Astronomy& Astrophysicsnanuscript no. FF_ASTRODEEP_PAPER2 ©OESO 2016
March 15, 2016

The ASTRODEEP Frontier Fields Catalogues: Il - Photometric
redshifts and rest-frame properties in Abell-2744 and MACS -J0416

M. Castelland, R. Amorirt, E. Merlint, A. Fontana, R. J. McLuré, E. Marmol-Queralt, A. Mortlock?, S.

Parsd, J. S. Dunlop, D. ElbaZ, I. Balestr4, A. Boucaud 8, N. Bourn&, K. Boutsid, G. Brammef, V. A.
(O Brucé, F. Buitragd 415 P. Capak, N. Cappellutf, L. Ciesl&, A. Comast®, F. Cullerf, S. Derrieré, S. M.
«— Fabet? E. Giallongd, A. Graziart, C. Grillol, A. Mercuric*?, M. J. Michatowskf, M. Nonind*, D. Parig, L.
Pentericci, S. Pild, P. Rosatfi®, P. Santint, C. Schreibet, X. Shi?16 and T. Wang?’

1 INAF - Osservatorio Astronomico di Roma, Via Frascati 33, 100040 Monte Porzio Catone (RM), Italy e-mail:

marco.castellano@oa-roma.inaf.it

SUPA, Institute for Astronomy, University of Edinburgh, Royab&ervatory, Edinburgh, EH9 3HJ, U.K.

Laboratoire AIM-Paris-Saclay, CEBSM/Irfu - CNRS - Université Paris Diderot, CEA-Saclay, pt caar 31, F-91191 Gif-sur-

Yvette, France

INAF - Osservatorio Astronomico di Trieste, Via G. B. Tiepdl1, 1-34143 Trieste, Italy

Institut d’Astrophysique Spatiale, CNRS, UMR 8617, UniarB-Sud, Université Paris-Saclay, IAStb121, Univ. Paris-Sud,

91405 Orsay, France

Space Telescope Science Institute, 3700 San Martin DrigiinBore, MD 21218, USA

Spitzer Science Center, 314-6 Caltech, Pasadena, CA 9UE?,

INAF - Osservatorio Astronomico di Bologna, Via Ranzani 140127, Bologna, Italy

Observatoire astronomique de Strasbourg, Université dest®iurg, CNRS, UMR 7550, 11 rue de I'Université, F-6700@St

bourg, France

10 ycO/Lick Observatory, University of California, 1156 High S¢teSanta Cruz, CA 95064, USA

11 Dark Cosmology Centre, Niels Bohr Institute, UniversityG@dpenhagen, Juliane Maries Vej 30, 2100 Copenhagen, D&nmar

12 INAF - Osservatorio Astronomico di Capodimonte, via Moéio 16 80131 Napoli, Italy

13 Dipartimento di Fisica e Scienze della Terra, Universitglidgtudi di Ferrara, via Saragat 1, 44122 Ferrara, Italy

14 Instituto de Astrofisica e Ciéncias do Espaco, Universeddel Lisboa, OAL, Tapada da Ajuda, PT1349-018 Lisbon, Pattug

15 Departamento de Fisica, Faculdade de Ciéncias, Univesidia Lisboa, Edificio C8, Campo Grande, PT1749-016 LisBor,
tugal

16 Department of Physics, Anhui Normal University, Wuhu, Aihl241000, China

17 School of Astronomy and Astrophysics, Nanjing Universignjing, 210093, China

18 Sorbonne Universités, UPMC Univ Paris 6 et CNRS, UMR 7098ttt d’Astrophysique de Paris, 98 bis bd Arago, 75014Rari
France.

3 N © © N o [N w N

~N o

ABSTRACT

Aims. We present the first public release of photometric redshatitaxy rest-frame properties and associated magnificattues

in the cluster and parallel pointings of the first two Fronttéelds, Abell-2744 and MACS-J0416. The released catasim

at providing a reference for future investigations of thé&rayalactic populations in these legacy fields: from lensigth-redshift
galaxies to cluster members themselves.

Methods. We exploit a multi-wavelength catalogue ranging from HSTgtound-based K and Spitzer IRAC which is specifically
designed to enable detection and measurement of accurets flucrowded cluster regions. The multi-band informatunsed to
derive photometric redshifts and physical properties afses detected either in the H-band image alone or from & sfdour WFC3
bands. To minimize systematics median photometric retdshié assembled from sixftérent approaches to photo-z estimates. Their
reliability is assessed through a comparison with avadlalplectroscopic samples. State of the art lensing modelssackto derive
magnification values on an object-by-object basis by takitmaccount sources positions and redshifts.

Results. We show that photometric redshifts reach a remarkat3é&% accuracy. After accounting for magnification the H band
number counts are found in agreement at bright magnitudgs uimber counts from the CANDELS fields, while extending the
presently available samples to galaxies intrinsically a@intfas H16832-33 thanks to strong gravitational lensing. The Frontier
Fields allow to probe the galaxy stellar mass distributibf.8-1.5 dex lower masses, depending on magnification, wipect to
extragalactic wide fields, including sources\i, ~ 107-10BM,, at z>5. Similarly, they allow the detection of objects with imisic
SFRs>1dex lower than in the CANDELS fields reaching 0.M1/yr at z~6-10.

Key words. galaxies: distances and redshifts; galaxies: high-régishitalogs; Methods: data analysis
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1. Introduction

The use of photometric redshifts and SED-fitting techniques
* Scottish Universities Physics Alliance is acquiring an ever increasing importance for investigati
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the properties of extragalactic populations where spsctipic
studies of large flux-limited samples are beyond reach of cur
rent instrumentation. To this aim, largéats have been spent 3 . )
to assemble determinations of both photo-zs and galaxy rest, g £ SURREE R
frame properties from the available multi-band datasetieep 2.6 [ T
field surveys, such as GOODS (Grazian et al. 2006), COSMOSz2.4 . ’ . .
(llbert et al.| 2009), CANDELS| (Dahlen etlal. 2013) and 3D- 2= ¢ A T
HST (Skelton et &l. 2014). The relevance of these analygislis 12 3 - e Sl
shown by the emerging collaborativé@ts combining dierent = '~ F
codes and techniques to smooth out possible systematibg inf |, £
computation of robust photo-zs and rest-frame properéas (1.2 F
Santini et al. 2015; Mobasher etlal. 2015). 1E
Accurate estimates of photometric redshifts and galaxgpro 98 £
erties are today the missing ingredient for exploiting then-
tier Fields (FF) survey, an HST observing program targetirg )
galaxy clusters fields, and six parallel “blank” fields at thep 0 Bt Sl e A
comparable to the Hubble Ultra Deep Field one. Thanks to the 18 19 20 21 22 23 24 25 26 27 28 29 30
maghnification by the foreground galaxy clusters the FF surve H160
enables the dete;tlon of galax_les as mt_rmspally fa'mre Fig. 1. Semi-interquartile range of the sixfiiirent photo-z estimates
JWST targets while also reducing cosmic varian€eats in the 5575 function of the H-band magnitude (or upper limit) for étetted
study of ultra-faint galaxy populations thanks to the inelegient  (plack circles) and IR-detected (red) sources in the AB@84 cluster
pointings. The FF survey hold promise for becoming a milestofield. The median SIQR as a function of magnitude is shown aspgle
in extragalactic studies in the forthcoming years. line.
In this paper we present a public release of photometric red-
shifts and rest-frame galaxy properties from multi-wangtf ) ., ., o ) ) )
photometry of the Frontier Fields Abell-2744 (A2744 hetegf With a "blank” parallel pointing) in 3 optical and 4 nearsiafed
and MACS-J0416 (M0416 hereafter) cluster and parallel siel§ands: FA35W, F606W and F814W (ACS); F105W, F125W,
including both HST and deep K band and Spitzer informatioh140W and F160W (WFC3). The HST bands have a typical
A detailed description of the dataset and photometric nmeaswPo depth in the range 28.5-29.0 AB in 2 PSF-FWHM apertures.
ments is presented in a companion paper by Merlin et al. (MA¢ng with the 7 HST bands we include in each field the pub-
hereafter). The multi-band and photometric redshift cagags licly available Hawk-1@VLTKs images from ESO Programme
of the FF have been developed in the context of the Européla%?-'é\'o47E (~26.2 at 7r), and the IRAC 3.6 and 4 bm data
FP7-Space project ASTRODEEPThe plan of the paper is theacqwr.ed under DD time and, in the case of M0416, Cycle-8 pro-
following: in Sect[2 we briefly describe the available phots-  9ram iCLASH (80168) {25 AB at 57).
ric and spectroscopic data and the catalogue assemblychnace ~ To fully exploit the depth of the images and to detect out-
from M16. Sect[B will introduce our procedure for estimgtinshined faint sources, we developed a procedure to remove the
photometric redshifts and an evaluation of their accuratg foreground light of bright cluster sources and the intnastgr
determination of magnification values on an object-by-otija- light (ICL). We start with the H160 image applying the follew
sis and the resulting de-magnified number counts are disdus&d procedure:
in Sect[#, while de-magnified stellar masses and star-fitoma 1) a first raw estimate of the ICL component is obtained
rates are presented in Sddt. 5. Finally a summary of the wdrk masking @\N>8 pixels in the original H160 image and fit-
is given in Sect[J6 and a description of the publicly avaigabting the ICL light with Galfit (Peng etal. 2010), using one
datasé is included in Secf_A. or more Ferrer profiles (see_Giallongo et al. 2014). The fiest-
Throughout the paper, observed and rest-frame magnitudesdel is then subtracted from the original image. 2) on the IC
are in the AB system, and we adopt theCDM concordance subtracted H160 image, we usglapagos (Barden et al. 2012)
model Ho = 70km/s/Mpc, Qu = 0.3, andQ, = 0.7). to obtain a single Sersic fit of the brightest cluster memligps
ically mag<19 galaxies close to the cluster center. 3) we then
progressively refine the fit for such objects by adding a sgécon
2. Multi-wavelength catalogues “bulgy” component and fitting again witGalfit, leaving the
structural parameters of the galaxies free to adjust; iessgary,
we iterate the procedure adding further components unditia-s
Qﬁ?ing residual is obtained; 4) having obtained the best fitlie
galaxies, we keep them fixed and fit again the ICL v@#i fit
on the original image, letting its parameters free to adjinsn
2.1. Dataset we obtain a “final residual” image by subtracting this finaLIC
] ~_ model and the bright galaxy models from the image; 5) finally,
The A2744 and M0416 are the first 2 of a total of 6 twin fieldgye create a median filtered version of the residual images ove
observed by HST in parallel (i.e. the cluster pointing tbget 3 1x1 arcsec box. To avoidfizcting signal from faint objects
we exclude from the computation all pixels:ato- above zero
Rounts and their nearest neighbors. We obtain the final pseck
fframe by subtracting the resulting median-filtered imagenfr

3'4;” L B e e T A e e N LA e w e H‘i

A detailed description of the dataset and of the catalogsenas
bly strategy is provided in M16; we summarise here the inf
mation most relevant for the work we present in this paper.

1 Astropeep is a coordinated and comprehensive program of i) alg
rithm/software development and testing; ii) data redu¢telease, and
iii) scientific data validatiofanalysis of the deepest multi-wavelengt

cosmic surveys. For more information, vikttp; /astrodeep.eu the “final residual” one, thus smoothing out local fluctuatio
2 Download] http/www.astrodeep.¢gfrontier-fields-downloaf
Catalogue interface: httpastrodeep.u-strasbgffyindex.html 3 P.l. G. Brammel, httgigbrammer.github. i AWKI-FF/
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Fig. 2. Photometric redshift distribution of H-detected catalegjin, from top to bottom, left to right: Abell-2744 Clustébell-2744 Parallel,
MACS-0416 Cluster, MACS-0416 Parallel. Inset plots show distribution of the additional IR-detected samples. i¢attred lines mark the
redshift of the lensing clusters.

andGalfit residuals and allowing for a mordfieient detec- ment images are processed re-estimating the background and
tion. the RMS via injection of fake PSF-shaped sources in void re-

ions. Also, a local background subtraction is performetingdu

We subtract ICL and bright sources from the other HSthe fit allowing for a better estimation of the flux for object
bands using the final fitting parameters of the nearest redggfing within the halos of bright sources. All fluxes are rted
band as starting guesses and simultaneously fitting alldhe ¢ ¢o gajactic extinction derived from Schlegel et al._(19@B)st

ponents at once. Our catalogue is extracted by performiag fyission maps. To include all faint sources of potentiarint
detection on the final processed H160 image \Elitractor ogt\e also perform an additional detection usSEgtractor
(Bertin & Arnouts | 1996) using a customized version of thg, the same parameter set on a weighted average of the pro-
HOT+COLD approach(Galametz et al. 2013; Guo et al. 2013)acgeq Y105, J125, JH140 and H160 images, and derive pho-
The resulting 90% detection completeness limits for pOiﬂSmetry in the other bands in the same way as for the H-
sources and disk-like galaxies as estimated through stnfa yetected sample. The final list of detected sources consprise
are at H166827.75 and H16027.25 respectively (M16)_. We eX-the main H-detected catalogue plus all those IR-detected on
tract fluxes from the other HST bands witBxtractorindual o5 segmentation does not overlap with any pixel belong-
mode after having PSF-matched them to the H160 PSF throygh 1 H_detected objects according to the relevant segaent
appropriate convolution kernels derived from bright uns#®d yion maps. The final catalogues contain 10 band informatien f
stars. Total fluxes in the detection band are estimated fiér3 S 55gg (H-detected)976 (IR-detected) sources in A2744-Cluster,

tractorFLUX_AUTO. Total fluxes in the other HST bands are COTT?325'_1086 in A2744-Parallel. 255832 in M0416-Cluster and
puted by scaling the total flux in the detection band on the begg1, 1152in M0416-Parallei.

sis of the relevant isophotal colours computed from SExtrac

tor FLUX_ISO values. K and IRAC photometry is obtained via

a template-fitting technique witl-PHOT (Merlin et al.[2015) 2.2, Spectroscopic samples

using galaxy shapes in the detection band as “prior” inferma

tion. T-PHOT allows us to fit “real” sources together with an\We look for counterparts of our sources in available spec-
alytical models, therefore we used the detected H160 aatatooscopic samples by performing a cross-correlation withi
plus the bright source models as priors. Before the fit, nreasul arcsec radius. We consider the following public datasets:
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Fig. 3. Comparison between photometric and spectroscopic rasishithe Abell-2744 (left) and MACS-0416 (right) clusteFslled circles
represent best quality spectroscopic redshifts used t@atathe photometric redshift accuracy reported in Talleeémpty circles objects with
“reliable” redshift from the GLASS sample (quality flag3). Lower panels show th&z/(1+ Zspec) = (Zspec — Zphot) / (1 + Zspec) @S @ function oFspec.
The inset in each of the upper panels present the relevaribdison of Az/(1+ zspec) With its average and rms after excludidg/ (1+ zZspec)| > 0.15
outliers as discussed in the text. Red dashed lines in boitipanclose thiAz/(1 + zgec)| < 0.15 region.

Table 1. Photometric redshifts accuracy

Field Spec. sample N. outliers (fractionXAz/(1+ 2)) o az+2)
A2744-CI 54 4 (7.3%) -0.0140 0.043
A2744-Par 9 0 (0%) 0.0004 0.056
M0416-Cl 155 10 (6.5%) -0.0004 0.043
M0416-Par 33 3 (9%) -0.0299 0.0362

Owers et al. [(2011) (objects with quality flag=@ or higher) 3. Photometric redshifts

and the arcs from Richard et al. (in prep.) for Abell-2744;

Ebeling et al. [(2014), and the arcs frdm_Grillo et al. (2018)/e measure photometric redshifts for all the sources in
and Christensen etlal. (2012) for MACS-0416. For both A2744Ir catalogues with six ferent techniques: 1DAR; 2)
and M0416 cluster we include redshifts with quality flag® McLure; 3) Mortlock; 4) Parsa; 5) Marmol-Queralto-1;

and Q=4 from the Grism Lens-Amplified Survey from Spac®) Marmol-Queralto-2. The OAR photometric redshifts are
(GLASS; GO-13459; PI: Treu, Hoag et al. 2015, in prep&btained with thezphot.exe code following the well-tested
ration; [Treu et dI[_2015; Wang etlal. 2015). Objects havingPgocedure described In Fontana €t al. (2000) land Grazidn et a
positive match with reliable public samples are assigned t2006) (see also Dahlen etial. 2013; Santini €t al. 2015)t-ftes
measured spectroscopic redshift in our catalogues. Tesmsg#0to-zs are obtained throughyd minimization over the ob-
photo-z reliability we also match our catalogues with theerved HSFIR bands using SED templates fraPEGASE 2.0
MO0416 proprietary redshift from the CLASH-VLT survey (ESAFioc & Rocca-Volmerange 1997) at &:8<10.0. We set flux0
Large Programme 186.A-0.798, PI: Rosati, Rosati gt al.|201@ place of negative values, and a minimum allowed photomet-
Balestra et dl. 2015). The final samples include 86, 10, 194 ptiic uncertainty corresponding to 0.05 mags for the HST and
lic spectroscopic redshifts in Abell-2744 cluster field,eNb Ks bands and to 0.1 mags for the IRAC bands: errors smaller
2744 parallel field and MACS0416 cluster field respectivilly. than these values are replaced by the minimum allowed un-
public spectroscopic redshifts are found in the MACS0416 p&ertainty. TheParsa and Mortlock runs both use the pub-
allel field. Thanks to the addition of the aforementionedppiro licly available Le Phare code (Arnouts et al. 1999), and em-
etary data we reach a total of 207 and 33 spectroscopicatly cBloy the PEGASE and zCOSMOS| (llbert et al. 2006) template

firmed objects in the MACS0416 cluster and MACS0416 paraets respectively. Thitarmol-Queralto runs both utilize the
lel fields respectively. publicly availableEAZY code (Brammer et &l. 2008) and employ

the PCA (built following Blanton & Roweis 2007) arREGASE
template sets respectively. TMeLure run is based on his own
proprietary code, as describedlin McLure et al. (2011), twhic
employs Bruzual & Charlbt (2003) templates. All of the photo
metric redshift runs with the exception of thaR one applied ad-
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justments to the photometric zeropoints andibeure, Parsa
andMortlock runs included strong nebular emission lines in the
SED fits. To minimize systematics due to the use of a single ap- : . ]
proach we set as reference photo-z for each object the median - [ ) ) B
value from the six available estimates. In [Fiy. 1 we show tie u F . ' . ]
certainty (SIQR, semi-interquartile range) on the medizotp-z 6. 5 B
as a function of the observed H-band magnitude for sourcesin & 5| - - ]
the Abell-2744 cluster field. The typical SIQR (purple lime i Eo cr 3 ER
Fig.[) ranges from 0.05 at bright magnitudes to 0.3 for sesirc SR -

atH > 29. The fraction of sources with highly uncertain median ~ [ . ;M
photo-z (SIQR-1) is below~10% up to H-26.0 and reaches RV e
~20% at the faintest magnitudes. Similar results are fourkleén 2E. 8z / (1+2) E
other fields under analysis. ; H<Z7.0, best x*

@
T
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0 2 4 6 8 10 Fig. 5. Top: comparison between photometric redshifts from oua-cat

Redshift ssmropeee logues and those from CLASH. Red points indicate bright abjevith
single-peaked reliable photo-z solution according to th&&H team
(see text for details). Bottom: position in the (B-V)-(V-l2}4 selec-
tion diagram of objects with.8 < zciasy < 4.5 and Zstropeer <1.
CLASH photometry is shown in red, photometry from the Astep
catalogue in black. Filled circles with errorbars représiye bright

. ) sample with reliable, single-peaked CLASH photoz.
Galaxy physical properties are then computed by fit-

ting |Bruzual & Charlot (2003) (BCO03) templates with the
zphot.exe code at the previously determined median photeraction indicating that the measurement is poorly reéiadhlie
metric redshift. In the BCO3 fit we assume exponentially dés severe blending with other sources (see Merlin et al. [p015
clining star-formation histories with e-folding time &1r < As a result, all the 10 bands are used in the fit f{&5% of
15.0, a_Salpetet (1955) inital mass function and we allovhbathe sources in the cluster pointings and $&0% in the blank
Calzetti et al.|(2000) and Small Magellanic Cloud (Prevatlet fields. Most of the remaining objects are fit with HSK's pho-
1984) extinction laws. Absorption by the intergalactic iuea tometry while one or both (for25% of the sources) the IRAC
(IGM) is modeled following_Fan et al. (2006). We consider thbands are excluded due to the large covariance. The regultin
following range of physical parameters:00< E(B — V) < photometric redshift distributions in the four fields areowsh
1.1, Age> 10Myr (defined as the onset of the star-formatioim Fig.[2, the comparisons between photometric and spectro-
episode), metallicityZ/Z, = 0.02,0.2,1.0,2.5. We fit all the scopic redshifts are shown in Fig. 3 for the two cluster point
sources both with stellar emission templates only and @hcluings. The latter is computed only on the sources with retiabl
ing the contribution from nebular continuum and line enussi photometry, i.e. excluding the areas subject4d fit subtrac-
following|Schaerer & de Barros (2009) under the assumptfontion of bright sources and having at least 5 HST bands availab
an escape fraction of ionizing photoris; = 0.0 (see also for computing the photometric redshiftRELFLAG=1, see Ap-
Castellano et al. 20114, for details). pendix). Following Dahlen et al. 2013 we define as outliels al
Photometric redshifts and rest-frame properties are -detebjects havingAz/(1 + 2)| = (Zspec — Zphot)/ (1 + Zspec)| = 0.15.
mined using all 10 available bands with the following excepn Table[1 we report the fraction of outliers along with aver-
tions: 1) HST bands havin§Extractor FLAG>16 andor un- age and rms oAz/(1 + 2 computed on the remaining objects.
physical fluxes or uncertainties (typically truncated astpgem- Clearly, the limited number of spectroscopic sources awit th
atic sources); 2) K-band and IRAC fluxes associated to a maeshift distribution do not allow for an in-depth evalaatiof
covariance ratidfaxCvRatio> 1.0 in the relevanT-PHOT ex- the accuracy of photometric redshifts in all fields. It isestd

Fig. 4. Comparison between photometric redshifts from our cataeg
and those from previous papers on high-redshift LBG samples
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take as reference the two cluster fields having a larger spec015;/ McLeod et al. 2015) and from the A2744 parallel field
scopic sample that also includes high-redshift lensedxgeda (Ishigaki et all 2015; MclLeod et al. 2015). We inspected tBe 1
where we consistently find an accuracyy1+z ~0.04 anc~7% LBGs missing from our A2744 cluster catalogue and found
fraction of outliers. We verified that the median photontated- that in 3 cases they are undetected, while 13 are very close to
shifts are more accurate than the individual runs when cobright galaxies and are not deblended from them. These find-
pared to spectroscopic redshifts. In the cluster fieldsrtvid- ings are easily explained on the basis of the detection-strat
ual runs show similar performances with, 1., ~0.05-0.06, egy we adopted. Indeed, while the aforementioned worksdiime
(Az/(1 + 2)) 2 1072 and 8-11% fraction of outliers. The pho-at an ultra-deep detection of small-size and faint higfsinéd
tometric redshift accuracy at the redshift of the clustersam- sources, our catalogues have been based on a compromise be-
parable to the global one, implying that the redshifts presg tween an aggressive detection which is ideal for faint dbjec
here can be used to individuate non-spectroscopic clustar-m and the capability of avoiding over-deblending of extenidedr

bers (see also Fifl] 7). However, we caution against a pessitsidshift sources. Nonetheless, the recovery of most ofréag-p
tendency for a luminosity dependent behaviour of the phetemously found high-z candidates with comparable photo-zrest

ric redshift dfset in the M0416 cluster field, with likely clus-highlights that the general-purpose catalogues presaetedire

ter members at H160 26 having a typical fisetAz = +0.05, effective across a wide redshift range.

which seems at the origin of a broader and slightly shifted re  We have also compared our photometric redshift catalogue
shift peak in the relevant redshift distribution (bottorft fsanel for the M0416 cluster with the oflemade available by the

of Fig.[2). The lack of spectroscopic coverage of these smurcCLASH collaboration |(Postman etlal. 2011). The comparison
prevents a firm conclusion in this respect. Finally, we nhtg t performed on objects with robust cross-correlation betwbe

the typical photometric redshift accuracy in our Frontieldis two samples (1 match within 0.2arcsec) is shown in Eig. 5.
sample is poorer than the one achieved in the CANDELS field¢e separately consider bright objects having an highliaioés
(Dahlen et al. 2013), and comparable in terms of scatter &ind @hoto-z in the CLASH catalogue according to the paramegers r
set but with a larger fraction of outliers with respect to fitzs leased by the developesg® < 1 and a highoDDS value (we set
from the 16-band CLASH photometry (Jouvel etlal. 2014). In0.8) indicating a sharply peaked unimodal redshift liketid
order to constrain the origin of theseffdirences we tested thedistribution. The agreement is remarkable with the exceybif
performance of one of our photoz procedures (the OAR one) @asmall number of sources havingg <0.8 in our catalogue and
the CANDELS GOODS-South catalogue restricted to the samg@q ~ 4 in the CLASH one. We looked at their position in the
10 bands available for the FF and using the same SED librar#eg} color selection diagram from_Castellano et al. (2012)-(bot
and fitting options as for the FF. Thefidirence in depth amongtom panel in Figlb) finding that their colors are indeed tgpaf

the FF and the GOODS fields is not a big concern here sirlow redshift galaxies excluded from the B-dropout selettian-
spectroscopic samples mostly comprise higt Surces in both dow. While this is true when both our photometric catalogue a
cases, such that this teffectively constrain the accuracy of outhe CLASH one are considered, the flux uncertainty and scatte
procedure on the available FF bands compared to a run onithsignificantly larger in the latter case further highligigt the

full dataset (method “E-zphot” in Dahlen et/lal. 2013). We find improvementes enabled by the depth of the FF dataset and, pos
8% fraction of outliers and &z (1+2=0.045, thus an accuracysibly, by our catalogue building procedure that includesiaate
comparable to the one reached in the FFs by the OAR prosebtraction of the foreground ICL emission.

dure aloneaz/(1+2 ~0.05). On the full GOODS 19-bands cata-

logue we found 4.1% outliers andva (14 =0.037, suggesting

that the lower number of bands available and narrower sgectr 1 [ o T L L L L B B

coverage is the most relevant limiting factor in the accymic i —Paraliel fields |

photometric redshifts in the Frontier Fields. T soof [} 1]
3051 = /\/\\ 4
\% L 4
h [ ° i 1\‘25 1‘.5 1.‘75 2 ]

3.1. Comparison with previous works F ‘ Hnorer ‘

N . _ o 0 10 100
A critical aspect of the Frontier Field campaign is the inves Hmea

tigation of lensed, intrinsically faint star-forming gailas at
very high-redshifts. While the presently released catadois
designed to a have broader use by providing data for robustly
detected sources at any redshift, it is anyway useful to evenp ¢
it with the available information on high-redshift sampieshe =
fields under analysis. To this aim we cross-correlated ota-ca
logues (adopting a matching radius of 2PSF-FWA-M4 arcsec) : ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ "
with the samples in:_Laporte etlal, (2014), Zitrinet al. (A1 O o sy T e T e
(see alsa_Oesch etlal. 2014), Zheng etal. (2014), Atek et al. Redshift

(2015), Coe et al.[ (2015) MclLeod et al. (2015), Ishigaki et al. o ) .
(2015). The most sudied field is Abell-2744 with a total saenp ig. 6. Top panel: cumulative distribution of the median magnifat
made up of 74 LBGs ats5. We find that 58 of these sources ar med) Values of objects in the A2744 (black) and M0416 (red) clus-

. | f which 12 f he additi er fields. The inset shows the distribution of magnificatiafues of
present in our catalogues (of whic are irom the additio jects in the two parallel fields according to the Merten lefems

IR-detected sample). A comparison between our photo-zs aRghel.; Bottom panelum as a function of redshift for sources in the
published ones for the A2744 cluster LBGs is shown in[Hig-4 ifwo fields. H-detected and IR-detected objects are drawHexsdircles
dicating a good consistency with respectto previous estisid and crosses respectively.

similar result is found by comparing with the much smalleiG.B
samples from the M0416 fields (Laporte etlal. Z015; Coelet dl.httpsj/archive.stsci.e¢missionghlsyclashimacs041fataloggnsy
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Grillo et all|2015), Bradac (e.g. Bradat al. 2009) and Merten
(e.g.[Merten etal. 2011), do not assume that cluster mass is
traced by its member galaxies and are instead solely camstra

by lensing observables. Each team has provided shear arsd mas
surface density maps, a detailed description fedént models

can be found at the FF web$jtand references therein. Among
the available maps only the Merten ones cover also the pérall
pointings of the fields under analysis. As a first step, werdis
available shear and mass surface density maps to match the HS
dataset pixel grid to accurately assign to each galaxy a ¢hea

\ and mass surface density) fralue computed as the average in

\ a window of 5<5 pixels around its centroid. We then compute
magnification as:

A2744-CL
A2744-CL demag. w/o Clust.

M0416-CL demag. w/o Clus
CANDELS G-S ¥/
CANDELS UDS

100

log(N)
o

T T T T
~

| 1
/A Al A B I R ww\‘

1 M=
8 10 12 14 16 18 20 22 24 26 28 30 32 34 (1-«-Da-2)? = (v - Da—z)?

160

1)

Fig. 7. Demagnified (median magnification, see text for details)H16 whereDa_zp = DA(ZL, Zphot)/ DA(O, Zphot), beingDA(0, z) the
number counts in the cluster fields. Magenta and red corginuoves angular diameter distance to redshiftzyn, the photometric
refer to Abell-2744 and MACS-0416 H-detected sources mamdy redshifts of the source argl the redshift of the lensing clus-
after excluding all objects with photoz consistent with tedshift of ter. Finally, in the case of the cluster pointings where 8 dif
the clusters. Magenta and red dashed lines show the deneegnifim- ferent models are available, we compute a median magnifica-
ber counts of additional IR-detected sources (witN(81160)>1) in  tion umyeq to take into account model-to-model variations of the
each field. As a comparison, number counts normalized to Ehar€a |ensing maps while excluding possible outlier values. Tha
from the public CANDELS GOODS-South (Guo etlal. 2013) and UDGg|es as a function of redshifts and its cumulative distrib
E)(lzalalmetz etal, 2,[9:13") c_la}:]alogues a;re shown as ant'”umgafmed tions for sources in the two cluster fields are shown in Eig. 6.
ue lines respectively. The green lines are number counts fan- T :
domlychosen%ortiongofthe%ANDELS GOODS-South and UDH fie‘tAS expected, the magr)lflcatlon in the blank flel.ds computed
having the same area as the FF pointings. rom the_ Merten _model is nearly constant and typlca_lly low bu
not negligible, with median values of 15% and 9% in A2744-
Parallel and M0416-Parallel respectively (see inset oflGigop
panel). The demagnified number counts are shown ifFig. 7 and
Fig.[8 for the cluster and parallel pointings respectivebyne
pared both with total number counts normalized to the FF area
E\ from the CANDELS GOODS-South (Guo et/al. 2013) and UDS
‘ (Galametz et al. 2013) surveys, and with number counts from
randomly chosen portions of the CANDELS fields having the
same area as the FF pointings. At bright magnitudes the FF num
ber counts are consistent with the CANDELS ones once mag-
nification is taken into account and, in the case of the cluste
pointings, sources with redshift compatible with being rbens
i/ of the A2744 and M0416 clustersyg within Az=0.1 from the
cluster redshift) are removed. At faint magnitudes the Eeon
Fields cluster pointings allow us to detect sources up3e4
magnitudes intrinsically fainter than objects in the dextpeeas

A iy y“ of the CANDELS fields.

1
8 10 12 14 16 18 20 22 24 26 28 30 32 34

160

L L L L L L L L L L L I
2

A2744-PAR
A2744-PAR demag.

100
M0416—-PAR demag

CANDELS G-S
CANDELS UDS

10

log(N)

5. Rest-frame physical properties
Fig. 8. Same as Fid.]7 for the Abell-2744 and MACS-0416 parallel ) ) o ]
fields. The ultra deep IR observations of the FF in combination with

the strong gravitational lensingfect allows one to probe stellar

masses and star-formation rates at unprecedented limétseW

port in Fig.[9 the de-magnified M, and SFRs as a function
4. De-magnified number counts of redshift for galaxies in the two cluster fields compared to

. . ) the sample from CANDELS GOODS-South, among the most

We use available lensing models of the two FF fields to agygied “wide” fields for investigating these propertiesiagh-
sign magnification values to sources in our catalogues. Five|nyrinsic My, and SFR are obtained by correcting the es-
of the models under consideration assume that cluster galgates derived through SED-fitting on observed magnitudes
ies trace the cluster mass substructure: the CATS (P.lirighel (Sect [B) considering for each source jigqy value. We de-
e.g..Jauzac etal. 2014) and Sharon (e.g. Johnsonietal. 2Q{A4) the mass completeness limits through the procedure pre
models, based obenstool, the GLAFIC modell(Oguri 2010; sented i Fontana etlal. (2004) which is based on the measure-

Ishigaki et all 2015) and the twoftlrent parametrization (LTM ment of the actual distribution of thilgs /L as a function of
and NFW) provided by the Zitrin team (elg. Zitrin eflal. 2013)

The three remaining models provided by P.Is Williams (e.§. httpy/www.stsci.edghsycampaigngrontier-fieldgLensing-Models
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Fig. 9. Top panel: Demagnified SFR as a function of redshift in the4®{black) and M0416 (red) clusters. Filled circles and sessrefer to
H-detected and IR-detected sources respectively. Faerefe SFRs of objects from the CANDELS GOODS-South field laneva as green dots.
Bottom panel: demagnified stellar masses, same symbolsuas.akhe continuous and dashed blue lines show the limidgg for a “maximally
old model” at H166-27.25 (observed 90% completeness limit) and HiBR075 (90% completeness limit fae10). The continuous and dashed
lines show the corresponding “completeness correctedtitigiM«,, (see text for details). The dark green and magenta continlirees show the
“maximally old” and completeness corrected limitiMy,, of CANDELS GOODS-South from_Grazian et al. (2015).

redshift to derive limiting stellar mass beyond the flux limilow as 10-10° at high-z, although a formal derivation of com-
We base our computation on thég, /L distributions derived pleteness limits is not straightforward in this case. Asrghn
by |Grazian et al.| (2015) from GOODS-South that providesthe top panel of Fig.19, the Frontier Fields also allow to jgrob
large and deep enough (after the inclusion of the HUDF) safigh-z galaxies at intrinsic SFRsldex lower than in the wide
ple to this purpose. The strict completeness limit corraegpgy GOODS-South area, reaching 0. Mk, /yr at z~6-10.

to H160=27.25 (90% detection completeness fgeR.2 arcsec

disks in the FF) is shown as a continuous blue line, the dashed

one corresponding to the case of galaxies magnified by a féc-Summary and Conclusions

tor u=10. These “maximally old limits” (MOL) are derived by . . :
considering the model with the lowedtss /L in our synthetic li- We have presented a public release of photometric redshifts

brary, i.e. imallv old qalaxi ith f ti dskif20, and rest-frame gala>_<y pr_operties from multi-wavelengtio-ph
d(raacrl?/nilneg ggﬁ(?:aoyloey%aéﬁff)ﬂ 0_10 ;Tg gg.rzeZ@.SCIearI; tometry of _thga Frontier I_:lelds A2744 and M0416 cluster and
the observed sample reaéhes lowky,, values for less extren’1e pa(allel pointings mclugllng .bOth HST and .deep K band find
galaxy populations: we show as continuous (observed |imit) Spitzer data, as descrlbed in the companion paper Merlln_et
dashed (for the case @£10) purple lines the mass limits atdl- 2015. We have derived photometric redshifts as the media
which a completeness correction factor lower than 1.5 n&nd?mdong SIX cﬁr‘t;erergdeﬂsn?a_trehs poml_nglfrom a varlet)égffm;(:jdes
be applied by taking into account the appropriiste, /L dis- and approac es( o )- eir typical accuracy, as

tribution (seé _Fontana etlal. 2004, for a detailed desoriptf 1€ Sémi-interquartile range of thefigirent measurements, goes
the procedure). A comparison with the corresponding MOL aﬁrd)m %05 tfo?)/'g’ aft bright an?]fal_nt msalgnltudirzzspe%tl WbiU'
“completeness corrected” limits for the GOODS-South Wiol Os;t alr—1|v29 ?AO SOurces a‘."ﬂg ﬁ?t and about
field (H16Qin=26.0) taken from_Grazian etlal. (2015) show th | 6 at H-29. | cohmparlson wit g\gaé'la . ﬁ spscltgoo/sc]?plc_sam-
the Frontier Fields clusters allow us to probe the galaxi st&'es consistently Show @71 ~0.04 with a 7-10% fraction
lar mass distribution at 0.5-1.5 dex lower masses, depgratin of outliers. We find that the most important factor limitirtget

magnification, with respect to GOODS. The inclusion of the agCcuracy of photometric redshifts in the FF is the relagelv
dtional sample of IR-detected objects yield sourceMas; as numbe.r of filters available compareq to other survey.s,.shah t
extending the FF spectral coverage is the most promisingevay
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improve accuracy in photometric redshifts and derived tjuarnPostman, M., Coe, D., Ford, H., et al. 2011, in Bulletin of Araerican Astro-

ties. We have determined magnification values from all ate!
lensing models on an object-by-object basis taking int@ant
source positions and redshifts. The resulting de-magnifigad-

nomical Society, Vol. 43, American Astronomical Societyd#lag Abstracts
217,227.06

Prevot, M. L., Lequeux, J., Prevot, L., Maurice, E., & Rodtdmerange, B.
1984, A&A, 132, 389

ber counts (Sedil 4) are perfectly consistent with numbentso Rosati, P., Balestra, I, Grillo, C., et al. 2014, The Megsen158, 48

from the CANDELS fields at the bright end, while reaching o

Ipeter, E. E. 1955, ApJ, 121, 161
antini, P., Ferguson, H. C., Fontana, A, et al. 2015, A@1, 87

to an intrinsic H:32. We have shown that the Frontier Fieldschaerer, D. & de Barros, S. 2009, A&A. 502, 423

survey allows us to detect objects with stellar milgg, ~ 10’-

10°M,, and intrinsic SFRs 0.1-1M,/yr at z>5 (Sect(5). Photo-

metric redshifts, magnification values, rest-frame propsiand

supporting information are all made publicly available & dwang,

scribed in the Appendix.

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 5826

Skelton, R. E., Whitaker, K. E., Momcheva, I. G., et al. 204gJS, 214, 24

Treu, T., Schmidt, K. B., Brammer, G. B., et al. 2015, ArXivpents
[arXiv:1509.00475]

X., Hoag, A,
[arXiv:1504.02405]

Zheng, W., Shu, X., Moustakas, J., et al. 2014, ApJ, 795, 93

Huang, K., et al. 2015, ArXiv e-prints

Acknowledgements. The research leading to these results has received fundidirin, A., Meneghetti, M., Umetsu, K., et al. 2013, ApJ, 7630

from the European Union Seventh Framework Programme/goR7-2013) un-
der grant agreement n. 312725. RIM, EMQ and AM acknowledgestipport
of the European Research Council via the award of a Consofidarant (Pl

McLure). The M0416 sppectroscopic data were based on the SO arge

Programme (prog.ID 186.A-0798, PI: P. Rosati). The findnsigport from

PRIN-INAF 2014: “Glittering Kaleidoscopes in the sky, thailitifaceted nature
and role of galaxy clusters” (Pl M. Nonino) is acknowledgé&this work uti-

lizes gravitational lensing models produced by Pls Betadbeling, Merten &
Zitrin, Sharon, and Williams funded as part of the HST FrenEields program
conducted by STScl. STScl is operated by the Associatiomafdysities for Re-
search in Astronomy, Inc. under NASA contract NAS 5-265548¢e Tens models
were obtained from the Mikulski Archive for Space TelescodAST).

References

Arnouts, S., Cristiani, S., Moscardini, L., et al. 1999, MAR 310, 540

Atek, H., Richard, J., Kneib, J.-P., et al. 2015, ApJ, 800, 18

Balestra, 1., Mercurio, A., Sartoris, B., et al. 2015, ArXie-prints
[arXiv:1511.02522]

Barden, M., HauRBler, B., Peng, C. Y., Mclntosh, D. H., & Guo 2912, MN-
RAS, 422, 449

Bertin, E. & Arnouts, S. 1996, A&AS, 117, 393

Blanton, M. R. & Roweis, S. 2007, AJ, 133, 734

Brad&, M., Treu, T., Applegate, D., et al. 2009, ApJ, 706, 1201

Brammer, G. B., van Dokkum, P. G., & Coppi, P. 2008, ApJ, 6&83L

Bruzual, G. & Charlot, S. 2003, MNRAS, 344, 1000

Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 5882

Castellano, M., Fontana, A., Grazian, A., et al. 2012, A&ADQ5A39

Castellano, M., Sommariva, V., Fontana, A., et al. 2014, A&B6, A19

Christensen, L., Richard, J., Hjorth, J., et al. 2012, MNRAZ/, 1953

Coe, D., Bradley, L., & Zitrin, A. 2015, ApJ, 800, 84

Dahlen, T., Mobasher, B., Faber, S. M., et al. 2013, ApJ, 935,

Ebeling, H., Ma, C.-J., & Barrett, E. 2014, ApJS, 211, 21

Fan, X., Strauss, M. A., Becker, R. H., et al. 2006, AJ, 137, 11

Fioc, M. & Rocca-Volmerange, B. 1997, A&A, 326, 950

Fontana, A., D’Odorico, S., Poli, F., et al. 2000, AJ, 1200@2

Fontana, A., Pozzetti, L., Donnarumma, |., et al. 2004, A&24, 23

Galametz, A., Grazian, A., Fontana, A., et al. 2013, ApJS$, 20

Giallongo, E., Menci, N., Grazian, A., et al. 2014, ApJ, 724,

Grazian, A., Fontana, A., de Santis, C., et al. 2006, A&A,, 881

Grazian, A., Fontana, A., Santini, P., et al. 2015, A&A, 556

Grillo, C., Suyu, S. H., Rosati, P., et al. 2015, ApJ, 800, 38

Guo, Y., Ferguson, H. C., Giavalisco, M., et al. 2013, ApJ¥,, 24

llbert, O., Arnouts, S., McCracken, H. J., et al. 2006, A&/5,74841

libert, O., Capak, P., Salvato, M., et al. 2009, ApJ, 6906123

Ishigaki, M., Kawamata, R., Ouchi, M., et al. 2015, ApJ, 788,

Jauzac, M., Clément, B., Limousin, M., et al. 2014, MNRAS3 48549

Johnson, T. L., Sharon, K., Bayliss, M. B., et al. 2014, A%, 48

Jouvel, S., Host, O., Lahav, O., et al. 2014, A&A, 562, A86

Laporte, N., Streblyanska, A., Clement, B., et al. 2014, A&A2, L8

Laporte, N., Streblyanska, A., Kim, S., et al. 2015, A&A, 5282

McLeod, D. J., McLure, R. J., Dunlop, J. S., et al. 2015, MNRASD, 3032

McLure, R. J., Dunlop, J. S., de Ravel, L., et al. 2011, MNRAS3, 2074

Merlin, E., Fontana, A., Ferguson, H. C., et al. 2015, A&A25815

Merten, J., Coe, D., Dupke, R., et al. 2011, MNRAS, 417, 333

Mobasher, B., Dahlen, T., Ferguson, H. C., et al. 2015, AP3, 801

Oesch, P. A,, Bouwens, R. J., lllingworth, G. D., et al. 20A4Xiv e-prints
[arXiv:1409.1228]

Oguri, M. 2010, PASJ, 62, 1017

Owers, M. S., Randall, S. W., Nulsen, P. E. J., et al. 2011, ARS8, 27

Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2010, AJ, 12997

Zitrin, A., Zheng, W., Broadhurst, T., et al. 2014, ApJ, 7232

Appendix A: Released catalogues

All the
in this paper are publicly released and can
downloaded from the ASTRODEEP website
http://www.astrodeep.eu/frontier-fields/. The

catalogues and images can be browsed from a dedicated inter-

face athttp://astrodeep.u-strasbg.fr/ff/index.html

Photometric redshift catalogues contain the following in-
formation:

— ID:identification number in the input photometric catalogues

from M16. The IR-detected objects have=P0O00O0+their

original ID in the relevant detection catalogues and segmen

tation maps.

— ZBEST: corresponds to the reference (median) photo-z value

except when a match with a publicly available high-quality

spectroscopic source is found within 1 arcsec. Sources for
which the photo-z run did not converge to a solution are set

to ZBEST=-1.0.
— ZBEST_SIQR: median photometric redshift uncertainty range
(equal to O for spectroscopic sources).
— MAGNIF: median magnification (cluster fields), or magnifica-
tion from the Merten model (parallel fields).
— ZSPECFLAG: the value is set1 for sources with spectro-
scopic redshift=0 otherwise.

— ZSPECID: identification number of spectroscopic counterpart

from public catalogues.

For Abell2744 the following convention is used: sources

from Owers et al. 2011 ha#&SPECID equal to the row index

in the original file; sources from Johnson et al. 2014 have

ZSPECID equal to 30006+ row index from Table 2 in the pa-
per, objects from the GLASS survey haZ&PECID=10000
+ original ID.

For MACS0416 the following convention is used: sources

from Ebeling, Ma Barrett, 2014 ha#SPECID equal to the

original ID; the strongly lensed galaxies made available by

STSci for FF lensing modeling (from__Grillo etlal. 2015;
Christensen et al. 2012) haZSPECID=3000+ row index

from the original file, objects from the GLASS survey have
ZSPECID=10000+ original ID.

The value is -1 for sources with no spectroscopic counterpar

— Chi2: y? of the SED fitting with stellar only templates at
redshift fixed to ZBEST.

— MSTAR, MSTAR_MIN, MSTAR_MAX: stellar mass in units of
10°M, (assuming Salpeter IMF) and relevant uncertainty
range. Uncertainties on physical parameters are defined fro
the range where Rf)>32% estimated in #z=0.2 redshift
bin around the reference photometric redshift.
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— SFR, SFR_MIN, SFR_MAX: star-formation rate Nlo/yr) and
relevant uncertainty range.

— Chi2_NEB: y? of the SED fitting with stellar plus nebular
models at redshift fixed to ZBEST.

— MSTAR_NEB, MSTAR_MIN_NEB, MSTAR_MAX_NEB: stellar
mass (18M,) estimated from stellar plus nebular fits.

— SFR_NEB, SFR_MIN_NEB, SFR_MAX_NEB: star-formation rate
(Mg/yr) estimated from the stellar plus nebular fits.

— RELFLAG: This flag is meant to provide a combined indi-
cation of the robustness of photometric and photo-z esti-
mates. Sources WikELFLAG=1 have enough reliable photo-
metric information for estimating photometric-redshitis
stead, the value is0 for sources either: falling close to
the border of the images; close to strong residual features
of the Galfit image pre-processing; found to be spurious
(mostly stellar spikes) from visual inspection; having SEx
tractor FLAG>=16; having unphysical flux in the detection
band; having less than 5 HST bands with reliable flux mea-
surement available for photo-z procedures.
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