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What is it good for?
Understand:

end of ionization
chemical evolution
evolution of dust
morphological evolution of galaxies
stellar formation
spatial grouping

STScI / NASA
Billions of years

10.2

z = 6.5 z = 1. 88
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Why?

Based on 2 successful methods on their respective fields (TF at low redshift and Lyman 
Alpha emitter detection in wide filters) joined for high-redshift search

Pilot program of OSIRIS-TF (tunable filters) photometric data to look for LAEs

TFs allow for a maximum signal-to-noise ratio

Obtain characteristics of LAEs during the end of the re-ionization period

Gives very good photometric redshift estimation of candidate emitters

We are not sure on the intrinsic difference (if there exists) between LAEs & LBGs
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Data

3 galaxy clusters (MS2053, MS0440, MS1358)
with strong gravitation lensing
& detailed mass models

Verdugo, et al., 2008, ApJ, 664

~6800 Å ( z ~ 4.6 )
~8150 Å ( z ~ 5.7 )
~9100 Å ( z ~ 6.6 )

regions without strong sky emission
dual emitters Lyα - HeII (1640 Å)

Nagao, et al., 2008, ApJ, 680

Lyα z ~ 4.6 Lyα z ~ 5.7 Lyα z ~ 6.6
HeII z ~ 4.6

Benn & Ellison, 1999, NewAR, 
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Candidates
The Astronomical Journal, 146:96 (16pp), 2013 October de Diego et al.

Field 9122 Å 9128 Å 9134 Å 9140 Å 9146 Å

Aa
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Ac

Ba

Bb

Ca

Cb

Figure 4. OSIRIS-TF observations. Column 1 shows the field obtained adding five individual images shown in Columns 2–6 labeled by the central wavelength of the
tuned filter. The horizontal line at the top left of the fields marks a 6′′ scale. Each row corresponds to a different LAE or LBG candidate, identified by the labels at left.
The objects lie in the center of the identifying circles.
(A color version of this figure is available in the online journal.)

Figure 5 shows three LAE candidates observed with the
OSIRIS-TF at the GTC and selected simulations extracted from
our database that resembles the real data, rather than a fitted
model for each object. The shift in wavelengths between the
observations and the model is due to the dependency of the
tuned wavelength of the filter on the distance r to the optical
center in the OSIRIS-TF images (González et al. 2013):11

λ = λc − 5.04r2, (5)

where λc is the wavelength at the optical center expressed in Å,
and r in arcminutes.

The redshifts for these LAE candidates were calculated
identifying the brightest photometric point with the position

11 http://gtc-osiris.blogspot.com.es/

of the Lyα line. For the peak-missed LAE candidate shown in
Figure 5(c), the redshift estimate is therefore an upper limit (see
Table 1). In fact, the fraction of candidates with either upper
or lower redshift limits is expected to be relatively high. This
subject, and the possible contamination of the candidate sample
by foreground galaxies, will be addressed in Sections 6 and 7.

The two objects shown in Figure 6 have a photometric profile
compatible with either LAE or LBG candidates. Their respective
redshift lower limits are shown in Table 1. The photometric
profile for the object shown in Figure 6(a) may be contaminated
by residuals of the sky-line subtractions at wavelengths below
9050 Å. As in the previous figure, simulated objects extracted
from our database are also plotted for comparison purposes.

Objects shown in Figure 7 are two LBG candidates. Both
objects show a steep increase in flux that is held at longer
wavelengths, as expected for the continuum emission of LBGs.

7
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Candidates
Only in MS2053

Only in 5 wavelengths

< 0.82” seeing

5 contiguous filters

Similar simulations, not adjusted in flux

Observations

Simulations

LAE o LBG 889

LAE 928

LBG 801

LAE 913

LAE o LBG 303

LBG 745

LBG 292

LBG 801

LAE o LBG 889

LAE 928
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Candidates
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SED fitting

Ab
LBG

z > 5.4

Aa
Emitter [O II]

z = 1.45

Ac
Emitter [O II]

z = 1.45

Ba
Interloper

z > 5.4

Bb
Emitter [O II]

z = 1.45

Ca
Young spiral

z ~ 2.4

Cb
LBG

z > 5.5

Ab
LBG

z > 5.4

HyperZ
Bolzonella, et al., 2000, A&A, 363

Filters used:

4 Spitzer/IRAC + 

3 HST/WFPC2 F606,702,814W + 

Subaru Suprime Cam z’

Hollow circles are OSIRIS 

data

Gray l ine shows f it for 

interloper emitter [O II]3726-9 Å
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Simulations The Astronomical Journal, 146:96 (16pp), 2013 October de Diego et al.

the spectral power Φc of the continuum:

Φc =
LLyα

EW0
. (2)

This spectral power is used to compute the spectral shape of the
continuum at wavelengths λ ! λLyα . For wavelengths λ " λLyα ,
the continuum is assumed to be zero, as the optical depth for
photons with wavelengths shorter than the Lyα line is large.
Equation (2) is also used to build a continuum of reference for
all the wavelengths of interest in our analysis, which will be used
later to estimate a broadband continuum emission necessary for
the criterion of detection.

The observed spectra for both, the Lyα line and the con-
tinuum, have been calculated from the corresponding spectral
luminosities taking into account the redshift for each simulated
object. These lines and continuum spectra have been added in
order to obtain the observed flux, from which we will get the
photometry later in our analysis. We have constructed another
spectrum of constant intensity for each object, calculated from
the corresponding continuum of reference.

4. NARROWBAND FILTERS

In this section we analyze the outcome produced by narrow-
band filters applied to our simulated sample. Gronwall et al.
(2007) have noted the effect of a nonsquare bandpass in the
definition of survey volume and flux calibration for large pho-
tometric selected samples of emission-line galaxies. For these
authors, the volume of space sampled is a strong function of
line strength: objects with bright line emission can be detected
even if the Lyα line lies in the wings of the filter, but for weak
Lyα sources the line must lie near the bandpass center to be
noticeable. Furthermore, ignoring the actual position of the line
in the bandpass prevents a precise estimate of the effective filter
transmission in the line position, affecting the flux calibration.
Being aware of these constraints, we consider two narrowband
filter profiles: an ideal rectangular filter to study the effect of
a general passband filter on the detection of LAEs, and a filter
with a response similar to that of Subaru NB921 attached to the
Suprime-Cam, to study the effect of a real-life filter profile.

Figure 2 shows the distribution of the simulated sample, the
ideal and the NB921 Subaru filters, and the OSIRIS-TF (see
Section 5). The simulations yield approximately 400 objects
per wavelength bin (each bin with a width of 25 Å).

4.1. Ideal Rectangular Filter

The ideal rectangular filter is defined such that

Tλ =
{

1 if 9130 " λ " 9262 Å,

0 otherwise,
(3)

where Tλ is the transmission of the filter as a function of the
wavelength λ. The bandwidth of the filter defined above is
132 Å, which equals the FWHM of the Subaru NB921 filter
(see Section 4.2).

Simulated LAEs are recovered according to two criteria,
one for source detection and the other for LAE candidate
discrimination. The detection criterion is fulfilled when the
irradiance in the narrowband filter is !5 × 10−18 erg s−1 cm−2,
which corresponds to the Subaru flux limit (Ouchi et al. 2010).
The discriminant criterion is a contrast condition between the
narrowband and the broadband fluxes. This criterion is in fact a
simplified version of the Ouchi et al. (2010) color criterion, but is
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Figure 2. Number of simulations and detections. Panel (a) shows the absolute
frequency per wavelength bin of the simulated population of LAEs. Panels (b)
and (c) depict the number of detections computed for an ideal rectangular filter
and for the Subaru NB921 filter; both panels show the transmission profile
for the respective filter superposed. Panel (d) renders the number of detections
computed for the OSIRIS-TF, along with the transmission profile of the wide
filter (solid line) built using the band synthesis technique (see text).

sufficient to analyze the simulated data. In our case, the condition
that must be accomplished consists of the narrowband flux being
at least a magnitude brighter than the (adjacent) broadband flux,
which provides a continuum of reference. Computationally, this
criterion leads to the flux of the object measured through the
filter being at least 2.5 times larger than the flux measured from
the constant continuum of reference computed in Section 3.

Results are shown in Figure 2(b). Roughly, due to the
asymmetric continuum bias, a larger number of detections at
shorter wavelengths are expected, decaying smoothly at longer
wavelengths. Small departures from this behavior are due to
random deviations in the original simulated sample redshift
distribution. Thus, most detections are scattered over the filter
passband, but some simulated objects with their Lyα peaks lying
at shorter wavelengths are recovered.

Only around one-fourth of the wavelength range in the
leftmost bin in Figure 2(b) lies inside the filter profile, and almost
half of the recovered objects in this bin correspond to simulations
with the Lyα line peak located inside the filter passband. In fact,
most recovered objects in this bin (83 out of 160) have the peak
of the Lyα line at wavelengths shorter than the filter window, but
with a fraction of the long-wavelength queue of this line inside
the filter. Note that the detection of these objects will depend
on the line parameters (peak position, FWHM, and intensity),
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5000 simulated LAEs

OSIRIS - TFs have Lorentzian profile

Preserves Lyα’s asymmetric profile in 
pseudo-spectra 

Irr ≥ 9 x 10-18 erg s-1 cm-2 (frame)

1 magnitude of difference for detection

Similar to detection method by
       Ouchi, et al., 2010, ApJ, 723
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Simulations

2500 objects

Strongly decays with 2 filters

Reaches an optimum number at 9 filters
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Magnification

LENSTOOL
Jullo, et al., 2007, NJP, 9

z = 6.5

z = 1.45
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Simulations The Astronomical Journal, 146:96 (16pp), 2013 October de Diego et al.

Table 6
OSIRIS-TF Survey Expected Quantities

Parameter Observationsa

Planned Accomp.

Slicesb 24 5
Irradiance limitc 4 9
LLyα limitd 2.1 4.7
Volume LAEse 8760 1503
Expected LAEsf 4.2 0.1
L[O II] limitg 2.9 6.4
Volume [O ii]e 122 21
Expected [O ii] (Takahashi)h 7.4 0.8
Expected [O ii] (Dressler)i 2.5 0.2

Notes.
a State of the observations: Planned or Accomplished.
b Number of wavelength slices.
c Irradiance lower limit (×10−18 erg s−1 cm−2).
d Lyα luminosity lower limit (×1042 erg s−1).
e Proper volume covered (Mpc−3).
f Number of expected LAEs obtained through the Schechter function
with Kashikawa et al. (2011) parameters. Numbers are given with a
precision of one decimal place, rather than integers, to ensure that at
least one significant digit is shown.
g [O ii] luminosity lower limit (×1040 erg s−1).
h Takahashi et al. (2007).
i Dressler et al. (2011).

the OSIRIS-TF resolution cannot be changed in the wavelength
range of our observations. It is worth noting that for other studies
where line deblending is necessary, such as mapping Hα+[N ii]
or the [S ii] doublet, it may be convenient to maintain a filter
bandpass lower than 15 Å (e.g., Lara-López et al. 2010; Cedrés
et al. 2013).

7.2. Excess of Candidates and Interlopers

The pilot observations obtained with the OSIRIS-TF embrace
5 out of 24 adjacent wavelength slices included in our complete
program to find LAE candidates. Table 6 shows the values of
some calculated and expected quantities.

Given the LAEs and [O ii] interlopers LFs, we hardly ex-
pected to find any of these objects in the limited set of obser-
vations presented in this paper. Regardless of this prospect, we
have extracted five candidates for which OSIRIS-TF data are
congruent with LAEs, two of them also LBG candidates (in
total, there were four LBG candidates). All of the LAE can-
didates were rejected after fitting broadband SEDs, but then
three of them showed as possible [O ii] interlopers, which is
also a number of objects higher than expectations. These dis-
crepancies between the number of expected LAEs and [O ii]
interlopers and the actual number of candidates are explained
due to the low number of filters used in our current observa-
tions. Thus, the available data expand only a very small range
of wavelengths (the FWHM of the synthetic OSIRIS-TF is 36 Å
rather than 150 Å for the complete set of 24 filters), preventing
a reliable sampling of the line and the continuum to both sides
of the line. As a result, we cannot distinguish between small and
large FWHM lines, because only a part of the wing of a line
is observed, or even discriminate between emission lines and
partially observed absorption features. These problems can be
easily solved by observing through the complete set of filters.
Meanwhile, we need to rely on archive data to improve can-
didate selection. Under these circumstances, even the limited

Table 7
Observer-frame FWHM for z ≃ 6.5 LAEs and Interlopers

Line Redshift Velocity FWHM
(km s−1) (Å)

Lyαλ1216 6.50 400 12.16
[O ii]λλ3726−9 1.45 . . . ∼10
[O iii]λ5007 0.82 100 3.04
Hαλ6563 0.39 100 3.04

number of broadband archive data is useful to reject candidates
with SED profiles not compatible with LAEs or LBGs, but in-
sufficient to confirm the nature of the objects.

Dressler et al. (2011) have calculated the LF for [O ii],
[O iii], and Hα interlopers for LAEs at z ≃ 5.7. These
LFs have a sharp cutoff for luminosities !3 × 1041 erg s−1,
[O ii] emitters being the most numerous of the foreground
sources. Considering a similar cutoff for z ≃ 6.5 interlopers, it
corresponds to irradiances > 2.2×10−17 erg s−1 cm−2 for [O ii]
at z = 1.45, >9.1 × 10−17 erg s−1 cm−2 for [O iii] at z = 0.82,
and >5.6 × 10−17 erg s−1 cm−2 for Hα at z = 0.39. Our LAE
candidates listed in Table 1 have irradiances below all these
flux cutoff values, the only exception being Aa, which slightly
exceeds the [O ii] flux cutoff. Therefore, interlopers can enhance
the number of fake candidates, in accordance with the results
obtained when fitting the SEDs in Section 6.

Lyα observed lines at z = 6.5 are rather wide, with FWHM
around 10 Å. Interlopers’ emission lines have observed widths
that usually are well below this value. Table 7 shows the
observed FWHM for Lyα and possible interlopers. For the
interlopers, a fiducial velocity for the emission lines arising
from star formation regions of 100 km s−1 has been chosen.
Of course, the interlopers have redshifts z ≪ 6.5, and thus
lower Doppler broadening than Lyα. Then, all the single
lines, but the unresolved [O ii] blend, have observed FWHM
easily distinguishable from the Lyα with the OSIRIS spectral
resolution. In the case of the [O ii] blend, the separation between
the individual line peaks, rather than the velocities, dominates
the observed FWHM.

Given the detection limit for these observations (9 ×
10−18 erg s−1 cm−2), [O ii] interlopers at z ≃ 1.45 with line
luminosities brighter than L[O II] > 1.166 × 1041 erg s−1 will be
detected. This yields a number of 0.2–0.8 expected [O ii] inter-
lopers in our data, depending on the LF adopted (Dressler et al.
2011; Takahashi et al. 2007, respectively). Expected numbers for
the full set of planned observations are shown in Table 6. From
Dressler et al. (2011), we expect a final efficiency of about 2/3
to find LAEs, i.e., 2 LAEs for every [O ii] interloper, when the
program is fulfilled. The OSIRIS Multi Object Spectrograph-
Mode, soon available at the GTC, could be used for follow-ups
if necessary.

The line ratio [O ii] λ3726/[O ii] λ3729 between the individ-
ual lines that conform to the [O ii] blend feature depends on the
electronic density Ne. Extreme cases have values limNe→0 = 1.5
and limNe→∞ = 0.35, and thus this line ratio can be used
to calculate the electronic density when it is in the range
2 < log(Ne) < 4 (Pradhan et al. 2006). Different values of [O ii]
ratios have a direct incidence on the unresolved blend FWHM
measured with OSIRIS-TF, which makes it even more difficult
to distinguish between LAEs and [O ii] interlopers. There are
few studies on the LF of [O ii], and all of them deal with the
blend as a single feature (Hogg et al. 1998; Gallego et al. 2002;
Teplitz et al. 2003; Takahashi et al. 2007; Dressler et al. 2011).
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Conclusions

GTC-OSIRIS-TF

Good photometric redshift (10x spectral resolution than wide filters)

Detects Lyα lines with a smaller EW

Requires more observation time

Sweeps less covolume

SUBARU

Does not detect emitters with small EW

Does not reproduce the asymmetric profile of the Lyα line

Rough redshift estimate

Sweeps more covolume

Both are complimentary strategies

Will benefit from EMIR observations
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