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ABSTRACT

We have carried out an intermediate-band optical survey for high redshift strong Lyman « Emitters (hereafter
LAEs) in the COSMOS 2 Square Degree Field using the Suprime-Cam on the Subaru Telescope. The use
of 12 intermediate-band optical filters with a spectroscopic resolution of A/AX = 23 enables us to discover
a large sample of 527 LAEs at z = 2.5-5.8 with large rest-frame equivalent widths of Ly« emission, EW, >
xx A. Since our new LAEs are systematically stronger ones, they have been missed in previous LAE surveys.
First, we discuss their observational properties such as star formation rate (SFR), stellar mass, dust extinction,
luminosity function, and space density as a function of redshift. Second, we compare these properties with

those of LAEs previously studied. Then, we have found the following new results.

Based on these new results, we discuss early star formation history in galaxies at high redshift.
Keywords: cosmology: observations — cosmology: early universe — galaxies: formation — galaxies: evolu-

tion — galaxies: high-redshift

1. INTRODUCTION

Searching for high-redshift galaxies is essentially important
in the whole understanding of the formation and early evolu-
tion of galaxies. The appearance of 8—10 m class telescopes
have been contributing to the progress in this research field
and there are now a large samples of high-redshift galaxies
beyond redshift of z ~ 2-3, the peak era of the cosmic star

COSMOS.phys.sci.chime-u.ac.

Based on observations with NASA/ESA Hubble Space Telescope,
obtained at the Space Telescope Science Institute, which is operated by
AURA, Inc., under NASA contract NAS 5-26555; and also based on data
collected at Subaru Telescope, which is operated by the National Astronomi-
cal Observatory of Japan; and also based on data products from observations
made with ESO Telescopes at the La Silla Paranal Observatory under ESO
programme ID 179.A-2005 and on data products produced by TERAPIX
and the Cambridge Astronomy Survey Unit on behalf of the UltraVISTA
consortium.

I Research Center for Space and Cosmic Evolution, Ehime University,
Bunkyo-cho, Matsuyama 790-8577, Japan

2 Graduate School of Science and Engineering, Ehime University,
Bunkyo-cho, Matsuyama 790-8577, Japan

3 Department of Astronomy, MS 105-24, California Institute of Technol-
ogy, Pasadena, CA 91125, USA

4 Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive,
Honolulu, HI 96822, USA

3 Spitzer Science Center, California Institute of Technology, Pasadena,
CA 91125, USA

6 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore,
MD 21218, USA

7 Institut d’ Astrophysique de Paris, UMR7095 CNRS, Université Pierre et
Marie Curie, 98 bis Boulevard Arago, 75014, Paris, France

8 Aix Marseille Université, CNRS, LAM (Laboratoire d’Astrophysique
de Marseille), UMR 7326, 13388, Marseille, France

9 National Radio Astronomy Observatory, 520 Edgemont Road, Char-
lottesville, VA 22903, USA

10 Dipartimento di  Astronomia, Universita di Padova, vicolo
dell’Osservatorio 2, 35122, Padua, Italy

1 Department of Physics, ETH Zurich, 8093, Zurich, Switzerland

12 MPI for Astronomy, Konigstuhl 17, D-69117 Heidelberg, Germany

formation in early universe (refs). Indeed, by using the Ly-
man break method, probable candidates of galaxies beyond
z ~ 10 have been found in the Hubble Ultra Deep Field and
the Hubble Frontier Field (refs). On one hand, deep imaging
surveys with optical narrowband filters are also successful in
the discovery of many young galaxies up to z ~ 7 (refs). In
addition, the so-called dark side of galaxy evolution has also
been probed by infrared and radio deep surveys to date (refs).
These studies together with surveys of low- and intermediate-
redshift galaxies have revealed the cosmic star-formation his-
tory as well as star formation properties of galaxies as a func-
tion of redshift. However, the question arises as whether we
have already probed all types of high-redshift populations or
not. This is attributed to the general difficulty in finding rare
populations at high redshift because of both limited survey
areas and depths.

What types of galaxies have been missed in previous sur-
veys? One population is dwarf galaxies. Although they are
numerous even at high redshift, they are too faint to be de-
tected den if we use 8-10 m class telescopes. Another im-
portant population is most massive galaxies. Being the so-
called down-sizing evolution of galaxies taken into account
(Cowie et al. 1996), it is important to explore the nature of
such most massive galaxies at high redshift. In order to find
these two populations at high redshift, we have conducted
our unique optical deep and wide imaging survey using 12
intermediate-band filters with the Suprime-Cam on the Sub-
aru Telescope. The spectroscopic resolution of these filters is
A/AMN = 23. Therefore, we are able to find very strong Ly«
emitters (LAEs) even though they are too faint in their contin-
uum magnitude. Another merit of our survey is that our sur-
vey field is the HST COSMOS field. This wide-field survey
is expected to detect rare populations such as most massive
LAEs although their volume density could be low.
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Figure 1. The COSMOS deep area, the UltraVISTA area, and the HST/ACS

area are shown by black, red, and blue lines, respectively. Our survey area

is the overlapped region between the COSMOS deep and UltraVISTA areas

shown by shaded yellow color. The masked-out areas are shown by gray

color.
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2. DATA AND SAMPLE SELECTION
2.1. Data

The photometric catalog used in our analysis is the latest
version of the COSMOS official photometric catalog (version
Feb. 2012) prepared by Peter Capak together with the photo-
metric zero-point offsets given in the COSMOS photometric
redshift catalog (version 2) prepared by Olivier Ilbert (see for
the derivation of offsets, Ilbert et al. 2009). Note that the
combined i’ and i* image was used as the detection image of
the official photometric catalog (Capak et al. 2007). Our sam-
ple selection is therefore based on the i-band selected catalog.
Note also that UltraVISTA DR1 data (McCracken et al. 2012)
are also included.

The survey area is the overlapped region between the COS-
MOS 2 square degree field for which homogeneous and deep-
est data are available (flag = O in the DEEP mask) and the
UltraVISTA areas. We do not use the masked areas in B, V,
i, or Z/ band given in the COSMOS official photometric cat-
alog. We also do not use the masked-out areas in the 12 IA
bands defined by us. Then, the final survey area covers a field

of 1.34 deg® as shown in Figure 1.

2.2. Sample Selection

We select strong LAEs from all objects detected in our sur-
vey area of 1.34 deg” through the following four steps: (1)
selection of IA-band excess objects, (2) line identification and
photometric redshift (zp,) estimate, (3) real emitter selection
using best-fit model SED, and (4) rejection of possible AGN.
In the following sections, we describe the details in each step.
Note that, although these procedures are applicable for all
types of strong line emitters in our survey, we describe our
method to identify only strong LAEs here for simplicity. The
flowcharts for these procedures are given in Appendix B.

2.2.1. Step 1: Selection of IA-band Excess Objects

As the first step, we have selected IA-band excess objects
using the following two criteria:

JTA.—IA > 0.3, (1

and
IA. —IA > 301a, 1A, ()

where IA. is the magnitude of the frequency-matched contin-
uum for a concerned IA filter band, that is estimated by using
two adjacent broadband magnitudes as described in detail be-
low. The 30 error of IA. —IA, 301a,—1a, is evaluated by using

30’1AC,1A:—2.510g (1_3“0—12Ac+012A/f1A>7 (3)

where o1ac and oya are the 1-0 flux errors for the frequency-
matched continuum and IA band, respectively, given in Ta-
ble 1 and fia is the flux in the IA band.

In our analysis of this step 1, we do not use any broad-
band photometry that overlaps a concerned IA filter bandpass
because the strong emission may affect the broadband pho-
tometry (e.g., Cardamone et al. 2009; Taniguchi et al. 2010;
Huang et al. 2015 and references therein). Then, we esti-
mate the frequency-matched continuum flux, fa,, for each
IA-band IA; via the following linear combination:

feia, = aifss,, + (1 —a;) feB,,, 4

where fgp,, and fpp,, are the flux densities of the BB; ;- and
BB; >-bands, respectively, which are adjacent to but do not
overlap the bandpass of the IA-band IA;. The coefficient of
a; in Equation (4) is determined via the following condition:
a; = (vi — vB,,)/(vBB,, — VBB,,). Where vj, vpp,,. and vpp,,
are the effective frequencies of the IA;-, BB; -, and BB, ,-
bands, respectively. The combination of broadband filters of
BB;; and BB, » and the coefficient of a; for each IA-band are
compiled in Table 1. The first criterion represented by Equa-
tion (1) roughly correspond to EWgps = 150 A. These two cri-
teria of Equations (1) and (2) are shown in Figure 2.

In this step 1, we have selected IA-excess objects that sat-
isfy both the criteria of Equation (1) and (2). The diagram of
[A-excess vs. IA magnitude is shown in Figure 2 for each IA
filter band. In this way, we have selected a sample of 5357 IA-
excess objects. Note that some objects show [A-excess emis-
sion in more than one filter, resulting 5957 TA-excess features
in total, as shown in Table 2.

2.2.2. Step 2: Identification of Emission Lines

In order to identify which emission line contributes to the
observed [A-excess feature, we carry out spectral energy dis-
tribution (SED) fitting. This procedure is our step 2.

Since our IA filters cover a wavelength range from 427 nm
to 827 nm, it is expected that the following rest-frame ultra-
violet and optical emission lines are main contributors to IA-
excess feature: Lya, C 1V, C III], Mg I1, [O 11], [O 1lI] + H,
and Ha + [N II]. Usually, we observe the excess emission in
a single filter band. In some cases, however, we may observe
the excess emission in more than one filter band. We have
simulated such multiband excess phenomena and found that
the maximum number of excess filter bands is four. However,
it is found that 24 objects show more than four excess filter
bands, as presented in Table 2'4. One probable interpretation
is that these 24 objects are variable sources such as blazers;
i.e., their IA band magnitudes are affected by such time vari-
ations. Our broadband data were obtained during a period be-
tween 2004 January and 2005 April. On the other hand, our

14 The sum of the total number of the excess objects for NP > 4 provides
24.
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Figure 2. Color-magnitude diagrams of 12 IA-bands for all sources detected in each IA-band in the COSMOS field. In each panel, the horizontal dashed
line corresponds to the first criterion represented by Equation (1) and the solid curve shows the second criterion represented by Equation (2). The dotted line
represents the 3o limiting magnitude of A.; all sources fainter than 30 limiting magnitude in /A, are placed at the 3o limiting magnitude. The orange-open and
red-filled circles are the 865 and 527 LAEs selected by step 2 and step 3, respectively. For the possible AGNs identified in step 4, black crosses are overlayed on

the red-filled circles. The 63 LAEs with £/ > 100 A are shown by blue-filled circles.
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Table 1
Quantities Related to the Step 1 of Our Sample Selection

1A; BB;; BB,, _Effective frequencies (THz)" a; 30 limiting magnitudesb
Vi VBB, | VBB, 1A IA.

1A427 u* 14 704.35 766.54  550.19 0.7126 25.8 26.8-27.8
1A464 u* 14 647.04 766.54  550.19  0.4477 25.6 26.9-27.2
1A484 u* 1% 618.65 766.54 550.19 0.3164 259 26.8-26.9
IAS05 B r 59239 67527 481.07 0.5732 25.6 27.3
1A527 B r 570.07 67527 481.07 0.4583 25.7 27.1

¢ , i’ 39296  0.5281 26.6
TAS574 g i 520.28 634.04 39297 0.5281 25.4 24.9

¢ i/ 39296 0.5613 26.7
1A624 Vv i 481.21 550.19 390297 0.5612 25.7 24.9
1A679 14 7 44225 550.19 33231 05046 253 26.0
1A709 14 7 42399 550.19 33231  0.4208 254 259
1A738 r 7 407.40 481.07 33231 05048 254 26.0
1A767 r 7 390.29 481.07 33231 0.3898 25.1 25.8
1A827 r 7 363.79 481.07 33231 0.2116 25.1 25.6

2 The effective frequencies for these filters are calculated from their effective wavelengths given
in Table 1 of Ilbert et al. (2009).

® The limiting magnitude defined by a 3o sky noise in a 3"/ diameter circular aperture except for
the limiting magnitudes of the IAc for IA427, 1A464, and 1A484. They are defined separately for
each object since the 30 limiting magnitude of the u* band significantly depends on the place in
the COSMOS field.

¢ To evaluate the frequency-matchced continuum of both IA574 and IA624-band filters, the CFHT
i*-band magnitude is used for the objects which saturate in the Subaru i’-band image; otherwise,
the Subaru i’-band magnitude is used. Note that, while the effective frequencies of the Subaru
i’ and CFHT i* bands are similar with each other, the 30 limiting magnitudes are significantly
different: 26.1 mag and 24.0 mag for the Subaru i’ and CFHT i* bands, respectively.

Table 2
Number of the IA-band Excess Candidates in Step 1.

TIA-band Ns3o® Number N(N<"P)b

N(1) N(2) N(3) N@) N(5 N(6) N(7) N(8) N9 N(10) N(11) N(12) Total
1A427 144,978 517 26 10 2 3 1 1 2 1 3 0 1 567
1A464 133,658 401 45 14 6 4 2 1 3 0 2 0 1 479
1A484 201,252 692 56 10 8 4 2 1 4 1 1 0 1 780
1A505 157,983 338 29 13 5 6 2 2 4 1 3 0 1 404
1AS527 182,770 364 65 14 8 5 1 1 4 1 3 0 1 467
1A574 145,063 240 47 9 6 3 1 0 2 0 3 0 1 312
1A624 231,075 399 74 16 9 3 1 1 4 1 2 0 1 511
1A679 213,234 457 35 19 5 2 2 2 5 1 3 0 1 532
1A709 211,537 425 74 17 3 4 2 0 3 1 3 0 1 533
TA738 222,216 528 112 10 4 4 2 2 4 1 2 0 1 670
1A767 178,159 523 85 3 2 2 1 1 3 1 2 0 1 624
1A827 197,909 832 70 15 2 5 1 2 2 0 3 0 1 933
Total (excess IA-band)® 2,219,834 5716 718 150 60 45 18 14 40 9 30 0 12 6812
Total (excess object)d 299,090 5716 359 50 15 9 3 2 5 1 3 0 1 6164

2 The total number of the objects brighter than the 3¢ limiting magnitude in the IA band, which is shown in Table 1.

b NE™ is the integer variable which represents the number of the IA bands satisfying both of the selection criteria of Equations (1) and (2) (see Figure Al).
¢ The total number of the excess [A-bands in the IA-band detected objects; it is simply calculated as the sum of N (Néimp) for all IA-band filters.

4 The total number of the sample IA-excess candidates, which is not overlapped at all; it is counted as the sum of N (Néimp) /Néimp for all IA-band filters.
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IA filter observations were made in the two epochs: i) from
2006 January to 2006 February (i.e., IA427, 1A464, TAS05,
TA574,1A679, IA709, and IA827) and ii) from 2006 Decem-
ber to 2007 March (i.e., IA484, IA527, 1A624, IA738, and
IA767). In order to remove such variable objects, we have
adopted the following criterion; objects with the median of
IA. —IA > 0.3 in either of the IA observing epochs are vari-
able sources (see Salvato et al. 2009). Since we have found
that all the 24 objects are identified as variable sources, we do
not use them in our further analysis. Then, we have a sample
of 5333 objects.

For these 5333 objects, we apply the photometric redshift
estimate code EAZY (Brammer et al. 2008) and estimate both
the reduced x-square, x2(z), and the volume-weighted likeli-

hood, p(z) [= (dV(z)/dz)e*Xi ()/2 where V (z) is the comov-
ing volume which corresponds to the survey area], to identify
the emission line causing the observed IA excess. In this anal-
ysis, we use the following 27 filter data; CFHT (u*, i*), Sub-
aru (BgVr'i'Z, 7’13, 121As), UltraVISTA (YJHK), and IRAC
(chl, ch2). Note, however, that we do not use any broadband
data overlapped with a concerned IA excess bandpass as well
as the excess IA band itself. Since the photometric error for
brighter objects is underestimated in the SExtractor output,
we adopt 0.03 mag'® for such objects. On the other hand,
when only 30 upper limit data are available, we set the flux
density to be f,, = 1.50 &+ 1o in our photometric redshift esti-
mate.

In the line identification procedure, we adopt the follow-
ing acceptable condition; x?(z) must be < 3 for a case that a
strong emission line is expected to be observed in an IA filter
band at a reasonable redshift range. Note, however, that two
or more emission lines are acceptable due to the behavior of
X2(z). On the other hand, no emission line is acceptable for
some sources; in this case, we consider that their IA-band ex-
cess is not attributed to a strong emission line (e.g., misiden-
tification by a Balmer break, and so on).

For objects with a single IA excess band, we identify
their emission line as that with the highest probability in the
volume-weighted likelihood p(z) among possible emission
lines. For objects with more than single IA excess band, we
identify their combination of emission lines as that with the
highest p(z) among possible emission lines. For objects with
two adjacent IA excess filter bands (e.g, IA464 and 1A484),
we adopt their redshifts calculated from the central wave-
lengths of the overlapped bandpasses of the two filter bands.
In this way, we have obtained a sample of 865 LAE candi-
dates. Note that the total number of IA excess bands due to
Ly« emission is 885, as shown in Table 3.

e Figure xx: ), vs. z <—is this required? if yes, how is
this figure shown? for only some sources??

2.2.3. Step 3: Selection of Real LAEs

Finally, we select a sample of LAEs via a SED fitting using
SED templates generated with GALAXEV (Bruzual & Char-
lot 2003). The adopted parameters are summarized in Table 4.

15 The 7"/ is 7/ band data taken with the new red-sensitive CCD chips on
the Subaru/Suprime-Cam (Furusawa et al. 2015, private communication).
We use both of z/- and z’-band images if z’’-band image is available, while
7'’-band images are available only for a part of our survey field (xxx%).

16 The photometric error is estimated as 0.01 mag in Ilbert et al. (2009).
However, taking account of the uncertainty in the zero point correction, we
adopt 0.03 mag in our analysis.

Since LAEs tend to be faint in the continuum, only upper
limit data may be available in IA-band data. In this case, it is
usually difficult to obtain a reliable SED fitting result. There-
fore, before SED fitting is executed, we remove LAE candi-
dates with upper limit data in more than or equal to six IA
filter bands; 150 objects are removed by this criterion. Then,
we obtain a sample of 715 LAE candidates.

In the SED fitting, the redshift of the LAE candidates is
fixed at z,, determined via step 2. We use the following 29
photometric data: CFHT («* and i*), Subaru (BgVr'i'7, 7",
and 12 IA bands), UltraVISTA (YJHK), and Spitzer IRAC
(ch1-4). Here, we use newly both ch3 and ch4 photometry
of IRAC data in order both to obtain more accurate physical
properties and to remove objects dominated by AGN compo-
nent. Note that we do not use both any broadband data over-
lapped with a concerned IA-excess band as well as the excess
IA band itself and any optical filter bands in which a strong
emission line is expected. We also do not use both broad-
band and IA bands shorter than the Lyman limit. However,
we use all JHK-band data even if some strong rest-frame op-
tical emission lines are expected. The reason for this prescrip-
tion is that the effect of such emission lines is not expected to
be serious because of their broader filter bandpasses. Using
the results of the SED fitting, we remove the LAE candidates
having the best-fit SED at z = z,1, with X2 (zpn) > 3; 74 objects
are removed and 641 LAE candidates are obtained.

Then, in order to verify the strong excess emission in an
IA band, we also adopt another criterion of EWy > EWey, 34,
where EW,y, 3, is the estimated error in EW within a range of

AXZ < 6.63. In this calculation, we use the mean continuum
flux density of the best-fit SED model between the rest-frame

1300 A and 1400 A to obtain both of EW, and EWer 35 since
the continuum flux density shorter than the Lya emission is
strongly absorbed by intergalactic medium. In this way, 84
objects are rejected and a sample of 557 LAE candidates are
obtained as shown in Table 5. Note that, as a single LAE
candidate have two adjacent excess IA-bands (i.e., IA484 and
TA505'7), the total number of the excess IA-band is 570.

2.2.4. Step 4: Rejection of Possibly AGN-powered LAEs

As the final procedure to select LAEs, we remove the can-
didates of AGNs from our LAE sample because our main in-
terest is to investigate the star-formation activity in galaxies at
high redshift. For this purpose, we adopt the following three
criteria. (1) The IRAC color criteria proposed by Donley et
al. (2012), which are shown in Figure 3; using these criteria,
we can remove a sample of sources with power-law like rest-
frame near infrared continuum. As a result, 25 sources are re-
moved. (2) X-ray sources; we have removed 3 X-ray sources
detected within an error circle by XMM-Newton using the
XMM-COSMOS database (Hasinger et al. 2007). And (3) ra-
dio sources; we have removed 3 radio sources detected by
VLA within a radius of 1 arcsec using the VLA-COSMOS
database (Schinnerer et al. 2007).

While the simple sum of the possible AGNs from the above
three criteria is 31, one of the X-ray sources also satisfies the
IRAC color criteria. Therefore, 30 objects are rejected from
our LAE sample as possible AGNs in total. As a result, we
obtain our final sample of 527 LAEs at z,, = 2.5-4.6. Since

17 We assume that the excesses in the two adjacent IA-bands are caused
by a single Ly« emission line at the central wavelength of the overlapped
bandpasses of IA484 and IA505. Hence, the photometric redshift of the LAE
candidate is adopted to be xxx.
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Table 3
Number of LAE Candidates in Step 2.

TA-band tha Zmin—ZmaXb Number N(Necﬁgns)

N(1) N(2) Total
1A427 2.501 2.416-2.586 244 1 245
1A464 2.811 2.722-2.901 149 4 153
1A484 2.986 2.892-3.080 310 8 318
1A505 3.163 3.068-3.258 100 15 115
1A527 3.326 3.226-3.425 136 13 149
1A574 3.740 3.628-3.851 24 0 24
1A624 4.125 4.001-4.248 35 0 35
1A679 4.576 4.438-4.714 18 1 19
1A709 4.816 4.686-4.946 4 2 6
1A738 5.053 4.920-5.186 7 1 8
1A767 5.318 5.169-5.468 2 0 2
1A827 5.779 5.637-5.920 0 0 0
Total (excess IA-band) 1029 45 1074
Total (excess object) 1029 26° 1055

4 Photometric redshift determined based on the assumption that Lya emission is located at the effective wavelength of the bandpass of each IA band for the LAE
candidates with Ng™ = 1. For the LAE candidates with Ng™ > 1, zp, can be different from zpy, for those with Ng¢™ = 1 since it is determined from the redshift
range in which Ng™ emission lines enter simultaneously in Ng_"™ excess bands.

b Redshift range probed by each IA-band filter for Lyc emission calculated from its effective wavelength and full width at the half maximum.

¢ 19 LAE candidates have two adjacent excess IA-bands, which are considered to be caused by a single Ly« line. The combinations of the two excess IA-bands
for these LAE candidates are the following: (IA464, 1A484) for 3 LAE candidates at Zph = 2.896, (IA484, TA505) for 3 LAE candidates at Zph = 3.073, (IA505,
IA527) for 11 LAE candidates at zp, = 3.241, (IA679, IA709) for 1 LAE candidate at z,, = 4.699, and (IA709, IA738) for 1 LAE candidate at zp, = 4.931. The
other 7 LAE candidates have two separated excess IA-bands, which are considered to be caused by Lya and C IV or Ly« and C 11I]. The combinations of two
excess [A-bands for these LAE with C 1V or LAE with C I1] candidates are the following: (IA427,1A527) for 1 LAE with C1V candidate at z,, = 2.444, (1A464,
IA574) for 1 LAE with C IV candidate at z,n = 2.764, (IA464, 1A709) for 1 LAE with C III] candidate at z,n = 2.754, (1A464, 1A738) for 1 LAE with C 1I1]
candidate at z,, = 2.835, (IA484, 1A624) for 2 LAE with C IV candidates at z,, = 3.002, and (IA527, IA679) for 1 LAE with C IV candidate at z,, = 3.346. All

of the 24 LAE candidates have Néimp = Nyol = 2.
d The LAE candidate have three excess IA-bands of 1A484, IA505, and IA624. The first two excess [A-bands and IA624 band are considered to be caused by a
single Lyc line and C 1V line at zp, = 3.073. It has Nex > = Nyot = 3 and X2 (zpn) = 2.24.

Table 4
The Adopted Parameters in Our SED Fitting in Step 3.

Library GALAXEV (Bruzual & Charlot 2003)

IMF Chabrier (0.1-100 M)

Metallicity 0.0004, 0.004, 0.02 (= Z)

SFH 7-model for 7 = 0.01-10 Gyr with interval of Alog (7/Gyr) = 0.1
Age All age set of GALAXEV except for age = 0 yr*

Dust Extinction Law  Calzetti et al. (2000)

E(B-V) 0.0-1.5 with interval of AE(B—V) = 0.01

# We also do not use the template older than cosmic age at zpp.

the LAE having two adjacent excess A bands is not rejected
in this step 4, the total number of the excess IA bands is 527
as shown in Table 5.

e check the number of the low-z emitters classified by
step 2 with zg, = 2.5-5.8

3. RESULTS
3.1. Spatial Distribution

2.3. Accuracy of Our Estimate for Photometric Redshift
Before showing the properties of our LAE samples, we

assess the quality of our zp, estimate for our LAE samples
through a comparison with their spectroscopic redshifts, zgp,
using xxx catalog. We obtained zg, for xxx LAEs from the
catalog. We also searched zg, for the other line emitters than
Lya (i.e., low-z emitters) in order to evaluate the fraction of
mis-identification of emission line in our step 2; we found
that xxx low-z emitters have zy, which should be classfied as
LAEs, i.e., zgp = 2.5-5.8.

Figure 4 shows the comparison between zp; and zg, for xxx
LAEs and xxx low-z emitters.

e check whether or not z,, of our LAE samples is consis-
tent with z,

We first show the spatial distribution of our 527 LAEs in the
COSMOS field in Figure 5. For reference, we also present the
spatial distributions of the LAEs at z =4.86 and z = 5.70 se-
lected by narrowband filters in the same COSMOS field (Sh-
ioya et al. 2009 for z = 4.86 LAEs and Murayama et al. 2007
for z =5.70 LAEs) in Figure 6.

3.2. Equivalent Width Distribution in Observer- and
Rest-frame
Then we investigate the EWs of our LAE samples. Figure 7
shows the EW,, distribution for our 527 LAEs.

e check the relation between the selection criteria of
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Table 5
Number of LAEs in Step 3 and Step 4 and of the LAEs with EW, > 100 A.

IA-band Number N
Nes Ny2 <3 Nstep 3 Nirac Nehandra Nxmm NvLa NagN NsrG NsLAE
(1) 2) 3) 4) &) (6) @ @) ) (10 an

1A427 202 180 177 4 1 0 2 7 170 15
T1A464 132 115 115 2 1 1 0 28 113 15
1A484 262 241 239 9 11 1 1 17° 222 29
TA505 91 85 85 3 2 0 0 5 80 8
1AS527 133 126 126 4 2 0 0 5 121 15
T1A574 24 21 21 1 0 0 0 1 20 5
1A624 35 34 33 0 0 0 0 0 33 0
T1A679 19 18 17 0 0 0 0 0 17 0
TA709 6 6 6 0 0 0 0 0 6 0
1A738 8 7 6 0 0 0 0 0 7 1
1A767 2 2 2 0 0 0 0 0 2 1
T1A827 0 0 0 0 0 0 0 0 0 0
Total (excess IA-band) 914 835 827 23 17 2 3 37 791 89
Total (excess object) 895¢ 8184 811¢ 23 17f 2 3 37t 7748 88h

Note. — Col. (1): IA-band. Col. (2): Number of the LAE candidates having the number of the undetected IA-band filters whose effective wavelengths are
longer than the redshifted Lya wavelength less than 5. Col. (3): Number of the LAE candidates satisfying x2 (zph) < 3 out of Ncs. Col. (4): Number of
the LAE candidates selected via Step 3. Col. (5): Number of the LAE candidates satisfying the IRAC color criteria proposed by Donley et al. (2012) out of
Nstep 3. Col. (6): Number of the LAE candidates detected with Chandra within 1 arcsec out of Nsiep 3. Col. (7): Number of the LAE candidates detected with
XMM-Newton within its error circle out of Nsep 3. Col. (8): Number of the LAE candidates detected with VLA within a radius of 1 arcsec out of Nseep 3-
Col. (9) Number of the LAE candidates classified as AGN, which is the logical sum of Njrac, Nchandra, NxmM, and Nypa. Col. (10): Number of our sample of
star-forming LAE, which is calculated via Nstep 3 — Nagn- Col. (11): Number of our sample of the LAE with rest-frame EW of EWy > 100 A, which is called as
strong LAE in this paper (see Section 3.2).

2 The one Chandra source is also rejected by the IRAC color criteria and detected by the XMM-Newton. Therefore, the number of AGNSs here is 4.

b While there is no overlap among the IRAC, XMM-Newton, and the VLA selected AGNs, three out of the eleven Chandra sources are also rejected by the IRAC
color criteria. Moreover, the two XMM-Newton sources and the one VLA souce are also detected as Chandra sources. Therefore, the number of AGNS here is
17.

¢ 108 LAE candidates in Step 2 are rejected by this criteria and all of them are the LAE candidates with N5 = 1. All of the 27 LAE candidates with NG™ > 1
in Step 2 are included here.

459, 7, and 1 LAE candidates with NG™ =1, 2, and 3 in Step 2, respectively, are rejected by this criteria. Out of the 683 LAE candidates, nineteeen candidates
are with N&™ = 2. Seventeen LAE candidates have two adjacent excess IA-bands, which are considered to be caused by a single Ly line. The combinations of
the two excess IA-bands for these LAE candidates are the following: (IA464, 1A484) for 1 LAE candidate at Zph = 2.896, (1IA484,TA505) for 3 LAE candidates at
zph = 3.073, (IA505, 1A527) for 11 LAE candidates at zp, = 3.241, (IA679, IA709) for 1 LAE candidate at z,n, = 4.699, and (IA709, IA738) for 1 LAE candidate
at zpn = 4.931. The other 2 LAE candidates have two separated excess IA-bands, which are considered to be caused by Ly« and C 111]. The combinations of two
excess IA-bands for these LAE with C 111] candidates are the following: (IA464, IA709) for 1 LAE with C II] candidate at z,, = 2.754 and (IA464, IA738) for
1 LAE with C 111] candidate at z,, = 2.835.

€94 and 1 LAE candidates with Ng?™ = 1 and 2, respectively, are rejected by this criteria. Out of the 588 LAEs, eighteen LAEs are with N5™ = 2. Among
them, xxx have Nex = 2.

f An LAE with Nex = 2 selected both in [A484 and IA505 bands is detected in the Chandra source catalog.

£ Since an LAE having two excess IA-bands is rejected as possibly AGN-powered LAE, the twelve LAEs with Nex = 2 are included in our star-forming
LAE samples.

b Two LAEs have the two excess IA-bands of IA505 and 1A527 from which EW, are evaluated as > 100 A.

EWqps 2 150 A and the resultant E Wops distributions of e it is expected that EW, does depend on sSF'R but do not

our 527 LAEs

assess the dependence of the resultant threshold of
EWgps, EWH on redshift; it is expected that EWL, in-
creases with redshift because the criteria for the EW
significance is more severe for higher-z faint sources

Figure 8 shows the distributions of the rest-frame EW, EW,,
for our 527 LAEs. Among the 527 LAEs identified through
the procedures described in the previous section, 63 LAEs are
found to have very strong Lya emissions of EW, > 100 A
as shown in Figure 8. We call these LAEs as strong LAEs
hereafter.

3.3. Distribution in L(Lya) and EWy—L(Ly«) Plane

check the properties of our LAE sample through the
distributions in L(Ly«) and in EWp—L(Lyc)

3.4. Dependence of EWy on sSFR and M,

depend on M,

e the errors in SFR seem to be terribly large <— this

could be caused by a combination of extremely small
e-folding time 7 (< 0.1 Gyr) and young age; small
changes in 7 and age can result in a significant change
in SFR

—> it may be better that SFR is evaluated from the rest-
frame UV continuum luminosity of the best-fit SED
model and E(B — V') from the SED fitting result; check
the distribution in age—7 plane

3.5. Distribution in SFR—EW, Plane

e it is expected that more massive samples have smaller

sSFR

4. DISCUSSION
4.1. Median SEDs
5. CONCLUSIONS
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Figure 3. (Replace this figure into the one in which all LAEs detected
in all of the four IRAC bands are plotted and in which the area of Don-
ley+12 criteria are shown as gray-colored.) [3.6] — [5.8] vs. [4.5] — [8.0]
diagram for the xxx LAEs detected in all of the four IRAC bands. The

red-filled and blue-filled circles represent the LAEs with £/, < 100 A

and EW,y > 100 A, respectively. The criteria proposed by Donley et al.
(2012) are shown by the solid lines. The 25 LAEs in the gray-colored
region are rejected as AGN candidates.

We would like to thank both the Subaru and HST staff for
their invaluable help, and all members of the COSMOS team.
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Figure 6. Left panel: comparison between z, and z for the bright spectroscopic selected sample 17.5 < i}y < 22.5 (zCOSMOS-bright; S. J. Lilly et al. 2008, in
preparation). The dotted and dashed lines are for z, = 75 £0.15(1 +z;) and z;, = z, £ 0.05(1 +z), respectively. The 1o dispersion, the fraction of catastrophic failures
and the median apparent magnitude are listed in the top-left corner of the left panel. Right panel: Az/(1 + z) distribution. The dashed line is a Gaussian distribution
with o = 0.007.

Figure 4. (Replace this Figure (Fig. 6 of Ilbert+09) into the adequate one in the format like this figure) Left: Comparison between the spectroscopic
redshift zs, and our estimate of zpp. The blue-filled circles and red-open triangles are the 39 LAEs and the xxx low-z emitters with zgp, respectively. The
solid line represents the one-to-one correspondence between zpp and zsp. On the other hand, the dashed and dotted lines are for zpp = zgp +0. 15(1+ zsp)
and zpp = zsp £ 0.05(1 + zgp), respectively. Right: Distribution of Az /(1 + zp). The dashed line is a Gaussian distribution with o = zzx.
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Figure 5. (Insert here) Spatial distributions of our final sample of LAEs in the COSMOS 2-square degree field. In each panel, the red- and blue-filled

circles show the LAEs with £V, < 100 A and EWy > 100 10&, respectively. The COSMOS deep area, the UltraVISTA area, and the HST/ACS area
are shown by black, red, and blue lines, respectively. The grey-shaded regions are the areas masked out for the detection. The xxx LAEs showing
two-adjacent IA-band excess are plotted in the corresponding two panels.
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Figure 6. (Replace this into the figure in same format.) Spatial distribu-
tions of the narrowband-selected LAEs at z = 4.86 (left) and z = 5.70
(right) in the COSMOS field. Symbols are the same as those in Figure 5.
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Figure 7. (Replacing this figure into the E'Wps distributions for 527 LAEs. Each IA-band selected LAEs are separately shown in 4 X 2 panels. In
each panel, the IA-band and the corresponding z,, are displayed on the top left.) EWW,ys distributions for our 527 LAEs. The LAEs selected in each
IA-band are separately presented in each panel. The vertical dashed line represent £/ = 150 ;&, which roughly corresponds to our selection criteria
of Equation (1).
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Figure 8. (Replacing this figure into the £V distributions for 527 LAEs. Same format as that of Figure 7) Same as Figure 7, but for £ distributions.
The solid histogram shows the WV distribution of the corresponding IA-band selected LAEs. The £V, distribution of all 527 LAEs are also shown in
each panel by the gray histogram, which is normalized so that the total number is matched to that of the corresponding IA-band selected LAEs.
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Figure 9. (Replacing this into the figure with 4 X 2 panels for each IA-band selected LAEs + all LAEs in the bottom right. Labels of the IA-band and
zph are shown at the top left in each panel. Vertical axis should be [V itself not the volume density n) Same as Figure 7, but for L(Lyc) distribution.

Figure 10. (Insert here. 4 X 2 panels for each IA-band selected LAEs.) Distribution of 527 LAEs in the EWy—L(Lyc) plane. The red- and blue-filled
circles show the LAEs with EW, < 100 A and EW, > 100 ;&, respectively.
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Figure 11. Left: Distribution of LAEs in the EWy—sSFR plane. (the histogram of SSFR is revised for the one which the probability distribution of SSFR
for each LAE is incorporated.) Right: Same as left panel, but for the distribution in the EWy—M, plane.
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Figure 12. (Replace this into the figure in which all LAEs are plotted.)
Distribution of LAEs in the SFR(SED) vs. M, plane. The red- and
blue-filled circles show the LAEs with £, < 100 A and EW, > 100 /o\,
respectively. We also present the distribution of the galaxies at z,, =
2.5-3.8 in the COSMOS field in gray scale with bin size of 0.1 dex both
in M, and SF'R for reference. The scale (the number of galaxies per
bin) is shown in the upper-left inset. The solid, dot-dashed, and dotted
curves represent the median, 16- and 84-percentiles, and 2.5- and 97.5
percentiles in bins of 0.1 dex in M,. The dashed line shows the relation

of sSSFR=1Gyr L.
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Figure 13. (Insert here. 1 X 3 panels for the sSF'R distributions of the
LAEs with log (M. /Mg) > 10.5 (top), 9.5-10.5 (middle), and < 9.5
(bottom). The corresponding mass range is shown at the top left and
the number of the LAEs at the top right. In each panel, distributions of
all samples are shown in open histogram while those of the LAEs with
EW,y > 100 A are shown in filled histogram.) Distribution of LAEs in
sSFR.

Figure 14. (Insert the figure with f, /f, (A = 1350 ) vs. g here.
1 X 3 panels for the SEDs of the 9 MAESTLOs (top), 63 LAEs with
EW, > 100 A (middle), and all LAEs (bottom). The corresponding la-
bel is shown at the top left and the number of the LAEs at the top right.
In each panel, the observed data points of all sources are shown in grey
data points without error and the best-fit SED model is shown by the
solid curve. The best-fit SED is evaluated via the fits to all observed data
assuming an equal weight.) Comparison of the rest-frame SED between
the MAESTLO, strong LAEs, and all LAEs.

13
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COSMOS official photometric catalog
(version 2012)

l
N =0
I

loop begin
/ IA = 1A427,..., IA827
[

FLAG,, =0
I

calculate IA.

IAc-1A>0.3 & No
IAc- 1A > 36(IAc- 1A) ?

Yes

FLAG,, = 1
NP = N+ 1

loop end

No ]
Niemp >1 7? Reject

Yes

STEP 2

Figure A1. Flowchart for the Step 1. Note that this flowchart is for a single object in the catalog; all objects in the catalog go along this flowchart independently.
See Table Al for the definition of the variables used here.

APPENDIX
A. DETAILS OF OUR PROCEDURES TO SELECT LAES
A.1. Step 1: Selection of IA-band excess objects
A.2. Step 2: Selection of LAE candidates
A.3. Step 3: Selection of real LAEs
A.4. Step 4: Rejection of possibly AGN-powered LAEs
B. SPECTRAL ENERGY DISTRIBUTIONS OF THE STRONG LAES
The observed SEDs and thumbnails of the 63 strong LAEs are shown in Figure B1.
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variable objects ?:
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loop begin
IA=1A427, ..., IA827

No

Reject
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loop begin
Iem = Lya, ..., Ho+[NII]
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I T

loop end
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ons

loop begin
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|
loop begin
igm = Lyat, ..., Ho+[NII]

zIA,iem = th :

Yes

loop end

I
\K loop end

Figure A2. Same as Figure A1, but for flowchart for the Step 2. See Table A1 for the definition of the variables used here.
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STEP 2

Nip undetect in the IAbands | =5
with Aeg > (1+2,) 4y ?

Lya
<5 |

SED fitting at z =z,

I
Kzon) 37 No Reject

Reject

Yes

N,=0
I

Loop begin
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T
No
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Calculate EW and EW.
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Loop end | /
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Ng217?
Yes
STEP 4 Reject
~—~

Figure A3. Same as Figure A1, but for flowchart for the Step 3. See Table A1 for the definition of the variables used here.
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STEP 3

FLAG oy = 0, FLAG gpc = 0,

FLAGy 5y = 0, FLAGg, 4, = 0
Y
IRAC power-law source ? | es
No FLAG = 1
J
X-ray source ? Yes
No FLAG gy = 1
FLAGy oy =1
J
Radio source ? Yes
N
© FLAG gy = 1
FLAGg 40 =1
|
0
Final sample Reject

Figure A4. Same as Figure A1, but for flowchart for the Step 4. See Table A1 for the definition of the variables used here.
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Table A1
Definition of the variables used in our flowcharts for Step 1 to Step 4.

Symbol Note
Step 1
Né,e(mp Number of the excess IA-bands which satisfy the criteria of Equations (1) and (2)?
FLAGA Flag for the excess IA-band®
Step 2

(IAc — IA)2006

(IAc — IA)2007

X3 (2)

p(2)

ZIA iem

Nps

N, sol
FLAGIA jem

cons

IA. — IA for the IA bands observed during a period between 2006 January and 2006 February
(i.e., [A427, 1A464, IA505, IA574, IA679, IA709, and 1A827)
IA. — IA for the IA bands observed during a period between 2006 December and 2007 March
(i.e., IA484, 1A527, 1A624, 1A738, and IA767)
Reduced x-square as a function of redshift z
Volume-weighted likelihood as a function of redshift z
Redshift expected for emission line iem redshifted into the IA bandpass®
Number of emission lines which satisfies x2 (214 iem) < 3 (ps = possible solution)d
Number of the excess [A-bands having at least one emission line iem Which satisfies x%, (z1A jem) < 3¢
Flag for the excess IA-band satisfying X2 (z1a jem) < 3 for emission line iem’
Maximum number of emission lines which have a consistent solution of redshift among Ny ’s line identification®

€x
Zph (Nsol, P(2), 214, jem , FLAGIA jom» Neg™) Photometric redshift determined by No1, p(2), Zia iem» FLAGIA jem, and NSO h

Step 3
NIA undetect Number of the undetected IA bands among the IA bands whose effective wavelength is longer than the
redshifted Lyc wavelength of (1 + zph) Aya
Nex Number of the IA excess bands satisfying both of x2 (zpn) < 3 and EW > EWerr 35
_ Step4
FLAGrAC Flag for the LAE possibly powered by AGN according to its IRAC colo.ri
FLAGX ray Flag for the LAE possibly powered by AGN according to its X-ray flux)
FLAGRadio Flag for the LAE possibly powered by AGN according to its radio flux*
FLAGAGN Flag for the LAE possibly powered by AGN!

4 NS™ is counted in Step 1 and used in Step 2.

b We set FLAGq, only for the excess IA-band as unity. This flag is used in Steps 2 and 3.

€ ZIAiem is determined by the rest-frame frequency of the emission line iem and the bandpass of the IA-band; therefore, z1a jem is not a unified value but represents
a range of redshift for a certain combination of IA band and emission line. This variable is used only in Step 2.

d Nps is temporal variable defined for individual IA band and used only to judge whether or not there is at least one emission line ier satisfying X2 (z1aiem) < 3
in Step 2.

¢ Nyop is used only to determine the photometric redshift of the line emitter candidate zp, in Step 2. The magnitude relation between N, and Néimp is Nyop < Néimp
for all IA-excess candidates by definition.

f We set FLAGiA jem as unity only for the excess IA-band satisfying x%(z]Ariem) < 3 for emission line iem. This flag is used to determine zpy, in Steps 2 and to
classify the line emitter candidate.

g Ngf"f i_s .determined in the process of determination of z,. The magnitude relation between Ngg™ and Nyop is Ngg™ < Nyop (< Néimp) for all IA-excess candidates
by definition.

h Zph is determined using the quantities of N1, p(2), 21 iem» and FLAG4 jem as follows. (1) For the line emitter candidates with Ny = 0, zpp, is adopted to be the
redshift at which p(z) is the maximum. Note that, in this procedure, we do not consider whether or not the condition of x2 (zph) < 3 is satisfied. (2) For those
with Ngo1 = 1, we adopt z,p, as the arithmetic mean of zja jem Which satisfies FLAGIA jem = 1. (3) For those with Ny > 2, zp is adopted to be the arithmetic
mean of the redshift range in which the number of excess IA-bands caused by the considered emission lines becomes the maximum, N™. If there are several
solutions at the same N§™, zpp, is adopted to be the redshift at which p(z) is largest.

? FLAGrac = 1 is assigned only to the LAEs satisfying the IRAC color criteria proposed by Donley et al. (2012).

JFLAGX ray = 1 is assigned only to the LAEs detected by either Chandra or XMM-Newton within an error circle using the new Chandra-COSMOS catalog and
XMM-COSMOS database.

K FLAGRagio = 1 is assigned only to the LAEs detected by VLA within a radius of 1 arcsec using the VLA-COSMOS database.

' We adopt FLAGaGN = 1 for the LAEs having either FLAGgac = 1, FLAGX_ray =1, or FLAGRagio = 1.
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Figure B1. (Insert here. 4 X 5 panels per figures X 4 figures?) The observed SEDs of the 63 strong LAEs in the COSMOS field with their thumbnails in
broad- and intermediate-bands. The observed data points are shown by filled circles with error bars. Among them, the broadbands whose wavelength
coverage overlaps with the excess IA band are represented by the grey symbols separately because these broadbands are not used in the SED fitting to
determine the best-fit model SED shown by the blue solid curve.



