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ABSTRACT

We present ELDAR, a new method that exploits the potential of medium- and narrow-band filter
surveys to securely identify active galactic nuclei (AGN) and determine their redshifts. Our
methodology improves on traditional approaches by looking for AGN emission lines expected
to be identified against the continuum, thanks to the width of the filters. To assess its perfor-
mance, we apply ELDAR to the data of the ALHAMBRA (Advance Large Homogeneous Area
Medium Band Redshift Astronomical) survey, which covered an effective area of 2.38 deg”
with 20 contiguous medium-band optical filters down to F814W =~ 24.5. Using two different
configurations of ELDAR in which we require the detection of at least two and three emission
lines, respectively, we extract two catalogues of type-I AGN. The first is composed of 585
sources (79 per cent of them spectroscopically unknown) down to F814W = 22.5 at z,pe > 1,
which corresponds to a surface density of 209 deg~2. In the second, the 494 selected sources
(83 per cent of them spectroscopically unknown) reach F814W = 23 at zpno > 1.5, for a corre-
sponding number density of 176 deg 2. Then, using samples of spectroscopically known AGN
in the ALHAMBRA fields, for the two catalogues we estimate a completeness of 73 per cent
and 67 per cent, and a redshift precision of 1.01 per cent and 0.86 per cent (with outliers frac-
tions of 8.1 percent and 5.8 per cent). At z > 2, where our selection performs best, we reach
85 percent and 77 per cent completeness and we find no contamination from galaxies.

Key words: methods: data analysis —techniques: photometric — surveys — galaxies: active —
galaxies: distances and redshifts — quasars: emission lines.
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1 INTRODUCTION

Active galactic nuclei (AGN) are among the brightest objects in the
Universe. They are powered by the accretion of matter on to a su-
permassive black hole (SMBH): as the gas approaches the SMBH,
its temperature rises and starts to emit radiation across the en-
tire electromagnetic spectrum. Nevertheless, AGN not only show
a continuum emission from the gas in the accretion disc, but they
also exhibit multiple emission lines from the X-ray to the infrared
spectral range. In turn, the emission lines may be broad or narrow,
depending on the orientation of the AGN with respect to the ob-
server and the obscuring material (according to the AGN unification
scheme, Antonucci 1993; Urry & Padovani 1995). AGN with broad
emission lines are referred to as ‘type-I’, while AGN with just nar-
row emission lines as ‘type-II’. We will employ this observational
classification throughout the paper.

For their many applications in different fields of astrophysics,
from high-energy physics to cosmology, a complete census of AGN
is fundamental. AGN are studied in the context of galaxy evolution
models (e.g. Heckman & Best 2014), as there are pieces of evi-
dence of tight correlations between SMBH and galaxy properties
(e.g. Kormendy & Richstone 1995; Gebhardt et al. 2000; Berrier
et al. 2013), although a causal origin of these correlations is not
universally accepted (e.g. Peng 2007; Jahnke & Maccio 2011). In
addition, thanks to their large luminosities, the optically brightest
type-I AGN (commonly referred to as quasars) allow us to trace
the matter distribution since early times (currently, the most dis-
tant spectroscopically confirmed quasar is at z = 7.1; see Mortlock
et al. 2011). Quasars can also be used to constrain cosmology:
Busca et al. (2013) successfully detected baryon acoustic oscilla-
tions (BAO) in the Ly « forest, and future galaxy surveys plan to
measure the BAO feature through the clustering of quasars (e.g. the
Extended Baryon Oscillation Spectroscopic Survey is expected to
reach a 1.6 per cent precision measuring spherically averaged BAO
with quasars; see Dawson et al. 2016; Zhao et al. 2016). Finally, they
have even been proposed as standard candles (Watson et al. 2011;
Wang et al. 2014; Risaliti & Lusso 2017).

There are many techniques for detecting AGN, such as traditional
colour—colour selections (e.g. Matthews & Sandage 1963), optical
variability (e.g. Schmidt et al. 2010), and the combination of optical
data and observations in radio (e.g. White et al. 2000), X-ray (e.g.
Barger et al. 2003; Brusa et al. 2003) and/or infrared (e.g. Lacy
et al. 2004). The strengths and weaknesses of these methods are
different. For instance, X-ray selection allows maximum complete-
ness, missing only the most obscured sources, at the cost of being
very time consuming. On the other hand, broad-band photometric
surveys are less time expensive but they are biased towards unob-
scured type-I AGN, and they include a significant contamination
from stars and galaxies.

The emergence of multi-filter surveys, such as the Classifying
Objects by Medium-Band Observations — a spectrophotometric 17-
filter survey (Wolf et al. 2004, 2008), the Cosmic Evolution Survey
(COSMOS; Scoville et al. 2007), the Advance Large Homogeneous
Area Medium Band Redshift Astronomical (ALHAMBRA) survey
(Moles et al. 2008), the Survey for High-z Absorption Red and Dead
Sources (SHARDS; Pérez-Gonzélez & Cava 2013), the Physics of
the Accelerating Universe Survey (PAUS; Marti et al. 2014) and the
upcoming Javalambre Physics of the Accelerating Universe Astro-
physical Survey (J-PAS; Benitez et al. 2014), opens the possibility of
exploring new methods for detecting AGN. Multi-band photomet-
ric data, in fact, combine the strengths of broad-band photometric
and spectroscopic surveys, resulting in a low-resolution spectra for
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every pixel of the sky observed, e.g. the ALHAMBRA survey has
spectral resolution of R = 310. The aim of this work is precisely to
produce a new pipeline to identify AGN and to compute their red-
shifts using just data from multi-filter surveys. We take advantage
of the low-resolution spectroscopic nature of these data in order to
identify strong spectral features typical of active galaxies.

We test our new algorithm, dubbed as Emission Line Detector
of Astrophysical Radiators (ELDAR), by applying it to the data from
the ALHAMBRA survey (Moles et al. 2008; Molino et al. 2014).
This survey is an optimal test case for ELDAR because it observed
~4 deg’? using 20 contiguous medium-band filters (full width at
half-maximum, FWHM ~300 A) in the optical range and three
broad-band filters (J, H and Kj) in the infrared. In addition, Matute
et al. (2012) showed that it is possible to compute precise redshifts
(onmap = 1percent) for spectroscopically known quasars using
just ALHAMBRA data. Here, we extract two catalogues of type-I
AGN using two different ELDAR configurations, the first maximizing
completeness and the second minimizing contamination. Then, we
analyse the main properties of these catalogues, and we estimate
their completeness, redshift precision, and galaxy contamination by
applying the same ELDAR configurations to samples of spectroscop-
ically known type-I AGN and galaxies within the ALHAMBRA
fields.

This paper is structured as follows. In Section 2, we introduce
ELDAR and in Section 3 we tune our method to detect type-I AGN
in ALHAMBRA. In Section 4, we extract two catalogues of type-I
AGN and we characterize their properties. In Section 5, we discuss
the potential of our methodology for surveys with narrower bands
and in Section 6 we summarize our conclusions.

Throughout this paper, the optical and near-infrared (near-IR)
magnitudes are in the AB system, we always use the spectral flux
density per unit wavelength, and we assume a six-parameter A cold
dark matter cosmology with Hy = 67.8 kms~! Mpc™!, Q, = 0.692
and Q) = 0.308 (Planck Collaboration XIII 2016).

2 ELDAR ALGORITHM

The new methodology to detect AGN in multi-filter surveys that
we introduce in this paper, ELDAR, consists of two main steps: (i)
template fitting, which aims at pre-selecting AGN candidates and at
obtaining a redshift probability distribution function (PDZ) for each
of them, and (ii) spectrophotometric confirmation, whose objective
is to securely confirm the previous candidates by detecting typical
AGN emission lines in the multi-band photometric data and to refine
the photo-z estimation.

In what follows, we describe in more detail the two steps of ELDAR.

2.1 Template-fitting step

The main purpose of this first step is to pre-select AGN candidates
and to obtain a PDZ for each of them. While any template-fitting
code may be used for this pre-selection phase, in this work we
adopt the code PHotometric Analysis for Redshift Estimate (LEp-
HARE; Arnouts et al. 1999). LEPHARE is a template-fitting code ex-
tensively used to compute photo-zs for galaxies and AGN (e.g.
Tlbert et al. 2009; Salvato et al. 2009, 2011; Fotopoulou et al. 2012;
Matute et al. 2012). Here we provide a general discussion on how
to correctly configure LEPHARE, as the templates and parameters of
the code have to be carefully chosen and optimized to detect AGN
depending on the characteristics of the survey to be analysed. In
addition, in Section 3.3 we provide the specific configuration of
LEPHARE for the case of the ALHAMBRA survey.
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(i) Template selection. LEPHARE classifies each source and com-
putes its redshift depending on the spectral energy distribution
(SED) of the template that produces the best fit to the photometric
data, where a template is a theoretical or empirical curve that de-
scribes the flux of different astronomical objects as a function of A.
The library of templates to be used in LEPHARE has to be meticulously
chosen, especially when working with AGN (Hsu et al. 2014): while
it should be comprehensive enough to include the broad variety of
SEDs of the types of sources that are sought, the number of tem-
plates should not be too large to avoid degeneracies.

Templates are divided into two main categories in LEPHARE: Stel-
lar and extragalactic. The first includes the SEDs of stars, while
the second presents the SEDs of extragalactic objects at rest frame,
which are shifted in redshift during the fitting procedure. To build
our stellar library, we include 254 stellar templates from the publicly
available distribution of LEPHARE. They are divided into 131 tem-
plates of normal stellar spectral types and luminosity classes at solar
abundance, metal-poor F-K dwarfs and G-K giants (Pickles 1998);
4 templates of white dwarfs (Bohlin, Colina & Finley 1995); 100
templates of low-mass stars (Chabrier et al. 2000); and 19 templates
of sub-dwarfs (Bixler, Bowyer & Laget 1991). We include all of
them to cover as many stellar types as possible and thus to avoid
the classification of stars as AGN.

For the extragalactic library, we only include templates of ac-
tive galaxies, as these are the sources we are targeting. With this
approach, we ensure that no AGN are wrongly classified as ‘nor-
mal’ galaxies (i.e. galaxies whose SEDs are not dominated by nu-
clear activity), while all normal galaxies will be discarded by the
spectrophotometric confirmation step (see Section 2.2). The AGN
templates to be included in the extragalactic library are survey spe-
cific, as the AGN types that can be unambiguously confirmed in
a given survey depend on its characteristics, e.g. its depth, area
and the width of its photometric bands. In particular, the width of
the survey bands determines the approximate minimum equivalent
width (EW) of the emission lines that can be detected by ELDAR
(see Section 3.3). As the EWs of AGN emission lines depend on
the type of active galaxy, we should only include templates of AGN
with emission lines strong enough to be detected by our method.

(ii) Redshift range and precision. The extragalactic templates
included in the LEPHARE library are located at rest frame. During the
fitting procedure, LEPHARE creates a grid of templates displaced in
redshift, where the redshift step and maximum redshift are defined
by the user. As Benitez et al. (2009) observed, the size of the redshift
step should depend on the number of filters available and the overlap
between them. As for the maximum redshift, we set it to the redshift
above which no strong spectral features appear to within the survey
wavelength coverage.

Effectively, the PDZ generated by LEPHARE is defined as

G(2)
G(Zbesl) '
2 2

where G(z) = expl—x2:,(2)/2], X2, (2) is the x? resulting from the
template that best fits the data at redshift z and zye 1s the redshift at
which the data are best fitted. With this definition, the PDZ is not
properly a probability density function, and to generate one for each
object the PDZ of the previous expression should be normalized by
its integral.

(ii1) Dust attenuation. The extinction law of AGN varies as a
function of redshift (e.g. Gallerani et al. 2010), reflecting differ-
ent mechanisms for dust production and/or destruction. A correct
modelling of the effect of dust is required because it absorbs UV
and optical light, which then re-emits in the infrared modifying the

PDZ(z) =

ey

Identifying AGN in multi-filter surveys 2087
SEDs of AGN. In LEPHARE, we employ the Milky Way (Allen 1976),
Small Magellanic Cloud (Prevot et al. 1984), Large Magellanic
Cloud (Fitzpatrick 1986) and starburst (Calzetti et al. 2000) extinc-
tion laws, which are shown in fig. 7 of Bolzonella, Miralles & Pell6
(2000).

The dust attenuation (Ay) of an active galaxy depends on its orien-
tation with respect to the observer, and it is defined as

Ay =Ry x E(B—V), 2

where E(B — V) is the colour excess and Ry is a coefficient that
depends on the extinction law. We introduce colour excesses from 0
to 0.10 in steps of 0.02, from 0.10 to 0.30 in steps of 0.04 and from
0.30 to 1.00 in steps of 0.10. We include colour excesses as high as
1 to account for very extinct AGN. We set finer steps for low colour
excesses because some AGN templates are empirical, and thus they
already include some extinction.

(iv) Luminosity prior. Setting luminosity priors is important to
avoid unrealistic solutions (Salvato et al. 2009), and they should
be chosen depending on the type of objects that we want to target.
Quasars, for example, are traditionally defined as objects with Mp
< —23 (e.g. Osterbrock 1991), and setting Mz = —23 as upper limit
ensures that LEPHARE rejects low-redshift (low-z) incorrect solutions.

2.2 Spectrophotometric confirmation step

Objects with strong emission lines, such as type-1 AGN, are par-
ticularly suited to be detected in surveys with contiguous medium-
and/or narrow-band filters. This is because emission lines with a
large EW completely dominate the bands in which they fall. Conse-
quently, these bands appear as clear ‘peaks’ in the multi-band data.
The height of these peaks with respect to the continuum emission
depends on (i) the EW of the line, (ii) the width of the band where
the emission line falls and (iii) the shape of the continuum. Assum-
ing that the AGN continuum emission is flat in the bands adjacent
to the band where the line falls, ELDAR is able to detect lines with
EW greater than

EWpin = Maﬁnca 3

(1 + z) Bsnr

where Brwyw 1s the FWHM of the band where the line falls, Bsng
is the signal-to-noise ratio (SNR) in this band, z is the redshift
of the source and o, is a parameter that denotes the confidence
with which we want to confirm lines, e.g. o}, = 1 means a lo
detection. Therefore, the detection of emission lines depends on the
intrinsic properties of each source (e.g. their z and EW) and on the
characteristics of the survey to be analysed (e.g. the bandwidth of
the bands and their depth).

However, equation (3) just sets an approximate value for EW ;.
This is because the assumption of a flat continuum is not usually
correct for AGN, especially at z < 2.5 where the slope of the AGN
continuum is very steep and blue. Moreover, the value of EW,;, is
also a lower limit for emission lines that fall in between two bands
or are broader than the survey bands.

With these caveats in mind, the objective of this second step of
ELDAR is to search for typical AGN emission lines in the multi-band
photometry of the sources that we want to classify. We improve
on the ability of template-fitting codes to unambiguously confirm
emission line objects, as they do not include special weights for the
bands where emission lines fall and, as the number of bands domi-
nated by the continuum emission is always greater than the number
of bands dominated by emission lines, they are not specifically
designed for detecting these objects.

MNRAS 472, 2085-2106 (2017)
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Figure 1. Multi-band ALHAMBRA photometry of a spectroscopically
known type-I AGN at z = 1.8. At this redshift, the lines Civ, Cui] and
Mg 1 fall within the ALHAMBRA medium-band wavelength range. ELDAR
confirms C1v and C ] with more than 1o confidence in the third and sixth
band, respectively. On the other hand, Mg is not confirmed because the
flux in the ninth band, where this line should fall according to zspec, does
not fulfil all the requirements of equation (4). The blue dashed line shows a
power law to guide the eye on the AGN continuum.

The detection of AGN emission lines allows not only to confirm
sources as active galaxies but also to reject stars and galaxies as-
signed to AGN templates in the first step of ELDAR. Moreover, it
provides a method to discriminate between different redshift solu-
tions given by the PDZ. Operationally, the confirmation step works
as follows.

(1) We start by selecting, for each source, the redshifts at which
the SED is best fitted by an extragalactic template (x3gn < X2
and the value of the PDZ is greater than 0.5. We set a lower limit
in the PDZ in order to include the information provided by LEPHARE
from the fitting of the SED. We check the dependence of the results
on different PDZ lower limits in Appendix B. For each of these
possible redshift solutions, Zgycss, we perform the steps that follow.

(ii) According to each zgess, We calculate which AGN emission
lines with EW greater than EW,;, are expected to lie within the
wavelength coverage of the survey, and in which band they should
fall. We then confirm the detection of a line if

Fblue ~+ Oline Scem
Fred + Oline Scen»
Fblue =+ Oline Sblue’
Fred ~+ Oline Sred’

“

Fcen >

where F ., is the flux in the band where the line should fall according
0 Zguess> Foiue (Frea) 18 the flux in the band bluewards (redwards)
of the band where the line should fall, and Sce,, Spie and Sieq are
their errors. By construction, we are unable to confirm lines that fall
either in the first or in the last band of the filter system.

In Fig. 1, we show a spectroscopically known type-I AGN at
Zspee = 1.8 observed by the ALHAMBRA survey (we will present
the characteristics of the survey in Section 3.1). We show arrows
pointing to the bands where C1v, C 1] and Mg i1 should fall accord-
ing to Zgpec. The blue dashed line indicates a power law that guides
the eye on the AGN continuum emission, and it allows us to easily
see the flux excess in the bands where the AGN emission lines fall.
For this source, C1v and C ] are detected by ELDAR while Mg
is not confirmed because it does not fulfil all the requirements of
equation (4).
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There are some redshift intervals for which two different emis-
sion lines may fall in consecutive bands, and thus the line detection
is not secure. However, the typical separation between the strongest
AGN emission lines (EW >8) with rest-frame central wavelength
Le < 4000 A is large enough for these lines to never fall in consec-
utive bands in surveys with filters narrower than FWHM ~400 A.
In any case, if lines with different EW fall in consecutive bands, the
line with the largest EW can still be confirmed.

In surveys with no contiguous bands, another complication might
arise at redshifts in which AGN emission lines fall between two
bands, as the flux of the line gets dispersed. However, in most
cases, the greatest part of the line falls in one band and just its
tail in other/s. In this case, the line is detected in the band where
the greatest part of its flux falls. We further explore this issue in
Section 5.

To account for redshift errors and physical processes that may
displace emission lines from the band where they should fall, such
as line shifts and anisotropic profiles (see Vanden Berk et al. 2001),
we search for emission lines not only in the band where they should
fall according to Zgyess, but also in the two adjacent bands.

(iii) We confirm as AGN the sources for which we detect at
least A/ emission lines at the expected redshift, where N\ is chosen
depending on the number of lines that the survey filter system allows
to detect, as well as on a compromise between the completeness and
the level of galaxy and star contamination that we want to achieve.
Obviously, the contamination from galaxies and stars decreases
by increasing A (see Section 3.2 for a discussion about potential
contaminants for the ALHAMBRA survey).

(iv) Once a source is confirmed as AGN, we check at which zgyegs
the largest number of lines is detected, rejecting the other values.
If we end up with a single zg.ss, We accept it as the final photo-z
solution, zppe. Otherwise, we group contiguous Zgyess into intervals,
and we look for the interval with the greatest average PDZ. In this
case, we then compute the final redshift solution as

Z:l Zguess,i PDZ(Zguess,i)
Z;l PDZ(Zguess,i) '

where the summation goes through the n values of zg in the
selected interval.

&)

Zphot =

In Fig. 2, we show an illustrative example of this procedure. We
start by selecting Zgyess, i.€. the redshifts at which the SED of the
object is best fitted by an AGN template and the value of the PDZ
is greater than 0.5. These redshift solutions are the red, green and
blue points. Then, we pick the zg.ss for which the largest number
of lines is detected (in this example, the red and blue dots). After
that, we group the red points into one interval and the blue ones into
another. Later, we reject the blue-point interval because the mean
PDZ of the red-point interval is greater. Finally, we compute Zpnot
with the red-point interval using equation (5).

The above steps define the backbone of the spectrophotometric
confirmation. Additional criteria can be added to refine the proce-
dure. For instance, as the Ly « line is the strongest AGN emission
line in the UV, in the present work we require (i) the Ly « line to
be detected in sources with redshift solutions for which this line
should fall within the survey wavelength coverage, and (ii) the flux
in the band where it falls to be at least 75 per cent of the maximum
flux in any of the other bands. Even if the Ly « line is the strongest
in the UV, we set a 75 per cent limit to account for the possibility
of the line falling in between two bands and/or other emission lines
surpassing its flux. With this condition, we want to reject cold stars
whose continuum emission may be confused with the Lyman break
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Figure 2. Illustrative example of a PDZ in which we include information
about the number of AGN emission lines detected by ELDAR. The black small
dots indicate redshift solutions with PDZ < 0.5, the green dots solutions
with PDZ > 0.5 for which ELDAR detects two AGN emission lines, and the
red and blue dots solutions with PDZ > 0.5 for which ELDAR detects three
AGN emission lines. The red dashed line shows the final redshift solution
for the source, zpnot- See the text for further information about how zppe is
computed.

of high-z AGN. We explore the dependence of the results on this
criterion in Appendix B.

3 APPLYING ELDAR TO ALHAMBRA DATA

In the previous section, we introduced ELDAR, our new procedure
to detect AGN. Here, we introduce the ALHAMBRA survey, we
discuss some effects that may affect the quality of ELDAR’s results
and we show how we have optimized our method for analysing
the ALHAMBRA data. In Section 4, we will blindly apply the
configurations introduced in this section to the ALHAMBRA data
in order to extract a new catalogue of type-1 AGN.

3.1 The ALHAMBRA survey

ALHAMBRA! is a medium-band photometric survey that observed
~ 4deg” of the sky distributed over eight non-overlapping fields.
These fields were selected to be in common with other surveys, such
as the Deep Extragalactic Evolutionary Probe 2, the Sloan Digital
Sky Survey (SDSS), COSMOS, the Hubble Deep Field-North, the
Deep Groth Strip Survey and the European Large Area ISO Survey.
The ALHAMBRA filter system consists of 20 contiguous medium-
band filters of width ~300 A, which cover the optical range from
3500 to 9700 A, and the three broad-band infrared filters J, H and
K. The magnitude limit (5o, 3 arcsec) is ~~23.7 for the blue optical
filters, ~22.2 for the red optical filters and ~22 for the infrared
filters (Aparicio Villegas et al. 2010). Due to the width of its filters
and the contiguous wavelength coverage from the near-UV to the
near-IR, the ALHAMBRA survey is an optimal test case for ELDAR.

The last public data release of ALHAMBRA is introduced in
Molino et al. (2014, hereafter M14). It covered an area of ~3 deg?
over seven fields, detecting 438 356 sources brighter than 24.5 mag
in the synthetic detection band, F814W. This band was generated by

!http://www.alhambrasurvey.com
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Figure 3. Minimum EW of the emission lines that can be detected in each
ALHAMBRA optical band for i = 1, as a function of the magnitude of
the band and the redshift of the source.

combining the nine reddest ALHAMBRA bands to mimic the Hub-
ble Space Telescope (HST) Advanced Camera for Surveys F814W
band.

The ALHAMBRA filter system produces precise redshift esti-
mates for blue and red galaxies, as shown by M14. Specifically,
M14 found a redshift precision of o, > 1 per cent for spectroscopi-
cally known galaxies with F814W < 22.5 within the ALHAMBRA
fields. Moreover, in a first attempt to characterize the ability of
ALHAMBRA to produce precise photo-zs for type-I AGN, Matute
et al. (2012) applied LEPHARE to a sample of 170 spectroscopically
known type-I AGN within the ALHAMBRA fields, finding a red-
shift precision of the same order as for galaxies.

As we stated in the previous section, the properties of the survey
filter system are essential to determine (i) the approximate minimum
EW of the emission lines that can be detected and (ii) the redshift
precision that can be achieved. In Fig. 3, we show an estimation
of the minimum EW of an emission line that can be detected in
each ALHAMBRA medium band (as defined in equation 3), as
a function of the redshift of the source, its magnitude and using
Oline = 1. By definition, the value of EW ., decreases for bright
sources (higher SNR) and at high z. In addition, the value of EW
grows for the reddest bands. This is because the efficiency of the
ALHAMBRA CCDs significantly decreases for A > 9000A (see the
overall transmission of the ALHAMBRA filter system in Fig. 4).

In Table 1, we list the AGN emission lines that are potentiality
detectable with at least 1o precision for (i) sources with magnitude
<21.5 in the band where the line falls, and (ii) an observed central
wavelength, Aops = Ac(1 + z), smaller than 9000 A. In addition, as
the ALHAMBRA bands are contiguous, these lines can be detected
for the entire redshift interval where they fall within the ALHAM-
BRA optical coverage. We do not look for emission lines with
Ae > 3000 A, such as [On], HB, [Om] or H«, because these lines
also appear in star-forming galaxies. Whereas it is possible to use
them to discriminate between type-I AGN and star-forming galax-
ies as the lines of type-I AGN are much broader, the low spectral
resolution of ALHAMBRA prevents us to employ them (we expect
this to be possible in surveys with narrower bands). Therefore, given
the lines that we can use to detect AGN and their strengths, we will
be able to securely identify type-I AGN at z > 1 (unobscured broad
emission line AGN with no or very little contribution from the host).
As a consequence, we focus on the detection of type-I AGN in this
work, and we tune ELDAR accordingly.

MNRAS 472, 2085-2106 (2017)

1202 aunp 9 uo 1sanb Aq $01Z80v/S80Z/2/Z L F/PI0IMe/Seuw/Wwod"dno-olwapeo.//:sdjy oy papeojumod


http://www.alhambrasurvey.com

2090 J. Chaves-Montero et al.

10.0

= OVI+Lyp
= Ly
= SiIV+01V]
= CIV
= CII] P
Mgll
AGN
lines

T T T

=

|
L1

YA

[o11] /]
[ [o11]
- Ho

| Galaxy
lines

0.1 1 1

200 400 600 800 1000
ANnm]

Figure 4. Evolution of the central wavelength of AGN and galaxy emission
lines as a function of redshift. We also display the transmission curves of
the ALHAMBRA medium-band filters, which allow us to see in which band
the emission lines are located as a function of z. The grey areas highlight
the redshift intervals for which there is a degeneracy among the triplet of
galaxy emission lines {[O u], [O m], Ha }, and the triplets of AGN emission
lines {C1v, Cm], Mgu} and {Ovi+Ly B, Sitv]+O1v], Cm]} .

Table 1. Emission lines employed to confirm type-I AGN
in ALHAMBRA. At least two and three emission lines must
be detected to validate objects using the ELDAR’S two- and
three-line mode, respectively (see Section 3.3).

Line re (A) (EW (A))
Ovi+Ly B 1030 156 £ 0.3
Ly « 1216 91.8 + 0.7
Siv+01v] 1397 8.13 £ 0.09
Cwv 1549 23.8 + 0.1
Cui] 1909 212 + 0.1
Mgu 2799 323 £ 0.1

Notes. The values of the central wavelengths and EWs are
computed using 184 quasars observed by the HST (emission
lines with Ac < 1300 A; Telfer et al. 2002) and 2000 quasars
observed by SDSS (emission lines with 1. > 1300 A; Vanden
Berk et al. 2001).

3.2 Effects that may reduce the redshift precision and increase
the contamination from galaxies

Before optimizing ELDAR for detecting type-I AGN in the ALHAM-
BRA survey, we will explore three effects that may decrease the
quality of the ELDAR’s results: (i) confusion between pairs/triplets
of AGN and galaxy emission lines, which increases contamina-
tion from galaxies; (ii) confusion between different pairs/triplets of
AGN emission lines, which reduces the redshift precision; and (iii)
detection of spurious lines, which may reduce the redshift precision
and introduce galaxy contamination. There are examples of all of
these issues in Appendix A.

The confusion between different pairs/triplets of emission lines
arises due to the limited spectral resolution of multi-filter surveys.
The misidentification appears at redshifts where the relative differ-
ence between the central wavelengths of different pairs/triplets of
emission lines is the same, and thus they fall in the same survey
bands. The number and width of these redshift intervals depend on
the width of the survey bands, where the narrower the bands, the
smaller the incidence. In Fig. 4, we display the observed central
wavelength of several AGN and galaxy emission lines as a function
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of z. Moreover, we plot the transmission curves of the ALHAM-
BRA medium-band filters. They guide the eye to see the band where
different emission lines fall as a function of z. The grey areas high-
light the redshift interval for which a triplet of galaxy emission
lines can be confused with triplets of AGN emission lines. This is
at z >~ 0.2 where the galaxy emission lines {[O 1], [O ], Ha} can
be confused with the AGN lines {C1v, Cm], Mgn} at z >~ 2 and
{Ovi+Ly B, Sitv+O1wv], Cm]} at z =~ 3.5.

The incidence of line misidentification for pairs of galaxies and
AGN emission lines is much higher than for triplets, causing low-z
star-forming galaxies to be confused with high-z type-I AGN. This
is important because the number density of star-forming galaxies is
much greater than the number density of type-I AGN. In addition,
misidentification of AGN emission lines may lead to catastrophic
redshift solutions. We study this in detail in Section 4.2.1.

Finally, the presence of spurious lines in the multi-band data can
be a possible source of misclassification. We define a spurious line as
aline detected by ELDAR in a band where no emission lines should fall
according to zZsec. They mostly appear due to photometric errors, and
their incidence depends on the criterion chosen to confirm emission
lines, ojipe, Where the smaller its value, the higher the frequency.
They may also appear due to the blending of two sources or stellar
spikes.

To get a rough estimation of the impact of spurious lines in
ALHAMBRA, we consider the case of a mock source with a flat
SED. Then, we compute the magnitude and uncertainty in each
ALHAMBRA medium band, where the uncertainties are computed
using ALHAMBRA empirical errors.> After that, we perturb the
magnitude in each band 10° times using Gaussian distributions
with width equal to the 1o uncertainty in the band, generating 10°
random realizations of the mock source. In Fig. 5, we show two of
these realizations. In the first one, ELDAR detects spurious lines in
the second and fourth bands, the same bands where {C1v, C]}
fall at z = 1.48. In the second, ELDAR confirms spurious lines in the
4th, 8th and 12th bands, the same bands where {Ly «, C1v, C1]}
fall at z = 2.76. Therefore, these objects could be wrongly classified
as type-I AGN by certain configurations of ELDAR. Moreover, the
incidence of spurious confirmations is even higher for objects with
real emission lines.

The number of sources wrongly confirmed as type-I AGN due
to spurious lines depends on oy, and N, where the higher their
values, the lower the contamination. Therefore, it is very important
to take this into account before choosing the value of A" and o'j;,. In
addition, another effect that increases the number of spurious lines
is a bad calibration of the zero-points of the survey bands; however,
this is not an issue for us because the ALHAMBRA zero-points are
very robust (for a detailed discussion, see M14).

3.3 Specific configuration of ELDAR for the ALHAMBRA
survey

Here we configure ELDAR to identify type-I AGN in the ALHAM-
BRA survey. In order to do this, we start by optimizing LEPHARE,
and then we tune the configuration of the spectrophotometric step
to extract two samples of type-I AGN, where the first prioritizes
completeness and the second a reduced galaxy contamination.

2 We use all the ALHAMBRA objects with good photometry and F814W
> 24.5 to compute empirical error curves for each ALHAMBRA band as a
function of the magnitude in the band.
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Figure 5. Two ALHAMBRA mock realizations of a source with a flat
SED and F814W = 21.5. The black points show fluxes measured in each
ALHAMBRA medium band in the first realization and the red squares in
the second. The measured fluxes are not on the top of the solid lines, which
indicate the underlying SED of the mock source, due to photometric errors.
The arrows point to bands where ELDAR detects emission lines with lo
significance, and the names indicate with which AGN emission lines these
spurious lines could be confused. The fluxes of the first (second) realization
are displaced +( —)1.5 x 10~"8 ergem=2 s~! A ~! for visual purposes. We
show these two examples because these objects could be confirmed as AGN
by ELDAR due to the presence of spurious lines.

Given the width of the ALHAMBRA bands, the only type of
AGN that we can securely detect are the ones with broad emis-
sion lines, i.e. type-I AGN. Consequently, we will only introduce
templates describing the SED of these objects in the extragalactic
library of LEPHARE. Specifically, we select the empirical templates
of quasars and AGN used in Salvato et al. (2009, 2011) and the syn-
thetic templates of quasars included in the LEPHARE distribution. The
resulting library encompasses 49 templates, where 31 of them are
synthetic templates that employ different power laws for the AGN
continuum and EWs for the emission lines. From this list, we select
the templates that give the best results in terms of completeness and
redshift precision for a sample of spectroscopically known AGN
within the ALHAMBRA fields, which we call AGN-S.

The AGN-S sample is obtained by performing a cross-match
between the spectroscopically confirmed point-like type-I AGN
(sources with Q or A flags) from the Million Quasar Catalogue’
(MQC; Flesch 2015, references within) and the ALHAMBRA
sources with F814W < 23. The MQC is a largely complete com-
pendium of AGN from the literature through 2016 June 21. We
do the match for objects separated by less than 2 arcsec and, in
the two cases where we find two ALHAMBRA sources within
2 arcsec of the MQC object, we visually confirm the match by look-
ing at the ALHAMBRA photometry (in both cases, we validate the
match with blue objects that clearly exhibit broad emission lines).
In addition, we also perform a cross-match between the ALHAM-
BRA sources with F814W < 23 and the 637 type-I AGN from the
COSMOS-Legacy X-ray catalogue (Civano et al. 2016; Marchesi
et al. 2016) with an optical counterpart and spectroscopic redshift,
following the same matching procedure as for the MQC. We end
up with a total of 295 sources for the AGN-S sample.

3 http://heasarc.gsfc.nasa.gov/w3browse/all/milliquas.html
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Then, to select the final list of templates, we do the following.

(i) We start by running LEPHARE on the AGN-S sample, and then
we reject all templates that are not assigned to any source at its
spectroscopic redshift.

(ii)) We compute the redshift precision for the AGN-S sample
(using the mode of the PDZ produced by LEPHARE) by employing the
remaining templates but one at a time, and we reject the templates
that do not degrade the redshift precision.

We end up with the 12 templates listed in Table 2 and plotted in
Fig. 6. Templates 1-6 are from Salvato et al. (2009) and show the
SEDs of starburst galaxies and type-I AGN in different proportions;
templates 7-9 are also from Salvato et al. (2009) and present the
SEDs of pure type-I AGN; template 10 is from the LEPHARE distribu-
tion and describes the SED of a synthetic quasar; and templates 11
and 12 are quasar composite templates, the first from the VIMOS-
VLT Deep Survey (VVDS; Gavignaud et al. 2006) and the second
from the SDSS survey (Vanden Berk et al. 2001).

All these templates are at rest frame. In order to compute precise
redshifts for type-I AGN, we have to define the redshift interval
and step for displacement (see discussion in Section 2.1). We set
the maximum redshift to be z = 6, as at z > 6 most of the AGN
emission lines of Table 1 are outside the ALHAMBRA optical
coverage, making impossible for ELDAR to confirm any source. As for
the redshift step, we set it to be Az = 0.01, which is approximately
the redshift precision that can be achieved using ALHAMBRA data.
We have checked that a finer redshift step does not produce a higher
redshift precision for the AGN-S sample.

We impose a flat prior on the absolute magnitude in the ALHAM-
BRA band F830W of —30 < Mpg3ow < —20, which is a luminosity
prior appropriate for our search of type-I AGN. The prior is set
in the F830W band because it is the medium band whose central
wavelength is the closest to the one of the ALHAMBRA synthetic
detection band, F814W.

After tuning LEPHARE, we need to define the configuration of the
spectrophotometric confirmation step. We have to select NV and
Oline, Whose values depend on the levels of galaxy contamination
and completeness that we want to achieve. In the present analy-
sis, we decide to extract two different samples of type-I AGN by
defining two different ELDAR configurations, the first prioritizing
completeness and the second a small galaxy contamination. The
specific characteristics of these configurations are the following.

(i) Two-line mode: We require N = 2, 05 = 1.5 and F814W =
22.5 as limiting magnitude. The first requirement sets the minimum
redshift for confirming sources to z = 1, as it is the minimum
redshift for which two AGN emission lines of Table 1 fall within
the ALHAMBRA optical coverage.

(ii) Three-line mode: We demand N =3, o = 0.75 and
F814W = 23 as limiting magnitude. The requirement of detect-
ing at least three AGN emission lines fixes the minimum redshift to
z = 1.5. It also enables the possibility of confirming fainter sources
and lines with lower contrast, as a higher value of A/ reduces the
galaxy contamination (see Appendix B). Nevertheless, we relax
this condition to ' = 2 only for sources at Zphot > 5 to increase
the completeness, as the total number of emission lines within the
ALHAMBRA medium-band wavelength coverage at 5 < z < 5.6
is 3 {Ovi+Ly B8, Ly, Sitv+O1v]} and at 5.6 < z < 6 is just 2
{Ovi+Ly B, Lya} .

The previous ELDAR configurations are selected to minimize the
fraction of false detections while pushing the completeness and
magnitude limit. For the two-line mode 2e select a greater value
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Table 2. Extragalactic templates that we introduce in LEPHARE.

Index Template Class

1 122491_70_TQSO1_30 Quasar 30 percent + Gal. 70 percent[1]
2 122491_60_TQSO1_40 Quasar 40 per cent + Gal. 60 per cent[1]
3 122491_50_TQSO1_50 Quasar 50 percent + Gal. 50 percent[1]
4 122491_40_TQSO1_60 Quasar 60 per cent + Gal. 40 per cent[1]
5 pl_122491_30_TQSO1_70 Quasar 70 percent + Gal. 30 percent[1]
6 pl_I122491_20_TQSO1_80 Quasar 80 per cent + Gal. 20 per cent[1]
7 pl_QSO_DR2_029_t0 Quasar low lum.[1]

8 pl_QSOH Quasar high lum.[1]

9 pL_TQSO1 Quasar high IR lum.[1]

10 qso0-0.2_84 Quasar synthetic[2]

11 QSO_VVDS Quasar[3]

12 QSO_SDSS Quasar[4]

References. [1] Salvato et al. (2009), [2] LEpHARE distribution, [3] VVDS composite (Gavignaud
et al. 2006) and [4] SDSS composite (Vanden Berk et al. 2001). Templates starting with pl_ are
extended into the UV using a power law (see Salvato et al. 2009).
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Figure 6. Extragalactic templates that we introduce in LEPHARE. They are
sorted in the same order as in Table 2 and the fluxes are expressed per unit
wavelength.

of oyine than for the three-line mode to reduce the contamination
from galaxies due to spurious lines. In Appendix B, we explore the
completeness, redshift precision, and galaxy contamination in the
case of different values of NV, o}, and F814W magnitude cuts.
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For objects with the Lyman break within the ALHAM-
BRA medium-band wavelength coverage, we set the additional
requirement that these objects cannot have a 3¢ flux detection in
more than one band with a central wavelength smaller than the Ly-
man break (912 A) at rest frame. We allow flux detection in one
band because of metal lines with A, < 912 A, such as Ne vir and
Mg x. This criterion aims at rejecting low-z galaxies for which the
4000 A break is confused with the Lyman break.

Finally, as low-z galaxies have extended point spread function
(PSF) whereas type-I AGN at z > 1 are point-like, we do not ap-
ply ELDAR to sources with extended morphology. To characterize
the morphology, we employ the stellarity parameter of SEXTRACTOR
(Bertin & Arnouts 1996), which is 1 for point-like sources and O for
extended ones, and we do not run ELDAR on sources with stellarity
<0.2. We do not select a higher cut-off because in ground-based
surveys, if data obtained with bad seeing are stacked together, the
PSF gets smeared (see Hsu et al. 2014, for a demonstration with
AGN). However, if the value of stellarity is smaller than 0.2, the
probability of the source to be point-like is very low for ALHAM-
BRA sources with F814W < 23 (see M14). We explore further
contamination from low-z galaxies in Section 4.2.2.

The same steps followed here to tune ELDAR for the ALHAMBRA
survey can be used to adjust the ELDAR configuration for surveys with
different filter systems and depths.

3.4 Summary of the eldar configuration for the ALHAMBRA
survey

In Section 2, we described the main characteristics of ELDAR, and in
Section 3.3 we tuned our methodology to identify type-I AGN using
ALHAMBRA data. In what follows, we summarize how ELDAR
works and its main properties for this specific survey.

(i) To extract a catalogue of type-I AGN from the ALHAMBRA
data, we run LEPHARE over all non-extended sources of the ALHAM-
BRA survey (stellarity >0.2) using templates describing the SEDs
of stars and type-I AGN. We reject the objects best fitted by stellar
templates.

(i1) After that, ELDAR looks for the AGN emission lines gathered
in Table 1 at the redshifts in which the value of the PDZ is greater
than 0.5. Later, it confirms the AGN emission lines detected with
Oline = 1.5 for the two-line mode and with o, = 0.75 for the
three-line mode. These requirements set a minimum redshift for
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Figure 7. SEDs of type-I AGN detected by ELDAR using ALHAMBRA data. None of them are spectroscopically known. We can clearly see some peaks in
the SEDs of these objects, where they correspond to typical AGN emission lines. The arrows point to the bands where AGN emission lines are confirmed by
ELDAR. Left-hand panel: object of both the ALH2L and ALH3L catalogues at zpno = 1.935 with IDs ALH2L.346 and ALH3L186, respectively. ELDAR detects
three AGN emission lines for this object. Central panel: object of the ALH2L and ALH3L catalogues at zphot = 3.258 with IDs ALH2L560 and ALH3L450,
respectively. ELDAR detects four AGN emission lines for this object. Right-hand panel: object of the ALH3L catalogue at zppo = 4.549 with ID ALH3L490.
ELDAR detects four AGN emission lines for this object. It is not confirmed by the two-line mode of ELDAR because this object is fainter than F814W = 22.5

(magnitude limit of the two-line mode).

detecting type-I AGN of z,,i, = 1 for the first mode and zi, = 1.5
for the second.

(iii) Next, the two-line mode of ELDAR confirms as type-I AGN the
sources with F814W < 22.5 and at least two detected AGN emission
lines, and the three-line mode validates the objects with F814W <
23 and at least three detected AGN emission lines. Additionally,
we require for both modes the detection of Ly« for objects at
Zphot > 2 and that the flux in the band where Ly « falls has to be
greater than the 75 percent of the maximum flux in any of the
other band. We also demand no flux detection in more than one
band whose central wavelength is smaller than the Lyman break at
rest frame.

(iv) Finally, both modes compute the redshift of the confirmed
sources using equation (5) (see the mock example in Fig. 2).

4 THE ALHAMBRA ALH2L AND ALH3L
CATALOGUES

To determine the effectiveness of ELDAR in detecting type-I AGN,
in this section we apply the two- and three-line modes of ELDAR
to the ALHAMBRA data. We will end up with two type-I AGN
samples, the ALH2L an ALH3L catalogues, respectively. We will
present their properties and discuss their quality in terms of redshift
precision, completeness, and contamination from galaxies and stars.

We start by selecting the ALHAMBRA sources to be analysed.
From the 446361 sources of the M14 catalogue with good pho-
tometry (Satur_Flag and DupliDet_Flag equal to zero), we pick the
41367 point-like objects (stellarity >0.2) with F814W < 23. We
then run LEPHARE on these sources, rejecting the 20 580 objects best
fitted by stellar templates (x2,, < x2gx)- The number of stars that
we find is approximately the same as the number of stars detected in
ALHAMBRA using a combination of the apparent geometry of the
sources, their F814W magnitudes, and optical and near-IR colours
(see M14). After that, we apply the spectrophotometric confirma-
tion step to the remaining sources. For the two-line mode of ELDAR,
we end up with 585 type-I1 AGN with z > 1 and F814W < 22.5
(ALH2L catalogue) and for the three-line mode with 494 type-I
AGN with z > 1.5 and F814W < 23 (ALH3L catalogue). The min-
imum redshift is given by the redshift at which two and three lines
enter into the ALHAMBRA wavelength range, and the magnitude
limit depends on a compromise between the targeted completeness
and the level of galaxy contamination (see Section 3.3). They have

316 sources in common, and it is worth noticing that 461 and 408
sources of the ALH2L and ALH3L catalogues, respectively, are not
spectroscopically known. Both catalogues are publicly available
and they are detailed in Appendix C.

In Fig. 7, we display the SEDs of three spectroscopically un-
known sources that ELDAR confirms as type-I AGN. In the figure,
the arrows point to the bands where ELDAR detects AGN emission
lines. In the left-hand panel, we show a type-I AGN at zppo = 1.94
that belongs to both the ALH2L and ALH3L catalogues. For this
object, the two- and three-line modes of ELDAR detect the lines C1v,
Cu] and Mg They do so despite the blue and steep continuum
of z ~ 2 type-I AGN (we remind the reader that our methodology
assumes a flat continuum). The template that best fits this source
is number 10 (gso-0.2_84 template) including a very low colour
excess (E(B — V) = 0.02). In the central panel, we present an object
of both the ALH2L and ALH3L catalogues at zpo = 3.26 for which
ELDAR detects the complex O vi 4+ Ly 8 and the lines Ly o, C1v and
Cm). At z ~ 3, the AGN continuum is flatter than at z ~ 2, and
thus the detection of AGN emission lines is more straightforward
at this redshift. This object is also best fitted by template 10, in this
case without any extinction. In the right-hand panel, we display the
SED of an object of the ALH3L catalogue at high z (zpne = 4.55)
for which ELDAR detects the complexes Ovi + Ly 8 and Sitv +
O1v], and the lines Ly o and C1v. It is not included in the ALH2L
catalogue because its magnitude, F814W = 22.65, is dimmer than
the magnitude limit for this catalogue, set at F814W = 22.5. This
object is best fitted by template 10 with a very low colour excess
(E(B — V) = 0.04). Moreover, it is one of the eight objects of
the ALH3L catalogue at zph: > 4, where just the one at the high-
est redshift (zphoy = 5.41) has been spectroscopically confirmed (at
Zspec = J.41; Matute et al. 2013).

4.1 Properties of the ALH2L and ALH3L catalogues

In this section, we show the magnitudes, redshifts, best-fitting tem-
plates, and colours of the objects of the ALH2L and ALH3L cata-
logues.

To compute the number density of the ALH2L and ALH3L cat-
alogues, we need the effective area of the ALHAMBRA survey.
To obtain it, we employ a mask generated by Arnalte-Mur et al.
(2014) that excludes low exposure time areas, obvious defects
in the images and circular regions around saturated stars. After
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Figure 8. Number density of type-I AGN at z > z;. The black solid line
indicates the results for the AGN-S sample, which includes all the spec-
troscopically known type-I AGN within the ALHAMBRA fields, the blue
dot—dashed and red dashed lines for the ALH2L and ALH3L catalogues,
respectively, and the red dotted line for the objects of the ALH3L catalogue
with F814W < 22.5. The error bars denote Poisson errors.

applying this mask, the effective area of the ALHAMBRA survey
is 2.38 deg”. We apply the same mask to the ALH2L and ALH3L
catalogues, finding 498 and 419 objects within the mask, respec-
tively, which correspond to a surface number density of ~209 deg—>
and ~176 deg—>. In Fig. 8, we display the number density of both
catalogues as a function of redshift. The blue dot—dashed and red
dashed lines indicate the number density for the ALH2L and ALH3L
catalogues, respectively, and the black line does so for the AGN-S
sample, which includes all the spectroscopically known type-I AGN
within the ALHAMBRA fields. As there are not obvious gaps in
the redshift distribution of the ALH2L and ALH3L catalogues, we
conclude that ELDAR uniformly identifies type-I AGN as a function
of redshift. This is thanks to the continuity of the ALHAMBRA
medium bands. Non-contiguous bands would introduce gaps in the
redshift distribution due to emission lines falling in between them.

In Fig. 8, we also show the number density for the objects of the
ALH3L catalogue with F814W < 22.5. As we can see, the two- and
three-line modes of ELDAR approximately detect the same number
of type-I AGN at z > 2 with F814W < 22.5. The main strength of
the first is that it allows us to detect more objects than the second at
Z < 2, whereas the best virtue of the three-line mode is that it allows
us to robustly confirm type-I AGN at lower SNR.

In Fig. 9, we display the number density of type-I AGN for the
AGN-S sample and for the ALH2L and ALH3L catalogues as a
function of the F814W magnitude. The number of sources detected
by ELDAR grows like a power law up to the magnitude limit of the
catalogues (F814W = 22.5 and 23 for the ALH2L and ALH3L
catalogues, respectively); however, for the AGN-S sample, it in-
creases more slowly at F814W > 21. Consequently, given that the
contamination from galaxies and stars for the ALH2L and ALH3L
catalogues is low (see Section 4.2), the approach of ELDAR is the
most effective way of detecting faint type-I AGN in multi-filter
surveys.

In Fig. 9, we can also see that for sources at z > 1.5 and with
F814W < 22.5, the number of objects in the ALH2L catalogue is
30 per cent greater than in the ALH3L catalogue. We will discuss
the completeness of both catalogues in Section 4.2.

In Fig. 10, we display the best-fitting template solution for the
ALH2L and ALH3L catalogues as a function of z. In general, the
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Figure 10. Distribution of the best-fitting templates for the ALH2L and
ALH3L catalogues. Numbers in the x-axis correspond to the indices of the
templates in Table 2 and Fig. 6. In general, type-I AGN at z < 3 prefer
template 8 and at z > 3 template 10.

distribution of templates for both catalogues is very similar, where
the 35 percent and 25 per cent of the sources at z < 3 prefer tem-
plates 8 and 10, and the 50 per cent of the objects at z > 3 template
10. Template 8 presents the SED of a high-luminosity quasar and
template 10 depicts the SED of a synthetic quasar whose contin-
uum emission follows a power law. We also find that the 85 per cent
of the sources of the ALH2L and ALH3L catalogues are fitted by
templates with low extinction (E(B — V) < 0.2), in agreement with
the fact that we are targeting unobscured type-I AGN.

In an attempt to investigate whether the sources that ELDAR con-
firms as type-I are the same kind of objects as the AGN that spec-
troscopic surveys confirm, which are usually pre-selected using
colour—colour diagrams, in Figs 11 and 12 we display four colour—
colour diagrams for the sources of the ALH2L and ALH3L cata-
logues, respectively, and SDSS quasars. For the SDSS quasars we
show their broad-band SDSS colours, while for our ALHAMBRA
objects we use the medium-band colours closest to each broad-band
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Figure 11. Colour—colour diagrams for the ALH2L catalogue. Only objects with photometric errors smaller than 0.2 mag in the bands shown are used to
generate each panel. The colour of the symbols and lines indicates the redshift of the sources, as stated in the legend. Filled (open) symbols denote ALH2L
objects that are (not) in common with the AGN-S sample, and big symbols indicate the median colours for all the objects at a certain redshift. Contours outline
the colour loci of quasars from the SDSS-DR12 Quasar catalogue (top-left, top-right and bottom-left panels) and the SDSS-DR6 Quasar catalogue with a
counterpart in UKIDSS-LAS (bottom-right panel), where the inner contours enclose the 0.5 per cent of the sample and the outer contour the 3 per cent. From
the top left to bottom right, for the SDSS quasars we show g — r versus u — g, r — i versus g — r, i — z versus r — i, g — J versus J — K. Narrow lines display

the evolution of the colours of template pl_QSOH as a function of z.

SDSS colour.* In the figures, the symbols indicate the colours of in-
dividual ALHAMBRA sources and the contours denote the colour
loci of spectroscopically confirmed quasars from the SDSS-DR12
Quasar catalogue (Paris et al. 2017, top-left, top-right and bottom-

4We compute the ALHAMBRA colours with the medium bands whose
central wavelength is the closest to the one of SDSS bands. The correspon-
dence is u and F365W, g and F489W, r and F613W, i and F768W, and z and
FO23W.

left panels) and the SDSS-DR6 Quasar catalogue with counter-
parts in the United Kingdom Infrared Telescope Infrared Deep Sky
Survey Large Area Survey (UKIDSS-LAS; Peth, Ross & Schnei-
der 2011, bottom-right panel). Narrow lines show the colours of
the pl_QSOH template as a function of z. The average colours of
the ALH2L and ALH3L samples are consistent with the colours
of quasars observed after broad-band target selection. The larger
colour distribution of the ALH2L. and ALH3L samples (partially
due to the fact that medium-bands are more sensitive to spectral fea-
tures) indicates that our method is able to select objects with broader
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Figure 12. Colour—colour diagrams for the ALH3L catalogue. We employ the same colour coding as in Fig. 11.

colour ranges. On the other hand, at z < 2 the median colours of the
objects of the ALH2L and ALH3L catalogues are displaced with
respect to the centre of the SDSS contours. This is because SDSS
does not systematically target quasars at z < 2.15.

We conclude that ELDAR is not only able to select and characterize
the typical quasars selected by broad-band surveys, but it has the
potential of detecting a broader range of quasar types.

4.2 Quality of the ALH2L and ALH3L catalogues

In order to assess the quality of the ALH2L and ALH3L catalogues,
we need samples of spectroscopically known type-I AGN and galax-
ies within the ALHAMBRA fields. We will employ the AGN-S
sample (see Section 3.3) and two new samples: the first consists of
X-ray selected type-I AGN in the ALHAMBRA COSMOS field (a
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sub-sample of the AGN-S sample). The second includes galaxies
within the same ALHAMBRA field. We name them AGN-X and
GAL-S, respectively.

We separate X-ray selected AGN to generate the AGN-X sample
because X-ray selection produces complete samples of type-I AGN
(Brandt & Hasinger 2005) and thus, we can use the AGN-X sample
to robustly estimate the completeness of the ALH2L and ALH3L
catalogues. In addition, X-ray selected AGN catalogues have a low
contamination from galaxies and stars (Lehmer et al. 2012; Stern
etal. 2012). This catalogue is composed of 105 sources with F814W
< 23.

To obtain the GAL-S sample, we match the objects from the
DR2 of the zCOSMOS 10k-bright spectroscopic sample (Lilly
et al. 2009, hereafter zZCOSMOS) with secure redshift (flags 3.x and
4.x) and the ALHAMBRA sources with F814W < 23. zCOSMOS
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Figure 13. Redshift and F814W magnitude distribution for the GAL-S,
AGN-S and AGN-X samples. We employ these samples to assess, respec-
tively, the galaxy contamination, redshift precision, and completeness of the
ALH2L and ALH3L catalogues.

Table 3. Results for the AGN-S, AGN-X, and GAL-S samples using the
ELDAR’s two- and three-line modes.

Sample Mode Compl. (percent) onmap (percent) 7 (percent)

AGN-S  two-line 71.7 1.01 8.1
three-line 65.2 0.86 5.8
AGN-X  two-line 73.3 1.15 6.8
three-line 66.7 091 0.0

Galaxies confirmed as AGN
4 (31 per cent)
1 (9 per cent)

Sample Mode
GAL-S  two-line
three-line

Notes. Bold numbers indicate the estimated redshift precision, completeness,
and galaxy contamination for the ALH2L and ALH3L catalogues. The
galaxy contamination is extrapolated from the results for the GAL-S sample
assuming that the ALHAMBRA COSMOS field is representative for all the
ALHAMBRA fields.

includes randomly selected galaxies with F814W < 22.5 at
Zgpee < 1.5 in the COSMOS field, where the sampling rate is
~0.35 in the area in common with the ALHAMBRA survey. Fol-
lowing the same procedure as for the AGN-S sample to do the
match, we find a total of 1051 sources.

In Fig. 13, we display the magnitude and redshift distribution
for the objects of the GAL-S, AGN-S and AGN-X samples. In the
following sections, we will employ them to explore, respectively,
the galaxy contamination, redshift precision, and completeness pro-
duced by the two- and three-line modes of ELDAR. The results of this
analysis are summarized in Table 3.

4.2.1 Redshift precision

We define the fraction of redshift outliers in a sample, 7, as the
percentage of objects with catastrophic redshift solutions for which
|Zspec — Zphot] > 0.15 (1 + zgpec). We estimate this fraction for the
ALH2L and ALH3L catalogues by applying the two- and three-line
modes of ELDAR to the AGN-S sample, respectively. We find that
the fraction of outliers is a bit larger for the ALH2L catalogue,
n = 8.1 per cent, than for the ALH3L catalogue, = 5.8 percent.
This is because the larger the number of lines required to confirm
an object, the lower is the probability for this object to be an outlier.

Identifying AGN in multi-filter surveys 2097
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Figure 14. Comparison between photometric and spectroscopic redshifts
for the AGN-S sample using the two- and three-line modes of ELDAR. Blue
squares and red circles denote objects identified by the two- and three-line
modes. The solid line indicates the 1: 1 relation, the dotted lines the threshold
between good redshift solutions and outliers, and the blue (red) dashed
line the redshift cut-off for the two-line (three-line) mode. The normalized
median absolute deviation, onMmaD, and the fraction of outliers, n, are in
blue and red for the two- and three-line modes, respectively. The bottom
panel shows a measurement of the photo-z accuracy for each source. Dashed
lines indicate 3 per cent errors.

These outliers are caused by a degeneracy between pairs of AGN
emission lines, such as {C ], Mgu]} atz= 1.2 and {Ly o, Cui] } at
z=23,and {C1v,Cm]}atz=1.7and {Lya,Civ} atz =2.4. We
show the ALHAMBRA photometric data of some of these outliers
in Appendix A.

To compute the redshift precision for the catalogues, we em-
ploy the normalized median absolute deviation, o xyap, defined by
Hoaglin, Mosteller & Tukey (1983) as

onmap = 1.48 median (7|thm — ZSPEC') . (6)
1+ Zspec

We use o nmap because it is designed to be less sensitive to redshift
outliers than the standard deviation of photometric and spectro-
scopic redshifts. In a distribution without redshift outliers, they
would have the same value. Applying the two- and three-line
modes to the AGN-S sample, we obtain a redshift precision of
onxmap = 1.01 percent and 0.86 per cent, respectively. Therefore,
the precision reached for type-I AGN using the three-line mode of
ELDAR is even greater than the one achieved for galaxies and type-I
AGN in other ALHAMBRA studies, see M14 and Matute et al.
(2012), respectively.

In Fig. 14, we show the comparison between the spectroscopic
and photometric redshifts of the sources of the AGN-S sample,
where the photo-zs are computed using the two- and three-line
modes of ELDAR. The two modes produce precise results (o xnyap <
1 per cent) with a fraction of outlier smaller than 10 per cent. The
results are particularly good at z > 2, where we do not find any
outlier for the three-line mode. In the bottom panel of Fig. 14, we
display relative precision of the photo-zs produced by ELDAR. We
find that it is greater than 3 per cent for 86 per cent and 93 per cent
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Table 4. Redshift precision and fraction of outliers for different
AGN/quasar catalogues.

Ref. Bands Depth o' NMAD ( per cent) 7 (per cent)
(a) 30 irg <225 1.2 6.3
(b) 32 R <26 1.2 12.0
(c) 42 R <26 5.9 8.6
(d) 31 irg <22.5 1.1 5.1
(e) 21 R, <225 8.4 214
(3] 23 mg78 < 23.5 0.9 12.3
(2) 50 R <23 1.1 4.2
(h) 23 F814W < 22.5 1.01 8.1
(i) 23 F814W < 23 0.86 5.8

Notes.(a) XMM—-Newton-COSMOS (QSOV sample; Salvato et al. 2009).
(b) The Multiwavelength Survey by Yale-Chile (X-ray sources; Carda-
mone et al. 2010). (¢) Chandra Deep Field-South (X-ray sources; Luo
et al. 2010). (d) XMM-Newton- and Chandra-COSMOS (QSOV sample;
Salvato et al. 2011). (e) Lockman Hole area (QSOV sample; Fotopoulou
et al. 2012).() ALHAMBRA (Matute et al. 2012). (g) Extended Chandra
Deep Field-South (X-ray sources; Hsu et al. 2014). (h) ALH2L catalogue
(this work). (i) ALH3L catalogue (this work).

of the sources using the two- and three-line mode, respectively,
which shows that ELDAR produces accurate photo-zs for most of the
sources.

In Table 4, we gather the redshift precision and outlier fraction
for several X-ray selected samples (references in the caption). Most
of the sources of the Cardamone et al. (2010), Luo et al. (2010) and
Hsu et al. (2014) samples are AGN whose SED is dominated by
the host galaxy, and thus the photo-zs of these objects are straight-
forward to compute because the 4000 A break is visible. On the
other hand, the Salvato et al. (2009, 2011), Fotopoulou et al. (2012)
and Matute et al. (2012) samples mostly contain type-I AGN. All
these surveys, but the Lockman Hole area, which only has broad-
band filters, have broad-, medium- and narrow-band filters. As a
consequence, the Lockman Hole sample is the one with the lowest
redshift precision and the highest fraction of outliers. In this work,
using the AGN-S sample, we obtain the best results in terms of
redshift precision, which is because of the contiguous coverage of
the optical range by the 20 medium-band filters of ALHAMBRA.
Although the fraction of outliers that we obtain is not the lowest one,
we want to highlight that the AGN-S sample is not X-ray selected.
If we apply our methodology just to the AGN-X sample, we find no
outliers using the three-line mode of ELDAR.

In Appendix B, we study the redshift precision as a function of
magnitude, redshift and the value of the ELDAR free parameters.

4.2.2 Contamination from galaxies and stars

Because of their large number density and emission lines, star-
forming galaxies are potentially the largest sample of objects that
may be incorrectly classified as type-I AGN by ELDAR. This is be-
cause most stellar types do not have broad emission lines like type-I
AGN. We will estimate the galaxy contamination in the ALH2L and
ALH3L catalogues by applying the two- and three-line modes of
ELDAR to the GAL-S sample, where this sample allows us to estimate
the galaxy contamination up to F814W = 22.5.

After applying the two- and three-line modes of ELDAR to the
1051 galaxies of the GAL-S sample, we end up with a total of four
and one objects wrongly classified as type-I AGN, respectively. All
of them show clear emission lines, have values of stellarity >0.6
and are at zg. < 0.35. In addition, we have visually inspected
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Figure 15. Object of the GAL-S sample at zgpec = 0.17 that it is classified
as type-I AGN by the two- and three-line modes of ELDAR at zppo = 1.76.
This source is confirmed by ELDAR because there is a degeneracy between
the triplet {[Ou], [Om], Her} at z = 0.17 and the triplet {C1v, C ], Mgu}
atz = 1.76.

their spectra to confirm that they are low-z star-forming galaxies.
In Fig. 15, we show the only galaxy of the GAL-S sample that it is
wrongly classified as type-I AGN by both the two- and three-line
modes. It is a point-like object (stellarity = 0.95) at zgpec = 0.17.
This source is confirmed by our methodology because there is a
degeneracy between the triplet {[O 1], [Om], He} at z = 0.17 and
the triplet {C1v, Cmi], Mg} at z = 1.76. The other galaxies that are
wrongly classified at type-1 AGN by the two-line mode are objects
for which there is a degeneracy between pairs of galaxy and AGN
emission lines. None of them is confirmed due to spurious lines.
This source of contamination is avoided because of the optimally
selected value of o ;e for the two- and three-line modes.

The effective area of the ALHAMBRA COSMOS field is
0.203 deg?, which is 8.5 percent of the total effective area of the
ALHAMBRA survey, 2.38 deg>. To compute the galaxy contami-
nation for the ALH2L and ALH3L catalogues, we will assume that
the ALHAMBRA COSMOS field is representative for the rest of
the ALHAMBRA fields. As the sampling rate for zCOSMOS is
~(0.35 within the ALHAMBRA COSMOS field and 87 per cent of
the galaxies at zgec < 0.35 have secure redshifts, we estimate a
galaxy contamination of 154 objects for the ALH2L catalogue and
38 for the ALH3L catalogue. This corresponds to a galaxy contam-
ination of 31 per cent for the first and 9 per cent for the second. On
the other hand, we expect the galaxy contamination at z > 2 to be
zero because ELDAR assigns photo-z smaller than zp,, = 2 to the
four galaxies wrongly classified as type-I AGN.

In Appendix B, we study the galaxy contamination as a function
of magnitude, redshift and the value of the ELDAR free parameters.

We do not explore the contamination from stars because we
already reject all the sources best fitted by stellar templates and
because normal stellar types do not show emission lines with large
EWs. It is possible that stellar types with a very blue SED, e.g.
O, A and B, could be best fitted by AGN templates; however,
they would be rejected during the spectrophotometric step because
they do not present emission lines with EWs large enough to be
detected in ALHAMBRA. Another source of contamination could
be Wolf-Rayet stars since they present broad emission lines of
ionized helium, carbon and nitrogen. Nevertheless, the predicted
total number of Wolf—Rayet stars in our region of the galaxy is
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Figure 16. Completeness at z > z; for objects identified by ELDAR. The
completeness is defined as the percentage of spectroscopically known type-
I AGN successfully confirmed by our method, and it is estimated using just
the objects of the AGN-X sample. For sources with z > 1.5, the completeness
is ~90 per cent for the ALH2L catalogue.

smaller than 1600 (van der Hucht 2001), and thus these kinds of
stars cannot be an important source of contamination.

4.2.3 Completeness

To estimate the completeness of the ALH2L and ALH3L catalogues,
we apply the two- and three-line modes of ELDAR to the AGN-X
sample. We employ this sample because, as we explained before,
X-ray selection produces largely complete samples of type-I AGN.
We find a completeness of 73 per cent for the first (44 objects) and
67 per cent for the second (34 sources). Of the objects that the two-
line mode does not classify as type-1 AGN, 88 per cent of them have
PDZ(zgpec) < 0.5. We check that we do not obtain PDZ(zpc.) > 0.5
for them including in LEPHARE all the AGN templates from Salvato
etal. (2009, 2011) and from the LEPHARE distribution. For the three-
line mode, we find that 60 per cent of the objects not confirmed as
type-I AGN have PDZ (zg,.c) < 0.5. The rest of them are rejected
because ELDAR does not detect at least three AGN emission lines in
their photometry. It is the consequence of objects for which some
of their emission lines have an EW smaller than values listed in
Table 1, and thus the ALHAMBRA bands are not narrow enough to
confirm them. We also check that no source of the AGN-X sample
is best fitted by a stellar template in the first step of ELDAR.

In Fig. 16, we display the completeness of the ALH2L and
ALH3L catalogues as a function of z. For the ALH2L catalogue,
the completeness grows from z = 1 (=70 percent) to z = 1.5
(=90 per cent), and for higher redshifts it remains fairly constant.
For the ALH3L catalogue, the completeness is largely independent
of z and it is ~70 per cent. For objects of the ALH3L catalogue
with F814W < 22.5, we can see that at z = 2.5 the completeness
is the same as for sources of the ALH2L catalogue at the same
redshift. This confirms that the main strength of the two-line mode
is to detect type-I AGN at low redshift (see Fig. 8).

We do not show the completeness at z > 2.5 because there are only
two objects in the AGN-X sample at higher redshifts. In Appendix B,
we use the AGN-S sample to study the completeness as a function
of magnitude, redshift and the value of the ELDAR free parameters.
We employ the AGN-S because it contains more objects than the
AGN-X sample at high z. We find that the completeness increases to
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85 percent and 77 per cent for objects of the ALH2L and ALH3L
catalogues at z > 2, respectively.

5 FORECASTS FOR NARROW-BAND SURVEYS

In this section, we forecast the performance of ELDAR in surveys
with narrower bands than the ALHAMBRA survey, as our method
can be applied to any survey in which the bands are narrow enough
to isolate AGN emission lines from the continuum.

There are several surveys that incorporate contiguous bands nar-
rower than the ALHAMBRA bands, such as SHARDS (25 bands
of FWHM ~170 A), PAUS (40 bands of FWHM ~130 A) and the
upcoming J-PAS (54 bands of FWHM ~140 A). As the data from
all of these surveys are not publicly available yet, we decided to
forecast the completeness and redshift precision for J-PAS because
it has the greatest number of bands, and thus we expect to find the
largest differences between the results for ALHAMBRA and for
this survey.

To estimate the performance of ELDAR detecting type-I AGN in
J-PAS and to make a fair comparison with ALHAMBRA, we gen-
erate AGN-mock data for the ALHAMBRA and J-PAS filter sys-
tems. In order to do that, we convolve the template gqso-0.2_84
with both filter systems, and we shift it in redshift between z = 1
and 5 using a redshift step of Az = 0.02. Then, we create four
mock sources at each redshift imposing a magnitude of 19.5, 20.5,
21.5 and 22.5 in the detection band of ALHAMBRA and J-PAS,
which are the F814W band for the first and the » band for the sec-
ond. We note that these magnitudes correspond to different SNR
in the medium/narrow bands of these surveys, given their different
magnitude limits. Next, we compute the error in each band using
a empirical relation for ALHAMBRA mock data and the J-PAS
exposure time calculator for J-PAS mock data (Varela, private com-
munication). Finally, we apply the two- and three-line modes of
ELDAR to both samples, where the only modification that we include
in ELDAR for J-PAS data is that we change the redshift step employed
in LEPHARE from 0.01 to 0.001. This is done because J-PAS includes
narrower and more numerous contiguous bands than the ALHAM-
BRA survey, and thus we expect a higher redshift precision (Benitez
et al. 2009).

In Fig. 17, we show the performance of ELDAR using ALHAM-
BRA and J-PAS data as a function of the redshift and magnitude of
the source. At low z, the gaps in the redshift distribution are caused
by the blue and steep continuum emission of the qso-0.2_84 tem-
plate, which makes it more difficult to detect emission lines. This
is even more important for mock sources dimmer than 21 mag, as
none of them are confirmed by ELDAR. None the less, as we can see
in Fig. 9, at z < 1.5 we detect plenty of ALHAMBRA sources with
F814W > 21. This is because the SED of real type-I AGN is not as
steep as the continuum of the qso-0.2_84 template.

The no detection of bright objects at z > 2 in some redshift
intervals is due to Ly « falling in between two bands. While this
is an important issue for ALHAMBRA, it gets alleviated in the
case of J-PAS. This is because if we introduce a redshift-dependent
continuum or we model it using the bands that are adjacent to the
band where Ly « falls, we could confirm these sources. The smaller
number of detections as we decrease the brightness of the sources is
because the SNR required to detect some of the AGN lines gathered
in Table 1 is not large enough.

Using the three-line mode of ELDAR, we achieve a redshift preci-
sion of o xmap = 0.48 percentand 0.21 per cent for mock ALHAM-
BRA and J-PAS data, respectively. As we get o nmap = 0.86 per cent
for real ALHAMBRA data (see Table 3), we forecast a precision
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Figure 17. Detection of type-I AGN in ALHAMBRA and J-PAS using the two- and three-line methods of ELDAR as a function of the magnitude in the detection
band and the redshift of the mock source. The results are generated by convolving the synthetic template qso-0.2_84 with the ALHAMBRA and J-PAS filter
systems. Green and red lines show the results for the two-line and three-line modes, respectively. There are bright objects that are not detected due to emission
lines falling in between two bands. The number of confirmations for the faintest sources is smaller because the SNR is not large enough to detect all the AGN

emission lines that ELDAR looks for.

of onmap = 0.38 percent for J-PAS, which is similar to the one
expected for J-PAS galaxies (Benitez et al. 2014).

6 SUMMARY AND CONCLUSIONS

The emergence of multi-filter surveys such as COSMOS, SHARDS,
the ongoing PAUS and the upcoming J-PAS opens the possibility
of developing new techniques to fully exploit these data that lie at
the interface between photometry and spectroscopy. In this work,
we presented ELDAR, a new method that enables the secure identi-
fication of unobscured AGN and the precise computation of their
redshifts. Using as input only the multi-band information for each
observed source, ELDAR takes advantage of the low-resolution spec-
troscopic nature of the data to look for AGN emission lines, thus
allowing an unambiguous AGN identification. With this approach,
ELDAR offers a new method to confirm AGN in multi-filter surveys
without the need, for example, of spectroscopic follow-up or X-ray
observations.

We started by presenting the main characteristics of ELDAR, which
consists of two main steps. In the first, we apply the template-
fitting code LEPHARE to all the point-like objects that we want to
classify, rejecting most of the stars and producing a redshift PDF
for every extragalactic object. In the second step, we confirm the
AGN candidates by looking for typical AGN emission lines in each
extragalactic object. This allows us to generate samples of AGN
with a very low contamination from galaxies.

To test the performance of ELDAR, we applied it to the publicly
available data from the ALHAMBRA survey, which covered an
effective area of 2.38 deg? of the northern sky with 20 contiguous
medium bands of FWHM ~300 A. Given the bandwidth of the AL-
HAMBRA filters, we tuned our code to detect only type-I AGN.
These objects, in fact, are characterized by emission lines that can
dominate the ALHAMBRA band in which they fall, thanks to their
large EW. Then, we defined two different configurations of ELDAR,
where the first prioritizes completeness and requires the detection
of at least two AGN emission lines, while the second prioritizes pu-
rity and requires the detection of three lines. After the pre-selection
using LEPHARE, we blindly ran both configurations of ELDAR on the
ALHAMBRA data, ending up with two AGN samples of 585 and
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494 sources, respectively (ALH2L and ALH3L catalogues). The
ALH2L sample covers the redshift range 1 < z < 5.5, and it is
limited to F814W < 22.5. The ALH3L catalogue spans the range
1.5 < z < 5.5, and contains objects up to F814W < 23. Approx-
imately 80 per cent of the sources of our catalogues were lacking
a spectroscopic identification and redshift estimation. We make
publicly available the ALH2L and ALH3L catalogues, where we
provide both the ALHAMBRA photometric data and our redshift
estimate.

To characterize the properties of the ALH2L and ALH3L cat-
alogues, we ran the two- and three-line configurations of ELDAR
on samples of spectroscopically known type-I AGN and galaxies
in the ALHAMBRA fields, estimating, for the two catalogues, a
completeness of 73 per cent and 67 per cent, a redshift precision of
onmap = 1.01 percent and 0.86 per cent, and a galaxy contamina-
tion of 31 percent and 9 per cent, respectively. We obtain the best
results for sources at z > 2, as the Ly « line enters the spectral
coverage of ALHAMBRA. At those redshifts, the completeness in-
creases to 85 per cent and 77 per cent for the two modes, and we no
longer find galaxy contamination.

Thanks to the depth of the ALHAMBRA data, we have been
able to push the detection of type-I AGN to faint sources that are
typically not accessible by spectroscopic surveys. We would like
to stress that ELDAR, when applied to multi-filter surveys such as
ALHAMBRA, does not require additional data from X-ray, radio
nor variability studies to confirm type-I AGN.

Finally, we forecast the performance of ELDAR in surveys with
narrower bands than ALHAMBRA. We analysed the particular
case of the upcoming J-PAS survey, which will cover thousands of
square degrees of the northern sky with 54 narrow bands of FWHM
~140 A. We generated mock J-PAS and ALHAMBRA data using
a typical AGN SED template. Then, applying ELDAR to the mock
data, we estimated that J-PAS can reach a significantly better red-
shift precision than ALHAMBRA, thanks to the larger number of
bands.

To conclude, we point out that ELDAR can be further improved: for
example, the first obvious step will be a more detailed modelling of
the AGN continuum emission. Also, we plan to optimize the code
for the detection of narrow AGN emission lines for narrow-band
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surveys such as PAUS and J-PAS. With such improvements, we
expect ELDAR to perform even better in terms of completeness and
redshift precision for a range of active galaxies.
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APPENDIX A: AGN EXAMPLES

To illustrate the objects of the AGN-S sample that ELDAR confirms
and rejects and why it does so, in Fig. A1 we display the SED
of multiple sources and we discuss whether they fulfil all ELDAR’S
criteria or not. In the panels, we use arrows to point to the bands
where ELDAR detects AGN emission lines. We indicate the name
of the lines according to Zgc. In the top-left panel, we show an
object of the AGN-S sample at zg,. = 1.80. After applying the
two- and three-line modes of ELDAR, we find that it is correctly
classified as AGN by both. This is because our method detects C 1v
in the 3rd band, C 1] in the 5th band and Mg 11 in the 14th band. In
addition, the redshift that ELDAR assigns to this object, Zpnot = 1.77, is
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Figure Al. ELDAR results for spectroscopically known type-I AGN. We show illustrative examples of objects correctly classified as type-I AGN, redshift
outliers, objects for which ELDAR does not detect all the available lines and the only source of the AGN-S sample misclassified as a star. In all panels, arrows
point to the bands where AGN emission lines are confirmed. Top-left panel: low-z AGN (zgpec = 1.80) correctly classified as type-I AGN by the two- and
three-line modes of ELDAR. Top-right panel: high-z AGN (zspec = 3.52) correctly classified as type-I AGN by the three-line mode of ELDAR (it is not classified
as AGN by the two-line mode because it is fainter than the magnitude limit for this mode, F814W = 22.5). Medium-left panel: low-z AGN (zspec = 1.83)
classified as type-I AGN just by the two-line mode of ELDAR. This is because the three-line mode does not detect C m] at 5404 A. Medium-right panel: high-z
AGN (zspec = 2.91) only classified as type-I AGN by the two-line mode of ELDAR. The three-line mode does not detect C1v at 6407 A nor Cm] at 7895 A.
Bottom-left panel: low z at zgpee = 1.69 classified as AGN by the two- and three-line modes of ELDAR at zphot = 2.42. This is because the pair {Ly o, C1v} at
z = 2.42 is degenerated with the position of the pair {C1v, Cm]} at z = 1.69. Bottom-right panel: only source of the AGN-S sample that it is best fitted by a
stellar template. We cannot see any clear emission line in the ALHAMBRA data.
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compatible with its spectroscopic redshift, zyno = 1.78. In top-right
panel, we display an object of the AGN-S sample at zgp.. = 3.52 that
is classified as type-I AGN by the three-line mode of ELDAR. This is
because our method detects the complex O vi+-Ly 8 in the 4th band,
Ly « in the 8th band and C ] in the 17th band. On the other hand,
the line C 1v is not detected because it falls between the 12th and 13th
bands. According to Zgc, the central wavelength of the lines Ly o
and C1v should be very close to the central wavelength of the 7th
and 12th band, respectively. However, the first falls between the 7th
and 8th band and the second between the 12th and 13th band. This
is because AGN emission lines may be shifted with respect to their
rest-frame wavelength and/or have anisotropic profiles (see Vanden
Berk et al. 2001), where these effects can modify the band where
they fall. As a consequence, the photometric redshift computed for
this source, Zpnot = 3.63,1s >3 per cent greater than its spectroscopic
redshift.

In the medium-left panel, we plot a source of the AGN-S sample
at Zgpe = 1.83. This object is classified as AGN just by the two-line
mode of ELDAR. This is because our method detects C1v in the 3rd
band, Mg in the 15th band, but not C 1] because it falls between
the 6th and 7th bands. The photometric redshift computed by ELDAR,
Zphot = 1.83, is the same as its spectroscopic redshift, zgpe. = 1.83.
In the medium-right panel, we show the only object of the AGN-S
sub-sample with zg,e. > 2.75 not confirmed as type-I AGN by the
three-line mode. However, it is classified as type-I AGN by the
two-line mode. This is because our code does not detect C 1v, which
should fall in the 10th band, nor C n1], which should fall in the 15th
band. It is the consequence of the ALHAMBRA bands not been nar-
row enough for detecting these lines. The lack of these lines causes
the computed photometric redshift, zyn, = 3.14, to be ~8 per cent
greater than the spectroscopic redshift for this object, zgpe. = 2.91.
In these two panels, we have shown a low-z and a high-z spectro-
scopically known object that are not classified as type-I AGN by the
three-line mode of ELDAR. Objects like these ones explain why the
three-line mode has a lower completeness than the two-line mode.
In the following, we will show some examples of spectroscopi-
cally known objects for which ELDAR produces catastrophic redshift
solutions.

In the bottom-left panel, we display a source of the AGN-S sample
at Zgpee = 1.69 classified as type-I AGN by the two- and three-line
modes at Zphot = 2.42. Thus, this object is an outlier according to our
definition (see Section 4.2.1). This is because (i) PDZ(zspec) < 0.5
and (ii) there is a degeneracy between the pair {Lya, C1v} at
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z = 2.42 and the pair {C1v, Cm]} at z = 1.69. This source is also
confirmed by the three-line mode because C ] is confused with a
spurious line detected in the 9th band. In the bottom-right panel,
we display the only object of the AGN-S sample best fitted by a
stellar template. This object is at zgpec = 1.52, and it does not show
any clear emission lines. The best-fitting AGN templates have a x2
more than twice the x? of the best-fitting stellar templates. Even
if this object is not best fitted by an AGN template, it will not be
confirmed as type-I AGN because ELDAR does not detect any AGN
emission lines. No objects from the AGN-X sample are best fitted
by stellar templates.

APPENDIX B: DEPENDENCE OF THE
RESULTS ON THE CRITERIA ADOPTED
IN ELDAR

In Sections 2 and 3.3, we introduced multiple parameters in the
configuration of ELDAR. In this section, we show the dependence
of the results for the objects of the AGN-S and GAL-S samples
on these criteria. In all the tables, we underline the results for the
fiducial configuration of ELDAR.

We introduced a PDZ cut-off of 0.5 in ELDAR to reject redshift
solutions for which the x? is very low. In Table B1, we gather the
results for the AGN-S and GAL-S samples using different values of
the PDZ cut-off. The quality of the ALH2L and ALH3L catalogues
is largely independent of the value of this parameter. This is because
most of the objects with F814W < 22.5 have only one peak in their
PDZ with PDZ > 0.5.

Another criterion that we included in ELDAR is that the flux in the
band where the Ly « line falls has to be 75 per cent greater than the
flux in the rest of the bands. In Table B1, we present the results for
the AGN-S and GAL-S using different percentages. We find that
increasing this percentage the completeness is reduced.

We set different requirements to confirm emission lines for the
two- and three-line modes. For the two-line mode, we established a
stricter acceptance criterion than for the three-line mode to reduce
possible galaxy contamination. In Table B2, we display the results
for the AGN-S and GAL-S samples using different acceptance cri-
teria. We find that the smaller is the value of o, the higher is the
completeness and the galaxy contamination. Moreover, the galaxy
contamination strongly grows by reducing N, and thus o7;,. has to
be carefully chosen depending on .

Table B1. Results for the AGN-S and GAL-S samples as a function of the PDZ cut-off and the Ly « criterion.

PDZ Mode Compl. (per cent) o NMAD (per cent) n (per cent) Galaxies
0.90 two-line 71.1 1.00 7.3 4
three-line 64.4 0.86 59 1
0.50 two-line 71.7 1.01 8.1 4
three-line 65.2 0.86 5.8 1
0.01 two-line 72.2 1.02 8.8 4
three-line 66.7 0.92 6.8 1
Ly« Mode Compl. (per cent) o' NMAD (per cent) n (per cent) Galaxies
1.25 two-line 67.3 1.00 6.8 4
three-line 60.6 0.86 3.8 1
0.75 two-line 71.7 1.01 8.1 4
three-line 65.2 0.86 5.8 1
0.25 two-line 72.2 1.00 7.2 4
three-line 65.9 0.86 5.7 1

Notes. Bold numbers denote fiducial values for the two- and three-line modes of ELDAR.

MNRAS 472, 2085-2106 (2017)

1202 aunp 9 uo 1sanb Aq $01Z80v/S80Z/2/Z L F/PI0IMe/Seuw/Wwod"dno-olwapeo.//:sdjy oy papeojumod



2104  J. Chaves-Montero et al.

Table B2. Results for the AGN-S and GAL-S samples as a function of the line acceptance criterion, zmin, and the magnitude limit in the detection
band.

O line Mode Compl. (per cent) o NMAD (per cent) n (per cent) Galaxies
0.50 two-line 78.6 1.10 9.6 13
0.75 77.4 1.07 8.2 11
1.00 75.1 1.06 7.7 7
1.25 75.1 1.05 8.5 4
1.50 71.7 1.01 8.1 4
1.75 69.4 0.98 8.3 1
0.50 three-line 67.4 0.96 5.6 1
0.75 65.2 0.86 5.8 1
1.00 61.4 0.96 6.2 1
1.25 56.8 0.86 5.7 1
1.50 49.2 0.86 4.9 0
1.75 44.7 0.86 5.1 0
Zmin Mode Compl. (per cent) o NMAD (per cent) n (per cent) Galaxies
1.0 two-line 71.7 1.01 8.1 4

three-line - - - -
1.5 two-line 79.8 0.87 6.3 3

three-line 65.2 0.86 5.8 1
2.0 two-line 84.8 0.92 7.1 0

three-line 77.0 0.97 8.8 0
2.5 two-line 80.0 0.91 0.0 0

three-line 75.7 0.86 4.0 0
F814W Mode Compl. (per cent) oNMAD (per cent) n (per cent) Galaxies
21.5 two-line 73.8 0.98 5.6 2

three-line 65.8 0.77 1.8 1
22.0 two-line 70.3 0.97 5.9 3

three-line 62.9 0.78 1.6 1
22.5 two-line 71.7 1.01 8.1 4

three-line 64.7 0.86 39 1
23.0 two-line 70.0 1.06 9.8 4

three-line 65.2 0.86 5.8 1

Notes. o jine indicates the minimum number of s that we require to confirm an emission line. The three-line mode is not defined at z = 1 because there
are less than three AGN emission lines that ELDAR looks for within the ALHAMBRA wavelength coverage. Bold numbers denote fiducial values for the
two- and three-line modes of ELDAR.

The condition of detecting at least two or three AGN emis- Notes on the catalogue columns:
sion lines to confirm objects sets a minimum redshift, z;,, for
the sources. In order to check whether the ELDAR’s performance
depends on the redshift of the sources, we apply the two- and
three-line modes to the AGN-S and GAL-S samples using differ-
ent values of zyin. In Table B2, we gather the results. We find
that the completeness increases as a function of the redshift, and
the galaxy contamination decreases. Moreover, the redshift pre-

1 The identification number of each object. The format is
ALHXLYYY, where the value of X is 2 and 3 for the
ALH2L and ALH3L catalogues, respectively, and YYY is
the index of each source. The IDs are ranked according to

Zphot-

cision is largely independent of zy;,. Finally, we address the de- 2-4 JEOOO coordinates (right ascension, sign of the declination

pendence of the results on the magnitude limit. In Table B2, we and declination). The astrometry is from ALHAMBRA.

summarize the results for the AGN-S and GAL-S samples using the 5 ELDAR redshift solution.

two- and three-line modes. For both modes, the completeness does 6 Flag that indicates whether an object is inside the

not depend strongly on the magnitude limit; however, the redshift ALHAMBRA mask (1) or not (0).

precision grows for brighter objects and the galaxy contamination 7 Index of the AGN template that best fit the data.

decreases. 8and 9 Extinction law and colour excess of the extragalactic
template that best fit the data. The extinction is O for
templates without extinction and 1 for the Calzetti et al.
(2000) extinction law, 2 for the Allen (1976) extinction law,
3 for the Prevot et al. (1984) extinction law and 4 for the

APPENDIX C: DESCRIPTION OF THE ALH2L Fitzpatrick (1986) extinction law.

AND ALH3L CATALOGUES 10and 11 PSF magnitude and uncertainty in the F814W band.

The catalogues ALH2L and ALH3L are available as binary ASCII 12 (Sltellvarlty P ara'mefer Of,SEXT}?ACTOR' In ALHAMBRA’ i

. oes not provide accurate results for objects with F814W >

tables. They are documented in an accessory README file (col- 3.

umn, bytes, format, units, label, description), in Table C1, and it is 13-50 PSF magnitude and uncertainty in ALHAMBRA medium

also shown in Section 4. bands.
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Table C1. Byte-by-byte description of the ALH2L and ALH3L catalogues.

Column Bytes Format Units Label Description

1 1-8 A8 - D Identification number

2 10-17 F8.4 deg RA Right ascension J2000 [0, 360]

3 19 Al - DE- Declination J2000 (sign)

4 20-26 F7.4 deg DEC Declination J2000 [—90, 90]

5 28-32 F5.3 - Z Photometric redshift

6 34 11 - MASK Mask [0 outside, 1 inside]

7 36-37 12 - TEMP Best-fitting extragalactic template

8 39-42 F4.2 - EXTB Best-fitting colour excess

9 44-49 F6.3 mag F814W F814W magnitude

10 51-55 F5.3 mag eF814W F814W uncertainty

11 57-60 F4.2 - STELL SEXTRACTOR stellarity parameter
[1 point-like, 0 extended]

12 62-68 F7.3 mag F365W F365W magnitude

13 70-76 F7.3 mag eF365W F365W uncertainty

14 78-84 F7.3 mag F396W F396W magnitude

15 86-92 F7.3 mag eF396W F396W uncertainty

16 94-100 F7.3 mag F427TW F427W magnitude

17 102-108 F7.3 mag eF427TW FA27W uncertainty

18 110-116 F7.3 mag F458W F458W magnitude

19 118-124 F7.3 mag eF458W FAS8W uncertainty

20 126-132 F7.3 mag F489W F489W magnitude

21 134-140 F7.3 mag eF489W FA89W uncertainty

22 142-148 F7.3 mag F520W F520W magnitude

23 150-156 F7.3 mag eF520W F520W uncertainty

24 158-164 F7.3 mag F551W F551W magnitude

25 166-172 F7.3 mag eF551W F551W uncertainty

26 174-180 F7.3 mag F582W F582W magnitude

27 182-188 F7.3 mag eF582W F582W uncertainty

28 190-196 F7.3 mag Fo13W F613W magnitude

29 198-204 F7.3 mag eF613W F613W uncertainty

30 206-212 F7.3 mag F644W F644W magnitude

31 214-220 F7.3 mag eF644W F644W uncertainty

32 222-228 F7.3 mag F675W F675W magnitude

33 230-236 F7.3 mag eF675W F675W uncertainty

34 238-244 F7.3 mag F706W F706W magnitude

35 246-252 F7.3 mag eF706W F706W uncertainty

36 254-260 F7.3 mag F737TW F737W magnitude

37 262-268 F7.3 mag eF737TW F737W uncertainty

38 270-276 F7.3 mag F768W F768W magnitude

39 278-284 F7.3 mag eF768W F768W uncertainty

40 286-292 F7.3 mag F799W F799W magnitude

41 294-300 F7.3 mag eF799W F799W uncertainty

42 302-308 F7.3 mag F830W F830W magnitude

43 310-316 F7.3 mag eF830W F830W uncertainty

44 318-324 F7.3 mag F861W F861W magnitude

45 326-332 F7.3 mag eF861W F861W uncertainty

46 334-340 F7.3 mag F892W F892W magnitude

47 342-348 F7.3 mag eF892W F892W uncertainty

48 350-356 F7.3 mag F923wW F923W magnitude

49 358-364 F7.3 mag eF923W F923W uncertainty

50 366-372 F7.3 mag F954W F954W magnitude

51 374-380 F71.3 mag eF954W F954W uncertainty

52 382-388 F7.3 mag J J magnitude

53 390-396 F7.3 mag el J uncertainty

54 398404 F7.3 mag H H magnitude

55 406412 F7.3 mag eH H uncertainty

56 414-420 F7.3 mag Ks K, magnitude

57 422428 F7.3 mag eKs K uncertainty

58 430431 12 - LINE1 Band where the O vi+Ly B

complex is detected [2,19]
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Table C1 - continued

Column Bytes Format Label Description
59 433-438 F6.3 SNLINE1 log10(SNR) in the band where
the O vi+-Ly B complex is detected
60 440-445 F6.3 SLINE1 1og10(Siin) in the band where
the O vi+-Ly B complex is detected
61 447-448 12 LINE2 Band where the Ly « line
is detected [2,19]
62 450-455 F6.3 SNLINE2 logi0(SNR) in the band where
the Ly « line is detected
63 457-462 F6.3 SLINE2 1og10(Siin) in the band where
the Ly « line is detected
64 464-469 12 LINE3 Band where the Siiv+O1v]
complex is detected [2,19]
65 471-476 F6.3 SNLINE3 log10(SNR) in the band where
the Sitv4+O1v] complex is detected
66 478-479 F6.3 SLINE3 log10(Siin) in the band where
the Sitv4+O1v] complex is detected
67 481-482 12 LINE4 Band where the C1v line
is detected [2,19]
68 484-489 F6.3 SNLINE4 log10(SNR) in the band where
the C1v line is detected
69 491-496 F6.3 SLINE4 log10(Siin) in the band where
the C1v line is detected
70 498-499 12 LINES Band where the C ] line
is detected [2,19]
71 501-506 F6.3 SNLINES log10(SNR) in the band where
the C ] line is detected
72 508-513 F6.3 SLINES log10(Siin) in the band where
the C ] line is detected
73 515-516 12 LINE6 Band where the Mg line
is detected [2,19]
74 518-523 F6.3 SNLINE6 log10(SNR) in the band where
the Mg 11 line is detected
75 525-530 F6.3 SLINEG6 log10(Siin) in the band where

the Mg 11 line is detected

Notes. The values between brackets in Table C1 indicate the range of values for each parameter. [2,19] indicates that the emission lines can be
located in the ALHAMBRA bands 2, 3, ..., 19.

51-56

57-74

PSF magnitude and uncertainty in ALHAMBRA infrared

broad bands.

ALHAMBRA band where the AGN emission lines of
Table 1 fall. We set this value to 99 for no detections and to
0 for lines outside the wavelength range. For detected lines,
we also include the SNR in the band where they fall, and
the significance with which they are detected, Syip,

defined as
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