyer
small number of sources afnot = Zsampist 0.5 — 0.7 (eight at
z=4,sixatz=5and 1 akz= 7; see tables in Appendix) make

each band to crudely account for the residual uncertaiimties
the zero point correction and PSF matching process. The un-
certainties in the best-fit parameters were derived via Elont
Carlo simulations, perturbing the observed flux of eachaibje

in each filter with a number drawn from a Gaussian distribu-
tion with a standard deviation equal to the flux uncertainty i

no difference to the median stellar mass discussed belasv. Sethe filter. Taking the source redshift to be statisticallgom

[Finkelstein et al.[(2015) for a quantitative descriptionttud
potential contamination.

2.2. Spectral Energy Distribution Fitting

related with other spectral energy distribution (SED)fidti
parameters, in each Monte-Carlo realization we drew the red
shift from the photometric redshift statistical likelindéunc-
tion of the given object. To prevent low-redshift solutions

The technique we used to fit stellar population models from biasing the physical parameters, we limited the random
tolphotometry was similar to the one we emp|oyed before redshift to be withinAz= +1 of the best-fit phOtomet”C red-

172010, 2012b,5, 2013, 2015).

We usedshift. This treatment of the source redshift effectivelidéx

the updated (2007) stellar population synthesis models ofthe uncertainty in redshift into the uncertainty in the phys
Bruzual & Charldt [(2003) to generate a grid of model spec- ical parameters (most notably, the stellar mass kgho;
tral. We varied the stellar mass (defined as the total gadFinkelstein etdll 2012a). For each galaxy® Monte Carlo

mass converted into stars), the stellar population meitgili

realizations were generated and this provided a sample of as

the time since the onset of star formation (henceforth, themany values for each model parameter. SFRs for the best-fit

1 The 2007 update to the stellar population models_of Bruzu&h&rlot
(2003) may overestimate the contribution of thermally ptifgy asymptotic
giant branch (TP-AGB) stars. However, these stars typidadigin to dom-
inate the emission at population aged Gyr and rest frame wavelengths
> 1um. Our longest wavelength filter (4/m) at our lowest redshiftz(=
4) probes only 0.9m, and all other filter/redshift combinations probe bluer
rest-frame wavelengths. The TP-AGB contribution may inighe SED in
post-starburst galaxies at wavelengths as low ag:h5Kriek et al. 2010).
However, our galaxies are highly star-forming, with inétpopulation ages
are< 1 Gyr. Thus, our choice to use the updated models likely haffeot
on our results.

model and for each Monte Carlo realization, were derived by
converting the dust-corrected valueMfsqoto a SFR via the
relation o%Mtl@&.

For our subsequent analysis, we discarded realizatioihs wit
poor best-fit models witly? > 20 to ensure robustness of the
derived properties. This removed a relatively small nunaber
galaxies (16,9, 1,0and 1at 4, 5, 6, 7 and 8, respectively).

2 To convert our results to those obtained from a Chabrier b, should
divide the stellar masses and SFRs by a facter df7.
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z=41

Z=3 TABLE 1
MEDIAN PHYSICAL PROPERTIES OFGALAXIES WITH Mis00 < =21

Number
P(Mass)

Redshift Number lod{l./Mg)  Age E(B-V) SFR
(Myr) (Mo yr ™)
94 9.86+-0.04 44+2 0.13+0.01 56+ 4
46 9.80+£0.06 35+2 0.12+0.02 52+ 10
19 9.780.07 40+ 4 0.07+£0.02 40+ 8
14 9.64+ 0.13 2948 0.09+ 0.02 41+ 9
NoTE. — Median values of physical parameters from the joint prob-
ability distribution describing all galaxies in a given séift bin that
have a measurement in the IRAC 3.6 channel and a best-fit model
with x? < 20. The number of galaxies satisfying these criteria in each
AR NN R s redshift bin is given in the second column. The statisticalastain-
9 o Steﬁgr Mass 1 9 o Steﬁgr Mass 1 ties on median values were derived vid Monte-Carlo simulations in
9 9 which the median was rederived from a randomly drawn sanyité (

F1G. 2.— Joint probability distributions for the stellar mass# bright iag i i ;
galaxies M1500< —21) in ourz=4, 5, 6 and 7 galaxy samples (blue line). The ;gﬂggﬁ,ﬁgﬁg? oatlgi?e%a}flrafsép each redshift bin. The spiresalues
histograms are of the best-fit values, and the red dashedrhideed shaded 9 ger.

regions denote the median and dncertainty on the median, respectively, of
the joint PDFs. Little significant evolution in the mediaelktr mass is seen ma
over this redshift range. If the amount of UV attenuation due to dust among bright
galaxies had evolved from= 7 to 4, then it could have led
to our selecting a lower stellar mass at a given UV absolute
magnitude (a similar effect could occur if the dust atteimunmat
curve is redshift dependent). However, our results shot tha
this is not the case, as not only does our inferred attenuatio
exhibit no evolution, but the median stellar mass also apea
2.3. Physical Properties roughly constant over the redshift interval.
e Our fiducial analysis assumed a dust attenuation curve from
The results of SED fitting are summarized in Table 1. To [Calzetti et al.[(2000) for consistency with previous resirt
derive the median stellar population properties, rathanth the literature. However, a number of recent studies havedou
stacking the images or fluxes of the galaxies, we stackedthata Small Magellanic Cloud (SMC)-like (Pei 1992) attenua
samples of Monte Carlo realizations in the model parametertion curve may be more appropriate for high-redshift gaaxi
space. In each redshift bin, the stacked sample allowed uge.g./Reddy et dl. 20112a; Tilvi etlal. 2013; Capak &t al. B015
to quantify the multivariate distribution of galaxy profies. This dust attenuation curve has more attenuation for given
The joint probability distribution functions for stellar ass values ofE(B-V), thus we explored how our results would
marginalized over other parameters are shown in Fifiire 2.change had we assumed this attenuation curve in our fidu-
The median of a parameter such as the stellar mass is takepial analysis. Even with this different attenuation curtres
to be the median value in the bin. The tonfidence interval  amount of dust attenuation appears to be roughly constant
on the median was calculated via®lifootstrap simulations in these bright galaxies, with slightly lower values of E(B-
where we rederived the median from a randomly drawn (with V) = 0.06 — 0.08. We find that our median stellar masses
replacement) sample of the galaxies in each redshift bin. would change by at most 0.14 dex (consistent with results
As shown in Tabl€ll, the median stellar population param- from[Papovich et al. 2001 that the choice of attenuationeurv
eters do not evolve significantly with redshift. Broadlyake  does not significantly affect stellar mass measuremers), r
ing, Myy < -21 galaxies az = 4-7 are moderately massive sulting in a minimal change to our major conclusion below
(log[M../Ms] ~ 9.6-9.9), somewhat young:(00 Myr), and  on the stellar baryon fraction (although the slope of thé ste
have non-negligible dust attenuatioB(B—-V) = 0.07-0.13  |ar baryon fraction evolution assuming SMC dust is less than
corresponding téy ~ 0.3-0.5 mag) and high SFRs40-60 our fiducial scenario, and thus evolution is detected atecedu
Mg yr™). significance due to a lower value and larger uncertainty en th
Significant amounts of dust are likely produced in galax- median mass of the z=7 sample in this scenario). We conclude
ies as early az ~ 7, as|Finkelstein et al.[ (2012b) and that our assumption of a Calzetti et al. attenuation cunesdo
Bouwens et &l.[ (2014) have previously noted that massivenot result in a strong bias in our results.
and/or UV-bright galaxies had similarly red UV continuum  The youngish character of these galaxies is surprising. Al-
slopes az = 4-7, with a typical value of the UV spectral slope though age is notoriously difficult to measure robustly, the
8 ~ —1.8. Both studies concluded that this implied a similar addition of the IRAC photometry does help, in particular at
amount of dust in bright/massive= 4-7 galaxies, indepen- z= 6, where the ensemble is constrained to have a typical
dent of redshift. We confirm this result, findiig§B—V) ~ 0.1 age< 50 Myr (68% C.L.). While evolved galaxies are not
in bright galaxies az = 4—7 (constrained at 68% confidence absent at these high redshifts (for example, z7_GNW_17001
to be > 0 and< 0.15). Therefore, although fainter/lower- haslogil./Mg) = 10.7 and an age of 400 Myr), they seem to
mass galaxies appear to be less dusty at higher redshifts (e. be exceptions. This is in stark contrast with galaxiesa3 ,
14), thisis nettr  where those residing at the bright-end of the luminositycfun
for the brightest galaxies. This can be confirmed with ALMA, tion tend to be more evolved.
and in fact ALMA has recently detected dust emission from [Reddy et al.[(2006) published a stellar population analysis
normal galaxies out ta ~ 5-7.5 (e.g.._Watson etlal. 2015; of galaxies at redshifts~ 1-3.5. Using the results from their

N )
Sooocoo oo

Zz=61} z=7

N N N N
I mnn
~No o h

P(Mass)

TETETE T CrTY

Number

The final sample contains 94, 46, 19, 14, and 1 galaxa=at
4,5, 6,7, and 8, respectively. As there is only one galaxy at
z = 8 that satisfies these criteria, we focus or £ < 7 for

the remainder of this paper. Figlde 1 shows the SED fit for a
typical galaxy in each of our redshift bins.
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models that assume a constant SFH, the median galaxy witlestly "outshining” the older generations, potentiallysinig

Myv < =21 (derived from the observed R-band magnitude the measured age. However, the stellar masses (which we use
and spectroscopic redshift) atv 2 — 3 has log{l./Mg) = for our primary result in the following sections) are robtest
10.2, an age of 260 MyrE(B-V) =0.16 and SFR = 70 age variationlO), thus this potential biassdo
Mg yr~* (the results are similar when the sample is split into not affect our main results.

two redshift bins centered at= 2 andz= 3). Thus, bright

galaxies at the peak of cosmic star-formation activity have 3. HALO MASSES OF UV-BRIGHT GALAXIES

similar SFRs and dust attenuations as bright galaxies in the 3.1. Halo Masses

epoch of reionization, but the lower redshift galaxies-ara-
2.5x more massive and have rest-UV/optical light dominated
by stars>5x older. Such a comparison with lower redshift
makes sense if one is interested in the evolution of prageerti

Given the relatively high stellar masses and SFRs seen in
our sample o > 6 galaxies, one may wonder if the processes
governing gas cooling and the conversion of cold gas ints sta
of similarly bright galaxies with redshift. It is also valitive differ from those at lower redshift. As a step toward answer-

wish to explore the evolution of galaxies Wiy < M ing this question, we compare the stellar masddef these
with redshiFf)t, advl®, atz~ 2.3 andg3 £20.7 and3\2/0.97, fe.  systems to the baryon masses in haids/(2m) My computed

: - o . i ic- baryon fractiof)gf 2y, = 0.1669
IReddy & Steid assuming a cosmic-mean f m
Z?Zegul/‘hely el 2009) are similar to what we find (Komatsu et al. 2011). The clustering of these systems would

A more interesting question is how UV-bright galaxies at Nave provided the most direct constraints on the halo mass,
z~ 2-3 are related to UV-bright galaxieszat 6-8. Specif- but the numbers and surface Q(_ansmes of th_ese galaxies-par
ically, in view of the hierarchical galaxy assembly, are the Ularly atz=7, are notyet sufficient to permit a robust cluster-
former galaxies descendants of the latter? Are the latterind @nalysis (though see Barone-Nugent et al. 2014). ldstea
progenitors of the former? Moreover, galaxy merging com- we use abunda_nce matching to estimate the halo masses for
plicates direct number-counting-based matching acrass re our bright galaxies. We refer the reader to previous works fo

shifts. A few recent studies have tried comparing galax- a full discussion of abundance matching (Et al.
ies at different redshifts at the same cumulative numberm' . 2010). Here, we review the procedure

density (e.g.L van Dokkum ef/al. 2010; Papovich étal, 2011; ONly briefly.

LLeja et al[ 2013)[_Behroozi etlal. (201 Abundance matching assumes that the galaxy luminosity or
3) a 3a) showed that such astellar mass is a monotonic function of the halo mass. The

comparison is adequate for identifying the | scendant most luminous galaxies are assumed to live in the most mas-
population of a higrepopulation (see alto Jaacks df al. 2015). sive halos. This is certainly a plausible assumption ambeg t

This is because the majority of massive highalaxies do lumi laxi tudy h but berh i th
not end up merging into substantially more massive systems.um'nous galaxies we study nere, but pernaps not among the

However, the converse is not true: reflecting hierarchabmer MOre stochastic dwarf galaxies. Starting with a cosmotagic
ing, the cumulative number density of the higiprogenitor simulation (in this case, the puneCDM simulation Bolshoi),

; ; ; ; one selects simulation snapshots close in redshift to thetta
gg%ﬂﬁﬂg’g ?]L?nlg)é/\;z d%%%ﬂl)?uon has a comparatively higher redshift of an observational survey. In these snapshots, on

As shown in the following subsection, galaxieszt 6 selects a simulation volume equal to the volume of the sur-
and 7 haven(Myy < —21) = 36 x 10°° M’pc‘3 and 2.4 x vey. One then identifies all virialized halos in the volumé an

10 Mpc-3, respectively. Using the luminosity functions of rank-orders them by mass. After rank-ordering the observed

. . : galaxies by their luminosities, one places each galaxyén th
Reddy & Steidell(2009) at 1.8 z < 2.7 (the median redshift  ginjated halo of the matching rank. This procedure pravide
of thez ~ 2—3 comparison sample we quote heress2.44),

; > 4 3 < a mapping of galaxy statistics onto host halo statistics.
we find n(Myy < -21) = 224> 10" Mpc™, unsurprisingly Here, we use Schechter parameterization of the observed
more abundant than our high-redshift sample. To match theluminosity functions at each redshift from Finkelstein et a
cumulative number densities of our high-redshift sampies, (2015) to estimate the host halo masses for the brighidy <
need to select objects wityy < -20.0 and< -19.8forour  _31) galaxies in our sample. Given the present stellar mass
z=6 and 7 sample, respectively. TNy < —21 galaxiesat  fynction uncertainties, luminosity-based matching is-cur
z~ 2-3 are thus plausible descendants of the kightaxies  yently more robust than the stellar mass-based matching. In
at these fainter magnitudes. , the future, the matching should be performed directly with
b A'Ht‘ou?h above we o?Iy re%"gég'f'?{, populr#:on ret_sults fo the stellar mass as it should be more correlated than the UV
right galaxies, we performe itting on the entire sam- |, minosity wi tal_2000:
ple of Finkelstein et all (2015), inding thiy = 20 Galax. (oot aaga)” o "0 Mass (@0.. Lee étal. 2009
ies atz= 6 have mean stellar masses of Mg(M:) = 8.7 For our analysis, we use the results from the Bolshoi cos-
and mean ages of 34 Myr. At= 7, Myy = -19.8 galaxies  555ical simulations (Klypin et al. 201.1), which has 2848
ga\ég rgfegéanMstrelmv\/rerrl%snsceljdog It?\ga(t/'\gan_ g'r‘régrt'g g;teh%?gim- particles in a 250 (Mpth)® box. This translates to a halo
ag : yr. v » comp . mass resolution of lodn/Mg) = 10. As we will find that our
llarly bright or similarly abundant galaxies at lower-rads alaxies have halo masses10'® M, the resolution of Bol-
UV-bright galaxies az > 6 are significantly younger and less gh o h ffictent for th o) sis. W
massive, but have similar SFRs, as inferred from their simil  SNO! IS more than suificient for the present analysis. We use
UV luminosities, and exhibit relatively little evolutiorfdust e halo mass functions derived lin_Behroozi et al. (2013b),
attenuation at these luminosities. which are a modification of the Tinker et al. (2008) mass func-
tions, include subhalos, and are accurate at very high red-

We acknowledge that ages are notoriously difficult to con- =~ | : :
strain, as they are tied to the assumed star-formation-histo shifts (see Appendix G of Behroozi etial. 201.3b). We derived

ries (e.g. Papovich etil. 2001). In more realistic scesari halo mass functions at our redshifts of interest by volume-
the yduﬁg stars that dominate the observed SED are mod@veraging the Bolshoi snapshot mass functions over the same
redshift ranges as those defining our galaxy samples.
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F1G. 3.— Top left: The cumulative luminosity function at 4, 5, 6, and 7. Bottom Left: Cumulative halo mass functiongs=a4, 5, 6, and 7, derived by
volume-averaging the Bolshoi snapshot mass functions teesame redshift ranges as those defining our galaxy samfiesarrows show our results from

abundance matching at 7, where galaxies witM1s90 < —21, which haven(Myy < —21) =25 x 107> Mpc?, have halo masses of lddg/Mg ) = 11.35. Right:
Relation between observed UV absolute magnitude and ahoedaatching-derived halo mass at our redshifts of intefidge arrows denote the halo masses at
our magnitude of interest &flyy = -21.

The top-left panel of Figurgl 3 shows the cumulative lumi- of AMyy = 0.5 mag centered ayy = -21, divided by the
nosity functions at = 4—7 and the bottom-left panel shows the mean number of galaxies in the bin.
cumulative halo mass functions at the same redshifts. Boinf ~ The total fractional uncertainty due to Poisson fluctuation
the host halo masses for the bright galaxies Wtlgoo < —21, and cosmic variance was then derived by combining the vari-
we first find the cumulative number density of galaxies at ances from two GOODS-sized fields and five single WFC3
that magnitude. For example, far= 7, the number density  pointing-sized fields, as this was the area used in the lusnino
is indicated with the horizontal arrow in the two left panels ity function calculation by Finkelstein etlal. (2015), wheedl
of Figure[3. The host halo masses can then be inferred byGOODS-S, GOODS-N, and five individual fields (the HUDF,
finding the halo mass above which the cumulative halo num-the two HUDF parallels, and the first two first-year Frontier
ber density equals the cumulative galaxy density. We find Fields parallel fields). We find that the fractional uncertieis
log(Mh/Mg) = 1193, 11.68, 11.57, and 11.35at 4, 5, 6, due to cosmic variance are 0.132, 0.159, 0.212, and 0.327 at
and 7, respectively. To estimate the uncertainties in the ha z=4, 5, 6, and 7, respectively. We include these uncertaintie
masses, we ran $Monte Carlo simulations, in each drawing in the Monte Carlo simulations discussed in the above para-
a luminosity function randomly from the MCMC sample gen- graph, and find that the uncertainty in the derived halo mass
erated during the luminosity function estimation, which ac increases by a factor ef 2 t0 0.03 dex az=4 and 0.06 dex at
count for both Poisson noise and uncertainties in the lusino z= 7 with the inclusion of the uncertainty due to cosmic vari-
ity function completeness simulations (see Finkelstemllet —ance. Our derived halo masses, and these total unceraintie
Eﬁ). We find that the uncertainties in the halo mass are low,are listed in Table 2.
~0.01-0.03 dex, reflecting relatively low uncertaintieshie t

cumulative luminosity functions. 3.2. Evolution of the Stellar-to-Halo Mass Ratio

Comparing the halo masses estimated in the previous sub-
section to the median stellar masses estimated in 82.3,we ca

To estimate how our measured abundances of bright galaxcalculate the ratio of the median stellar mass to halo mass
ies are affected by cosmic variance, we used a suite of semi{SMHM). We findM../M;, = 0.009, 0.013, 0.016, and 0.020 at
analytic models. These models, based on Somerville et al.z= 4, 5, 6, and 7, respectively. Thus, at a constant UV lumi-
(2008), were provided to the CANDELS team, and include nosity, the stellar-to-halo mass ratio increases withd@asing
a set of mock catalogs, one for each of the five CANDELS redshift. These results are listed in Table 2.
fields (with each individual mock catalog covering a volume  The cosmic baryon mass fraction is much higher than the
somewhat larger than the observed volume). We tuned theM. /M ratios we derive, a@y,/Qm = 0.1669 I.
dust attenuation in these SAMs to match the observed UV lu- ). In Figuré}, we show the evolution of the SMHM ra-
minosity functions from_Finkelstein etlal. (2015). In eadh o tio in the units ofQ,/Qm as a function of redshift. We re-
our redshift bins, we used the SAMS to extract 64 indepen-fer to this quantity as the stellar baryon fraction (SBF)jtas
dent volume elements comparable to one GOODS-sized fieldneasures the amount of baryons converted into stars com-
(16’ x 10) and 3192 independent volume elements compa-pared to the cosmic allotment of baryons in the halo. We
rable to a single WFC3 pointing (£ x 2.1'). In each red-  find that the SBF evolves from.D17+ 0.043 atz=7 to
shift bin, the fractional uncertainty due to the combinatid 0.051+4+0.006 atz=4. This factor of~ 3 evolution is sig-
Poisson fluctuations and cosmic variance was derived as theificant, as fitting a linear function for SBB(yields the slope
standard deviation (computed over all of the realizatidrs o dSBF/dz = 0.0239+ 0.0074, with the trend detected a3
given field size) of the number of galaxies in a luminosity bin significance.

3.1.1. Cosmic Variance
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FIG. 4.— The stellar baryon fraction (SBF) in brigh#l

21) galaxies fronz =4 to 7. We define the SBF as the stellar to halo mass ratio is ohihe

cosmic baryon mass fractidny, /Q2m. We find that the SBF increases with increasing redshiftcivimay be responsible for the apparent lack of evolutionen th

characteristic magnitudd,, observed over this redshift range.

The inferred significance of the trend depends on our as-initions of both the median stellar mass and the stellar mass
sumed uncertainties in the stellar baryon fractions. We as-uncertainty.
sumed an uncertainty in the halo mass and median stellar mass

as reported in Table 2. The quoted stellar mass uncertgjntie

which decrease from 0.14 dexzt 7 to 0.04 dex ar =4, are
well below the uncertainty for an individual object, as heee
are interested in the accuracy with which we can constrain th
median stellar mass at different redshifts. However, thrake
ues are consistent with the typical uncertainty in the media
stellar mass a¥lyy = —21 derived by Song et A 15), who
fit the mass-to-light ratio over a wide dynamic range in UV
luminosity, finding that it decreases from 0.1 dexzat 7 to
0.02 dex az= 4. If one used the median of individual galaxy
mass uncertainties in each of our samples, which decreas
from 0.19 dex az=7 to 0.11 dex ar = 4, the trend of in-
creasing SBF with redshift is still apparent (albeit redlize
significance tov 1.70).

Finally, we recall that our fiducial sample was selected to

include galaxies witiMyy < —21. Given the shape of the

luminosity function, the median magnitude of this sample is

very close to-21 (ranging from-21.2 to -21.3). To check
if our sample selection biases the median masses, we exa
ined how the evolution of the stellar baryon fraction change

if we use the median stellar mass of galaxies with luminosi-

ties Myy = -214+0.25. We find a comparable number of
galaxies as in our fiducial sample, specifically 118, 76, 20
and 17 galaxies &= 4, 5, 6, and 7, respectively. The me-
dian stellar mass is slightly lower than in our fiducial sam-
ple, logM../Mg) = 9.68, 9.66, 9.50 and 9.52 armk 4, 5,

6 and 7, respectively. The amplitude of the redshift deriva-

tive of the stellar baryon fraction is thus lowetSBF/dz =
0.0123+0.0041, yet the evolution is still significant at the
3.10 level. We conclude that there is significant evolution in
the stellar baryon fraction in that it decreases with desinep
redshift, and that this evolution is stable against sewéeél

3.2.1. Comparison to Previous Results

Behroozi et al. [(2013b) recently studied the evolution of
the SMHM relation by modeling all available observational
constraints, including luminosity functions, stellar m#snc-
tions, and SFRs, and exploring the galaxy evolution parame-
ter space with an MCMC search. They found that the SMHM
curve peaks at a roughly constant halo mass oNg ;) =
117 atz= 0-4. Specifically, az = 4, they found a peak
SBF at a halo mass of logl,/Mg) ~ 12.0, consistent with

eg]e typical halo mass we derive for our bright 4 galax-
ies, logMn/Mg) =119. Then they went on to find that the
peak of the SMHM relation at > 5 occurs at a halo mass
steadily decreasing with redshift, Idd¢/My) = 11.9, 11.6,
and 11.4 ar =5, 6, and 7, respectively. This is very similar
to what we find for the typical halo masseshf,, galaxies,

log(Mh/Mg)=117,11.6, and 11.4 &=5, 6, and 7, respec-
tively. The peak SMHM ratio measured m%t al.

m{2013b) is somewhat higher,3.7% atz= 7 (converting from

a Chabrier to our Salpeter IMF) than the 2.0% we find here.
However the two values are indistinguishable given the sig-
nificant uncertainties in the high-redshift observabless:- p
ticularly the stellar mass functions used by Behroozi kt al.
(2013b). i |
Although here we are specifically concerned with the halo
masses of bright galaxies, in the right-hand panel of FiBure
we also provide the abundance-matching-derived halo reasse
at all observed magnitudes in each of our redshift bins. Our
derived halo mass of loly{,/Mg) = 1135 atz= 7 is consis-
tent with a recent clustering-based measure ofNogM ) ~
11.2 from[Barone-Nugent et al. (2014). However, their halo
mass estimate was for galaxies wthyy < -19.4, a sam-
ple that has a lower average luminosity than our sample, and




TABLE 2
DARK MATTER HALO PROPERTIES OFBRIGHT GALAXIES

Redshift logh(Myy < —21) logMy, Median Stellar Baryon
(Mpc™) Me) M../Mh Fraction
z=4 -3.86 11.93293  0.009+0.001  0.05%0.006
z=5 -4.01 11.68858SI 0.013t£0.002 0.0720.013
z=6 -4.45 11.528:8g 0.016+0.003  0.09%0.019
z=7 -4.62 11.35§:§§ 0.020+0.007  0.11%0.043

NOTE. — The uncertainties in the halo mass are derived via Mo

Carlo simulations and include the uncertainty in the nundesrsity of
Muv < —21 galaxies, which reflects our fiducial luminosity functiom-
certainties as well as cosmic variance. The uncertaintiés.i/M, and
the stellar baryon fraction assume an uncertainty in theianestellar
mass from Table 1.

thus a lower halo mass is expected, as shown in the right-hand

panel of Figure 3. Ouz = 4 results are consistent with earlier
clustering-based estimates by Lee étlal. (2006), while=at
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dance matching on the bivariate distribution properly gppl
ing the Myy < —-21 cut to find halo masses lddf/Mg) =
1165, 11.44, 11.36, and 11.13at 4, 5, 6, and 7, respec-
tively. These values are 0.2 — 0.25 dex lower than the val-
ues obtained by scatter-blind abundance matching[in§ 3.1.
Therefore we expect that the true host halo masses of our
Muyyv < —21 galaxies are slightly lower than those reported in
Table 2. If the luminosity scatter had been 0.5 dex, our halo
masses would be overestimated by 0.7-0.9 dex.

Since halo masses at all redshifts are corrected by a similar
logarithmic increment, the effect of luminosity scatteredo

1ot affect our detection of an evolving stellar baryon fiact

But for higher luminosity scatter which could characterize
differentregime in which galaxy formation is more stochgst
this effect could be more significant.

3.2.3. Systematic Uncertaintiesin Sellar Mass

Our derivation of the stellar masses required a variety of
assumptions that could have potentially biased our results

5 andz = 6, our derived halo masses are somewhat higherCouId any of the biases explain away our conclusion that UV-

than the clustering-based estimates ffom Leelet al. (20G6) a
[Overzier et al.[(2006), respectively, likely due to the fam
luminosities considered in those workdly < —20 -19.5,
respectively). Although there are minor differences, ieiis

bright galaxies fronz =4 to 7 have similar stellar masses but
are found in progressively lower mass halos toward higher
redshifts? One strong assumption we made is that of the
Salpeter IMF. If the high-mass slope of the IMF evolved

couraging that two independent methods, abundance matchWith redshift, this certainly could have biased the coniolnis
ing and C|ustering, tentative]y agree on the halo mass esti_other assumptions involve the parameterization of SFHs and

mates at such high redshifts, though certainly the clusgeri
based can be made more robust at6.
3.2.2. UV Luminosity Scatter

The halo mass estimates il §]3.1 did not explicitly model
the effect of the scatter in UV luminosity at a fixed halo

mass. The estimates compared the number density in galaxieg

with Myy < =21 to the number density in halos with masses
> M to derive the characteristic halo massés The halo
mass-luminosity relation has an intrinsic scatter thasisally
treated as a Gaussian in the magnitiig centered on some
median (or mean) halo-mass-dependent magnitude. Becau
of this scatter, some halos with massed;, can can host
galaxies with atypically low luminositiediyy > —21, plac-
ing them outside of our luminosity cut. However, ih §13.1, the
halos hosting these faint interlopers were being countéusin
cumulative halo mass function and this could have biased th
derivedM;,. If we had known which halos hosted faint inter-

lopers (which we do not), we would have excluded them from

the halo counting to derive a more accurllie Excluding a
fraction of halos at every halo mass, the resulting chariaete
tic halo mas#My, would have been lower than the scatter-blind

estimatel(Behroozi et al. 2010).

Here, we attempt to quantify this bias. We estimate the

amplitude of the luminosity scatter from the relation betwe

the UV luminosity and the stellar mass derived by Song et al.
(2015%). This is warranted because the stellar mass is ex
pected to be more correlated with the halo mass than with

UV luminosity. We find that at the mass of our sample
log(M../Mg) ~ 9.8, the scatter in the UV absolute magnitude
is ~ 0.3 dex at all redshifts we consider.

To assess the impact of luminosity scatter on our abundance

the treatment of metallicities and dust attenuations. As di
cussed earlier, the UV-continuum slopes in UV-bright galax
ies appear to be roughly constant across this redshift range
and so dust abundances will only affect our results if the typ
ical dust-law changes as a function of redshift. Direct mea-
surement of the metallicities is beyond our current cajtasl

t these high redshifts (though see Finkelstein let al.l2@18)
plausible metallicity variation produces only a minormge

in colors. The SFH parametrization is potentially more trou
bling, though recent results indicate that at least on aver-
age, galaxy-scale SFRs are smooth functions of time (e.qg.,

[.2015).

A basic test of any bias in the mass measurements is to com-
pare the shapes of the SEDs of our galaxies. Figure 5 shows a
median flux stack of galaxies in each of our redshift bins ver-
sus the rest-frame wavelength, scaled vertically to a commo
redshiftz= 6. The shapes of the SEDs are remarkably simi-

Eiar, especially in the rest-frame UV, where they appear4den

tical. Modest differences are visible in the rest-frameaagit
likely due to the lower signal-to-noise &pitzer/IRAC data,
as well as the strong nebular O] and Hx lines which red-
shift through the bandpasses. Given the highly similar SED
shapes, it is unlikely that an unaccounted for systematic ef

fects strongly bias our results. Rather, we appear to bestud

ing a very similar type of galaxy at each redshift; this type
of galaxy lives in lower mass halos at higher redshift. This
conclusion is confirmed by stellar population model fits &® th
stacks, which yield stellar masses consistent withth3 dex

of the median stellar masses in Table 1 (MgfMg] = 9.8,
10.0,9.9 and 9.9 &= 4, 5, 6, and 7, respectively).

3.2.4. Dusty Sar-Forming Galaxies

matching-determined halo masses, we carried out the itera- Our sample is selected on the basis of UV luminosity and
tive deconvolution described in Reddick et al. (2013) toayet therefore it is prudent to examine what effect that may have
handle on the true, underlying bivariate distribution ofcha on our results. In particular, a rest-frame UV selection may
masses and observed UV luminosities that exhibits an intrin miss extremely dusty galaxies which have their UV light at-

sic luminosity scatter at fixed halo mass. We performed abun-tenuated below our detection sensitivity. Such systems, re
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this the case, the observed evolution in the stellar bamamn f
T * * T T T tion would be even stronger than we observe. However, such

1000 & < a high abundance of dusty galaxiezat7 is highly unlikely.
qi We therefore conclude that our selection does not affect our
%ﬁﬁ 1 main conclusions in this study.
W | 4. DISCUSSION

= 3 | H i
1005 E To understand the physical effects responsible for our ob-

I + 0z=4] | served trend of an increasing SBF with increasing redshift,
[ ;? 0z= 1 here we consider a variety of possible mechanisms, with the

o

N

|
~Nou

caveat that our observations cannot uniquely distinguésh b
tween these scenarios. First, galactic gas at higher riésishi

] has higher surface densitigg o fgath]{/S(1+Z)2, wherefgas
L ) ) L0 is the gas fraction in the cooled, virialized phase. The-typi
0.1 02 03 04 06 08 1 cal free-fall time to which the gas-to-stars conversioe fiat
Rest-Frame Wavelength (um) proportional (albeit with a small coefficient—dimensicsge
SFR—see, e.gl._Krumholz et al. 2012) tis oc (1+2)7%/2,
FIG. 5.— The median flux-stacked SEDs of our samples of brighbdes However, masses of the most massive progenitors (MMP) of

at each redshift. The spectral shapes of these SEDs arekadhasimilar, [ — —a(Z=2) \vi
with minor differences appearing at longer wavelengthstdube presence our galaxies’ host halos aidnwvp(Z) = Mn(2)e with

of nebular emission lines, as well as the generally lowenadigp-noise of a~ 1, wherez >Z is the progenitor redshift (Neistein ef al;
the long-wavelength data. The near identical nature okti®#=Ds confirms  [2006;| Fakhouri et al._2010). Therefore the mass-doubling

our conclusion that bright galaxies frans 4 to 7 are physically very similar, ; i ~ -1
and that these loy(. /M) = 9.6-9.9 galaxies on average inhabit lower mass growth time istgrow(2) ~ [(1 +2)H(2)dIn Mhwmp/dZ]™ oc (1+

halos at higher redshifts. 2)7™/2. This means that the ratio of the free-fall time to the

. ) ) growth timeincreases with increasing redshift agr/tgrow o
ferred to as sub-millimeter galaxies (SMGs; after their se- 1+ 7 suggesting that if the minor progenitors are inefficient
lection wavelength), have been well studied at moderate red star formers so that they do not contribute substantial stel
shifts. These galaxies are typically very massive (log M/M  |ar mass to the main branch, it should be progressively more
> 11;[Casey et al. 2014). If we were missing a large popula- gifficult at high redshifts to convert the gas acquired tigiou
tion of these galaxies, it would bias our derived halo magses growth into stars [(Bouché etldl. 2010; Krumholz & Dékel
be too high (as we would be placing our observed galaxies in2012;[Dekel et al. 2013). Second, the gas-phase metallicity
the most massive halos in our volume, which would truly be and associated dust abundance appear to decrease with in-
occupied by these dusty galaxies). If the abundance of SMGscreasing redshift and decreasing mass e
evolves with redshift az > 4, then not accounting for these 20_‘]_25)] Bouwens et HI 2( !14) Because metals and dust are the
systems WOU'd bias QUI‘ halo massgs dlfferently at dlﬁerentprincipa| gas-coo“ng and UV.Sh|e|d|ng agents' the obsérv
redshifts, biasing our inferred evolution of the stellarymm  trend of decreasing dust with increasing redshift coulceteav
fraction. S dramatic effect on the abundance of the cald{ 1000K)

To explore the potential bias introduced by our UV-only se- gas in which star formation seems to exclusively happen
lection, we compare the space density of SMGs=ad toour  (Krumholz & Dekel[2012[ Krumholz et &l. 2012). The drop
UV luminosity function. The space density of SMGs at high in cold gas abundance toward higher redshifts would imply
redshift is very uncertain for a variety of reasons, inahgdi  |ower SFRs.
the relatively shallow depths of sub-millimeter surveysda All this suggests that from the supply-versus-consumption
the difficulty of obtaining redshifts for such systems. Wast  side alone, we expect an opposite trend from the one mea-
atz= 2, where_Chapman etlal. (2005) found a space densitysured, a trend in which the stellar baryon fraction decrease
for SMGs of 5x 107> Mpc ~3. A more complete survey for  with increasing redshift. How should we then interpret the
SMGs at multiple wavelengths was performe et al.stellar baryon fractions that increase with increasingnéft?
(2013), who found a SMG SFR density2x higher (see Fig.  We can only speculate. Our observations imply that cold gas
23 of[Casey et al. 2014), implying a space density ef2 is less readily available for star-formation at lower refish
SMGs of 10* Mpc 3. To estimate the evolution in this How might this come about? One scenario involves the tran-
quantity toz= 4, we use the redshift evolution shown by sition of gas from the warm to cold phase, which occurs at

Casey et al.[(2014), which shows that the SFR density froma density~ 0.1-1cm? (e.g.Wolfire et dll 1995, 2003). As

=
o

Observed Flux Density (nJy)

SMGs is an order of magnitude lowerat- 4 than atz ~ 2. the gas density decreases towards lower redshift, a progres
Therefore we adopt I8 Mpc 2 as a fiducial space density sively smaller mass fraction of the neutral gas phase is. cold
for z= 4 SMGs. Additionally, the nature of gas collapse in the disk is eriti

We simulated the absence of SMGs in our sample by addingcal, as the galaxy-wide star formation rate may be particu-
this abundance to our observed cumulative luminosity func- larly sensitive to whether the central gaseous structype-(t
tions, and repeating the abundance matching analysis. Theally a clumpy disk) is violently self-gravitatin
absence of such a population of SMGs results in a bias of the2009; Ceverino et al. 2010). Star formation is most efficient
z= 4 halo mass for our galaxies of interest of only 0.02 dex when large gas clumps become self-gravitating, and large
(11.91 versus our fiducial result of 11.93). This is withie th  self-gravitating clumps of gas have been observed to form
68% confidence range on our fiducial halo mass, therefore nostars with high efficiency at~ 3 (e.g.| Genzel et &l. 2011).
significant. If the abundance of SMGs stays constarzto Another possibility is that we are witnessing the effect
7, the declining UV luminosity function results in a slightl  of the growth of the circumgalactic medium (CGM) around
larger overestimate of the halo mass of 0.06 dee=ai. Were galaxies. Observations with the Cosmic Origins Spectyra
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onHST have recently revealed circumgalactic ionized gas ha-the stellar baryon fraction. We conclude that the true cafise
los at low redshift containing significant baryon and syathe how a larger fraction of the baryons turns into stars at highe
sized metal fractions (Werk etlal. 2014). The CGM likely redshifts is most certainly determined by a delicate compet
grew over time, as shock waves driven by supernova blasttion of factors.
waves and superbubbles raised an increasing cumulative gas Regardless of the underlying cause, the consequences of the
fraction to high temperatures. This reprocessed gas wauld b increased availability of cold gas are intriguing. Our tesu
deposited in a warm ionized CGM and, at least for a period of atz= 6 and 7 show that-10%—12% of the cosmic comple-
time, off limits to conversion into the cold phase. However, ment of baryons in these galaxies has been converted into
the physics of the CGM is poorly understood, and in particu- stars. The remaining baryons must exist in the gas phase.
lar it is not clear at what rate the CGM gas recondenses bacHf they are in the warm or cold neutral phase or the molec-
into the warm neutral phase in the disk. ular phase, then the gas fraction in these phases is much
Finally, the feedback which builds the CGM may be less ef- higher than at lower redshifts (Magdis etlal. 2012). A high
ficient at high redshift, further increasing the amount dfico gas mass fraction at very high redshifts is not unexpectdd an
gas available for star formation. One may expect that the ef-may soon be confirmed the Atacama Large Millimeter Array
fects of feedback are less significant at high redshift where (ALMA,; e.g., by measuring the dynamical mass via spectrally
halos are denser and at fixed mass have higher circular veresolved FIR emission lines). There are indirect empirical
locities. Both make it more difficult for SNe to power galac- hints that neutral and molecular gas fractions increask wit
tic outflows that eject material into the CGM or outside the redshift. | Papovich et al. (2011) studied the evolution of ob
halo. Using the virial estimate from Bryan & Nornian (1998) served galaxy SFRs, stellar masses, and sizes, and codclude
we calculated the circular velocities of the host halos in ou that the gas-to-stellar mass fraction must rise with retshi
galaxy sample to be 242, 219, 219 and 197 kinat z= reachingMlgas/M,. = 3.9 atz= 7 (at a higher cumulative num-
4,5, 6 and 7, respectively. Thus, the circular velocities in per density of 2« 10 Mpc~3). This could intriguingly play
fact decrease towards higher redshift, which would if any-  some role in the decreasing visibility of hyat z> 6 (e.g.,
thing make it easier to eject material at higher redshifwHo [Fontana et al. 2010; Pentericci et/al. 2011; Tilvi é{al. 2014
ever, the properties of the feedback mechanisms may evolv@entericci et &, 2014).
as well. First, as galaxies evolve and the typical gas densit  Finally, we examine the likely descendants of these bright
decreases, the supernova remnant thermalization efficienc z= 4—7 galaxies. Specifically, being among the most rapidly
which is an increasing function of the cooling time iniHe-  star forming galaxies at their redshifts, could some of them
gions shock-heated by supernova blastwaves, increases, i.  end up evolving into extreme systems such as sub-millimeter
progressively smaller fraction of the initial 10°erg per su-  galaxies (SMGs) by lower redshifts? Using the halo mass
pernova is quickly irradiated (see, elg., Creaseylet al3R01 evolution tool from Behroozi et al. (2013a), we calculatee t
This implies that at lower redshifts, a larger fraction gbert 68% confidence range of the descendant halo masses of our
nova energy may be available to drive galaxy-wide outflows, sample of bright high-redshift galaxies. We find thatzsy2,
thus making the feedback from star formation more effective galaxies we observe at 4, 5, 6, and 7 will exist in halos with
It is also possible that due to the very short growth times atlog(M,/My) = 12.3-12.8, 12.3-12.8, 12.4-13, and 12.4—
high redshifts, so much gas is piling on that the outflows are 13.1, respectively. SMGs are thought to be hosted by halos
somehow bottled in. Furthermore, the higher dust content atwith log(Mn/M) ~ 13 (e.g.| Hickox et al. 2012; Casey et al.
lower redshift can lead to stronger momentum-driven radia-2014), thus the majority d¥l},, galaxies az= 4-5 will evolve
tive stellar feedback, regulating further star formatises, into galaxies az = 2 with halos slightly less massive than
e.g./Murray et gl. 2010; Andrews & Thompson 2011). those of the typical SMGs. However, the SMG host halo mass
One additional potential physical mechanism which may begins to be consistent with the expected descendants of the
evolve is the ability of feedback from active galactic nucle z=6-7 galaxies, thus some subset of very UV-bright galaxies
(AGNSs) to suppress star formation, which is commonly im- atz > 6 may, in principle, turn into lower-redshift SMGs. A
plemented in theoretical models to avoid an overabundance obasic test of this is to see whether, if we assume these galaxi
bright/massive galaxies (see discussidn in Somerville &Da keep their current SFRs, they can grow large enough to match
[2014). This type of feedback requires an accreting super-the stellar mass of a typical SMG by 2. If we assume a SFR
massive black hole, and although there are some examplegf 50M, yr! (Table 1), we find that the= 2 descendants of
of bright AGNs at very high redshift, the AGN/quasar lu- M;,, galaxies az =6 and 7 will have log{l./My) = 11.1.
minosity function appears to decrease rapidlg at3 (e.9.,  This is in the range of SMG stellar masses found in the lit-
[.2006). Bowler etial. (2015) have recently ob- erature (see review ih_Casey etlal. 2014). Our assumed con-
served that the bright end of the galaxy UV luminosity func- stant SFR of- 50M, yr%, which implies stellar masses con-
tion was steeper than the halo mass function=a6, butnot sjstent with those observed in SMGs, is approximately the
atz= 7, and hypothesized that such an observation couldsFR disk galaxies should have prior to coalescence to pro-
be explained if feedback in bright/massive galaxies due 10 dyce SMGs in the merger-driven scenario for SMG formation

AGN first “turned on” atz $ 6. However, the details of how  (Narayanan et 4l. 20110).
AGN couple with galaxies and their surroundings, particu-

larly at these epochs, are highly uncertain, so it remains un

clear whether black hole accretion has significantly afféct 5. CONCLUSIONS

the growth of the galaxies we consider here. Recent observations have shown that the characteristic UV
While the scenarios we have discussed are clearly speculauminosity M), does not significantly evolve from= 4 to 7,

tive, our observations imply that the latter effects, pritya which is unexpected given the general decline in the cosmic

a reduced efficiency of feedback at higher redshift due to aSFR density towards higher redshift over that time. To itives

variety of redshift-dependent effects, control the eviolubf gate the physical effects behind this observed non-ewaulirti

Mgy, we have inspected the stellar populationdlify, galax-




ies atz= 4 to 7. We have found the following results:

e Galaxies withMyy < — 21 appear to have very similar
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done with accurate stellar mass functions, which are only no
being computed a > 6. Finally, through ALMA followup

of distant galaxies, we will begin to not only directly probe
their dust emission, removing some of the potential system-
atic biases inherent when assuming a dust attenuation,curve
] ] ) ) ) but ALMA can also directly probe the evolution of galaxy
Using abundance matching to infer the likely hosting gas reservoirs with redshift. A direct observation of irasre
halo masses, we found tht,y < -21 galaxies, which  jng cold gas reservoirs with increasing redshift would jev

we have measured to have IMy(/Mg) =9.6-9.9, live 3 complementary observation pointing to decreased feédbac

in progressively smaller halos towards higher redshift, at high redshift leading to an increased stellar baryortifsac
with log(Mn/Mg) = 11.93 atz= 4, and logh/Mg) =

11.35atz=7.

physical properties &= 4, 5, 6, and 7, including stellar
mass, dust attenuation and SFR.
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APPENDIX

In the above text, we discuss the median stellar populatiopgsties of our sample of galaxies. Galaxies of course are a
inhomogeneous population, thus in this appendix we protadkes of the individual properties for each of the brighiagees
used in our analysis (those with IRAC measurements, andtdfitiggy SED model withy? < 20; see §2.3). Each column in
these tables lists the best-fitting value along with the 68%#idence range in parentheses.

TABLE Al
STELLAR POPULATIONS OFBRIGHT GALAXIES AT 2= 4
ID Right Ascension  Declination Redshift log.M Age E(B-V) SFR
(J2000) (J2000) (M) (Myr) Mg yr?)

z4_GSD_34736 53.096840 -27.866074 3.51(3.44-3.66) 9M713-10.49) 10 (19-101) 0.34(0.18-0.34) 451 (109-434)
z4_GSD_30292 53.086891 -27.844139 3.51(3.46-3.75) 1006191-10.51) 57 (49-90) 0.24 (0.16-0.32) 132 (64-322)
z4_GNW_9013 189.085114 62.160465 3.54(3.49-3.60) 9.93490.15) 1015 (202-1015) 0.10 (0.02-0.10) 54 (26-53)

z4_ERS_4095 53.143330 -27.690090 3.55(3.48-3.67) 10@I{-10.55) 49 (30-101) 0.16 (0.14-0.28) 88 (73-299)

z4_ERS_9969 53.120926 -27.709446  3.57 (3.52-3.64) 9.8849.68) 57 (30-286) 0.04 (0.00-0.10) 20 (14-38)
z4_GNW_26176 189.483200 62.284786  3.63(3.57-3.71)  9.98{10.18) 90 (40-202) 0.12 (0.02-0.14) 65 (27-85)
z4_GNW_1986 189.159058 62.115471 3.64(3.58-3.70)  9.98490.19) 101 (49-1015)  0.08 (0.06-0.10) 55 (44-77)
z4_ERS_16929 53.087231 -27.729538 3.64 (3.58-3.72) 9.2249.85) 19 (10-40) 0.14 (0.14-0.20) 59 (55-109)
z4_GSD_29028 53.087368 -27.839535 3.64 (3.52-3.75) 100.72-10.22) 80 (80-101) 0.10 (0.06-0.10) 38 (25-40)
z4_ERS_20075 53.020580 -27.742151  3.65(3.59-3.71) 10(B54-10.66) 202 (202-570)  0.06 (0.02-0.08) 75 (53-104)
z4_GND_30689 189.339355 62.216450  3.66 (3.59-3.75) 9.459.70) 39 (30-71) 0.04 (0.00-0.10) 20 (14-36)
z4_GSW_4356 53.109478 -27.879360 3.67 (3.61-3.77) 9.8849.90) 57 (49-90) 0.00 (0.00-0.08) 19 (19-43)
z4_GSD 15786 53.071735 -27.798437  3.67 (3.60-3.75) 9.67(9.88) 49 (57-1015) 0.04 (0.00-0.10) 19 (14-33)

z4_GSD_535 53.198959 -27.737940 3.69 (3.57-3.81) 9.5349.79) 49 (40-57) 0.00 (0.00-0.08) 18 (17-39)

z4_ERS_3396 53.117710 -27.686771  3.69 (3.64-3.75) 9.8649.90) 49 (30-49) 0.10 (0.08-0.16) 48 (40-74)
z4_GSD_21002 53.121414 -27.814621  3.69 (3.63-3.76) 9.80+9.85) 30 (10-30) 0.18 (0.16-0.24) 93 (70-152)
z4_GSD_35257 53.107422 -27.869299 3.70(3.58-3.82) 100184-10.47) 101 (71-101) 0.28 (0.10-0.28) 222 (45-240)
z4_ERS_11888 53.069328 -27.714815 3.70 (3.62-3.78) 9.8549.76) 49 (19-49) 0.00 (0.00-0.18) 14 (14-77)
z4_GSD_11269 53.031239 -27.785215 3.71(3.61-3.79) 10M62-10.16) 49 (40-101) 0.10(0.10-0.24)  45(43-176)
z4_GSD_27735 53.138859 -27.835371 3.72(3.65-3.79) 9.83649.63) 30 (19-57) 0.14 (0.02-0.18) 54 (17-78)
z4_GSW_2898 53.144775 -27.871527 3.78 (3.68-3.87)  10.88+10.20) 39 (30-49) 0.20 (0.06-0.26) 131 (35-200)
z4_GSD_31543 53.066261 -27.849056 3.81(3.75-3.98) 100L.A0-10.20) 49 (30-57) 0.12 (0.10-0.20) 52 (41-117)
z4_GND_38889 189.181412 62.189281 3.81(3.75-4.05) 1Q@B8-10.48) 57 (49-71) 0.14 (0.14-0.22) 68 (65-163)
z4_ERS_4079 53.110340 -27.689985 3.81(3.74-3.99) 10.89+10.17) 19 (10-57) 0.32 (0.06-0.34) 325 (31-373)
z4_GSW_7015 53.189873 -27.892590 3.83(3.75-3.93)  10.75410.15) 49 (30-80) 0.16 (0.06-0.22) 84 (32-152)
z4_GSW_6936 53.073589 -27.892235 3.83(3.76-3.92) 1a04@-10.49) 286 (202-718)  0.00 (0.00-0.12) 22 (22-81)
z4_GSW_9851 53.181850 -27.906641 3.85(3.79-3.95) 9.64(9.94) 49 (30-49) 0.12 (0.00-0.20) 56 (18-114)
z4_GNW_12987 189.040390 62.186352  3.92 (3.84-4.00) 9.8649.69) 57 (40-71) 0.02 (0.00-0.02) 19 (15-23)
z4_ERS_5026 53.133690 -27.693453  3.93 (3.82-4.05) 9.6349.90) 39 (30-101) 0.06 (0.00-0.12) 27 (16-49)
z4_GSD_34857 53.076183 -27.866360 3.98 (3.89-4.11) 10M®23-10.37) 286 (40-286) 0.16 (0.14-0.16) 123 (96-128)
z4_GSD_23593 53.232452 -27.822868 3.99 (3.89-4.14) 9.3349.92) 19 (19-80) 0.18 (0.14-0.22) 72 (52-101)

z4_GSD_905 53.168266 -27.741940 4.01 (3.92-4.11) 9.7849.76) 90 (19-90) 0.00 (0.00-0.20) 13 (13-88)
z4_GNW_25081 189.331039 62.290836  4.01 (3.90-4.10) 9.39(9.43) 10 (10-10) 0.26 (0.24-0.26) 140 (122-144)
z4_ERS_3543 53.144386 -27.687588 4.02 (3.87-4.16)  10.06+10.26) 39 (40-404) 0.16 (0.06-0.16) 78 (30-83)
z4_GND_40720 189.179291 62.182003  4.02 (3.84-4.20) 9.26(9.74) 30 (19-80) 0.20 (0.02-0.20) 75 (12-83)
z4_GNW_18460 189.286835 62.367325 4.05(3.92-4.16) 10@222-10.38) 286 (202-806)  0.00 (0.00-0.10) 20 (19-53)
z4_ERS_22264 53.075272 -27.755194  4.06 (3.96-4.17) 1001Q1-10.24) 39 (30-508) 0.16 (0.10-0.16) 93 (62—99)
z4_GND_27047 189.356354 62.227554  4.10(3.92-4.21) 1Q@26-10.54) 202 (49-904) 0.12 (0.12-0.20) 52 (50-98)
z4_GNW_21799 189.329178 62.331532  4.10 (4.03-4.17) 9.89(9.96) 57 (40-80) 0.00 (0.00-0.04) 24 (23-35)
z4_GNW_23907 189.467804 62.297764 4.10(3.98-4.21) 9.82410.31) 80 (19-101) 0.20 (0.14-0.24) 122 (79-164)




z4_GND_7728
74" GSD_15152
74 GNW_17778
z4 ERS_11615
z4_GND_23790
z4_GSD_20508
z4 GNW_18340
z4_GNW_15232
74 ERS_14762
z4_GNW_11056
z4_GSW._66
z4_GSD_0138
z4_GNW_3896
z4_GNW 8115
z4_GNW 26546
74 GND_9704
z4_GND_21065
z4_GND_31952
z4_GNW_24624
z4_GNW_11698
z4_GNW_460
24 GNW 2957
z4_GNW 31531
24 GNW_7377
z4_GSD_21252
z4”GND_30347
z4_GNW_24183
z4_GNW 21312
z4_GND 27301
z4_GSD_16522
z4 GNW_21830
24 GND_7158
z4_GNW 32075
24 GNW_7816
z4_GSW_5453
z4_GND_39360
z4_GSW_1319
z4”GNW_8416
z4_GND_32575
z4_ GNW_13552
24 GNW_8070
z4 ERS 5818
z4_GNW_20572
z4_GNW_18301
z4_GNW_18575
74 GNW_2261
z4_GND_40010
z4_ GNW 7213
z4_GNW_7206
z4_GSW_8512
z4_GND_25942
z4_GSD_36028
z4”GND_14271
z4_GNW_18613

189.270905
53.027557
189.311584
53.107601
189.233093
53.192692
189.299255
189.014038
53.016903
189.013092
53.230198
53.215435
189.145218
189.145187
189.445068
189.201706
189.290955
189.119812
189.388474
188.988419
189.120911
189.185181
189.295654
189.108002
53.143112
189.324326
189.466507
189.366592
189.093216
53.076065
189.366791
189.252747
189.304321
189.049530
53.199787
189.242157
53.201015
189.195557
189.173126
189.061249
189.107422
53.069077
189.313507
189.335205
189.297821
189.192337
189.335739
189.108322
189.108185
53.177471
189.147903
53.079254
189.305084
189.276077
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62.291943
-27.796583
62.382095
-27.713976
62.236786
-27.813051
62.370079
62.200378
-27.723013
62.173153
-27.839573
-27.778782
62.129818
62.154770
62.281898
62.278599
62.244240
62.212612
62.294460
62.177494
62.101513
62.122967
62.349960
62.151005
-27.815502
62.217796
62.296875
62.330898
62.226814
-27.800694
62.331589
62.298897
62.353088
62.152920
-27.884937
62.187439
-27.860250
62.156864
62.210808
62.189472
62.154560
-27.696518
62.320702
62.370796
62.365429
62.117081
62.184937
62.150093
62.149807
-27.900093
62.230583
-27.877260
62.263287
62.364826

TABLEA1
STELLAR POPULATIONS OFBRIGHT GALAXIES AT z=4

4.10 (4.01~4.20)
4.12 (4.05-4.22)
4.14 (4.00-4.29)
4.14 (4.01-4.26)
4.15 (4.06-4.27)
4.17 (4.06-4.26)
4.19 (4.03-4.30)
4.22 (4.11-4.31)
4.22 (4.11-4.32)
4.23 (4.08-4.31)
4.24 (4.17-4.33)
4.24 (4.10-4.37)
4.24 (4.12-4.39)
4.25 (4.09-4.34)
4.26 (4.02-4.38)
4.27 (4.19-4.36)
4.29 (4.13-4.41)
4.29 (4.19-4.37)
4.30 (4.17-4.43)
4.30 (4.19-4.39)
4.30 (4.18-4.40)
4.30 (4.17-4.42)
4.31(4.15-4.43)
4.31 (4.25-4.37)
4.33 (4.24-4.39)
4.34 (4.24-4.41)
4.35 (4.21-4.43)
4.38 (4.25-4.46)
4.39 (4.29-4.47)
4.39 (4.32-4.47)
4.40 (4.30-4.48)
4.41 (4.31-4.50)
4.41 (4.31-4.48)
4.42 (4.33-4.49)
4.42 (4.32-4.49)
4.44 (4.32-4.54)
4.44 (4.37-4.51)
4.45 (4.31-4.54)
4.45 (4.36-4.53)
4.45 (4.34-4.54)
4.45 (4.37-4.53)
4.47 (4.38-4.56)
4.47 (4.37-4.56)
4.47 (4.39-4.54)
4.49 (4.42—4.55)
4,50 (4.42-4.57)
4.51 (4.44-4.56)
4.51 (0.69-4.57)
4.54 (4.46-4.61)
4.54 (4.48-4.60)
4.54 (4.44-4.63)
4.54 (4.46-4.59)
4.56 (4.44-4.65)
4,57 (4.47-4.64)

10.78410.24)
100123-10.44)
9.2649.82)
9.6249.96)
1a%@9-10.60)
9.6349.92)
1127-11.33)
19.88-10.18)
9.3049.84)
9.6449.78)
9.76430.22)
10.62410.08)
9.80490.12)
9.6249.79)
1aB85-10.59)
9.85{90.23)
10@77-10.53)
9.569.90)
9.35{9.62)
9.6249.66)
9.8649.80)
9.89490.12)
1QR20-10.46)
10324-10.35)
10@B3-10.47)
9.5149.82)
19.95-10.22)
9.68410.34)
19.90-10.14)
9.62410.14)
9.95{10.26)
10.92410.30)
10185-10.77)
9.70490.15)
9.9090.03)
9.89410.15)
9.8049.87)
106:39-10.58)
9.2549.72)
9.9210.38)
9.9149.88)
9.3349.64)
9.5249.86)
9.8810.31)
1aF87-10.74)
9.8349.97)
19.96-10.20)
9.8946.87)
9.85490.12)
9.52490.02)
19.69-10.23)
10.96-10.22)
10785-10.79)
10m86-10.58)

101 (19-101)
101 (49-101)
30 (19-49)
19 (30-101)
101 (57-404)
30 (30-202)
1015 (904—1015)
71 (30-80)
19 (19-80)
39 (30-57)
19 (19-90)
101 (80-101)
10 (10-40)
49 (40-80)
101 (57-286)
30 (30-90)
202 (80-286)
30 (30-57)
39 (30-57)
30 (19-49)
30 (19-71)
30 (30-49)
404 (49-286)
80 (30-80)
57 (30-101)
1015 (40-404)
570 (71-570)
10 (10-30)
904 (40-718)
19 (10-90)
30 (30-286)
101 (40-101)
30 (30-202)
19 (19-71)
286 (80-570)
71 (30-90)
39 (30-90)
286 (49-286)
39 (30-49)
19 (19-71)
30 (30-49)
39 (30-49)
39 (30-90)
30 (30-90)
30 (19-57)
39 (30-80)
57 (30-90)
30 (19-90)
19 (19-30)
19 (19-40)
19 (19-57)
1015 (30-202)
39 (40-80)
19 (19-57)

(0.16-0.22)
(0.20-0.24)
(0.10-0.20)
(0.02-0.18)
(0.08-0.18)
(0.04-0.16)
0.18 (0.18-0.24)
(0.20-0.26)
(0.08-0.18)
(0.00-0.08)
(0.12-0.18)
(0.00-0.20)
(0.32-0.34)
(0.00-0.06)
(0.00-0.30)
(0.04-0.16)
(0.18-0.30)
(0.06-0.14)
(0.00-0.10)
(0.02-0.20)
(0.00-0.16)
(0.12-0.18)
(0.16-0.30)
(0.00-0.12)
0.16-0.22)
06-0.12)

0.20
0.20
0.18
0.18
0.18
0.14
1

(0.12-0.20)
(0.14-0.20)
(0.16-0.24)
(0.00-0.18)
(0.20-0.30)
(0.06-0.18)
(0.20-0.26)
(0.04-0.18)
(0.00-0.16)
(0.04-0.16)
(0.16-0.22)
(0.24-0.30)
(0.02-0.18)
(0.00-0.16)
(0.10-0.66)
(0.22-0.28)
(0.18-0.26)
(0.24-0.32)
(0.06-0.12)
(0.30-0.36)
(0.20-0.26)

0.22
0.16
0.04
0.18
0.18
0.34
0.02
0.28
0.14
0.30
0.12
0.00
0.16
0.08
0.16
0.24
0.00
0.18
0.08
0.14
0.26
0.14
0.22
0.20
0.26
0.26
0.18
0.16
0.18
0.14
0.24
0.14
0.24
0.16
0.02
0.16
0.18
0.28
0.14
0.06
0.20
0.26
0.18
0.30
0.10
0.36
0.

3
22

13

133 (91-163)
171 (178-266)
85 (41-99)
79 (18-83)
211 (83-221)
59 (25-76)
146 (12@6)-2
178 (139-242)
57 (28-78)
26 (16-38)
138 (80-143)
92 (18-102)
346 (297-359)
19 (15-31)
151 (12-228)
95 (38-117)
264 (81-240)
45 (27-58)
12 (11-41)
61 (14-82)
27 (14-64)
84 (59-95)
122 (54-208)
57 (56-179)
181 (149-266)
26 (21-39)
68 (42-107)
210 (154-394)
50 (37-74)
160 (154-224)
118 (65-120)
146 (90-167)
384 (229-397)
100 (64-121)
52 (42-75)
65 (54-118)
60 (16-89)
136 (91-259)
49 (21-72)
164 (109-184)
96 (29-105)
16 (13-65)
58 (17-56)
116 (98-194)
739 (458-894)
79 (23-115)
62 (35-158)
116 (0-142)
245 (149-279)
67 (67-152)
325 (180-360)
83 (56-104)
537 (295-541)
219 (184-335)
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TABLE A2
STELLAR POPULATIONS OFBRIGHT GALAXIES AT z=5
ID Right Ascension  Declination Redshift log.M Age E(B-V) SFR
(32000) (32000) (M) (Myr) Mg yrt)

z5_GSW_8762 53.208008 -27.901289 4.51 (4.44-4.57) 9.%3249.78) 49 (30-71) 0.06 (0.00-0.08) 31(16-38)
z5_GND_36639 189.186142 62.197327 4.56 (4.45-4.68) 102%1-10.52) 80(19-101) 0.28(0.26-0.32) 223 (203-330)
z5 GNW_17976 189.300125 62.377483 4.57 (4.42-4.74) 10092-10.37) 286 (80-286) 0.22(0.10-0.26) 102 (31-164)
z5 GSD_9044 53.091724 -27.778580 4.58 (4.48-4.67) 10(262-10.25) 202 (40-508) 0.06 (0.06-0.18) 32 (33-110)
z5_GSW_6918 53.234589 -27.892109 4.66 (4.58-4.75) 9.8849.59) 57 (49-57) 0.00 (0.00-0.02) 14 (13-18)
z5_GND_38041 189.299210 62.192570 4.67 (4.60-4.74) 9.3649.89) 10 (10-19) 0.22 (0.20-0.28) 106 (94-198)
z5 GND_16758 189.176086 62.256329 4.71 (4.62-4.84) 10.98-10.11) 19 (19-30) 0.26 (0.26-0.28) 277 (272-336)
z5_GSD_33149 53.070778 -27.856453 4.71(4.62-4.81) 10.62-10.30) 101 (10-508) 0.20(0.10-0.24) 116 (49-172)
z5_GSD_13326 53.095345 -27.790989 4.71 (4.64-4.79)  10.98-10.26) 30 (19-80) 0.26 (0.16-0.26) 228 (86-238)

z5 ERS_3475 53.070839 -27.687143 4.72 (4.66-4.81) 9.8890.39) 19 (19-40) 0.26 (0.26-0.32) 205 (211-369)
z5 GND_38212 189.273590 62.192028 4.72 (4.65-5.06) 9.82¢10.19) 30 (30-71) 0.16 (0.08-0.20) 72 (43-136)
z5_GSW_1565 53.238213 -27.862486 4.75 (4.70-4.79) 9.96(9.96) 30 (19-30) 0.18 (0.12-0.20) 135 (73-158)
z5 GND_12253 189.294418 62.269447  4.77 (4.70-4.90) X0.86-10.19) 570 (40-718) 0.14 (0.10-0.20) 55 (39-104)
z5 ERS_12604 53.021912 -27.716784 4.81 (4.76-4.89) 9.60+9.84) 39 (40-1015) 0.08 (0.02-0.10) 30 (17-34)
z5 _GNW_25539 189.489624 62.288536 4.81 (4.76-4.87) 10R63-10.43) 19 (19-40) 0.26 (0.18-0.26) 570 (266-567)

z5_ERS_2517 53.119019 -27.682158 4.82 (4.76-4.93) 9.20+9.77) 30 (30-80) 0.18 (0.00-0.16) 73 (14-68)
z5 GND_17343 189.091400 62.254662 4.83 (4.75-4.95) 100.65-10.19) 30 (19-71) 0.24 (0.06-0.24) 214 (45-230)

z5_ERS_6044 53.048820 -27.697111 4.85(4.78-4.94) 9.88+9.87) 90 (30-90) 0.00 (0.00-0.20) 15 (15-94)
z5_GSW_6966 53.245884 -27.892273 4.94 (0.83-4.98) 1029@-10.37) 19 (10-30) 0.34 (0.28-0.36) 506 (265-566)
z5 GNW_6112 189.064835 62.143963  4.95 (4.90-5.06) 9.85490.02) 19 (10-71) 0.26 (0.06-0.28) 183 (31-221)
z5 GSD_10352 53.021172 -27.782366 4.95(4.91-4.99) 100136-10.80) 57 (19-90) 0.22 (0.08-0.24) 474 (137-571)
z5_GNW_4779 189.203064 62.136204 4.96 (4.88-5.15) 9@OT+10.31) 19 (30-286) 0.28 (0.04-0.32) 174 (20-244)
z5 GND_15230 189.205124 62.260712 5.02 (4.96-5.08) 9.4149.69) 39 (30-49) 0.00 (0.00-0.12) 15 (15-59)
z5 GNW_16101 189.000168 62.207241 5.02 (4.78-5.06) 9.2049.52) 49 (30-49) 0.02 (0.00-0.04) 18 (12-20)
z5 _GNW_10657 189.130219 62.170780 5.03 (4.80-5.15) 9.3949.44) 49 (30-57) 0.00 (0.00-0.06) 13 (11-27)
z5 GNW_19973 189.371780 62.324554  5.03 (4.80-5.12) 10a@5-10.59) 10(10-202) 0.38(0.22-0.34) 681 (140-473)

z5 ERS 2314 53.088764 -27.680889 5.05 (5.01-5.20) 9.85849.60) 30 (19-49) 0.14 (0.00-0.20) 52 (16-86)
z5_PAR1 1735 53.246998 -27.686445 5.07 (4.99-5.18) 10.06-10.09) 49 (30-71) 0.16 (0.08-0.18) 69 (32-79)
z5 GNW_13254 189.039703 62.187725 5.24 (5.15-5.32) 9.8449.93) 71 (49-71) 0.00 (0.00-0.04) 22 (21-33)

z5 ERS 9511 53.155231 -27.700718 5.26 (5.05-5.40) 9.90(9.99) 49 (19-90) 0.12 (0.00-0.20) 47 (14-98)
z5 GNW_25408 189.457428 62.289562 5.27 (5.11-5.40) 9.8%9.66) 71 (40-80) 0.00 (0.00-0.02) 12 (11-15)
z5_PAR1_1385 53.273891 -27.683685 5.29 (5.20-5.36) 9.669.99) 30 (30-71) 0.16 (0.12-0.22) 60 (42-113)
z5 GSD_17901 53.200577 -27.804909 5.33(5.23-5.43) 9.879.97) 57 (30-90) 0.08 (0.00-0.12) 34 (17-48)
z5 GND_34380 189.249146 62.205204 5.35(5.24-5.45) 10@35-10.61) 49 (40-508) 0.18(0.14-0.24) 136 (85-234)
z5_GND_33094 189.266449 62.209164 5.36 (5.26-5.43) 9.8249.79) 49 (40-80) 0.10 (0.02-0.10) 39 (16-36)
z5 GNW_27194 189.523804 62.278839 5.40(5.30-5.50) 10A61-10.30) 57 (40-202) 0.08 (0.04-0.16) 50 (33-105)
z5 GND_39570 189.175720 62.186714 5.45(5.33-5.55) 9.30(10.22) 19 (30-49) 0.22 (0.12-0.22) 126 (49-140)
z5 GND_10054 189.169846 62.277298 5.46 (5.37-5.53) 9.6249.91) 57 (40-90) 0.08 (0.00-0.14) 35 (16-58)
z5_GND_35096 189.283508 62.203049 5.48 (5.35-5.55) 10.82-10.38) 202 (19-101) 0.08 (0.04-0.22) 43 (31-167)
z5 GSD_4579 53.170231 -27.762848 5.48 (5.42-5.54) 9.6949.76) 30 (19-49) 0.12 (0.08-0.14) 49 (33-60)
z5 GNW_3960 189.055939 62.129990 5.52 (5.38-5.67) 9.89{9.88) 71 (30-90) 0.02 (0.00-0.08) 23 (16-42)
z5_GND_18617 189.353439 62.250774  5.53 (5.46-5.63) 9.6849.91) 19 (19-30) 0.16 (0.12-0.18) 95 (67-122)
z5_GND_24948 189.320312 62.233444  5.54 (5.47-5.63) 9.53¢10.10) 10 (10-30) 0.26 (0.26-0.32) 179 (178-331)
z5 GNW_28218 189.503250 62.273884 5.55(5.48-5.62) 10@16-10.47) 30 (19-49) 0.26 (0.14-0.26) 435 (125-431)
z5_GSD_4436 53.170811 -27.762228 5.58 (5.49-5.65) 9.5349.78) 30 (19-49) 0.10 (0.02-0.18) 35 (17-84)
z5_GNW_29490 189.312943 62.344555 5.69 (5.55-5.84) 9.5849.89) 10 (10-19) 0.28 (0.28-0.30) 200 (182-254)
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TABLE A3
STELLAR POPULATIONS OFBRIGHT GALAXIES AT 2= 6
ID Right Ascension  Declination Redshift log.M Age E(B-V) SFR
(32000) (32000) (M) (Myn) Mo yrh)

z6_GSD_29074 53.156788 -27.839560 5.56 (5.46-5.66)  9.3410.02) 30(19-90)  0.16 (0.00-0.18) 67 (16-85)
z6_GSD_17919 53.074165 -27.804928 5.65(5.53-5.75)  9.38+9.85) 80 (57-202)  0.00 (0.00—0.04) 13 (12-20)
z6_GNW_10970 189.075775 62.172729 5.67 (5.57-5.75) XA®G37-10.56) 404 (40-570) 0.20(0.18-0.24) 170 (146—243)
z6_GND_16399 189.234833 62.257507 5.67 (5.58-5.76) 9.88(9.75) 39 (19-57)  0.08 (0.02-0.18) 27 (16-87)
z6_GND_16819 189.328232 62.256317 5.69 (5.61-5.76)  19.89-10.20)  19(19-30)  0.28 (0.20-0.26) 319 (130-302)
z6_ERS_4104 53.066242 -27.689983 5.72(5.61-5.84)  9.B849.67) 39 (30-49)  0.02 (0.00-0.04) 21 (17-27)
z6_GSW_12831 53.106689 -27.930193 5.79 (5.72-5.84)  10.06-10.24) 49 (40-101) 0.06 (0.00-0.10) 57 (34-83)
76_GSW_6659 53.151745 -27.890762 5.80 (5.68-5.91)  9.8949.82) 39 (19-71)  0.08 (0.00-0.14) 31 (14-52)
z6_GSD 27934 53.101673 -27.836084 5 80 (5.70-5.90) 10(B59-10.67) 19 (19-30)  0.38 (0.36-0.40) 1066 (863—1186)
z6_MAIN_5871 53.166721 -27.804167 80 (5.76-5.83) 9964-9.91) 57 (40-57)  0.04 (0.00-0.04) 34 (21-34)
z6_GND_28043 189.418427 62.224796 5 85 (5.75-5.94)  10.60-10.14) 49 (19-80)  0.10(0.02-0.18) 46 (25-104)
z6_ GNW_22717  189.416199 62.333141 5.88(5.66-6.04)  10.74-10.27) 806 (30-806) 0.20 (0.02-0.22) 94 (17-117)
z6_GSD_23051 53.225368 -27.821125 5.96 (5.86-6.05) 10.97-10.26) 39 (30-202) 0.14 (0.02-0.18) 89 (30-122)
z6_GNW_23437 189.388000 62.301167 6.02 (5.85-6.18) 9.80(9.87) 101 (57-101) 0.00 (0.00-0.08) 12 (11-27)
z6_PAR1_1068 53.234592 -27.680861 6.13 (6.05-6.23) 10.90-10.16) 39 (40-80)  0.18 (0.06-0.18) 109 (34—103)
z6_ GNW 22555  189.301788 62.307808  6.15 (6.06-6.25)  9.@3{9.65) 57 (40-57)  0.02 (0.00-0.02) 18 (12-19)
z6_ERS_7413 53.158138 -27.702112  6.25(6.12-6.39)  9.86+20.07) 30(19-49) 0.10(0.00-0.14) 85 (38-127)
z6_GSD 21289 53.076241 -27.815453  6.30 (6.20-6.39)  9.63-(9.88) 39 (30-202)  0.10 (0.00-0.16) 32 (13-63)

z6_GSD 233 53.188583 -27.733210 6.39 (6.29-6.48)  9.889.93) 30(19-49)  0.20 (0.04-0.20) 112 (23-115)

TABLE A4
STELLAR POPULATIONS OFBRIGHT GALAXIES AT z=7
ID Right Ascension  Declination Redshift log.M Age E(B-V) SFR
(J2000) (J2000) (M) (Myr) Mg yr?)

z7_GSD_25074 53.233047 -27.827383 6.66 (6.47—-6.79)  10.89-10.15) 404 (49-508) 0.18 (0.00-0.14) 82 (15-55)
z7_ERS_12574 53.094410 -27.716846 6.71(6.58-6.85)  9.83410.06) 49 (30-202)  0.08 (0.00-0.18) 35 (16-90)
z7_GNW_24443 189.356888 62.295319 6.72 (6.65-6.81)  10.82—10.05) 30 (30-71) 0.18 (0.00-0.18) 155 (29-160)
z7_GNW_24671 189.361710 62.294373  6.72 (6.27-7.07) 8.53(9.25) 19 (10-40) 0.10 (0.00-0.10) 37 (11-33)
z7_GSD_21368 53.154922 -27.815744 6.75(6.62-6.97) 10.88-10.34) 404 (30-286)  0.20 (0.00-0.26) 82 (14-142)
z7_GNW_17001 189.032486 62.216415 6.76 (6.55-6.92) XQ(Z0-10.82) 404 (286-570) 0.06 (0.02-0.12) 22 (14-37)
z7_GSD_21172 53.155342 -27.815178 6.84 (6.76-6.96)  10.29-10.20) 30 (19-80) 0.24 (0.00-0.30) 231 (24-396)
z7_GSD_10175 53.210335 -27.782211 7.05(6.78-7.32)  9.28+9.81) 19 (10-71)  0.22 (0.00-0.24) 129 (15-141)
z7_GND_18181 189.082687 62.252476  7.09 (6.94-7.28)  9.26+9.96) 10 (10-49)  0.22(0.12-0.24) 123 (47-142)
z7_GND_11402 189.186172 62.270863  7.16 (7.00-7.34) 9.62(9.76) 30 (10-49) 0.10 (0.02-0.18) 51 (21-114)
z7_GNW_4703 189.094528 62.135540  7.17 (7.04-7.37) 9.55{9.68) 39 (10-49) 0.02 (0.00-0.10) 27 (22-61)
z7_GNW_19939 189.273392 62.324783 7.25(7.03-7.75)  8.3+9.29) 10 (10-30)  0.10(0.00-0.12) 34 (14-42)
z7_GND_42912 189.157883 62.302372  7.49(7.33-7.70) 9.81(9.65) 10 (10-10) 0.24 (0.20-0.28) 178 (133-224)
z7_PAR2_3098 53.281712 -27.867699  7.66 (7.44-7.82) 9.8849.90) 30 (19-49) 0.14 (0.02-0.18) 69 (23-111)
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