N

N

High redshift galaxies in the ALHAMBRA survey. II.
Strengthening the evidence of bright-end excess in UV
luminosity functions at 2.5
K. Viironen, C. Lopez-Sanjuan, C. Hernandez-Monteagudo, J.
Chaves-Montero, B. Ascaso, S. Bonoli, D. Cristobal-Hornillos, L. A.

Diaz-Garcia, A. Fernandez-Soto, I. Marquez, et al.

» To cite this version:

K. Viironen, C. Lopez-Sanjuan, C. Herndndez-Monteagudo, J. Chaves-Montero, B. Ascaso, et al..
High redshift galaxies in the ALHAMBRA survey. II. Strengthening the evidence of bright-end excess
in UV luminosity functions at 2.5

HAL Id: hal-02301180
https://hal.science/hal-02301180
Submitted on 28 Apr 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02301180
https://hal.archives-ouvertes.fr

A&A 614, A129 (2018)
https://doi.org/10.1051/0004-6361/201731797 tronomy

©ESO 2018 Astrophysics

High redshift galaxies in the ALHAMBRA survey*

Il. Strengthening the evidence of bright-end excess in UV luminosity functions
at 2.5 < z< 4.5 by PDF analysis

K. Viironen!, C. Lépez-Sanjuan !, C. Herndndez-Monteagudo ', J. Chaves-Montero!, B. Ascaso?, S. Bonoli !,
D. Cristébal-Hornillos !, L. A. Dfaz-Garcfa!, A. Ferndndez-Soto*?, I. Marquez 3, J. Masegosa 3, M. Povi¢%3,
J. Varela!, A.J. Cenarro', J. A. L. Aguerri’®, E. Alfaro®, T. Aparicio-Villegas®>, N. Benitez 3, T. Broadhurst '%!!,
J. Cabrera-Cafio'2, F. J. Castander!3, J. Cepa’8, M. Cervifio>’, R. M. Gonzilez Delgado?, C. Husillos?, L. Infante!*!3,
V. J. Martinez'®!75, M. Moles', A. Molino'®3, A. del Olmo?, J. Perea’, F. Prada®, and J. M. Quintana’

! Centro de Estudios de Fisica del Cosmos de Aragén, Unidad Asociada al CSIC, Plaza San Juan 1, 44001 Teruel, Spain
e-mail: kerttu@cefca.es

2 APC, AstroParticule et Cosmologie, Université Paris Diderot, CNRS/IN2P3, CEA/Irfu, Observatoire de Paris, Sorbonne Paris Cité,

10 rue Alice Domon et Léonie Duquet, 75205 Paris CEDEX 13, France

IAA-CSIC, Glorieta de la Astronomia s/n, 18008 Granada, Spain

Instituto de Fisica de Cantabria (CSIC-UC), 39005 Santander, Spain

Unidad Asociada Observatorio Astronémico (IFCA-UV), 46980 Paterna, Spain

Ethiopian Space Science and Technology Institute (ESSTI), Entoto Observatory and Research Centre (EORC), Astronomy and

Astrophysics Research Division, Addid Ababa, Ethiopia

7 Instituto de Astrofisica de Canarias, Via Léctea s/n, 38200 La Laguna, Tenerife, Spain

8 Departamento de Astrofisica, Facultad de Fisica, Universidad de La Laguna, 38206 La Laguna, Spain

9 Observatério Nacional-MCT, Rua José Cristino, 77, CEP 20921-400 Rio de Janeiro, RJ, Brazil

10 Department of Theoretical Physics, University of the Basque Country UPV/EHU, 48080 Bilbao, Spain

1 IKERBASQUE, Basque Foundation for Science, Marfa Diaz Haroko Kalea, 3, 48013 Bilbao, Spain

12 Departamento de Fisica Atémica, Molecular y Nuclear, Facultad de Fisica, Universidad de Sevilla, 41012 Sevilla, Spain

13 Institut de Ciencies de 1'Espai (IEEC-CSIC), Facultat de Ciéncies, Campus UAB, 08193 Bellaterra, Spain

14 Instituto de Astrofisica, Universidad Catélica de Chile, Av. Vicuna Mackenna 4860, 782-0436 Macul, Santiago, Chile

15 Centro de Astro-Ingenierfa, Universidad Catélica de Chile, Av. Vicuna Mackenna 4860, 782-0436 Macul, Santiago, Chile

16 Observatori Astronomic,Universitat de Valeéncia, C/ Catedratic José Beltran 2, 46980 Paterna, Spain

17 Departament d’ Astronomia i Astrofisica, Universitat de Valencia, 46100 Burjassot, Spain

18 Tnstituto de Astronomia, Geofisica e Ciéncias Atmosféricas, Universidade de Sio Paulo, Sdo Paulo, Brazil

[= NV I N N

Received 18 August 2017 / Accepted 3 February 2018

ABSTRACT

Context. Knowing the exact shape of the ultraviolet (UV) luminosity function (LF) of high-redshift galaxies is important to understand
the star formation history of the early Universe. However, the uncertainties, especially at the faint and bright ends of the LFs, remain
significant.

Aims. In this paper, we study the UV LF of redshift z = 2.5 — 4.5 galaxies in 2.38 deg? of ALHAMBRA data with / < 24. Thanks
to the large area covered by ALHAMBRA, we particularly constrain the bright end of the LF. We also calculate the cosmic variance
and the corresponding bias values for our sample and derive their host dark matter halo masses.

Methods. We have used a novel methodology based on redshift and magnitude probability distribution functions (PDFs). This method-
ology robustly takes into account the uncertainties due to redshift and magnitude errors, shot noise, and cosmic variance, and models
the LF in two dimensions (z, Myy).

Results. We find an excess of bright ~M),, galaxies as compared to the studies based on broad-band photometric data. However, our
results agree well with the LF of the magnitude-selected spectroscopic VVDS data. We measure high bias values, b ~ 8 — 10, that are
compatible with the previous measurements considering the redshifts and magnitudes of our galaxies and further reinforce the real
high-redshift nature of our bright galaxies.

Conclusions. We call into question the shape of the LF at its bright end; is it a double power-law as suggested by the recent broad-
band photometric studies or rather a brighter Schechter function, as suggested by our multi-filter analysis and the spectroscopic VVDS
data.

Key words. galaxies: evolution — galaxies: high-redshift — galaxies: luminosity function, mass function

* Based on observations collected at the German-Spanish Astronomical Center, Calar Alto (CAHA), jointly operated by the Max-Planck-
Institut fiir Astronomie (MPIA) at Heidelberg and the Instituto de Astrofisica de Andalucfa (CSIC).
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1. Introduction

The ultraviolet (UV) continuum emission of galaxies is
directly proportional to their star formation rate (SFR, see e.g.
Kennicutt & Evans 2012), and is conveniently observed at optical
wavelengths at z > 2.5. Hence, knowing the exact shape of the
UV luminosity function (LF) at different redshifts is important
to trace the star formation history of the early Universe. This, in
turn, is an important piece of information to understand galaxy
evolution and to constrain cosmological models.

The UV LF at redshift z ~ 2.5-4.5 is widely studied in
the literature (e.g. Steidel et al. 1999; Reddy & Steidel 2009;
van der Burg et al. 2010; Cucciati et al. 2012; Parsa et al. 2016;
Mehta et al. 2017). However, the disagreement between different
studies especially at the faint and bright ends of the LFs are still
significant (see, e.g. Cucciati et al. 2012; Parsa et al. 2016). Ide-
ally, one should derive the LFs from a deep spectroscopic sam-
ple of galaxies without pre-selection, and at a large area. In re-
ality this is not achievable. Selection-wise a random magnitude-
limited spectroscopic survey such as the VIMOS VLT Deep Sur-
vey (VVDS, Le Fevre et al. 2013) basically does the same. How-
ever, achieving both area and depth is time consuming in general,
and more so in spectroscopic surveys. Hence, to our knowledge
the only z > 2.5 LF estimations based on spectroscopic data
without colour pre-selection are those derived from the VVDS
data (Paltani et al. 2007; Cucciati et al. 2012), while most of the
high-z UV LFs have been derived from photometric surveys.

Commonly, the studies of z > 2.5 galaxies are based on
samples pinpointed using the so-called drop-out technique (e.g.
Guhathakurta et al. 1990; Steidel et al. 1996a, b; Bouwens et al.
2015; Mehta et al. 2017; Ono et al. 2018). The main limitation of
these studies is that the redshift distribution of the selected objects
is wide and the selection is affected by significant contamination
and incompleteness. The contamination can be corrected by ob-
taining spectroscopic redshifts (see, e.g. Steidel et al. 1996a, b;
Reddy et al. 2006). Incompleteness, however, is a more serious
problem. As a matter of fact, ithas been shown (Paltani et al. 2007,
Le Fevre et al. 2015; Inami et al. 2017) that the drop-out selection
leaves out a significant fraction of genuine high-z galaxies.

A selection of high redshift objects based on photometric
redshifts has also been wused in the literature (e.g.
Finkelstein et al. 2015; Parsa et al. 2016). The precision of the
photometric redshifts depends strongly on the amount of filters
used (Benitez et al. 2009) and can help to tighten the redshift
distributions of the selected samples. However, the above
studies use the redshift information to select a list of candidates
instead of directly using all the information encoded in the
redshift probability distribution functions (PDFs). Hence, the
problem of contamination and incompleteness remains. As a
matter of fact, Viironen et al. (2015) showed that in terms of
colours a very conservative selection based on photometric
redshifts, even when derived from various median bands leading
to high-precision photo-zs, can closely resemble a drop-out se-
lection. However, using all the information encoded in redshift
PDFs allows us to exploit the colour spaces not considered in
drop-out selections but which are shown to contain genuine
high-z galaxies. To our knowledge the first attempt to fully
exploit the redshift PDF information in LF analysis was made
by McLure et al. (2009).

In this paper we derive the UV LFs for z = 2.5 — 4.5
galaxies observed by the Advanced Large, Homogeneous
Area Medium Band Redshift Astronomical (ALHAMBRA,
Moles et al. 2008) survey. We have previously studied the galaxy
number counts based on redshift PDFs in Viironen et al. (2015).
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In this paper we derive the UV LFs considering both the redshift
and the /-band selection magnitude PDFs. The methodology
used here was developed as part of the PROFUSE (PRObabil-
ity Functions for Unbiased Statistical Estimations in multi-filter
surveys!) project and was introduced by Lépez-Sanjuan et al.
(2017, LS17 from now on) in the framework of B-band LFs of
0.2 <z <1 ALHAMBRA galaxies.

The PROFUSE estimator of the LF has important advantages
with respect to previous ones. It provides a posterior two-
dimensional (2D) LF at the band of interest, in our case
®(z, Myv). Taking into account both the redshift and magnitude
PDFs it (i) naturally accounts for z and Myy uncertainties, (ii)
ensures 100% completeness (up to the limiting magnitude of
the survey) because it works with intrinsic magnitudes instead
of the observed ones, and (iii) provides a reliable covariance
matrix in redshift-magnitude space. Finally, instead of mod-
elling the LF in redshift slices, a 2D z — Myy model is created
with the same binning as the data, and the data is fitted in two
dimensions.

The uncertainties in the derived LFs are derived considering
both the shot noise and the cosmic variance. ALHAMBRA data
is obtained in 48 sub-fields, allowing us to derive the latter. The
cosmic variance of the galaxies is directly proportional to their
bias, which in turn provides information about the mass of the
hosting dark matter halo. Hence, we also derived the bias and
halo masses for our sample of high-z galaxies.

The outline of this paper is as follows: Sect. 2 describes
the ALHAMBRA data used for this study, the photometric red-
shifts, and the photometric pre-selection of galaxies. Section 3
describes the absolute magnitude estimates. Section 4 describes
the methodology employed to derive the LF and to model it.
The corresponding error estimates are introduced in Sect. 5. The
bias values and the modelling are introduced in Sect. 6. Sec-
tion 7 presents the final ALHAMBRA LF and the corresponding
luminosity density. In Sect. 8 the host halo masses for our sam-
ple galaxies are derived. Summary and conclusion are given in
Sect. 9.

Where necessary, we have assumed a flat ACDM Universe
with Q,, = 0.3, Qx = 0.7, and Hy = 70 km s~ ! Mpc‘l. Magni-
tudes are given in the AB system (Oke & Gunn 1983).

2. The ALHAMBRA survey

The ALHAMBRA survey (Moles et al. 2008) has mapped a total
of 4 deg? of the northern sky in eight separate fields over
a seven year period (2005-2012). Of the total surveyed area,
2.8 deg? were completed with all the filters (2.38 deg? after
masking, see Sect. 2.2). ALHAMBRA uses a specially designed
filter system (Aparicio Villegas et al. 2010) which covers the opti-
cal range from 3500 A to0 9700 A with 20 contiguous, equal
width (~300 A FWHM), medium-band filters, plus the three
standard broad bands, J, H, and K, in the NIR. The photometric
system has been specifically designed to optimise photomet-
ric redshift depth and accuracy (Benitez et al. 2009). The obser-
vations were carried out with the Calar Alto 3.5 m telescope
using two wide field cameras: LAICA in the optical, and OMEGA-
2000 in the NIR. The 50 limiting magnitude reaches 24 for all
filters below 8000 A and decreases steeply towards redder medium
band filters, down to m(AB) ~21.5 for the reddest optical filter at
9700 A (see Fig. 37 of Molino et al. 2014). In the NIR the limit-
ing magnitudes are J ~ 23, H ~ 22.5, and K; ~ 22. For details

' http://profuse.cefca.es
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about the NIR data reduction see Cristobal-Hornillos et al. (2009),
while the optical reduction will be described in Cristébal-
Hornillos et al. (in prep). The ALHAMBRA catalogues and
the associated Bayesian photometric redshifts are described
in Molino etal. (2014) and are publicly available through the
ALHAMBRA webpage?.

2.1. ALHAMBRA photometric redshifts

For all the objects in the ALHAMBRA catalogue a redshift PDF
is provided as detailed in Molino et al. (2014). These photomet-
ric redshifts were estimated using BPZ2, an updated version of
the Bayesian photometric redshift (BPZ) code (Benitez 2000).
BPZ uses Bayesian inference where a maximum likelihood,
resulting from a y? minimisation between the observed and
predicted colours for a galaxy among a range of redshifts and
templates, is weighted by a prior probability. Both maximum
likelihood and Bayesian redshift probability distributions are
available for all the ALHAMBRA sources. The BPZ2 spec-
tral energy distribution (SED) library (see Molino et al. 2014)
is composed of 11 SEDs: five templates for elliptical galaxies,
two for spiral galaxies and four for starburst galaxies along with
average emission lines and dust extinction. The opacity of the
intergalactic medium has been applied as described in Madau
(1995). The prior used gives the probability of a galaxy with
apparent magnitude m having redshift z and spectral type T.
The prior has been empirically derived for each spectral type
and magnitude by fitting LFs provided by GOODS-MUSIC
(Santini et al. 2009), COSMOS (Scoville et al. 2007) and UDF
(Coe et al. 2006). In Viironen et al. (2015) we show that the use
of prior hardly affects the high redshift galaxy number counts.
We checked that the high-z LFs neither are affected by the use
of the prior. Following Viironen et al. (2015) we opted for using
the maximum likelihood PDFs in the present paper.

2.2. Photometric pre-selection

The photometric pre-selection was done following Viironen et al.
(2015). The source detections for the ALHAMBRA catalogue,
consisting of 441302 objects, are made in a synthetic F814W filter
image, created to resemble the HST/F814W filter (Molino et al.
2014). To avoid spurious detections, we removed the areas of
low quality data, meaning those affected by bright stars or
image borders, using the masks created by Arnalte-Mur et al.
(2014). The statistical separation between star and galaxy is en-
coded in the parameter Stellar_Flag in the ALHAMBRA cat-
alogue. We selected galaxies by setting Stellar_Flag < 0.5.
This should remove the stars up to m < 22.5 in the refer-
ence filter, F8/4W. Above this magnitude the stellar flag is not
defined, and slight contamination by faint stars may remain.
However, for fainter magnitudes, the fraction of stars declines
rapidly compared to that of galaxies, with a contribution of
~10% for magnitudes m(F814W) = 22.5, declining to ~1%
for magnitudes m(F814W) = 23.5 (Molino et al. 2014). Af-
ter these steps, our data consist of a total of 362788 galaxies
in 2.38 deg?.

This is the only exclusive selection applied to the data. The
rest of the catalogued objects are all included in the following
study, but do not naturally influence the results if they either are
so faint that even considering the magnitude errors they com-
pletely fall below the magnitude limit defined in Sect. 3.1 below,
or if their probability to be at the redshift range of our interest is
null.

2 http://alhambrasurvey.com

3. Absolute magnitude estimates

In this section, we follow the methodology presented in LS17.
These authors calculate the LF in a synthetic B-band filter. In
this paper, we have created a synthetic 100 A wide top-hat filter
centred at 1500 A restframe. First we introduce in Sect. 3.1 the
I-band selection taking into account the magnitude errors and the
correction for Eddington bias. The photometric redshift PDFs
are taken into account in Sect. 3.2. Finally, with all these ingre-
dients, the rest-frame UV absolute magnitudes are introduced in
Sect. 3.3.

3.1. I-band selection

The ALHAMBRA catalogue is selected in the synthetic F814W
images, which we refer to here as I band. Hence, all the studies
based on this catalogue are affected by this selection. For each
galaxy, we observe its magnitude / with an error o;. Hence, the
real magnitude, [y, of the galaxy can be described as a Gaus-
sian (in flux space) centred in I and with a standard deviation
o (for the magnitude space description, see Eq. (3) in LS17).
In addition, we know that the faint galaxies are more numerous
than the bright ones. For this reason, the net effect of photomet-
ric errors is to slightly increase the number of bright galaxies at
the expense of fainter ones, that is, to flatten the increasing trend
of the number counts. This effect is generally known as Edding-
ton bias (Eddington 1913; Teerikorpi 2004). To take into account
these two factors, we describe each object in our catalogue by a
posterior PDF:

PDF(Io|1, o7y) o< C(Io)P(Il1p, 07p), ey
where the integral of PDF(/y|, o) is normalised to one and the
number count term C(/p) is obtained by fitting the intrinsic (/)
galaxy number counts by an equation:
logo[C(Ip)] &« —=0.01515 + 1.001. )
Here the intrinsic (Ip) number count distribution was decon-
volved from the observed (I,o;) distribution using emcee
(Foreman-Mackey et al. 2013) code, a Python implementation of
the affine-invariant ensemble sampler for Markov chain Monte
Carlo (MCMC) proposed by Goodman & Weare (2010).

The photometric error, oy, accounts for three terms:

o= \/aﬁhot + O'%P + ofky, 3)
where ophot is the photon counting error, ozp = 0.02 is the uncer-
tainty in the zero point, and o gy the sky background uncertainty.
The last was estimated empirically by placing random apertures
across the empty areas of the ALHAMBRA images (Molino et al.
2014).

With all these ingredients, the /-band selection is robustly
taken into account by describing each galaxy with a source
function:

1
Soll, o1) = ——=PDF(Lll, 07p) fP(Illo, opdl. 4)
Je(o)

In this equation f.(Ip) is the completeness calculated by inject-
ing sources of known Iy magnitude in the /-band ALHAMBRA
images and computing their detection rate (see LS17 for details),
and the last term, f P11y, or)dI provides the probability that the
object has a positive flux.
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The final selection is then made by setting Iy < 24, where
a completeness of f, = 0.85 is reached on average in the
48 ALHAMBRA sub-fields (LS17). Formally, the selection is
made by excluding the galaxies fulfilling the criterion

24
f SUoll. odl = 0. 5)

00

This means that even galaxies with observed magnitude 7 > 24
may partially enter the selection. As emphasised in LS17, this
kind of selection in real magnitudes (instead of in the observed
ones which is a normal practice in the literature) assures, once
the completeness correction of Eq. (4) is applied, a 100%
complete sample, with a well controlled selection function.

3.2. Photometric redshift information

The reliability of the ALHAMBRA photometric redshifts and
redshift probability distribution functions are well demonstrated
(e.g. Molino et al. 2014; Loépez-Sanjuan et al. 2015b). Further
following LS17, and along the line taken in several works related
to ALHAMBRA (Viironen et al. 2015; Ascasoetal. 2015;
Lépez-Sanjuan et al. 2015a; Diaz-Garcia et al. 2015), the red-
shifts of the galaxies are taken into account by considering their
whole redshift probability distributions functions. The probabil-
ity that a galaxy i is located at redshift z and has a spectral type T’
is PDF;(z, T). Hence, the probability that the galaxy i is located
at redshift z is:

PDFi(z) = f PDF;(z, T)dT. 6)
The integral of the PDF;(z) is normalised to one by definition,
that is:

1= f PDF(z)dz = f f PDF;(z, T)dT dz.

3.3. UV magnitudes

(N

Armed with the source function, and bi-dimensional redshift
probability distribution function, PDF(z, T), for each galaxy we
can now obtain its magnitude, as a function of both redshift and
template, in the target UV filter by the equation:

Muv(z, Tllo) = Ip = 5logo[DL(2)] — k(z, T) - 25, ®)

where Dy (z) is the luminosity distance in Mpc and k(z,T)
accounts for the k-correction between the observed I-band at
redshift z and the targeted UV-filter at rest-frame for each tem-
plate. Appendix A in LS17 gives the details of how to derive the
k-correction for the rest frame B-band targeted in that study. In
our case the methodology is exactly the same with the only dif-
ference being that we have created our own target UV-filter: a
top-hat filter centred at rest-frame 1500 A with a width of 100 A.
Next, for each galaxy i, we constructed the proba-
bility Pi(z, Myv|l;) by a PDF-weighted histogram of
Myv,; = Muyv(z, T|I;) with a very fine binning (dMyy = 0.02):

Pi(z, MuylI)dMyy = f Ly (Muy.)PDE (2, T)T, ©

where 1, (Myv,) is an indicator function whose value is one
if the argument is between Myy and Myy + dMyy. This prob-
ability tracks the uncertainties of the observed colours, traced
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Fig. 1. Top panel: probability of an arbitrary high-redshift ALHAM-
BRA galaxy with observed magnitude / = 22.93 + 0.11 in z - Myy
space. Bottom: the above function convolved with the source function,
S (1, o), gives the probability in z — Myy space for the real magnitude
Iy. In both figures the white dot marks the maximum likelihood redshift,
ZmL, and the corresponding Myvy mi, labelled in the panel. The red line
indicates the applied I, = 24 limiting magnitude, and the accessible
total volume is shown as shaded grey area.

by the template space, to the z — Myy space, including the
correlation between the two variables. As an example, we show
the P;(z, Myv|l;) for an arbitrary high-redshift ALHAMBRA
source in Fig. 1 (Top).

Finally, to take into account the photometric errors, and the

Eddington bias effects (see Sect. 3.1), we needed to convolve this
matrix by the source function (Eq. (4)). Formally:
PDFi(z, Myv) = Pi(z, Muvll;) = S (Ioll;, o7p,). (10)
The final posterior PDF;(z, Myy) for our example galaxy is
shown in the bottom panel of Fig. 1. We note that the PDFs
show sharp edges because, to reduce the calculation time, a cut
was applied to small P;(z, Myyl|l;) values that were confirmed
to be insignificant. To derive the limiting magnitude, Myy jim(z),
corresponding to Iy = 24, as a function of redshift (red line in
Fig. 1), we calculated at each redshift the absolute magnitude for
the template that, once normalised to I, = 24, gives the brightest
absolute magnitude at that z:
Muyy jim(z) = min[Myv (z, Tlly = 24)]. (1D
In this way we assured a 100% complete selection above
Muyv jim(z). Finally, in the same Fig. 1, we also show how
the same galaxy would be seen in a traditional approach in
which only the BPZ2 redshift, zy. (Molino et al. 2014), and the
corresponding UV magnitude (i.e. Myy corresponding to the
observed I, zy and the best fitting template), were taken into
account.
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4. Luminosity function derivation

In this section we derive the ALHAMBRA LF and model it in
2D, again following the scheme presented in LS17. The authors
of LS17 calculate the LF separately for quiescent and star-
forming galaxies. We use exactly the same code in this work.
However, in the following text we skip the details related to the
separation between quiescent and star-forming galaxies. This is
because the integrated total number of quiescent galaxies in the
ALHAMBRA catalogue at the redshift range of our interest is
non-significant (0.7 to be more exact), and these galaxies can
safely be ignored in our analysis. The low number of quiescent
galaxies is understandable because these galaxies are too faint
in their rest-frame UV to be detected by ALHAMBRA with
F814W < 24. Here we give a summary of the steps taken to cal-
culate the LF. For more detailed description of the methodology,
see LS17.

4.1. 2D luminosity function

Having the PDF;(z, Myy) for each ALHAMBRA galaxy, we are
now in the position of constructing the LF simply by summing
up the individual probability distributions, divided by the vol-
umes they probe. To take into account the cosmic variance, we
calculated the LF field by field. For an ALHAMBRA field j the
LF is given by the equation:

1 v\t
(. Muy) = 5= > PDFi(z, MUV)(d—Z) [Mpe~ mag™'],
I
(12)

where 7 runs over all the galaxies in the field j, A; is the area (in
deg?) of the field j, PDF;(z, Myy) is given by the Eq. (10), and
dV/dz is the differential cosmic volume probed by one square
degree.

Next, we calculated the median value of the individual fields
to obtain the total ALHAMBRA UV LF:

13)

where the index j runs the N = 48 ALHAMBRA sub-fields.
We note that we calculated the median value here, instead of
the mean, because we consider this measurement more robust
for the log-normally distributed number counts (see Sect. 5.2).
The difference between mean and median becomes important at
the brightest bins, which contain only a few galaxies, in which
the mean would clearly bias the LF value towards the more pop-
ulated fields.

Finally, to ensure a well controlled error budget for the
LF, we degraded the resolution of each ®;(z, Myy) to cre-
ate a binned LF. The LF was divided in K bins in the z-axis
and L bins in the Myy axis, where the optimal bin sizes, Az
and AMyy, are defined in Appendix A. Then for each bin
[Zmin = z — 0.5Az,zZmax = 2 + 0.5Az], [Myvmin = Myv, —
O.SAMUv, MUV,max = MUV,] + O.SAMUV], where k = (1,2, K),
I =(1,2,...L), the following formula was applied:

D (z, Myy) = med [®;(z, Myv)] ,

Zmax  ~Myuv,max dv
o f D)(z, MUV)d_ZdZdMUVs (14)

Myy,min

1
AV AMGy

Zmin

where AV is the cosmic volume probed by one square degree at
Zmin < Z < Zmax:

e dV
AV = f —dz.

Zmin

as)

I I I I —
—1.54 | | 1

T
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Fig. 2. Distribution of @ values as compiled from the literature by
Parsa et al. (2016) at redshifts z = 2.7 —4.0. A Gaussian fit to this distri-
bution is shown as a red line and the median and sigma of this Gaussian
are labelled in the panel.

O
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The binned LF is then:

CD? = CDj(z, Myy) = (Dj,kl € RKXL, (16)

where z and Myy are the vectors that define the binned his-
togram. Finally, the total binned LF is obtained with Eq. (13)
by taking the median of the individual CD?.

4.2. Luminosity function model

We modelled the ALHAMBRA LF with a Schechter function
(Schechter 1976):

100.4(M[*JV - Muyy)(1+a)
Doa(Myvlbse) = 0-4111(10)¢*e

xp{ 1004Miy =~ Muv)y? 17

where 0p = [M{}V, ¢*,a] are the parameters that define the
model. My}, is the characteristic magnitude corresponding to the
transition magnitude from a power law LF to an exponential LF,
¢* is the characteristic density, offering the normalisation of the
LF, and a determines the slope of the power law variation at the
faint end.

The modelling was done in 2D. For this purpose, we calcu-
lated a model LF using Eq. (17) at the same grid as our binned
LF. The y? to be minimised is then given by the equation:
X (@00, Zp) = [In @ — In Dproq] "5 [In D — In Dypoq], (18)
where X is the LF covariance matrix defined in Sect. 5 below,
and the y? is defined in log-space because the LF values follow a
log-normal distribution rather than a Gaussian one (see Sect. 6).
The posterior distribution of the model parameters is then:

1
P(0p|®, Zp) o< exp (—5)(2) P(6o), (19)

where the distribution is normalised to unity and P(fy) is the
prior in the parameters. Here we have assumed an uninformative,
flat prior, P(p) = 1, for M{;,, and ¢*. We do not have enough
data points at the faint end to accurately trace «. Therefore, for
a we needed to rely on a prior information. Parsa et al. (2016)
offers a compilation of different @ values found in the literature.
From their table we selected the a values at the redshift range of
our interest, ending up with 16 values in the range z = 2.7 — 4.0,
and created a histogram of them. We fitted the histogram with
a Gaussian function, resulting in median and standard deviation
of « = —1.54 £ 0.15, see Fig. 2. Finally, we used this as a prior
distribution for the @ parameter.

A129, page 5 of 17


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731797&pdf_id=2

A&A 614, A129 (2018)

4.3. Final modelling

The 2D LF modelling was then carried out by minimising the
Eq. (18). This was done using the emcee code which provides a
collection of solutions in the parameter space, with the density
of the solutions being proportional to the posterior probability
of the parameters, meaning that it empirically maps Eq. (19).
The most probable values of the parameters and their uncertain-
ties were then obtained as the median and the dispersion of the
projected solutions.

5. Luminosity function uncertainty estimates

The LF uncertainty has two dominant terms: the statisti-
cal (i.e. the shot noise term), and the cosmic variance term
(Robertson 2010; Smith 2012). Because of the uncertainties in
both the redshifts and the magnitudes, the values of the LF in
different bins are correlated in both dimensions. Following again
LS17, we estimated both the shot noise and cosmic variance
terms of the covariance matrix for the LF ®. The covariance
matrix is given in relative form, as the LF is finally fitted in
logarithmic space.

5.1. Shot noise term

The shot noise term was derived with the bootstrapping tech-
nique (Davison & Hinkley 1997). For this purpose, 20000
bootstrap samples of the median LF were created, noted as
(D‘I?‘, p = (1,2,..20000). The shot noise term of the covariance
matrix X is then given by the equation:

s = X5 (Zm> Zn, Muv g, Muv 1)
B E[DF (2> Muv o) P (20, Muv.1)]
D (zim> Muv )Py (20, Muv,1)

-1, (20)

where E is the expected value (i.e. the mean) operator, the
indices m and n run the redshift bins, and the indices ¢ and /
run the absolute magnitude bins. The covariance between lumi-
nosity bins at a given redshift is mapped by setting m = n, and
the covariance between redshift bins at the given magnitude by
setting g = [.

5.2. Cosmic variance term

The large scale density fluctuations of the Universe lead to field
to field variations in the observed galaxy number counts. This
cosmic variance often causes uncertainties larger than the shot
noise term derived in the previous section. Here we have derived
the cosmic variance term of the LF covariance matrix follow-
ing the prescription given in LS17 and Loépez-Sanjuan et al.
(2015a).

The relative cosmic variance is defined as (Somerville et al.
2004):

S =m? 1
YT (n)? (ny’

where (n) and (n?) — (n)? are the mean and the variance, respec-
tively, of the number density distribution of galaxies in the 48
ALHAMBRA subfields. The number density in each ALHAM-
BRA field and for each redshift-magnitude bin is obtained by
Eq. (14). This is then fitted by a log-normal function, whose
dispersion encodes both the dispersion due to the Poisson shot
noise and the intrinsic dispersion due to the galaxy clustering.

2y
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The latter, (i.e. the cosmic variance term), is separated from
the former using a maximum likelihood estimator (MLE, see
Loépez-Sanjuan et al. 2015a, b). MLE offers both the value of the
cosmic variance term and its error.

Ideally, one would derive the cosmic variance at exactly
the same bins as the LF. However, due to the limited amount
of galaxies in our sample, we have calculated the variance in
two magnitude bins at z = 2.5 — 3.5, and one magnitude bin at
7=3.5-4.5, and derive from modelling the cosmic variance,
O y.mod> at the same resolution as our LF (see Sect. 6). The cos-
mic variance term of the covariance matrix is then given by the
equation:

Zu = EU(va Zns MUV,q9 MUV,Z)

O vmod(Zm> M Oy mod(Zns M
s al UV.)Tvmod( uv.)] AV AV
\/Veff(zm, MUV,q)Veff(Zm MUV,[)

where the Kronecker 6,,, is one if m = n and zero otherwise,
implying that the redshift bins are independent, and the effec-
tive volume, Vg, takes into account the smaller cosmic volume
probed by the bins affected by our selected magnitude limit
I() =24:

=9

(22)

Vert(z, Myv) =
1 Zm,max min[ Myy,q,max,Myy,lim] dv
f f - dZ dM, uv- (23)
AMUV:‘] Zm,min Myy ,q,min dz

5.3. Final covariance matrix

The final total covariance matrix was obtained by simply sum-
ming the shot noise and the cosmic variance terms:

o =25 +2,. (24)

This covariance matrix provides the LF error estimate, mapping
the correlations due to the redshift and magnitude uncertainties.

6. Galaxy bias

The galaxy bias, in addition to being an interesting result by
itself, giving information about the clustering of the galaxies,
is necessary for our LF modelling as it enters the LF covariance
matrix calculation through its cosmic variance term. The galaxy
linear bias can be derived from the cosmic variance (see Sect. 5.2
above) by the equation (Moster et al. 2011):

v 3M
by(z, Myy) = M

25
O-v,dm(z) ( )

where o, 4, is the cosmic variance of the dark matter calculated
at the redshift bins of our interest, for an area of 0.051 degz, the
median area of the 48 ALHAMBRA sub-fields. This equation is
based on an assumption that the bias does not depend on the scale
of structure. This theoretical cosmic variance was computed in
each volume using the code QUICKCV? based on work published
in Newman & Davis (2002). The code computes the cosmic vari-
ance from the dark-matter power spectrum using a window func-
tion which is one inside the volume of interest and zero otherwise.
The dark-matter power spectrum at each redshift bin was obtained
using the CAMB software (Lewis et al. 2000), including the non-
linear corrections of HALOFIT (Smith et al. 2003).

3 QUICKCYV is available at
www.phyast.pitt.edu/~janewman/quickcv
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Fig. 3. Number density distribution in the 48 ALHAMBRA sub-fields
in three magnitude-redshift bins. The mean magnitude and the redshift
range of each bin are given in the panels. The total dispersion is shown
as a red bar while the star and the black bar mark the median and the
intrinsic dispersion retrieved by the MLE, respectively. The red solid
lines show the best MLE solutions convolved with the Poisonian errors
and are independent of the histogram binning. The derived values of the
relative cosmic variance and the corresponding bias values are labelled
in the panels.

6.1. Observed bias values

In Appendix A we introduce the optimal binning for the bias
calculation, ending up with three redshift-magnitude bins. The
number density distributions of galaxies in the 48 ALHAMBRA
subfields, the best MLE solutions, and the derived cosmic vari-
ances and biases together with their uncertainties in these three
bins are shown in Fig. 3. We see that the bias values vary in
the range b, ~ 8 — 10. These bias values are large, actually larger
than any previous measurement at these redshifts. However, con-
sidering the high redshift and brightness of our galaxies these
bias values are reasonable, as discussed in the following.

6.2. Bias function model

At the redshift range of our interest, the galaxy bias is
found to increase both with redshift and with luminosity

(e.g. Hildebrandt et al. 2009). Our data allows us to robustly
estimate the bias in only three magnitude-redshift bins, while
the magnitude dependence of bias at z ~ 3 is, to our knowledge,
poorly studied in the literature. We opted for tracing the galaxy
bias as a function of magnitude at z ~ 4, where previous stud-
ies provide data points at fainter magnitudes, and applying this
dependence for both our redshift bins. We combined our data
with the literature data at z ~ 4 where the bias information is
given for magnitude bins (see Fig. 4, left) and fit a relation:

L C

buoa(Mv) = A+ B(2) (26)
where L* is the luminosity corresponding to a normalisation
magnitude M* = —21.7, and A, B, and C are the fitted constants,
A=25+02, B=1.1+0.8,and C = 2.0 = 0.8. To show that
the z ~ 3 bias values are also well traced by this model, we have
plotted them in Fig. 4, left. However, these points are not used
in the fit. Most of the literature data is given as a function of the
limiting magnitude of the corresponding survey, instead of the
magnitude bin. For comparison, we also show this plot with our
z ~ 4 data points included in Fig. 4, right. The constants for this
fitare A=2.7+0.2,B=32+0.2,and C =0.9 £ 0.1.

We see in both panels of Fig. 4 that the bias values we
measure are higher than the values found in the literature. Con-
sidering the fact that our data traces brighter magnitudes than
any of the previous studies, and considering the increasing trend
of the bias with luminosity, the high values we measure are not
surprising. We further study the reliability of the measured bias
values in Sect. 8.

7. Results: ALHAMBRA UV luminosity function

In this section we present the final 2D and discretised z ~ 3
and z ~ 4 ALHAMBRA UV LFs and compare them with the
LFs from the literature, Sect. 7.1. We discarded a strong influ-
ence of low-redshift galaxies (Sect. 7.2), and quasars (QSOs,
Sect. 7.3) on our LFs and compare them with the recent LF esti-
mates in radio, Sect. 7.4. Finally, we derived the FUV comoving
luminosity density in z ~ 3 and z ~ 4, Sect. 7.5.

7.1. The luminosity function

The 2D ALHAMBRA LF for the whole redshift range of our
interest, z = 2.5 — 4.5, consisting of an integrated total number
of galaxies of 3861.5, is shown in Fig. 5. One can observe
over-dense strips in redshift space, reflecting the presence of
cosmic structures. Also the z — Myy correlations (Fig. 1) are
visible especially at the brighter magnitudes where the density
of objects is lower. The incompleteness at the faint end due to
volume effect is evident, but is properly taken into account in the
modelling.

The optimal binning of this LF is derived in Appendix A. We
find that Az = 1 and AMyv = 0.3 provide a proper error budget,
both shot noise and cosmic variance. We show in Table 1 the
values of the resultant LF in the two redshift bins, z = 2.5 - 3.5,
and z = 3.5 — 4.5. For the magnitude bins, we show both the
bin edges and the number weighted median values. The best fit-
ting Schechter parameters are given in Table 2. We also show
the correlation coefficients, p, between each pair of values M{}V,
¢*, and a. We see that while M}, and ¢* are quite independent
of each other, both M{;,, and ¢" are highly correlated with . We
plot these LFs, together with the best fitting model, in Fig. 6.
For comparison, we also show LF data given in the literature.
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Fig. 4. Left: bias values as a function of absolute UV magnitude. The blue filled square represents our data point at z ~ 4 and blue filled diamonds
our data points at z ~ 3. The z ~ 3 points are shown as a comparison but are not used in the fit. The data points from Ouchi et al. (2004) and
Cooray & Ouchi (2006) are shown as triangles and circles, respectively. Right: bias values as a function of the limiting absolute UV magnitude of
each data set. The blue filled square shows our data point at z ~ 4. The results from the literature are shown as circles (Ouchi et al. 2005), pentagons
(Allen et al. 2005), triangles (Ouchi et al. 2001), inverted triangles (Ouchi et al. 2004), diamonds (Arnouts et al. 2002), left-pointing triangles
(Hildebrandt et al. 2009), stars (Harikane et al. 2016), and hexagons (Harikane et al. 2018). The black dashed line shows our best fit of Eq. (26) as
also labelled in the figures. The 1-o errors are shown as grey shaded areas.
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Fig. 5. Total differential LF of ALHAMBRA galaxies at z = 2.5 —4.5.

One one hand, we compare our LFs with the literature data
originating from works in which the galaxy selection is based
on broad-band photometry, either applying drop-out selection
or a selection made in photometric redshifts (left panels). On
the other hand, we overplot the literature data derived from the
spectroscopic VVDS survey (Cucciati et al. 2012, right panels).

In the left panels, we see a discrepancy between our LFs and
the LFs from the literature, our data showing an excess of objects
at the bright end. However, in the right panels we see that our
data agree very well with the spectroscopic results. Hence, even
though being discrepant at its bright end with most of the litera-
ture data, our results are compatible with those of the VVDS, to
our knowledge the only magnitude-limited spectroscopic study
at these redshifts.

It has already been discussed in the literature (e.g.
Paltani et al. 2007; Le Fevre et al. 2015; Inami et al. 2017) that
the colour-colour selection leaves out a fraction of genuine high-
z galaxies which might explain the disagreement of our results
with these studies. On the other hand, a selection made in pho-
tometric redshifts can suffer from similar biases, the quality of
the photo-zs depending strongly on, for example, the number of
bands used for their derivation (Benitez et al. 2009). We showed
in Viironen et al. (2015) that even in the case of ALHAMBRA
with 23 bands, a strictly photo-z selected sample of galaxies lies
within a typical LBG selection box and hence also misses the
kind of galaxies shown to exist outside the box. In the same
article, we also showed that when the information in the whole
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redshift PDFs is taken into account, an important fraction of
galaxies is found outside the colour-colour selection boxes.

At the redshift bin 3.5 < z < 4.5, we observe that the vol-
ume probed by ALHAMBRA cannot explain the excess of bright
galaxies, because the recent study by the GOLDRUSH project
(Ono et al. 2018) covers a much larger area, ~100 deg®. On
the other hand, our brightest bins with Myy < —23.5 closely
agree with those of Ono et al. (2018). Hence, the main differ-
ence between their results and ours is that our data points to a
Schechter-shaped LF with a brighter M), by ~0.75 magnitudes,
while their data favours a double power-law. We also see in the
left panels of Fig. 6 that at the faint end our data points approach
those from the literature. This implies an excess of galaxies only
at magnitudes close to the M},,. We study in the following the
possible causes of the observed excess. We concentrate here on
the redshift range z ~ 4 where the recent Ono et al. (2018) results
exist.

7.2. Bright-end excess; low redshift galaxies

We observe in Fig. 6 an excess of objects close to M, as com-
pared to studies in which either drop-out or photo-z selected sam-
ples derived from broad-band data are used. Our results agree
with the spectroscopic VVDS LF reinforcing our confidence on
the ALHAMBRA redshift PDFs and on the methodology used
in this paper.

However, a natural concern is if low redshift galaxies could
cause this excess. Some galaxies at low redshift can be con-
fused with the high-redshift ones because of the Lyman/Lyman-a
break vs. 4000 A break degeneracy, causing, in simplified terms,
double peaked redshift PDFs. The low-z galaxies are more
numerous than the high-z ones, hence, one can worry if, in our
approach of summing up the redshift PDFs, these double-peaked
PDFs could cause a net flux of low-z objects towards high-z and
explain the observed excess in our LF. We studied how the num-
ber of galaxies at z ~ 4 would change when we simply account
for all the galaxies with the maximum likelihood photo-z, that
is, ‘the primary peak’, in the range 3.5 < z < 4.5 and compare
this to the same number derived from the LF calculated in this
paper. The number we find is 1287 maximum likelihood photo-z
objects vs. 1138.8 objects when the information from the whole
redshift PDF is taken into account. In other words, our approach
of integrating the PDFs, and hence taking into account also the
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Fig. 6. ALHAMBRA UV LF at two redshift bins as indicated in the panels. The ALHAMBRA measurements are shown as blue squares together
with their 2-o error bars, and the blue line shows our best median Schechter fit, shaded area enclosing 95% of the solutions. Left panels: comparison
with literature data from photometrically selected samples of high-z galaxies is shown as follows: triangles (Reddy & Steidel 2009), upside-down
triangles (van der Burg et al. 2010), diamonds (Mehta et al. 2017), pentagons and orange dashed-line (Parsa et al. 2016), open circles (Ono et al.
2018), left pointing triangles (Finkelstein et al. 2015), and hexagons (Bouwens et al. 2015). Right panels: comparison with the spectroscopic LF

estimate of Cucciati et al. (2012) (black dots and red dotted line).
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Fig. 7. ALHAMBRA UV LF of Fig. 6 at redshift z ~ 4 and the corre-
sponding Schechter fit (blue squares and blue line). The LF from
Onoetal. (2018) is shown as white circles. The QSO LF of
Akiyama et al. (2018) at z ~ 4 is plotted as red upside-down triangles.
The purple line shows the best Schechter fit when this (absolute maxi-
mum) QSO contamination is subtracted from our z ~ 4 LF fit.

“secondary peak objects”, or objects even with only very little
probability to be at the redshift of interest, leads to a smaller
number of high-z objects than the approach of selecting the “pri-
mary peak objects” and summing them up does. Hence, it seems
clear that the secondary peak objects do not cause a net flux of
low-z objects towards high-z.

To further quantify the different components influencing our
LF at z ~ 4, we calculate the contribution from objects i) with
primary peak — the peak corresponding to the maximum value
of the redshift PDF — at 3.5 < z < 4.5, ii) with primary peak

at z < 2, but secondary peak at 3.5 < z < 4.5, and iii) with
primary peak at z > 2 and some probability (but not the peak)
at 3.5 < z < 4.5. The contributions from the cases 1), ii),
and iii) are 60%, 30%, and 10%, respectively. Hence, our LF
at z ~ 4 is dominated by objects with primary peak at the
corresponding redshift interval, with an additional contribution
of 30% caused by objects with primary peak at low-z. We re-
call here again, that it has been shown that genuine high-z
objects may come out with redshift PDFs with primary peak
at low-z (Paltani et al. 2007; Le Fevre et al. 2015). Finally, a
small contribution of 10% from objects with primary peak at
z > 2, but outside the z ~ 4 redshift interval is also accounted
for. This exercise shows us that our LF is not simply caused
by accumulation of secondary peaks of (more numerous) low-
z galaxies, but is indeed dominated by objects with primary
redshift peak at the range of interest and an additional contri-
bution from the less certain high-z objects (i.e. those with pri-
mary peaks outside the range of interest). Le Fevre et al. (2015)
discusses, in the framework of the spectroscopic VUDS (The
Vimos Ultra-Deep) Survey that in their sample 17.5% of gen-
uine high-z galaxies at z > 2 have a primary peak at low red-
shift. They also state that the actual fraction shows a variation
with redshift. In addition to the redshift variation, the photomet-
ric redshift code used in their analysis is different from ours,
so that an exact match in the percentages should not be ex-
pected.

Finally, we note that the large bias values we derived for our
galaxies in Sect. 6 are not compatible with the observed biases at
low-z (see e.g. Arnalte-Mur et al. 2014) and further support the
genuine high-z nature of these galaxies.
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Table 1. ALHAMBRA UV LF ® (z, Myy).

Mo, MY, 25<7<35 35<7<45
(Myvy) log,, © (Myv) log,, ®

-26.0 -240 -2405 -11.09+0.63 -2428 -8.24+0.49
-24.0 =237 -=23.76 -7.66 +0.29 -23.79  -7.19+0.25
=237 =234 -23.50 —-6.12 +£0.22 -2351 -6.31+0.17
-234 -23.1 -23.23 -5.53+0.11 -2322 =547 +0.09
-23.1 -22.8 -22093 -5.08 £ 0.07 -2293 -5.03+0.06
=228 =225 -22.63 —4.67 +£0.04 -22.63 —-4.64+0.04
=225 =222 =-22.33 —-4.36 + 0.03 -2233 —-428 +£0.03
=222 =219 -=-22.03 —4.08 +£0.02 -22.10 -4.06+0.03
-219 =216 -21.76 -3.85+0.02
-21.6 =213 -21.51 -3.72 +£0.03

Notes. The units of the LF are Mpc™ mag™'. The quoted uncertainties only reflect the diagonal terms of the covariance matrix X, both shot noise

and cosmic variance.

7.3. Bright-end excess; quasar contamination

Of the above literature LF studies Reddy & Steidel (2009) and
Ono et al. (2018) discuss the importance of QSO contamination
of drop-out samples at the bright end of the LF and correct for it,
while for the VVDS spectroscopic study (Cucciati et al. 2012)
this is not an issue (only spectra with galaxy quality flags are
used). As discussed in Viironen et al. (2015), we do not expect
a significant contamination of QSOs in our data. This is because
we removed the stellar-like objects from our sample and the BPZ
templates do not include QSOs, and consequently the QSO red-
shifts are poorly defined. However, if there were any QSOs con-
taminating our LF, this would occur mainly at the bright end
where, on one hand, galaxy number counts are lower, and on the
other hand, the faintest and thus the most numerous QSOs reside.
For these reasons we further study here if these objects could be
causing the bright-end excess.

Recently a catalogue of ALHAMBRA type I AGN reaching
m(F814W) = 23 was presented in Chaves-Montero et al. (2017).
We ran our photometric pre-selection and LF calculation code on
this catalogue and corrected the numbers found by the complete-
ness values given in Chaves-Montero et al. (2017). As the QSO
redshifts are poorly defined, we might also have contamination
by QSOs at other redshifts than those which are our focus here.
It was shown in Viironen et al. (2015) that a small contamination
from low-z QSOs can be expected. To be conservative, we used
the lowest completeness value given by Chaves-Montero et al.
(2017), 67%, given for the z < 2 QSOs with three detected
emission lines. For QSOs at higher redshift and with only two
detected lines the completeness is actually better. We find that
some of the QSOs indeed enter our selection and contaminate
the bright end. However, this contamination is always below
~20%, which corresponds to <0.1 dex in our LF, hence be-
ing smaller than the symbol size in Fig. 6. Thus, the QSO
contamination of our LFs is negligible and cannot explain the
bright-end excess.

To further support this claim, we show in Fig. 7 our LF at
z ~ 4, together with the corresponding LF from Ono et al. (2018)
and the QSO LF from Akiyama et al. (2018). We also show the
Schechter fit to our data and the Schechter resulting from sub-
tracting the QSO LF from our fit. We note that this would be
an absolute upper limit for the QSO contamination because only
a fraction of the existing QSOs enter our sample as discussed
above and in Viironen et al. (2015). However, even this absolute
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Fig. 8. Radio LF: The radio measurements of Novak et al. (2017) are
shown as black dots. Our UV luminosities converted to radio following
the prescription of Novak et al. (2017) are shown as blue squares.

maximum contamination could not explain the observed excess
around My, .

7.4. Comparison with radio data

We find above that our LFs predict an excess of bright objects as
compared to most of the literature data, being however compati-
ble with spectroscopic data. We also find that low-z galaxies nor
QSOs cannot explain this excess. On the other hand, the UV LFs
do not give a complete picture of the high redshift star-forming
galaxies because part of the galaxies are probably missed, and all
are faded, due to the presence of dust (see Mancuso et al. 2016,
and references therein). In this section we compare our LF, once
corrected for extinction, with the recent radio LF estimate of
high-mass and highly star-forming galaxies (Novak et al. 2017).
The non-thermal radio emission offers a dust-unbiased view of
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Table 2. Best fitting Schechter parameters, their correlation coefficients, and the luminosity density derived from the LFs at our two redshift bins.

. ¢ log(LD)

Z MUV [103 MpC3] a PM{N:p pM{‘JVa Poa [W HZ—I MpC—S]
25-35 -21.62+0.11 051£007 -153+0.15 000065 092 084  19.28015
35-45 -21.67+0.10 054+008 -1.65+0.17 0.00079 0.80 0.50 19.44f8:%g

the star formation function and should offer the upper limit of
the LF at its bright end.

To compare our z ~ 3 and z ~ 4 LFs with the Novak et al.
(2017) radio LFs, we converted our UV luminosities to radio
luminosities using the expression given by them:

Lison,
tog (T2 = 16.556 ~ 04(Muvsam ~ Avy) = i@, (27)

where L 46y is the radio luminosity, grir = 2.78 x (1 +z)~%14
links the radio luminosity to the total infrared luminosity (see
Novak et al. 2017, and references therein), and Ayy is the extinc-
tion at ultraviolet wavelength. As our luminosity distribution of
galaxies is very similar to that of Cucciati et al. (2012), we use
the extinction values given by them: for z = 2.5 — 3.5, Ayy =
1.47, and for z = 3.5 - 4.5, Ayv = 0.97. We also added a small
correction, AMyy = +0.035 to our luminosity values in order to
correct them from 1500 A to 1600 A. This was done by roughly
defining the average -slopes for our galaxies, giving 8 ~ —1.7,
and deriving the correction from there. The comparisons of the
resultant radio LFs are shown in Fig. 8.

We see that our bright end prediction is still well below the
radio based LF estimate at the bright end. This is not surprising,
because the UV surveys under-sample the highest SFR galaxies
(see Mancuso et al. 2016, and references therein). So, despite
the fact that we observed more bright galaxies than most of the
studies in the literature, comparison with radio data reveals that
we still are missing a significant number of very bright galaxies
obscured by dust.

7.5. The FUV comoving luminosity density

Generally the Schechter parameters fitted to describe LFs are
highly correlated between each other. We showed this in the case
of our Schechter parameters in Sect. 4.3. Hence, one by one com-
parison of these parameters in different studies is challenging.
However, the integral of the LF is much more stable. The lumi-
nosity weighted integral of the LF at a given redshift gives the
luminosity density at that redshift which in turn, once corrected
for reddening, provides the star formation rate density at that
cosmic age — an important measurement to understand galaxy
evolution over cosmic times. An attempt to derive the extinc-
tion of our galaxies is beyond the scope of this paper. Hence,
we settled for deriving the luminosity density, a quantity directly
derivable from our LFs:

Loright

LD = f O(L)LAL [W Hz™! Mpc™]. (28)

Liaine

Following Cucciati etal. (2012), we set Ly and  Liyign
to the luminosities corresponding to Myy finw = —3.4 and
Myvpigne = —28.4. To take into account the errors in the
parameters, and the correlation between them, we calculated
the integral for each set of parameters given by emcee walk-
ers (see Eq. (19)). Our LD, and its error, are then given by the

median and standard deviation of these individual integrations.
The resulting LDs are LD = 19.28*-1%, and LD = 19.44*03¢ for
z ~ 3 and z ~ 4, respectively.

We also collected Schechter parameter information from the
literature and, to be consistent, carried out ourselves the integra-
tion for these parameters using the same integration limits as for
our data. Our recollection of literature Schechter parameters and
the corresponding LDs calculated by us are given in Table C.1.
We plot these together with our LD measurements as a function
of redshift in Fig. 9. We did not calculate the error bars for the lit-
erature LDs as we lacked the information on the correlations of
the individual Schechter parameters and a simple propagation of
individual uncertainties would probably overestimate the errors.
However, the scatter of the LD datapoints at similar redshifts
gives an idea about the involved uncertainties.

We see that our LDs are compatible with the previous stud-
ies. However, we also remind the reader that the & parameter we
derive heavily relies on the prior information from the literature
because our data is not tracing the faint end of the LF, and the
value of @ has a strong influence on the derived LD. If we set
the integration limits close to the values sampled by our data,
Muyy faine = —22.0 and Myy prighe = —24.5, the luminosity densi-
ties would get down to LD = 18.20*03, and LD = 18.24*0.%3,
for z ~ 3 and z ~ 4, respectively. . A

8. Results: halo masses

In this section we derive the masses of the dark matter halos
hosting our galaxies from the bias values derived in Sect. 6. We
compared the derived host halo mass at z ~ 4 to that predicted by
abundance matching techniques for the galaxies of correspond-
ing UV brightnesses (UV brightness being directly proportional
to the SFR). In addition to gaining information about the host
halo masses, this exercise serves to double check the bias val-
ues we have derived which are based on an assumption of scale
independence and which are higher than in any previous study,
preventing direct comparison with the literature.

8.1. Halo mass predicted from the bias

In the linear regime, the bias values we derived in Sect. 6 should
directly reflect the bias of the dark matter halos hosting our
galaxies. To derive the host halo masses from our bias esti-
mates, we followed the modelling of Basilakos et al. (2008),
as summarised in Appendix B. The host halo masses derived
from Eq. (B.1) for our three luminosity-bias bins are listed in
Table 3. We see that our galaxies are hosted by high mass dark
matter halos, M;, ~ 0.5 — 3 x 103 ™! M, as can be expected
considering their high luminosities.

8.2. Halo mass predicted from the SFR

We have derived our bias values assuming that they do not
depend on scale. This assumption is necessary as we derived
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Table 3. Host halo masses in 10'34~' M, derived from our bias mea-
surements in two luminosity bins at z ~ 3 and at one luminosity bin at
z~4

z  (Muyv) by M,
~3 222 77+12 15400
~3 2229 92120 2622
~4 227 97+18 053
T 103 T T RS
3 107 ...--""._j’fé
® 10! ...‘..00' _'
E 0 c"..
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Ej 1071 o"... —
OD 10—2 il il el ]
1010 1011 1012 1013

My [ M)

Fig. 10. SFR as a function of host halo mass. The Mashian et al. (2016)
calibration at z ~ 4 is given as a dotted curve. Our bias-based halo
mass estimate at z ~ 4 and the estimated SFR for the corresponding
magnitude bin are given as a red point.

the bias from the cosmic variance, which in turn is a particu-
lar case of count—in—cell statistics in which all the scales inside
the volume of interest are integrated. However, in reality, the bias
is scale dependent. The observational studies at z ~ 4 find that
the bias is nearly constant for scales larger than r ~ 0.3 h;(}
Mpc (the linear bias regime), while the bias values become
larger at smaller scales (Ouchi et al. 2005). On the other hand, as
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discussed in Lopez-Sanjuan et al. (2015a), the bigger is the area
covered by the subfields used for the cosmic variance calcula-
tion, the smaller is the influence of the non-linear term. In this
section we double check our bias value estimation to assure that
the large values that we obtain are not dominated by the non-
linear regime. We do this indirectly by deriving the expected
host halo mass from the median UV luminosity (assumed to be
directly proportional to the SFR) of our galaxies and comparing
the result with the bias-based halo mass estimate.

Mashian et al. (2016) employ abundance matching tech-
niques to calibrate a relation between galaxy SFR and host halo
mass by mapping the shape of the observed SFR function at
z = 4 — 8 to that of the halo mass function. We show the rela-
tion given by them at redshift z ~ 4 in Fig. 10 together with
our bias based halo mass estimate at z ~ 4 and the correspond-
ing SFR derived from the median UV luminosity at the bin
in question. In order to remove the uncertainties related to the
conversion from the Myy to SFR, we do the conversion in the
same way as was done in Mashian et al. (2016): we derive the
SFR from the Kennicutt (1998) relation SFR[My yr~'] = 1.25 x
10‘28LUV,con[erg s'Hz '], where Ly corr 1s the ultraviolet lumi-
nosity corrected for extinction, and we calculated the Ayy from
the Meurer et al. (1999) relation, Ag00 = 4.43 + 1.998, deriving
the value of 8 from the relation given by Bouwens et al. (2014) at
z~4,8=-1.85-0.11(Myy + 19.5). We note that the extinction
values and S slopes are not intended to be the ideal ones for our
data, and are actually different than the ones used in Sect. 7.5
above. The idea is simply to strictly follow the Mashian et al.
(2016) prescription in order to remove the systematics related
to the conversion from Myy to SFR. For the value of Myy we
adopted the median value of the magnitude bin used for the z ~ 4
bias calculation in Sect. 5.2. The error bars reflect the width of
this bin. We applied a small correction, AMyy = +0.035 to cor-
rect from 1500 A to 1600 A (see Sect. 7.4). Our measurement
is consistent, within the error bars, with the SFR—M), relation of
Mashian et al. (2016).
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To conclude, the high host halo mass at z ~ 4 derived from
the large bias value (b, = 9.7 = 1.8) is consistent with the halo
mass expected from the luminosity of our galaxies. Hence, we
can be confident that the influence of the non-linear regime on
our bias values is not significant, and that the bias values we
derive, which are larger than in any previous study at these
redshifts, are reliable.

9. Summary and conclusions

In this work we have calculated the rest frame UV 1500 A LF
at the redshift range z = 2.5 — 4.5 from the data offered by the
ALHAMBRA survey using a novel technique based on PDF
analysis. We have also estimated the bias values and the corre-
sponding host halo masses for our galaxies. Our main results are
summarised as follows:

— Our LF reveals an excess of bright objects as compared
with most of the studies in the literature. However, our
LF is compatible with the only magnitude limited spectro-
scopic LF estimate at these redshifts to date (Cucciati et al.
2012). Our best Schechter parameters at z = 2.5 — 3.5 are
M;, = —21.62 £ 0.11, ¢* = 0.51 +£0.07 x 1073 Mpc?, a =
—1.53+0.15,and at z = 3.5 — 4.5 are M}, = -21.67 = 0.10,
¢* = 0.54 +0.08 x 107> Mpc?, @ = —1.65 + 0.17. We note
that the as we derive rely heavily on the prior information
from the literature. We also derived the luminosity densi-

. . . . . _ 0.15
ties at the two redshift bins, giving log(LD) = 19.287 7 and

log(LD) = 19.44f8:%g at z ~ 3 and z ~ 4, respectively.

— From the cosmic variance we estimate the bias values for
our galaxies. We calculate the bias for two magnitude bins at
z~3,givingb =7.7+1.2,and 9.2+ 2.0 for (Myy) = -22.2,
and (Myvy) = —22.9, respectively, and at one bin at z ~ 4,
giving 9.7 + 1.8 for (Myy) = —22.7. These bias measure-
ments are tracing brighter galaxies, on average, than in any
of the previous studies at these redshifts. Consequently, the
derived bias values are higher than in the previous studies.

— Assuming that the bias values we derived are scale in-
dependent, we obtained the host dark matter halo masses
corresponding to the measured biases. For the above mag-
nitude bins, in the same order, we derived host halo masses
of 1.5702,2.6"33, and 0.5*03 x 103 h™! M. We compared
the host halo mass derived at z ~ 4 to that which would
be expected from the SFR corresponding to the median UV
magnitude of the bin in question using the SFR—M), calibra-
tion of Mashian et al. (2016). Our bias-based host halo mass
estimate is compatible with that expected from our luminosi-
ties. Hence, the assumption of scale independence does not
strongly affect the bias values we derive.

The results of this paper strengthen the evidence — previously ob-
served in the spectroscopic VVDS data — of bright end excess
in the UV LFs at z = 2.5 — 4.5 as compared to previous stud-
ies based on broad-band photometry. This bright-end excess can
neither be explained by QSO contamination nor by miss-classified
low-z galaxies, as the QSO contamination is shown to be insignif-
icant and the large bias values derived for our galaxies would
not be compatible with a low-z population. At the faintest bins
our LF generally agrees with the literature data, while an agree-
ment is also found at the very brightest bins with the recent wide
area study of GOLDRUSH project (Ono et al. 2018) based on
broad-band photometry. We call into question the shape of the
z = 2.5 -4.5 LF at its bright end; is it a double power-law
as suggested by the recent broad-band photometric studies
or rather a brighter Schechter function, as suggested by our

multi-filter analysis and the spectroscopic VVDS data. Future
studies based on the very large area J-PAS (Javalambre Physics
of the Accelerating Universe Astrophysical Survey, Benitez et al.
2014) multi-filter data will, we hope, shed light on this topic.
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Appendix A: Defining the optimal binning
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Fig. A.1. Median total variance (red dots) and the median cosmic vari-
ance (cyan pentagons) as a function of the redshift bin size Az at

= 2.5 — 4.5. The dashed line marks the total variance in the con-
stant regime. The grey area marks the bin sizes smaller than (dz), the
ALHAMBRA photometric redshift precision.

In this article, we have presented the method to derive the
two dimensional, differential, and binned, luminosity and bias
functions, and the covariance matrix of the LF. In this Appendix
we show how the optimal binning of these functions are defined
in order, on one hand, to not over-sample the data, and on the
other hand, to not lose any information due to too aggressive
binning. Once more, we followed the scheme presented in LS17.
To ensure a meaningful analysis, we computed the median total
and median cosmic variance at z = 2.5 — 4.5 within bins of size
Az, and studied their dependence on the adopted bin size. Both
these quantities should decrease if the volume probed by each
bin, i.e. the bin size, increases. In Fig. A.1 we see that the total
variance starts decreasing at bin sizes close to the expected red-
shift uncertainty ((6z) = 0.012(1 + (z)), Molino et al. 2014). At
bin sizes smaller than this the signal is dominated by the corre-
lations between adjacent bins and the variance does not change
with bin size. However, the cosmic variance only starts decreas-
ing at Az > 1.0 and we set the redshift bin size to Az = 1.0.
We note that at bin sizes smaller than Az ~ 0.5 the cosmic vari-
ance decreases as well. However, we observed that at these small
bin sizes the galaxy number counts are no more log-normally
distributed, while log-normal distribution should be expected
(Coles & Jones 1991), meaning that we are lacking statistics to
robustly measure the cosmic variance.

Finally, to study the optimal magnitude bin size, we first
created the Myy posterior for each galaxy in our sample:
PDF(Muv) = [ PDFi(z Mov)dz A1)
Then we summed the individual posterior distributions centred
at zero

oMyy = Z [PDF;(Myv) — (PDF;(Myv))], (A2)

where (PDF;(Myy)) is the median UV magnitude of the galaxy i.
The resultant distribution is close to a Gaussian, see Fig. A.2. We
fitted it with a Gaussian function and find a dispersion o = 0.17,
the mean being zero by definition. Finally, for the LF calculation,
we set the magnitude bin size at AMyy = 0.3, roughly twice the
sigma value of the above distribution.

To obtain large enough samples to calculate the bias values,
much more coarse binning was used; we carried out some tests
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Fig. A.2. Sum of the individual Myy posterior distributions for all the
galaxies in our sample normalised to be centred at zero. A Gaussian fit
to this distribution is shown as a red line and the median and sigma of
this Gaussian are labelled in the panel.

with the objective of finding the finest possible binning with-
out losing the log-normality of the number count distributions,
and ended up calculating bias values at two magnitude bins at
z=2.5-13.5 and one bias value at z = 3.5 — 4.5.

Appendix B: Halo mass from galaxy bias

In this appendix we present the compilation of equations from
Basilakos et al. (2008) that we have used to derive the host halo
masses in Sect. 8. Basilakos et al. (2008) express the galaxy bias
as a function of redshift and halo mass as

b(z) = C1E(2) + CLE()I(2) + 1 + y,(2), (B.1)
where
(T a+ x)3
I(z) = B0 dx, (B.2)
M B2
Cio(M) ~ag, (m) , (B.3)

and o) =3.29+0.21, 8; = 0.34 £ 0.07, @y = —0.36 £ 0.01, and
B> = 0.32 £ 0.06. The term y,(z) is defined as

4 2
42 = EQ) f FOE*(0)I(x) dr

1+ x)3
o) [ L0, B4
where
1 = A -2, (B.5)
and
p(o) = X fm o (B.6)

We derived the mass dependence of the constant A ourselves
by using the values listed in Table 1 of Basilakos et al. (2008)
and fitting a relation A = a + b X loglO(M/1013h‘1 M;). This
leads to @ = 3.93 x 107 and b = 3.56 x 1073. For the con-
stant v we adopted the average of its values listed in the same
Table 1: v = 2.57. The host halo masses are then obtained from
Eq. (B.1).
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Appendix C: Literature compilation of Schechter
parameters and the corresponding LDs

In this appendix we present Table C.1 showing a compilation of

UV LF Schechter parameters up to z = 6 from the literature and

the LDs that we calculated by integrating the Schechter functions
over the range —28.4 < Myy < -3.4.
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Table C.1. Compilation of literature data for UV LF parameters and the corresponding luminosity densities calculated by us.

Reference z My, [10° qu\j[pc3] a W I}I(;%(ILI\]/)[g)c’ﬁ
Wyder et al. (2005) 005  —18.04701! 4.27+043 -1.224907 18.56
Cucciati et al. (2012) 0.125 -18.12 7.007044 -1.057054 18.74
Cucciati et al. (2012) 0300  -18.3*3) 6.917192 -1.177093 18.85
Cucciati et al. (2012) 0.500  -18.4*)1 6.6070-2¢ -1.07047 18.84
Gabasch et al. (2004) 063  -18.17*01 11.0707 -1.07 18.97
Cucciati et al. (2012) 0700  -18.3*31 9.53 -0.9070:98 18.92
Oesch et al. (2010) 075  -19.17*531 3.0258 -1.52+923 19.05
Cucciati et al. (2012) 0.9 -18.7401 9.01%0 ¢ -0.85*010 19.04
Gabasch et al. (2004) 096  —18.857010 10.3+9¢ -1.07 19.21
Cucciati et al. (2012) 1100 -19.07)2 7.437198 -0.91+016 19.09
Oesch et al. (2010) 125 -20.08*03¢ 1.267028 -1.847013 19.49
Gabasch et al. (2004) 136 -19.487011 5.6704 -1.07 19.20
Cucciati et al. (2012) 1.45 -19.6"32 414077 -1.09*923 19.12
Oesch et al. (2010) L5 -19.827031 2.29734) -1.46703 19.14
Sawicki & Thompson (2006) 1.7 -19.807032  16.98*%%0  -0.81*921 19.75
Parsa et al. (2016) 1.7 19.61+397 6.817081 -1.337003 19.44
Oesch et al. (2010) 175 =20.17193% 234754 -1.60*921 19.42
Gabasch et al. (2004) 1.88  -19.97722 33106 -1.07 19.16
Oesch et al. (2010) Y -20.16*32 2.19%282 -1.60%53] 19.39
Parsa et al. (2016) L9 -19.68%0.93 7.02+068 -1.3210% 19.48
Cucciati et al. (2012) 2.1 -204%01 337702 -1.30 19.44
Sawicki & Thompson (2006) 2.2 —20.60*338 3.0241 77 -1.20*924 19.42
Parsa et al. (2016) 225 -1971%% 7.597058 -1.26*004 19.50
Parsa et al. (2016) 225  -19.99%0% 6.27077 -1.317054 19.54
Oesch et al. (2010) 250 —20.697017 3.24+103 -1.73+011 19.94
Gabasch et al. (2004) 253 -20.6170% 3.2702 -1.07 19.41
Parsa et al. (2016) 2.8 -20.207097 5.32+08 -1.3170%4 19.56
Sawicki & Thompson (2006) 3.0 -20.90*3% 175033 -1.43*047 19.42
Cucciati et al. (2012) 3.0 -21.4%%4 0.8670.93 -1.50 19.38
Bouwens et al. (2015) 3.0 -20.97+314 1717033 -1.73013 19.78
This work 30 -21.62+0.11 051+£0.07 -1.53£0.15 19.28%0:13
Gabasch et al. (2004) 346 -20.7270% 2.302 -1.07 19.31
Paltani et al. (2007) 35 -21.49%0-10 1.24028 -14 19.50
Bouwens et al. (2007) 3.8 -21.0670:19 1.1%32 -1.760:93 19.67
Bouwens et al. (2015) 38 —20.88+0:98 1.97+03¢ —1.64*0:04 19.68
Bouwens et al. (2015) 38 —20.88+0:98 1.97+0:3¢4 —1.64*0:04 19.68
Parsa et al. (2016) 38 -20.71*310 2.067933 —1.43+0:04 19.43
Sawicki & Thompson (2006) 4.0 -21.00*349 0.857033 -1.26*540 19.06
Cucciati et al. (2012) 4.0 -22.2*92 0.11501 -1.73 19.08
This work 40  -21.67+0.10 054+008 -1.65+0.17 19.44+02¢
Gabasch et al. (2004) 451 -21.007%13 1.0%01 -1.07 19.06
Bouwens et al. (2015) 4.9 -21.10%913 0.79*033 -1.76*50¢ 19.54
Bouwens et al. (2015) 4.9 -21.17+%:12 0.74+218 -1.76+0:93 19.54
Bouwens et al. (2007) 5.0 -20.69*913 0.9%03 -1.69*000 19.33
Iwata et al. (2007) 5.0 -21.28%038 0.4170% -1.487038 18.99
McLure et al. (2009) 5.0 -20.73*0:11 0.902 -1.6670:9 19.30
Bouwens et al. (2007) 59 -20.29*318 1.2708 -1.77+51¢ 19.42
Bouwens et al. (2015) 59 —20.9470.20 0.507022 -1.8770:10 1951
Bouwens et al. (2015) 59 2110702 039797 -1.90*510 19.55
McLure et al. (2009) 6.0 —20.0470-2 1.8+02 171701 19.39
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