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Uncertainties in



Significance of z ≳ 6 galaxies 

• Assembly of the first galaxies (and first SMBH) 

• Ionization of the intergalactic medium 

• Chemical enrichment in early times

The galaxy luminosity function  ->      
a census of the early galaxy population



Observations of high-redshift galaxies

Oesch et al. (2015); Stark et al. (2016)

4 Stark et al.

Source zLy↵ zphot RA DEC Date of Observations H160 Filters UV lines targeted Ref

EGS-zs8-1 7.730 7.92+0.36
�0.36 14:20:34.89 +53:00:15.4 12-15 Apr 2015 25.0 H CIII] [1], [2]

. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1], [2]
EGS-zs8-2 7.477 7.61+0.26

�0.25 14:20:12.09 +53:00:27.0 12-15 Apr 2015 25.1 Y, H Ly↵, CIII] [1]
. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1]
COS-zs7-1 7.154 7.14+0.12

�0.12 10:00:23.76 +02:20:37.0 30 Nov 2015 25.1 Y Ly↵ [1]

Table 1. Galaxies targeted with Keck/MOSFIRE spectroscopic observations. The final column provides the reference to the article where each galaxy was
first discussed in the literature. The photometric redshifts shown in column three are taken from the discovery papers. References: [1] Roberts-Borsani et al.
(2016); [2] Oesch et al. (2015)
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Figure 1. Keck/MOSFIRE spectra of EGS-zs8-1, a z = 7.733 galaxy that was originally spectroscopically confirmed in Oesch et al. (2015). (Left:) Two-
dimensional and one-dimensional Y-band spectra centered on the Ly↵ emission line. Data are from Oesch et al. (2015). (Right:) H-band observations showing
detection of the [CIII], CIII] ��1907,1909 doublet. The top panels show the two dimensional SNR maps (black is positive), and the bottom panel shows the
flux calibrated one-dimensional extractions.

3.2 EGS-zs8-2

EGS-zs8-2 is another bright (H160=25.1) galaxy identified in CAN-
DELS imaging by RB16. The IRAC color of EGS-zs8-2 ([3.6]-
[4.5]=0.96 ± 0.17) is redder than EGS-zs8-1, likely reflecting
yet more extreme optical line emission. We estimate a rest-frame
[OIII]+H� equivalent width of 1610 ± 302 Å is required to re-
produce the flux excess in the [4.5] filter. A 4.7� emission feature
was identified by Roberts-Borsani et al. (2016) at a wavelength of
1.031µm. RB16 tentatively interpret this feature as Ly↵.

We obtained a Y-band spectrum of EGS-zs8-2 with the goal
of verifying the putative Ly↵ detection. The spectrum we obtained
shows a 7.4� emission line at 1.0305 µm (Figure 2a), confirming
that EGS-zs8-2 is indeed a Ly↵ emitter at zLy↵ = 7.477. The mea-
sured line flux (7.4± 1.0⇥ 10�18 erg cm�2 s�1) is less than half
that of EGS-zs8-1. We calculate the Ly↵ equivalent width using
the broadband SED to estimate the underlying continuum flux. The
resulting value (WLy↵=9.3 ± 1.4 Å) is the smallest of the RB16
galaxies.

The MOSFIRE H-band spectrum covers 14587 to 17914 Å,
corresponding to rest-frame wavelengths between 1720 and 2113 Å
for EGS-zs8-2. In Figure 2b, we show the spectral window centered
on the [CIII], CIII] doublet. No emission lines are visible. There are
two weak sky lines in the wavelength range over which the doublet

is situated. However the separation of the individual components
of the doublet is such that at least one of the two lines must be
located in a clean region of the spectrum. We estimate 3� upper
limits of 2.3⇥10�18 erg cm�2 s�1 for individual components. The
non-detection suggests that the total flux in the CIII] doublet must
be less than 62% of the observed Ly↵ flux, fully consistent with
the ratio observed in EGS-zs8-1 and in extreme CIII] emitters at
lower redshift. We place a 3� upper limit on the doublet rest-frame
equivalent width of <14 Å. Deeper data may yet detect CIII] in
EGS-zs8-2.

3.3 COS-zs7-1

Prior to this paper, COS-zs7-1 was the only source from Roberts-
Borsani et al. (2016) lacking a near-infrared spectrum. Similar to
the other galaxies from RB16, COS-zs7-1 is bright in the near-
infrared (H160=25.1) and has IRAC color ([3.6]-[4.5]=1.03±0.15)
that indicates intense optical line emission. In addition to RB16, the
galaxy has been reported elsehwere (e.g., Tilvi et al. 2013; Bowler
et al. 2014). We estimate an [OIII]+H� rest-frame equivalent width
of 1854 ± 325 Å based on the [4.5] flux excess, making COS-
zs7-1 the most extreme optical line emitter in the RB16 sample.
RB16 derive a reasonably well-constrained photometric redshift

c� 2016 RAS, MNRAS 000, 1–13

Keck/MOSFIRE 3-4 hr total integration

Spectroscopy is hard…



Observations of high-redshift galaxies

The XDF team, http://xdf.ucolick.org/xdf.html

A deep image is worth 
a thousand spectra

http://xdf.ucolick.org/xdf.html


Observations of high-redshift galaxies

Gehrels et al. (2009) 



Finkelstein et al. (2015)

Selections of high-redshift galaxies (I)

redshift likelihood function

photometric redshifts based on broad-band SEDs



Bouwens et al. 
(2015)

Selections of high-redshift galaxies (II)
two-color selections based on expected Ly𝛂 discontinuities



Finkelstein et al. (2015)

The galaxy luminosity function at z ≳ 6

Bouwens et al. (2015)

~ 1500 galaxies from ~ five deep fields



Bouwens et al. (2015)

The galaxy luminosity function at z ≳ 6

see also Bouwens+’07,’08,’10,’11; Ouchi
+’09; McLure+’09,’13; van der Burg+’10; 
Oesch+’10, ‘13; Castellano+’10; Willott
+’13; Schenker+’13; Tilvi+’13; Schmidt

+’14; Bowler+’14,’15,’16; Finkelstein+’15

14 R. A. A. Bowler et al.

Figure 6. The rest-frame UV LF at z ' 7 from the Ultra-
VISTA/COSMOS DR2 and UDS/SXDS datasets as derived
in Bowler et al. (2014), updated using the results of this work from
new HST/WFC3 imaging (red circles). We show the results of
previous works using ground-based data from Ouchi et al. (2009)
(blue squares), and from a combination of HST surveys such as
CANDELS from Bouwens et al. (2015) (purple squares), Finkel-
stein et al. (2015) (green diamonds) and McLure et al. (2013)
(black circles). The best-fitting DPL and Schechter functions to
our results and those of McLure et al. (2013) are shown in the up-
per plot as solid and dotted lines respectively. The one-sigma con-
fidence limit on the best-fitting DPL is shown as the grey shaded
region. In the lower plot we also show the best-fitting Schechter
function derived by Bouwens et al. (2015) and Finkelstein et al.
(2015) as the purple dotted and green dashed lines respectively.

a '�2 found by previous studies (e.g. McLure et al. 2013).
At M

UV

' �21.75 however, we find a tension between our
determination of the LF and the results of Bouwens et al.
(2015). The Bouwens et al. (2015) point at M

UV

= �21.66

is significantly in excess of our best-fitting function at this
magnitude and the ground-based results from Ouchi et al.
(2009), who found < 1/3 the number density of galaxies at a

similar luminosity in an analysis of the Subaru Deep Field.
As shown in Bowler et al. (2015) at z ' 6, cosmic variance
is significant at the bright-end of the LF at z > 5, and hence
part of the discrepancy could be a result of the strong field-
to-field variation between the 200arcmin

2 CANDELS fields.
For LBG candidates at the bright-end of the Bouwens et al.
(2015) z ' 7 sample however, there is an additional uncer-
tainty that must be considered due to the lack of deep Y -
band imaging over the full survey area used in their analysis.
For three of the five relatively wide-area CANDELS fields
studied by Bouwens et al. (2015) there is no Y -band imaging
available from HST/WFC3. Imaging in the Y -band is essen-
tial to constrain the position and strength of the Lyman-
break from z ' 7–8, and to exclude low-redshift galaxy and
cool galactic brown dwarf contaminants which can show
identical optical-to-near-infrared colours in the absence of
the Y -band data (Bowler et al. 2012; Finkelstein et al. 2015).
While there exists some relatively shallow Y -band imaging
in the CANDELS COSMOS and UDS fields from ground-
based surveys, there is no space- or ground-based Y -band
imaging available in the Extended Groth Strip (EGS) mak-
ing this field in particular vulnerable to contamination. The
number of bright z ' 7 LBGs found by Bouwens et al. (2015)
in the EGS is more than double the average number found
in the other fields, and hence we suggest that the origin of
the high number density derived around M

UV

⇠�21.7 could
be due to contamination by low-redshift galaxies or brown
dwarfs in the CANDELS ‘wide’ fields utilized (also see the
discussion in Finkelstein et al. 2015).

The e↵ect of the uncertain number counts at the bright-
end of the LF determined from the CANDELS data can
be seen in the best-fitting Schechter function parameters.
The recent determinations of the rest-frame UV LF at z = 7

by Bouwens et al. (2015) and Finkelstein et al. (2015) both
found a brighter characteristic magnitude of the best-fitting
Schechter function than previous studies (McLure et al.
2013; Schenker et al. 2013; Bouwens et al. 2011), finding
an approximately constant value of M

UV

' �21 from z ' 5

to z ' 7. However, if the CANDELS ‘wide’ fields that have
limited or no Y -band data are excluded, Bouwens et al.
(2015) finds M⇤ = �20.61± 0.31, which is in better agree-
ment with our results and previous studies. Using the wider
area ground-based data, we find a characteristic magnitude
of M⇤ = �20.49± 0.17 (assuming a Schechter function fit),
which is in good agreement with our previous results (Bowler
et al. 2015) and supports a brightening of the characteristic
magnitude by DM⇤ ' 0.5mag from z = 7 and z = 5. While
the LF points derived by Finkelstein et al. (2015) appear to
match our data at the bright end, this is at the expense of
a satisfactory fit to the majority of the other data points
at M

UV

> �20. Here the degeneracy between the faint-end
slope and the characteristic magnitude results in a similarly
bright M⇤ = �21.03

+0.37

�0.50

to that found by Bouwens et al.
(2015). This comparison illustrates the importance of wide
area, ground-based data in constraining the bright end of
the LF at high redshift.

In conclusion, we find that a double-power law remains
the best-fitting functional form to the data at z ' 7. Further-
more, our results favour a smooth evolution in the character-
istic magnitude from M

UV

'�21 at z= 5 (van der Burg et al.
2010; Bouwens et al. 2015) to M

UV

' �20 at z = 8 (Oesch
et al. 2012; McLure et al. 2013; Schenker et al. 2013; Schmidt

MNRAS 000, 1–23 (2016)

steepening of the 
faint-end slope

power-law vs. 
exponential?



Uncertainties in the luminosity function

• photometry (matching apertures, deblending, etc.) 

• contaminations (stars, low-redshift interlopers, etc.) 

• cosmic variance  

• sample selection (completeness, photometric redshift 
errors / errors in color selection)

Bouwens+’07,’08,’10,’11,’15; Ouchi+’09; McLure+’09,’13; van der Burg
+’10; Oesch+’10, ‘13; Castellano+’10; Willott+’13; Schenker+’13; Tilvi

+’13; Schmidt+’14; Bowler+’14,’15,’16; Finkelstein+’15



Uncertainties in the luminosity function

• photometry (matching apertures, deblending, etc.) 

• contaminations (stars, low-redshift interlopers, etc.) 

• cosmic variance  

• sample selection (completeness, photometric redshift 
errors / errors in color selection)



3. Selecting Cluster Members   

One of the great strengths of the COSMOS data are the extremely accurate 
(dz/(1+z)<0.01) photometric redshfits at z<1.530.  However, the techniques used to 
construct the photometric redshifts suffer from catastrophic failures when applied to 
high redshift and extreme sources such as those in our proto-cluster. Supplementary 
Figure 1 shows a comparison of the spectroscopic31,32 and photometric30 redshifts for 
objects brighter than i<26 including a sample of 168 spectroscopic redshifts at z>3 in 
the COSMOS field.   We found >40% of luminous z>4 objects are placed at z<2 by the 
photometric redshift method, including the extreme starburst presented here.  This is 
primarily due to photometric contamination from foreground sources.   When low-levels 
of flux are spuriously found in the photometry blue-ward of the 912Å break the 
photometric redshifts find a low-redshift solution.  However, we also found cases at 
fainter flux levels where a low redshift solution was preferred because the photometric 
limits could not rule it out.  

 

Supplementary Figure 1: A comparison of the photometric30 and spectroscopic31,32 
redshifts for faint objects in the COSMOS field is shown on the left. In addition to the 
previously published results, this plot includes 167 objects at z>3 and >2200 objects 
fainter than I>22.5.  In the right panel the photometric redshift distribution for 148 
objects with spectroscopic redshifts at z>4 is shown.  Note that 39.2% of objects are 
placed at z<3.  

Rather than suffer the limitations of the photometric redshifts we chose to use a 
colour selection to identify potential proto-cluster members.  The colour selection 
focuses on the region of the spectral energy distribution with maximum information.  
Furthermore, by limiting the number of filters used we avoid smoothing the images to 
the resolution of the worst seeing images and thereby maximizing the signal-to-noise of 
the photometry while minimizing contaminating light from foreground sources. 

  Photometry was measured using a procedure similar to that of the general 
COSMOS catalog21.  However, rather than matching the point spread function (PSF) to 
3” diameter apertures, the PSF homogenized images and a 1” and 2” diameter aperture 
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Uncertainties in photometric redshifts (I)

Capak et al. (2011)

zCOSMOS
contamination

missed by a fixed 
zphot/color cut?LETTER

doi:10.1038/nature09681

A massive protocluster of galaxies at a redshift of
z < 5.3
Peter L. Capak1, Dominik Riechers2, Nick Z. Scoville2, Chris Carilli3, Pierre Cox4, Roberto Neri4, Brant Robertson2, Mara Salvato5,
Eva Schinnerer6, Lin Yan1, Grant W. Wilson7, Min Yun7, Francesca Civano8, Martin Elvis8, Alexander Karim6, Bahram Mobasher9

& Johannes G. Staguhn10

Massive clusters of galaxies have been found that date from as early
as 3.9 billion years1 (3.9 Gyr; z 5 1.62) after the Big Bang, contain-
ing stars that formed at even earlier epochs2,3. Cosmological simu-
lations using the current cold dark matter model predict that these
systems should descend from ‘protoclusters’—early overdensities
of massive galaxies that merge hierarchically to form a cluster4,5.
These protocluster regions themselves are built up hierarchically
and so are expected to contain extremely massive galaxies that can
be observed as luminous quasars and starbursts4–6. Observational
evidence for this picture, however, is sparse because high-redshift
protoclusters are rare and difficult to observe6,7. Here we report a
protocluster region that dates from 1 Gyr (z 5 5.3) after the Big
Bang. This cluster of massive galaxies extends over more than 13
megaparsecs and contains a luminous quasar as well as a system
rich in molecular gas8. These massive galaxies place a lower limit of
more than 4 3 1011 solar masses of dark and luminous matter in
this region, consistent with that expected from cosmological simu-
lations for the earliest galaxy clusters4,5,7.

Cosmological simulations predict that the progenitors of present-
day galaxy clusters are the largest structures at high redshift4,5,7

(Mhalo . 2 3 1011 solar masses (M[) and Mstars . 4 3 109M[ at
z < 6). These protocluster regions should be characterized by local
overdensities of massive galaxies on co-moving distance scales of
2–8 Mpc that coherently extend over tens of megaparsecs, forming a
structure that will eventually coalesce into a cluster4,5,7,9. Furthermore,
owing to the high mass densities and correspondingly high merger
rates, extreme phenomena such as starbursts and quasars should
preferentially exist in these regions4–7,9,10. Although overdensities have
been reported around radio galaxies on ,10–20-Mpc scales6,7 and
large gas masses around quasars11,12 at redshifts greater than z 5 5,
the available data is not comprehensive enough to constrain the mass
of these protoclusters and hence provide robust constraints on cos-
mological models6,7,9.

We used data covering the entire accessible electromagnetic spectrum
in the 2-square-degree Cosmological Evolution Survey (COSMOS)
field13 (right ascension, 10 h 00 min 30 s; declination, 2u 309 0099) to
search for starbursts, quasars and massive galaxies as signposts of poten-
tial overdensities at high redshift. This deep, large-area field provides the
multiwavelength data required to find protoclusters on scales .10 Mpc
(59). Optically bright objects at redshifts greater than z 5 4 were iden-
tified through optical and near-infrared colours. Extreme star formation
activity was found using millimetre-wave14,15 and radio16 measurements,
and potential luminous quasars were identified by X-ray measure-
ments17. Finally, extreme objects and their surrounding galaxies were
targeted with the Keck II telescope and the Deep Extragalactic Imaging

Multi-Object Spectrograph (W. M. Keck Observatory, Hawaii) to mea-
sure redshifts.

We found a grouping of four major objects at z 5 5.30 (Fig. 1). The
most significant overdensity appears near the extreme starburst galaxy
COSMOS AzTEC-3, which contains .5.3 3 1010M[ of molecular gas
and has a dynamical mass, including dark matter, of .1.4 3 1011M[
(ref. 8). The far-infrared (60–120-mm) luminosity of this system is
estimated to be (1.7 6 0.8) 3 1013 solar luminosities (L[), corres-
ponding to a star formation rate of .1,500M[ per year18, which is
.100 times the rate of an average galaxy (with luminosity L!) at
z 5 5.3 (ref. 19). The value and error given are the mean estimate
and scatter derived from empirical estimates based on the sub-
millimetre flux, radio flux limit, and CO luminosity, along with model
fitting. The models predict a much broader range in total infrared
(8–1,000-mm) luminosities, ranging from 2.2 3 1013L[ to 11 3 1013L[.
The large uncertainty results from the many assumptions used in the
models, combined with a lack of data constraining the infrared emis-
sion at wavelengths less than rest-frame 140mm. However, the

1Spitzer Science Centre, 314-6 California Institute of Technology, 1200 East California Boulevard, Pasadena, California 91125, USA. 2Department of Astronomy, 249-17 California Institute of Technology,
1200 East California Boulevard, Pasadena, California 91125, USA. 3National Radio Astronomy Observatory, PO Box O, Socorro, New Mexico 87801, USA. 4Institut de Radio Astronomie Millimétrique, 300
rue de la Piscine, F-38406 St-Martin-d’Hères, France. 5Max-Planck-Institute für Plasma Physics, Boltzmann Strasse 2, Garching 85748, Germany. 6Max-Planck-Institute für Astronomie, Königstuhl 17,
Heidelberg 69117, Germany. 7Department of Astronomy, University of Massachusetts, Lederle Graduate Research Tower B, 619E, 710 North Pleasant Street, Amherst, Massachusetts 01003-9305, USA.
8Harvard Smithsonian Center for Astrophysics, 60 Garden Street, MS, 67, Cambridge, Massachusetts 02138, USA. 9Department of Physics and Astronomy, University of California, Riverside, California
92521, USA. 10Johns Hopkins University, Laboratory for Observational Cosmology, Code 665, Building 34, NASA’s Goddard Space Flight Center, Greenbelt, Maryland 20771, USA.
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Figure 1 | Spectra of confirmed cluster members. These spectra were taken
with the Keck II telescope and correspond to the extreme starburst (COSMOS
AzTEC3), a combined spectrum of two Lyman-break galaxies at 95 kpc
(Cluster LBG) and the Chandra-detected quasar at 13 Mpc from the extreme
starburst. The galaxy spectra show absorption features indicative of interstellar
gas (Si II, O I/Si II and C II) and young massive stars (Si IV and C IV) indicative of
a stellar population less than 30 Myr old26. The quasar shows broad Lyman-a
(Lya) emission absorbed by strong winds, with a narrow Lyman-a line seen at
the same systemic velocity as absorption features in the spectra.
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• photo-z analysis 
restricted to z<6 

• uneven sampling in 
spectroscopic surveys



Skelton et al. (2014)3D-HSTFive deep fields with ~ 20 - 44 
broad/narrow-band images in 

UV, optical, to IR



Skelton et al. (2014)

3D
-H

ST



Uncertainties in photometric redshifts (I)
F160W detected objects in 3D-HST with  
(1) updated zphot using latest EASY code w/o zmax 

(2) zspec from our own literature searches

GOODS-S COSMOS GOODS-N AEGIS UDS

contamination

missed

catastrophic 
errors

~ 3700 F160W-detected objects



Uncertainties in photometric redshifts (I)

catastrophic 
errors



catastrophic 
errors

Capak et al. (2011)

3. Selecting Cluster Members   

One of the great strengths of the COSMOS data are the extremely accurate 
(dz/(1+z)<0.01) photometric redshfits at z<1.530.  However, the techniques used to 
construct the photometric redshifts suffer from catastrophic failures when applied to 
high redshift and extreme sources such as those in our proto-cluster. Supplementary 
Figure 1 shows a comparison of the spectroscopic31,32 and photometric30 redshifts for 
objects brighter than i<26 including a sample of 168 spectroscopic redshifts at z>3 in 
the COSMOS field.   We found >40% of luminous z>4 objects are placed at z<2 by the 
photometric redshift method, including the extreme starburst presented here.  This is 
primarily due to photometric contamination from foreground sources.   When low-levels 
of flux are spuriously found in the photometry blue-ward of the 912Å break the 
photometric redshifts find a low-redshift solution.  However, we also found cases at 
fainter flux levels where a low redshift solution was preferred because the photometric 
limits could not rule it out.  

 

Supplementary Figure 1: A comparison of the photometric30 and spectroscopic31,32 
redshifts for faint objects in the COSMOS field is shown on the left. In addition to the 
previously published results, this plot includes 167 objects at z>3 and >2200 objects 
fainter than I>22.5.  In the right panel the photometric redshift distribution for 148 
objects with spectroscopic redshifts at z>4 is shown.  Note that 39.2% of objects are 
placed at z<3.  

Rather than suffer the limitations of the photometric redshifts we chose to use a 
colour selection to identify potential proto-cluster members.  The colour selection 
focuses on the region of the spectral energy distribution with maximum information.  
Furthermore, by limiting the number of filters used we avoid smoothing the images to 
the resolution of the worst seeing images and thereby maximizing the signal-to-noise of 
the photometry while minimizing contaminating light from foreground sources. 

  Photometry was measured using a procedure similar to that of the general 
COSMOS catalog21.  However, rather than matching the point spread function (PSF) to 
3” diameter apertures, the PSF homogenized images and a 1” and 2” diameter aperture 
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Uncertainties in photometric redshifts (I)
~ 3700 F160W-detected objects

GOODS-S COSMOS GOODS-N AEGIS UDS

A highly incomplete and 
inhomogeneous spectroscopic sample!

contamination

missed



Uncertainties in photometric redshifts (II)
systematic bias due to 

imprecise redshift
Chen et al. (2003)

see also Drory et al. (2009)
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Uncertainties in photometric redshifts (II)
combined redshift error function using  

~ 50 F160W-detected objects at 5 < zspec < 7

mean redshift 
likelihood function

redshift error function is similar to the 
mean redshift likelihood function but with 

an underestimated missed fraction



Summary

• High-z galaxy samples selected based on fixed color/photo-z cuts 
may have missed a significant fraction of the high-z population 

• Uncertainties in photometric redshifts are expected to result in 
flattening in the luminous end of the galaxy luminosity 

• A uniform spectroscopic survey of galaxies at z > 6 is needed 
and critical for calibrating and characterizing photometric 
redshift errors


