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ABSTRACT

The current hierarchical merging paradigm and ACDM predict that the z ~ 4 — 8 universe should
be a time in which the most massive galaxies are transitioning from their initial halo assembly to
the later baryonic evolution seen in star-forming galaxies and quasars. However, no evidence of this
transition has been found in many high redshift galaxy surveys including CFHTLS, CANDELS and
SPLASH, the first studies to probe the high-mass end at these redshifts. Indeed, if halo mass to stellar
mass ratios estimated at lower-redshift continue to z ~ 6 — 8, CANDELS and SPLASH report several
orders of magnitude more M ~ 10*?7® M, halos than are possible to have formed by those redshifts,
implying these massive galaxies formed impossibly early. We consider various systematics in the
stellar synthesis models used to estimate physical parameters and possible galaxy formation scenarios
in an effort to reconcile observation with theory. Although known uncertainties can greatly reduce
the disparity between recent observations and cold dark matter merger simulations, even taking the
most conservative view of the observations, there remains considerable tension with current theory.
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Halo mass function evolution at 4<z<8

In the consensus ACDM model, the high-mass end of
the predicted halo mass function changes rapidly between
z ~ 8 — 4, with halos containing the most massive galax-
ies typically virializing towards z = 4 (e.g., Sheth et al.
(2001)). The timespan of 0.9 Gyr over this redshift range
means that we likely observe these galaxies within at
most a few dynamical times of their initial assembly. 0
Since galaxies are expected to form after their halos as-
semble, the number density of massive systems and its
redshift evolution can provide a good probe of the ini-
tial formation of the their dark matter halos. The broad
redshift range over a relatively small amount of time al- —2
lows for more precise cosmic epoch measurements than
are easily obtainable at lower redshift.
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« Data » versus model

compiled in Figure[l] showing the large and diverging dis-
agreement between the theoretical and observational evo-
lution of the halo mass function at high redshift. Specifi-
cally, we find that observational halo mass function esti-

mates correspond to a higher number density of massive

halos than should have been able to form through the
rapid collapse and evolution of rare, highly-overdense re-
gions (Fig. [1). The analysis of Finkelstein et al. (2015)
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Observations to select 4<z<8 galaxies

Observations requirements T soss T
, 4r .
* multi-wavelength coverage :
. . o e - CFHTLS—Wide
* deep imaging (— limited to small areas) = 2f x -
* « large » area (massive galaxies are rare) L x CFHTLS—Deep 1
3 of .
< [ GOODS
~ B X
g L :
B XDF
L X
FIO5W:  18.6 hours _al ]
FI25W: 27.8 hours -
F160W: 40.8 hours ' —_—
20 22 24 26 28 30
Hubble Ultra Deep Field 2009-2010 Hubble Space Telescope « WFC3/IR i—band depth [ABmag]

Size of Hubble eXtreme Deep Field on the Sky

|
UDFj-39546284 Digitized Sky Survey (ground-based image) for comparison
STScl-PRC11-05
R. Bouwens (University of California, Santa Cruz, and Leiden University), and the HUDFO9 Team

http://www.hubblesite.org/ http://www.nasa.gov/
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Observations to select 4<z<8 galaxies

Observa‘tions reqUirementS He Z = 7 Balmer(3646A) & 4000A breaks
* multi-wavelength coverage
* deep imaging (— limited to small areas)

1.0} Lyman break l
912 1216A rest-frame

* « large » area (massive gal. are rare) 208 l
o
f_%" 0.6
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Selection with Lyman-Break Galaxies F105W S

F160W " M
2 3 1 5
Observed Wavelength /um

* flux at A<912 A absorbed by surrounding gas 0.0
* 90’-00’: applied in optical = z~3-4-5
+ 2009: HST/WFC3 (+Spitzer/IRAC) — z~5-10 Dunlop 2012
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Observations to select 4<z<8 galaxies

Observations requirements 23 ,
. 24 F =
* multi-wavelength coverage : 0 :

25
* deep imaging (— limited to small areas) 26k E
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Observations to select 4<z<8 galaxies

Number of Halo mass
galaxies estimation

Redshift range | Galaxy selection

CFHTLS-deep Lyman-Break

Hildebrandt+09 (4 deg?) Galaxies ~8e4 Clustering+HOD
. COSMOS
Steinhardt+14 (2 deg?) 4<72<6 photo-z ~3e3 M(halo)/M(stellar)
GOODS-S
Duncan+14 (160 armcin2) d<z</7 photo-z ~2e3

Lyman-Break

Bouwens+15 FEll cegp flglds 4<z7<10 Galaxies ~1e4 UV LF
(1000 arcmin2)
(« enhanced »)
Lyman-Break
Bowler+15 e e 55<z<65 Galaxies ~3e2
(~2 deg?)
+ photo-z

: : GOODS-N & S Abundance

Finkelstein+15 (320 arcmin?) d<z<7 photo-z ~2e2 matching



« Data » versus model

compiled in Figure[l] showing the large and diverging dis-
agreement between the theoretical and observational evo-
lution of the halo mass function at high redshift. Specifi-
cally, we find that observational halo mass function esti-

mates correspond to a higher number density of massive

halos than should have been able to form through the
rapid collapse and evolution of rare, highly-overdense re-
gions (Fig. [1). The analysis of Finkelstein et al. (2015)
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From observations to halo mass

Observations
(RA,DEC) + Multi-wavelength photometry

Halo mass and/or halo mass distribution
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From observations to halo mass
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Galaxy properties evolution !

Galaxy Main Sequence

* for star-forming galaxies, the star-formation rate
(SFR) is proportional to the galaxy stellar mass

(log M)

THE STAR-FORNING PAIN SEQUENCE AND OUTLIERS
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Galaxy Main Sequence

Galaxy properties

* for star-forming galaxies, the star-formation rate
(SFR) is proportional to the galaxy stellar mass

(log M)

» well-established at low-redshift

evolution ?
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Galaxy properties evolution !

Galaxy Main Sequence

* for star-forming galaxies, the star-formation rate
(SFR) is proportional to the galaxy stellar mass

(log M)

» well-established at low-redshift

)

10

log SFR (M_solar/yr)

* holds out to z=4 (Speagle et al. 2014, compilation
of 25 studies)

98 10.0 10.2 104 106 108 1o
log Mass (M_solar)

Speagle et al. 20I4’



Galaxy properties evolution !

Galaxy Main Sequence

e for star-forming galaxies, the star-formation rate e —
. . '_(a)4<z<4.8 .
(SFR) is proportional to the galaxy stellar mass 8 ' :
(log M) 2.0 :
51 i
* well-established at low-redshift N T T L
’ logONosa (M/M,) " ?
Si_ib);.8<z<s | ' B ]
* holds out to z=4 (Speagle et al. 2014, compilation & 2r SER
of 25 studies) Zz2t / ;
2,
* still valid at z=5 and z=6 (Steinhardt et al. 2014) T w w w

log Mass (M/M;)

Steinhardt et al. 2014



From observations to halo mass

Observations
(RA,DEC) + Multi-wavelength photometry

templates, scaling-relations

Clustering properties Galaxy stellar mass Rest-frame UV luminosity

Halo model:

halo-occupation-
distribution (HOD)

M(halo) / M(star) Abundance
ratio matching
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M(halo) / UV LF ratio evolution !

Case of Mi¢00,a8=21 galaxies, z=4—8 O L L
= 2k E =
~ F :

* z=4 :log(Mhalo/Msun)=12.4 > b ; E

* evolution in number density in UV LF: |.5dex E i ]

* implied evolution in M(halo): 0.8 dex s TAF E
0 _ ]
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Bouwens et al. 2015
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M(halo) / UV LF ratio evolution !

Case of Mjs00,A8=2 1| galaxies, z=4—38

* z=4 :log(Mhalo/Msun)=12.4
* evolution in nhumber density in UV LF: | .5dex
* implied evolution in M(halo): 0.8 dex
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Scenario #l| SR
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* all the stars in a galaxy formed in one short burst  2-2 |- S -
- S~ L By
at z=8 o p T '7
: : £ -

» z=4 galaxies would have | Gyr old, passive = y “'----5_,_*‘
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» disagreement reported at z=6 | O Steinhardt 2014
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M(halo) / UV LF ratio evolution !

Case of Mjs00,A8=2 1| galaxies, z=4—38

* z=4 :log(Mhalo/Msun)=12.4
* evolution in nhumber density in UV LF: | .5dex
* implied evolution in M(halo): 0.8 dex

Scenario #l|

* all the stars in a galaxy formed in one short burst
at z=8

» z=4 galaxies would have | Gyr old, passive
populations

» disagreement reported at z=6

A Hildebrandl 2009
- ® Bouwens 2014
L O Steinhardt 2014

(b) ]

Scenario #2 0r
* one rapid burst at z=12, followed by evolution T o
along the star-forming main sequence until g P
observed at z=4-8 = -4

» more realistic ©
- . . : : -6 |-
» still insufficient to reconcile observation with S
theor -8
Y 10
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M(halo) / UV LF ratio evolution !

Case of Mjs00,A8=2 1| galaxies, z=4—38

* z=4 :log(Mhalo/Msun)=12.4
* evolution in nhumber density in UV LF: | .5dex
* implied evolution in M(halo): 0.8 dex

Scenario #l|

* all the stars in a galaxy formed in one short burst
at z=8

» z=4 galaxies would have | Gyr old, passive
populations

» disagreement reported at z=6

Scenario #2

* one rapid burst at z=12, followed by evolution
along the star-forming main sequence until
observed at z=4-8

» more realistic

» still insufficient to reconcile observation with
theory

Other possibility
* evolution of the IMF (Initial Mass Function)
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From observations to halo mass

Observations
(RA,DEC) + Multi-wavelength photometry

templates, scaling-relations

Clustering properties Galaxy stellar mass Rest-frame UV luminosity

o

¢ M(halo) / M(star) )  Abundance M(halo) / L(UV)
ratio g matching ratio

Halo model:

halo-occupation-
distribution (HOD)

‘ Halo mass and/or halo mass distribution




M(halo) / M(star) ratio evolution !

Standard references

* M(star)/M(baryon)=0.l of baryons (z<I, Leauthaud+12)
* M(baryon)/M(DM)=1/6 (Planck 2015)



M(halo) / M(star) ratio evolution !

Standard references

* M(star)/M(baryon)=0.l of baryons (z<I, Leauthaud+12)
* M(baryon)/M(DM)=1/6 (Planck 2015)

Number density of galaxies as a function of haloes depends on:

i) fraction of haloes containing a galaxy (Hildebrandt+09: 40% at z=5)

ii) fraction of baryons converted into stars (Leauthaud+12: 0% at low-z)

iii) amount of time required after virialization for those stars to have formed



M(halo) / M(star) ratio evolution !

Standard references

* M(star)/M(baryon)=0.l of baryons (z<I, Leauthaud+12)
* M(baryon)/M(DM)=1/6 (Planck 2015)

Number density of galaxies as a function of haloes depends on:

i) fraction of haloes containing a galaxy (Hildebrandt+09: 40% at z=5)

ii) fraction of baryons converted into stars (Leauthaud+12: 0% at low-z)

iii) amount of time required after virialization for those stars to have formed

Requirements to have 2.10-°Mpc3 for M«==10!'M, at z=5.5
» implausible physics:

» all baryons instantaneously turned into stars

» halo mass <10'2M,

Halo Occ. Baryon Frac SF Time M, .1,/ Mo  Zsoem
10% 100% Instant 5 x 10! 5.5
100% 30% Instant 2 x 1012 5.5
100% 100% 150 Myr 5% 10! 6.4
100% 10% (-1.1 Gyr) 5 x 10*? 3.0

TABLE 1

VARIOUS COMBINATIONS OF PARAMETERS PRODUCING THE
OBSERVED NUMBER DENSITY OF 10! M., GALAXIES AT z = 5.5.
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What about semi-analytical models?

Principle

* use semi-analytical prescriptions for connecting the properties of massive
galaxies to their halo (info drawn from low-z relationships)

» cannot produce massive galaxies at z>4, with « reasonable properties »

Millenium simulation (Springel+05)

* can produce M«=10''M, at z=6, but with M(halo)=10''M,

» would require the baryons to cluster in advance of much of the DM
» would imply nearly all baryons to have ended up in stars by z=6

» in conflict with observations (Hildebrandt+09, Finkelstein+15)

lllustris simulation (Vogelsberger+14)

* baryonic relationships that avoids unphysical extrapolations

* luminosity and stellar mass functions that look similar to the halo mass function
» number densities consistent with observations out to M==10/°M,

» but too few galaxies with M«>10/%>M,, in conflict with observations



Conclusion

Failed template fitting

* re-consider the assumption that templates derived from low-z galaxies can be used at z=6
» one likely explanation is a top-heavier IMF at high-z

» can be tested with supernovae rates; then with JWST

Early star formation

* allow main sequence star formation much early than the initial collapse of haloes
» difficult constrain from low-z observations

» problem of cooling to form small stars at low metallicities

New clustering physics

* haloes collapse earlier than allowed by current models

» warm dark matter would suppress the z~6 halo mass function rather than enhance it

» dark energy with w>-| could enhance early structure formation, though Planck observations
create considerable tension with the w>-0.95 required to solve this problem

Better observations are needed
* high-mass objects at high-z bring crucial constraints
» need for wide area surveys (>|degree)






Hildebrandt+09 - Halo Occupation Distribution (HOD)

Clustering analysis

* possible because « large » area of the CFHTLS-deep w(B) =A 03 E(r) = (r/ro)”
* galaxy density ng

* correlation length ro

* slope of the correlation function vy

e bias b

Halo model

N

I 1 ' | | ] ]

This excess on small scales is interpreted in both studies as — i u —dropouts ]
being due to the contribution from a 1-halo term of galaxy pairs b : L g —dropouts -
residing in the same halos. We apply the halo model by Hamana o 12.8 |- - w-.. r—dropouts n
et al. (2004) to our data to have a direct comparison with the = s -
z = 4 results from Ouchi et al. (2005) who use the same model. gn 12 4 u N

In this model the angular correlation function of LBGs is = "L i
calculated from the CDM angular correlation function by apply- A - i
ing the following halo-occupation-distribution (HOD) for single 2 12} ]
galaxies: — - .

(M/M,)* for M > Muin Vv X -

= ) = -

N (M) {0 for M < Moy’ (7 116} :
and the following HOD for pairs of galaxies: i ’
Le B

(Ne(Ne = 1) (M) = - :
N2 (M) if N, (M) > 1 Ny -

N2 (M) log|4Ng (M)] /1og4 if 1> Ny (M) > 025, (8) z f ]

0 otherwise 0.8 [~ B

with N; (M) being the number of galaxies in a halo of mass M, 0.4 _
(Ng(Ng - l)) (M) being the number of galaxy pairs in a halo of i ]
mass M, and M,;,, M,, and a being the parameters of the model. 0 i il

Furthermore, we calculate the number density of LBGs from this
model as described in Hamana et al. (2004).

M \im. rest-trame ~15604



Finkelstein+15 - Abundance matching
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FI1G. 3.— Top left: The cumulative luminosity function at z=4, 5, 6, and 7. Bottom Left: Cumulative halo mass functions at z = 4, 5, 6, and 7, derived by
volume-averaging the Bolshoi snapshot mass functions over the same redshift ranges as those defining our galaxy samples. The arrows show our results from
abundance matching at z = 7, where galaxies with M0 < =21, which have n(Myy < -21) =2.5 x 10~° Mpc”, have halo masses of log(M; /M) = 11.35. Right:
Relation between observed UV absolute magnitude and abundance-matching-derived halo mass at our redshifts of interest. The arrows denote the halo masses at

10.5

our magnitude of interest of Myy = -21.

* by construction, the UV LF and

halo mass function are in
agreement

* inconsistency pushed into the
stellar to halo mass ratio

1.0

F1G. 4.— The siellar baryon fraction (SBF) in bright (Myy = -21) galaxies from z =4 10 7. We define the SBF as the stellar to halo mass ratio in units of the
cosmic baryon mass fraction (2, /2=, We find that the SBF increases with increasing redshift, which may be responsible for the apparent lack of evolution in the
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Bouwens+15 - Building the 4<z<8 UV LF
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would expect contamination from stellar sources % be some-
what limitad. Bouwens ¢t al. (2006) found the SExiractoe
stellarity parameter 1o be very effective in distinguishing point
sources from extended sources, for sources with sufficicntly
high SN (ie., >10),

Near the desection Emit of our samples, a small Jevel of
contamination is cxpecied, given that we no loegor attempt 1o
femone poiet sousces & such Jow SINs. We ewtimated this
contamination by deriving the number counts foe all poine.like
sources in the CANDELS ficlds (sscllarity >09) that would
satisfy our selection criteria if placed ecar the selection limit of
surveys. We identified ~25 stars over the magnitude mnge
21 < Hyoan < 26 per CANDELS ficld that could contam-
izate our @ ~ 4-10 selectices, with po especially significant
izcrease i the surface density of such sources from
Hyoan ~ 21 %0 Hyo an ~ 26 (similar to that found by Pirzkal
a.LGm] muumm».mmo«—-ooc
arcmin - mag . which is within a factor of two of the surface
doi ofh--mmlmmdlm)foundbyl’iakd«d
(2009 uuohm«.l(mum Le., 009 secmin ~ mag
and 0.11 aromin ™ mag . rospectively. Extrapolating the
mmwkymdmcliuium-eaﬂi:iuﬂcjcu
polatlike sources (e.g., 27 mag for CANDELS/DEEP), we
cstimate a contamination rate of £ 2. 5, and £ 2 sources per
Geld for our 2 ~ S, 2 ~ 6, sad ¢ ~ 7 samplcs from the GN+GS
MtlmmfuwxwmuLMhm

and ~| contamizant over the BoRG/HIPPIES peogram. This
m«wWMmdmdmmt
of S0.02, ~0.05, and <002 sromin °, respactively, foe cur
2~ 8, :~6.nd-~7unph

Fonally, it is also possible that our sasnples inchadc & small
rumber of conmaminant stars even a beighter magnivades where
we cxclode pointlike sources or compact sources that
significantly pecfor & sicllae SED. Using simulations samilas
w those descridbed in Section 4.1 (bt for point-like sousces
with SEDs randomly drawn from the SpeX libeary), we
cslimate that owr samples would coetain & most two wach
coraminant stars per CANDELS ficld o ~27 mag. Overnall,
this works out t0 2 contamination rate of <1% for our z ~ 4
schections and <2% for owr ¢ ~ 5-8 samples,

33.2. Tramvien! Sources or Supermovac

Another potcetial source of costamisation for our high-
redshift samples are time-variable events like SNe. Such events
could contaminato our samplos if obscrvations of sources at
Blucr and redder wavelengihs did sot take place over the same
tore frame and sach sources oely became bright during
obscrvations in the rodder bands. Circumstances could $hen
conspire o make such an SN Jook Bke a high-redshift star-
forming palaxy with 2 prominent Lyman break, if the SN was
sufficiently scparated from its host galaxy that it could be
identified as a &iwingt source.

Foctunately, we can casily see from simple argaments that
such contaminants will be of megligible importance for our
peobes, Our explicin exclusion of poimlike sources a1 bright
magritudes and known SN evems (e.g., Rodecy et al. 2014)
should guarantec that all but the faimtest SNe make it in our
sample, Le,, 227 mag (whese we no loeger exclade point
sources ). Farthermore, for the CANDELS/WIDE fields where
the various cpochs of optical and ncar-IR observations were
aquired almost simuancously (ie, CANDELS UDS,
CANDELS COSMOS, 2ad ~30% of CANDELS EGS), te
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contamination ratc will be nogligible. as the two cpochs arv
tken within & ~50 day tmescale, which is shoet relative 1o the
~100 day decay time for most SN events. Comamination from
SN¢ over the CANDELS/DEEP regions should bo similarly
low, Owing 10 B¢ loag ~16-mossh observational baseling,
most of the pixels assocized with SN beighter than ~27 mag
would be rejectod during the roduction of the WFCVIR data
hemsclves (o if semporarily beighoer than 25 mag identified s
mx SNby the CANDELS SNe scach tcanc Rodney
ct al. 2014).

The caly scenanio where SNe would Ekely comaminaie our
selection is if the SNe were likely fading & the time of the
initial WFCMIR obscrvations over the ERS, CANDELS-GN
+GS WIDE, or deep-ficld observations and hence beyond our
~26.5 mag limiz for rejecting point-like sources over those
fickds. If we use the approximate SN rate of 0.03 SNe arcmin ™
derived by Riess ¢ al (2007) per 40&y period from the
GOODS SNe¢ program and use the fact that only ~40% of SNe
would be sufficiontly scparatod from their host galaxy %o bo
ideetificd as a0 SN (Swolger ¢t al. 2004; Bowwens ¢t al, 2008),
we estimage that at most two 2 ~ 7 galaxies from our program
could cocrespond %o SNe. In addition, the lack of any overlap
between publishad SN events (¢.g., Rodncy ¢t al, 2014) and
current : ~ 4-10 cmalogs (Section 13) provides us with
further evidence that the contamination is small

153 Lower redihift Galaxies

memofmmmwuam

aedahﬁwuplu For such galaxies 0 exist in our
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W 2~ 4-10 galadies, showing 3 decp speceral beeak,

end have reladvely small

sizes. K is mot cloar what such objocts would be, but Jow-mass,

moderatc-ape, Balmer decak galaxics in !¢ & ~ 1-3 universe

ae ocac possibility (eg., Wilkiss et al. 2010), as arc

intormodiate-redshift galaxios with cextreme-omission lines

(se¢ Section 354), Dust-reddened  issermedisne-rodshift

sources would have far 100 sod coloes redward of the break
10 be included in our high-rodshift samples.

Whatever the pagare of issermediate-redshift contaminants,
they are unlkely to be present in our high-redshift samples,
cxoept in very small sumbers. Perbaps the most compelling
srgument for this can be oduained by stacking the fux
infoemation ie our high-redshift samples. If our samples were
significantly contaminated by lower-redshift galaxics, onc
would cxpect the stacks of the optical dama w0 show significant
detections in the blaest bands. However, doep stacks of our
g~ 6.z~ T7.and z ~ 8 samples show absolutely no flux in the
Buars, Buos Vics, and Bus Voo i Dands, respectively, consisicnt
with owr high.codshift samples beimg almost exclusively
composod of high-redshift galaxies. In addition, the spectro-
wopic follow-up doae on high-roddift wamples reveals very
small numbers of Jowerrodshift contaminants (e.g., Vanzella
ct al. 2009; Stark <t al. 2010).

54 E Eminsion Line Galavi
Apother poteetial costamsieant of our high-redshift samples
is so-called extreme emission line galaxics (EELGs), wheee a
significant fraction of the flux from a galaxy is concentratod
imo 3 small number of very high oguivalent width emission
lines (van der Wel et al 2011; Atk et a2l 2011 These
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