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ABSTRACT

In this work we analyze the physical properties of a sampEcapectroscopically selected star-forming (Sky imitting galaxies
at 2.0sz<3.5 using both a spectral energy distribution (SED) fittimggedure from rest-frame UV to mid-IR and direct 160
observations taken with the Photodetector Array Camera &8pmeter (PACS) instrument onbodtidrschel Space Observatory.
We define LAEs as those byemitting galaxies whose rest-framed-gquivalent widths (Lig EW,eqframe) are above 204, the typical
threshold in narrow-band searchesalgmitting galaxies with Ly EWeq_frame are called non-LAEs. As a result of an individual
SED fitting for each object, we find that the studied sample AE& contains galaxies with ages mostly below 100Myr and a&wid
variety of dust attenuations, SFRs, and stellar massesh@tezogeneity in the physical properties is also seen imtheohology,
ranging from bulge-like galaxies to highly clumpy systenmsthis way, we find that LAEs at 2€¥<3.5 are very diverse, and do
not have a bimodal nature, as suggested in previous workthefmore, the main fierence between LAEs and non-LAEs is their
dust attenuation, because LAEs are not as dusty as non-L@iEshe FIR side, four galaxies of the sample (two LAEs and two
non-LAESs) have PACS-FIR counterparts. Their total IR luosity place all of them in the ULIRG regime and are all dustjeots,
with Ajx00>4mag. This is an indication from direct FIR measurementsdhat and Ly emission are not mutually exclusive. This
population of red and dusty LAEs is not seen @02, suggesting an evolution with redshift of the IR naturgalaxies selected via
their Lya emission.

Key words. cosmology: observations — galaxies: stellar populatior@phology, infrarred.

1. Introduction Many dforts have been aimed at looking for LAEs in a
) wide range of redshifts_(Deharveng et al., 2008; Cowie et al.
Over the past years, a large number of galaxies have beed foi10, [2011; Bongiovannietial!, 2010; Guaita et al., 2010;
at different redshifts, from the local universe up te7zand [Cowie & Hu,[1998] Gronwall et al., 2007; Gawiser et al., 20086;
even beyond. One of the most successful selection methods@g,chi et al.,[ 2008/ Rhoads et al., 200d0: Shioya ktlal., [2009:
searching for high-redshift galaxies is the narrow-barah4e [\iyrayama et i/, 2007; Ouchi etldl., 2010). Physical progert
nique. It employs a combination of narrow and broad banddilteof | AEs have been mostly analyzed by fitting their observed
to isolate the Ly emission in the spectrum of a galaxy and t@pectral energy distribution (SED) with Bruzual & Charlot
constrain its nearby continuum, respectively. This metemte- (2003, hereafter BC03) templates. This allows the deteatitin
gates galaxies with a layemission whose rest-framedyequiv-  of their dust attenuation, star-formation rate (SFR), agstel-
alent width (Lyr EWres-frame) is typically above 20A. They are |ar mass|(Finkelstein et al., 2008, 20094.b; Nilsson a0y,

called Lyw emitters (LAEs). 2009, 12011; Cowie et al., 2011; Ono et al., 2010; Laietal.,
2008; Pirzkal et &ll, 2007; Gawiser et al., 2006, 2007).
Send offprint requests to: lvan Oteo, e-mailioteo@iac.es BCO03 templates do not take the dust emission in the FIR

* Herschel is an ESA space observatory with science instrumenii3to account and, even if they did, the lack of FIR informatio
provided by European-led Principal Investigator consaatid with im-  for LAES, mainly at 22, would produce important physical pa-
portant participation from NASA. rameters, such as dust attenuation and SFHRersg from large
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uncertainties. In_Oteo etlal. (2011a,b) we look for midHR
counterparts of a sample of LAEs at+@3 by using PACS-
10Qum, PACS-16@m, and MIPS-24m data, finding that a high
percentage of them~{75%) are detected at those wavelengths. 15
These detections enable us to determine their IR natureatius
tenuation, and SFR without the intrinsic uncertainties BDS
fitting. As a result, we find that LAEs at®.3 are among the
least dusty galaxies at that redshift and the majority hata t
IR luminosities below 1L,

The %z<3.5 range (1.7 to 3.2 Gyr after the Big Bang)
is where the SFR density of the Universe is at a maximum
(Hogg et al., 1998; Hopkihs, 2004; Hopkins & Beacom, 2006;
Pérez-Gonzalez etlal., 2005; Le Floc’h et al., 2005), amith
respect to LAEs, it has only started to be studied recently.
Nilsson et al.[(2009) demonstrate that there is a signifieaot
lution in the physical properties of LAEs betweer30 and
z~2.3, with a spread in their SEDs which is greater-a2 8 than
at z~3.0. This indicates that LAEs at2.3 are more massive, 0 — 7T T
older, andor dustier than those at higher redshifts. Nilsson et al. 20 55 3.0 35
(2011) find that both the dust attenuation and stellar mass of ) : ” :
LAEs at 2.3 are high, mainly spannings 0.0-2.5 mag and Redshift
log(M./Mg)=8.5-11.0, respectively. They also find that physical
properties of LAEs at that redshift are very divetse. Guaital. Fig. 1. Redshift distribution of the sources in the final sample.
(2017) obtain robust determinations of mass and dust atenMe study objects at 2 z < 3.5.
tion, log(M./My) = 8.6[8.4-9.1] and E(B-V} 0.22[0.00-0.31],
for LAEs at z~2.1. Furthermore, comparing with a sample ; ) ;
LAEs at z~3.1, they find that LAEs at<2.1 tend to be dustieroeé)gilﬁ(?r'i::!;,e ’gﬁl/gi t?]ueségrtlgzggr'gno;%i;h\?vOFrLR detected gadaxi
and show higher instantaneous SFR than those-atlz and Throughout this paper we assume a. flat universe with
the properties are also diverse. Bond et al. (2011) clainvée (Qm Q1. ho) = (0.3,0.7,0.7). All magnitudes are listed in the
z~3.1 and~2.1 for an evolution of the morphological proPerABméystém Oke & Gurn. 1983)
ties of LAEs, with the median half-light radii rising with de ) ' '
creasing redshift. They also report that LAEs-aRZl are bigger
for galaxies with higher stellar mass, star formation rared 2. Optical data and object selection
dust obscuration. Therefore, 2853.0 is an interesting redshift
range for several reasons: 1) large samples of LAEs are beﬂg
collected, 2) in this redshift range, LAEs tend to have brigj €
servable fluxes, which allows a multiwavelength coveragé wi
a higher signal-to-noise ratio than at higher redshiftst & a
redshift range where the physical properties of LAEs seebeto
changing significantly and become very diverse, while tlais h
not been clearly reported at higher redshifts.

Number of galaxies

sample used in this work was selected from the final data
ase of the VIMOS spectroscopic campaign in the GOODS-
South field (Popesso etlal., 2009; Balestra et al., 12010).Q/&M
spectra have a quality flag assigned as follows: A (secuee cla
sification), B (likely classification), and C (tentative s&ifica-
tion). From all the spectra in the survey, we only selectede¢h
galaxies that exhibit a Ly emission in their spectrum and which
are flagged as A or B. This yields a sample of 144 objects. The
In this work, we focus on a sample of spectroscopiwavelength coverage of the spectra implies that the LAEs are
cally selected Ly emitting galaxies at 22<3.5. The spec- distributed within 2.&z<3.5. Throughout this work, the objects
troscopic selection segregates galaxies witly [BMest—frame  are named as in Popesso etlal. (2009).
either above or below 20A, the typical threshold in narrow- With the aim of carrying out SED fittings for the studied
band searches. To place our contribution in a common badaxies, we used the MUSIC multiwavelength photometrie ca
with narrow-band selected galaxies, we distinguish thiefiel alog (from 0.3 to 24.Qum) of a large and deep area in the
ing throughout the work-AEs: Ly« emitting galaxies with Ly GOODS-South Field. Its first version was made by Grazian. et al

EW,es— frame>20 A; non-LAESs: Lye emitting galaxies with Ly (20053), and a subsequent update was elaborated by Sardlhi et
EWres_frane<20 A. The main objective of this work is to giVe(ZOOJ). The former uses F435W, F606W, F775W, and F850LP

a first glimpse at the FIR properties of LAEs at 223.5 by ACS images, JHKs ISAAC data, mid-IR data provided by IRAC

: ; - instrument (3.6, 4.5, 5.8, and 8.@), and publicly available U-
using deep FIR data coming frohterschel-PACS observations NS
(Poglitsch et al.l, 2010; Pilbratt etlal., 2010). Furtherepovith band data from WFI and VIMOS. The z-band of ACS GOODS

the aim of better understanding this population in that hétls frames and Ks of VLT images were used to select objects in the

range, we also study their physical properties by emplogin field, yielding a unique, autoconsistent catalog. The tetsi

o - g talogs (object detections, PSF-matchings, limitiagni-
SED fitting procedure with BCO3 templates. This allows thg'c ¢& : : !
: o _ tudes, etc.) can be found in_Grazian et al. (2006). The second
comparison between SED fitting and IR-based reslts. version includes objects selected from the IRAC4nbimage

This paper is divided in two main parts. First, in Sectibhs 2nd, therefore, sources detected in that wavelength byfaiet
[3,[4, andb we describe the optical to mid-IR data used in thos undetected ifKs band. MIPS-2d¢m photometry was also in-
work, perform SED fittings with BC0O3 templates, and carry owdluded, although it will not be considered in the SED fittings
a morphological analysis. Then, in Sectldn 6, we focus on tligee Sectioh]3). Owing to these improvements, we adopted the
FIR side of their SED, studying total IR luminosities, IRwmiad, second version of the photometric catalog.
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2011;[Laietal.] 2008; Ono etlal., 2010; Gawiser etlal., 20086,
2007). Since metallicities do not significantly modify theape
of the SEDs of galaxies, we adopted@4Z,. Different au-
thors employ dierent values: Lai et al. (2008) and Guaita et al.
(2011) consider the solar metallicity, whereas Ono et &11(2
utilize a value of 0.24. To check the validity of our choice,
we ran ZEBRA with BCO3 templates associated tffedtent
metallicities and we find similar results for the other pagsens,
10+ e within the uncertainties. This, at the same time, is an iiho
that metallicity is dfficult to determine accurately with SED fit-
ting. For the SFR, we use models with temporally constant val
] ues, as in many previous works (Gawiser et al., 2006; Lai et al
2008; 0no et all, 2010; Guaita et al., 2011; Kornei et al. 0301
Sr 7 In this case, the SFR can be obtained from the rest-frame UV
fluxes once the templates are normalized to the observed pho-
tometry and employing the Kennidutt (1998) calibrationimstn
SFR and the UV luminosity. We also tried to use exponentially
0 | decreasing SFR, but thefiirences between the results for age
T T T e e e and dust attenuation were not significant. Ono et al. (20150) a
22 23 24 25 26 27 compare the results obtained with constant and varying 3feR a
m, [mag] find similar results in both cases, which indicates that ikhy
of the star formation in a galaxy is hard to constrain with SED
jtting methods. Furthermore, adopting an exponentialtyivay
gR would add a new degree of freedom in the process, the star-
formation time scale, introducing more uncertainties ia tke-
termination of the other parameters.
The ages considered here span from 1 Myrto 3.4 Gyr, the age
To build our final sample of Ly emitting galaxies, we of the universe at the minimum redshift of the sample2 9.
matched the coordinates of 144 spectra with the MUSIC caust attenuation is included via the Calzetti et al. (20Gay |
log, resulting in a total of 70 objects. The loss of 50% of th@ith values of the color excess in the stellar continuum,-E(B
sources is explained by the area covered by the VIMOS sp&g, ranging from 0 to 0.7 in steps of 0.05. We also include inter-
troscopic observations being larger than the GOODS-MUSHKalactic medium absorption adopting the prescriptidn ofida
footprint. From that common sample, we visually inspectsthe (1995). Stellar masses are obtained from SFR and age, accord
spectrum, ruling out objects with no cleard.gmission or with ing to the assumed temporal variation of the SFR. Regartiiag t
AGN ionization lines in their spectra. We finally ended with aincertainties in the fitted values, ZEBRA provides a paramet
clean sample of 56 Ly emitting galaxies whose optical specrelated to the probability that one template truly représéne
tra suggest that they have a star-forming (SF) nature. &f@ur observed photometry of a given source. In the SED fitting of
shows the redshift distribution of the objects in the finahpée. each galaxy, we select all the templates whose associaibd-pr
It can be seen that most of them are at<z.02.7, although we bility is above 68% and consider the uncertainty of eachipara
also have a significant number of sourcesx8.Z-iguré 2 shows eter as the average of the values associated to that paramete
the distribution of the observed V-band magnitude of theélstuthe selected templates with more than 60% of probability.
ied galaxies. Most of them are brighter than 25.5 mag in that
band, which is comparable to the brightness of the UV-bright
subsample defined In_Guaita et al. (2011). The main advant ;
of working with a continuum-bright sample is that it is pddsi #Stellar populations
to carry out individual SED fitting for each galaxy, avoidithg  Figure[3 and TablE_Al1 show the results of the SED fitting for
uncertainties of stacking (Nilsson ef al., 2011). the studied galaxies. The dust attenuation of the studield, A
parametrized by the color excess in the stellar continuuBs E(
- V), ranges from 0 to 0.3, with a median value of 0.15. The
3. SED fitting method uncertainties in dust attenuation have a lower limit eqoal t
We performed SED fittings with BC03 templates for the santhe sampling of this parameter in the templates, thahk(B-
ple of 56 galaxies by using the Zurich Extragalactic Bayesia/)s~0.05, and are alsoffected by the well-known degener-
Redshift Analyzer (ZEBRA/ Feldmannetal., 2006). In it@cy between age, dust attenuation, and metallicity of the-SE
maximum-likelihood mode, ZEBRA employs @@ minimiza- fitting methods. Despite the uncertainties, the valuesiodta
tion algorithm over the templates to find the one that fits tHeere are distributed within approximately the same infeasan
observed SED of each object best. In this process, we extlufzuaita et al.[(2011) for the UV-bright sample, althoughithes-
the MIPS-24m measurements, since the fluxes in this bartian value, E(B-V)0.32, is higher than that found in the present
have a significant contribution of warm dust and PAH molesul&vork.
emission, which are not taken into account in the BC0O3 tem- Regarding age, the studied LAEs are young galaxies, most
plates. We employedALAXEV, which is provided by BC03, to of them having ages below 100 Myr. However, there are some
build a large sample of templates. In this process we adaptedAEs, ~20%, whose SEDs are compatible with older popula-
Salpeter|(1955) initial mass function, distributing stireen 0.1  tions, above 300 Myr. Although the threshold age in the gener
to 100M,. This IMF has mostly been used in previous workation of the templates was set to the age of the universeat z
in the studied redshift range (Guaita et al., 2011; Nilssalle there is no violation of the age of the universe for galaxies a

-

15

Number of galaxies

Fig. 2. Histogram of the magnitudes in the V band of the fin
sample of 56 LAEs. The values appearing here are similar
those in the UV-bright sample bf Guaita et al. (2011).
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Fig. 3. Distribution of the physical properties for the sample of [5%8Es. Blue and red-shaded histograms represent LAEs and
non-LAEs, respectively. Inset plots are more detailedespntations of the zones of the histograms where most slgjeetocated.

higher redshifts. The uncertainties in age are typicallplvehe we studied the SRR uncorrected fOr LAES at z~0.3, finding that
20%, which hints towards robust age estimations. most of them have SFRuncorrected DEIOW 5 Mpyr~2. In the
Intense rest-frame optical emission lines, such [OII]I[D! present work we do not see such low values because of the UV-
or He, could have a strongfiect on the observed broadbandprightness of the studied LAEs. However, the high valuesdou
photometry of a galaxy. At<0.3/Cowie et al[(2011) employedat 2.0sz<3.5 are not seen at9.3. This could suggest that the
their rest-frame optical spectroscopic observationseif ttAEs ~ upper limit of the SFBvuncorrected in LAES is increasing from
to analyze the influence of rest-frame optical emissiorslioe 0.3 to 2, or similarly, that there is an evolution in the upper
the derived parameters in a SED fitting procedure. As a restimit of the UV luminosity, Lyy. The surveyed comoving vol-
it was found that not subtracting those lines overestimaittise ume in Oteo et al| (2011lb) and in the present work are similar
ages of the LAEs in their sample. In our work, given that wegiven that the GALEX observations used in the former cover a
do not have spectral information about the [OIll], [Olll], By much larger area of the sky than those used in the present work
emission for the studied galaxies, we can not correct fa tHiecause the larger surveyed area-dt.3 makes up for the fier-
effect, and, so the ages obtained here should be considereénge in redshifts. Cowie etlal. (2011) report a strong eiamiinh
an upper limit of the real values. the Lya luminosity function of LAEs between-0.3 and~1.0,
Since the studied LAEs have a bright UV continuumhich could be related to the evolution in the upper limit @f,L
their dust-uncorrected SFRS, SRRncorrected, are high, rang- reported above. This suggegts that there i_s a npticeqbtt_geha
ing from about 2 to 100 Myr!, with a median value of in the UV properties of galaxies selected via theielgmission
SFRvuncorrected~10 Moyrt. These values are slightly higherfrom z~0.3 to z22.0.
than those reported at lower redshifts.|In_Oteo etlal. (2P11b
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Fig. 4. Color-color diagram containing the locus of LBGs accordm@entericci et all (2010). Filled and open dots represaftd.
and non-LAEs, respectively. Orange and blue dots repragdakies at 22.75 and z2.75, respectively. Red dots are PACS-
detected galaxies and shaded zone is the area where LBGxcated. For clarity, the galaxies with a U-V color greaterm!b.5
are assigned U-¥5.5.

The stellar mass of the studied LAEs spans withiKs band, which, at their redshifts, is quite important fomsa
7.0sLog(M./My)<9.5. More than 70% of the studied ikyemit-  pling the Balmer break and obtaining accurate values of age
ting galaxies are detected in IRAC-2r@ under a similar limit- and mass. Results based on stacking analysis must be tatken wi
ing luminosity to the one in Lai et & 08). In this way, we a care, most importantly in those cases where the SEDs arerknow
working with a sample of IRAC-bright sources, and they sbdouto have very diverse shapes and properties, as shown in this
be among the most massive LAESs in the studied redshift ranged previous works to happen at 22%3.5 (Guaita et all, 2011;
The range of stellar masses obtained here is compatible vhithsson et al., 2011).
the results of Guaita et al. (2011) for the UV-bright sampld a ~ As mentioned in Sectioril1, the spectroscopic selec-
with those at 3.0 ofiLai et al.(2008) and Gawiser ef al. (2006tion used in this work allows isolating sources with aly
m) for both IRAC-detected and IRAC-undetected StaCk@Nrest—frame<20A (non_LAEs)_ However, the number of such
samples. sources in our sample is low. Non-LAEs are also represented

After inspecting the individual SED fittings we concludetthan Figure[3. It can be seen that the age, SFR and mass of
there is a wide range of shapes, from almost-dust free cadégse galaxies are in the same range as those for LAEs. The
with a negative UV continuum slope, to highly attenuated sAEmMain diterence is the dust attenuation: objects with an attenu-
with a positive UV continuum slope. The rest-frame optital- ated Lyr emission are among the dustiest objects in the sam-
UV colors also show a significant variation from blue to red okple. This points towards the idea that LAEs are among the
jects. This way, analyzing individual SEDs for each objea, least dusty galaxies at each redshift, as reported in otbekswv
find LAEs with very diferent properties, rather than the doufor different redshifts (Cowie etlal., 2011; Oteo €tlal., 2011a,b;
ble nature suggested in previous works, which could be the F2entericci et all, 2007, 2010; Kornei et al., 2010).
sult of the stacking method being employéd (Lai étlal., 2008; Figure[3 represents the locus of Lyman Break Galaxies
\Gawiser et all, 2006, 2007). Actually, Nilsson et al. (20dttid- (LBGs) at z3.0 for the filters in the MUSIC survey
ied the dfects of stacking in their sample of LAEs at2.3, find-  (Pentericci et &ll, 2010). It can be seen that most LAEg at75
ing that, while stellar masses are robust to stacking, agds @&ould have been also selected as LBGs. Most LAEs<@t 75
dust attenuation tend to be incorrectly determined. Tloeeeft do not meet the LBG criterion, because for those redshifts, t
is clear that to analyze the physical properties of LAEs ghhi Lyman break is not located between the U and V bands, but in
redshift, individual fits to the observed photometry aredegke bluer wavelengths. The subsample of LAEs with colors of LBGs
although it is challenging for those LAEs at2 owing to pho- (LAE-LBGS) is the bridge population between these two kinds
tometric limitations. Actually, only a few LAEs of the samegl of galaxies. The principal ffierence between LAE-LBGs and
of [Ono et al. [(2010) and Lai etlal. (2008) are detected in thlee total sample of LAEs is the dust attenuation: LAE-LBGs
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tend to be dustier than other LAEs. In Figlide 4, this tendency
is reflected in their V-I color. At our redshifts, this colorear
sures the UV continuum slope, and higher values correspond t
greater dust attenuation. LAE-LBGs have higher V-I coledr
der UV continuum) than other LAEs of the sample, since they
are dustier._Pentericci etlal. (2010) find that LBGs with arLy
emission at our redshift have lower dust attenuation thaseh
without a Ly line. The combination of both results points to-
ward a sequence of increasing dust attenuation, from tise les
dusty non-LBG LAESs, to dustier LAE-LBGs, and finally those
LBGs without Lyr emission, so they could be the same popula-
tion differentiated by dust attenuation.

5. Morphology

By using HSTACS images in GOODS-South we carried out a
morphological analysis of the 56 studiedd.gmitting galaxies.
We adopted the classification givenLin Elmegreen et al. (R00%ig.5. Examples of GALFIT fittings for three SPB LAEs.
and visually classify them into three groups: 37 clump @st Left: Images of the LAEsMiddle: Sersic fitted profilesRight:
(CC), 8 chain galaxies (CH), and 11 spiral-bulges (SPB)s ThResiduals of the fittings.

classification was done by thredigrent people and the results

were similar in the three cases. There is a wide variety @ssiz

and morphologies, from highly compact to highly clumpy ob-
jects. This heterogeneity in morphology is compatible vifita 6. Herschel FIR counterparts

wide range of physical properties for our LAEs reported i@ thooops-South was observed with PACSuii) PACS-10@m,
previous section, indicating that galaxies segregatetiéiytye 534 pPACS-160m in the frame of the PACS Evolutionary Probe
emission at our redshift do not have specific propertiesjrbut project (PEP, PI D. Lutz). PEP is thderschel Guaranteed
stead can be very diverse. _ ~ Time Key-Project designed to obtain the best profit from
We fit the SPB LAEs, which are all ak2.75, with.Sersic Herschel instrumentation to study the FIR galaxy population
(1968) profiles by usingALFIT (Peng et all, 2010) in the z-band(_ytz et al.,[20111). PACS fluxes used in this work were ex-
images. At our_reds_hlft, this band represents the emlsélth_eo tracted using MIPS-24m position priors with, at least, ar3
rest-frame optical light near the Balmer break. The Sergie p sjgnificance. Limiting fluxes in PACS-7n, PACS-10@m, and

files can be analytically described by PACS-16@m are 1.0mJy, 1.1mJy, and 2.0mJy, respectively.
We look for possible FIR counterparts of our galaxies within

: B /n 2", which is the typical astrometric uncertainty in the pimsi
H(r) = 15(0) exp[ b”(r/REff) ] (1) of the sources, finding four detections in at least the PACS-

16Qum band. These counterparts are direct evidence of dust

wherel,(0) is the central intensitRyy the dfective radius, and emission in high-redshift SF sources. As seen in Fifs.??
n the Sersic index. Figuifd 5 shows how GALFIT performs thend ??, GOODSLRb_001g2 9.1, GOODSLRb_001g3.9.1,
fittings in three randomly selected SPB LAEs, which are reprand GOODSLRb_001g1 8.1 are isolated sources and, there-
sentative of the behavior of the total sample of SPB LAEsaift ¢ fore, the dust emission is coming entirely from these saurce
be seen that the Sersic (1968) profiles describe the morgjoldiowever, GOODI Rb_dec063_g3.60.1 has a nearby galaxy
of these objects quite well. To obtain the intringgg in kpc  whose emission in the FIR could contaminate the FIR flux of
from the output value given b§ALFIT (in pixels), we made use this galaxy. Two of the PACS-detected galaxies are witha th
of the assumed cosmology and the ACS pixel scale. As the t&E group and the other two have &yEW, e trame COMpatible
sult, we find that the SPB LAEs havéective radii ranging from with their being non-LAEs. Figurgl 6 represents the reshfra
2.6 to 3.1 kpc. The uncertainty in th&ective radius, which is UV to FIR SED of the four PACS-detected galaxies.
provided byGALFIT, is less than 5%. This range is compatible Table[1 shows the dust attenuation and SFReorrected
with the tail of the distribution at largeffective radii found in of the four PACS-detected galaxies, as derived from SED
Bond et al. [(2009) at-#3.1, inlBond et al.[(2011) at2.1, and fitting. Their rest-frame UV to mid-IR SEDs are compati-
in|Oteo et al.|(2011b) at~z 0.3. Therefore, an evolution in theble with high values of dust attenuation, and the two LAES
physical sizes of LAEs with redshift is not seen with the prés also exhibit greater SRRuncorrected than the median value
data. of the sample. Their large SERuncorrected iNndicates that

Regarding the Ly EW e frame, W€ do not find any sig- they have high value of UV luminosity, compatible with
nificant diference in the morphology of LAEs and non-LAEsthe greater likelihood that UV-bright galaxies are detdcte
because of the scarcity of galaxies in the non-LAE sampie. the FIR (Reddyetal.| 2010). GOOOIRb.001g29.1,
At z~0.3, in|Oteo et al.[ (2011b) we find that LAEs and noncOODSLRb_.001.93.9.1, and GOODY. Rb_dec063_93.60.1
LAEs have a clear dierence in their morphology, both in shapeare young objects with masses similar to the median populati
and size, which indicates that at that redshiftLyphotons are However, GOODS.Rb_001g18.1 is an old and dusty LAE,
escaping from small and irregufarerging galaxies. However, and it is among the most massive objects of the sample. This
Pentericci et al/ (2010) show that at our redshift, the fiestie is one of the most interesting galaxies in our sample, sitgce i
UV morphology does not depend strongly on the presence of fhl@ysical properties are opposite the classical idea of ag,LA
Lya emission. i.e. ayoung, less massive, and dust-free galaxy. Threef thuieo
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four PACS-detected galaxies would have been selected gia ttates that either the kyselection technique does not trace the
Lyman break technique (see Figlie 4). The other PACS-detecsame kind of objects with redshift, or the properties odlse-
source would have not been segregated as LBG either, stcddtted galaxies change with redshift.

redshift is not high enough to place the Lyman break between

the U and V filters. It can be seen that PACS-detected sourc6e§ .
have among the highest V-1 colors of the total sample, irtitiga ~ Dust attenuation

that they have a high-attenuated UV continuum, compatilite WThe ratio between IR and UV luminosities is the best way to
being among the dustiest galaxies in our sample. obtain the dust attenuation in galaxies. Adopting/the Buatle
(2005) calibration, the dust attenuation for our PACS-clete

6.1 IR luminosities Lya emitting galaxies can be obtained with the expression

— 2
Accurate values of the total 8-1000 IR luminosities, kg, can ANUV = ~0.0495¢ + 0.4718¢ + 0.8998 + 0.2269 @)
be obtained for the PACS-detected galaxies. Since we do not — oa(Lin/L Th ion f q
have full coverage of the dust emission peak, we cannot cal@['¢r€. X = 0g(Lir/Lnuv). The conversion from dust attenu-
late Lir by direct integration of the FIR SED. Instead, we corftion in NUV band into the color excess in the stellar contin-

; ; 3 mi ied out by using the Calzetti et al. (2000) redagni
vert PACS fluxes into |g by using Chary & Elba (2001) (here-Uum IS carrie y using : ;
after CEO1) templates, which have only one solution f@r for law. The values obtained are shown in TdHle 1. PACS-detected

each FIR flux and redshift. ObtainingrLby using single FIR LAEs have_ high_values o_f d_ust attenuation and, since they are
band extrapolations has been employed with successfutses§e!ected via their IR emission, those values represent an up
in previous works in galaxies at similar redshiits (Nordoale per limit In ‘.jUSt attenuation Qf LAEs in the studied redshift

2010; Elbaz et al., 2010, 2011). In fact, Elbaz et al. (20nmpc ange. This is a direct indication from FIR measurements tha

bine PACS and SPIRE measurements to show that fitting CE@}/f Ly €mission and the presence of dust are not mutually ex-

templates to the PACS-1ffh flux provides reliable estimates® USiV?- This result could reinforce the _scenario wherelhe
of Lir at our redshift. The typical uncertainties of the derive@MiSSion can be enhanced under a suitable geometry (Neufeld

values are related to the accuracy of single band extrapotat T991), for which evidence has already been found at higtter re

rather than to the uncertainties of the PACS fluxes themsegl hifts [Finkellstein ej[ aI_.,kZ(?OS)_, but’rllot at our r(;dsgiﬂawer
and are typically less than 0.2 déx (Elbaz étal., 2011). algy (cuaitaetal., 2011 Finkelstein et al. 2011). The dusiraia-

i ; tion derived from SED-fitting tends to be lower than obtained
for galaxies in our redshift range, PACS-180 band extrapo- .
lations give the most accurate results for single band patsa from direct IRUV measurements. _The ULIRG nature plays an
tions (Elbaz et &l[, 2010). important role in this underestimation, since for such ases,

the IR emission is more prominentthan in other less IR luméno
galaxies, and its inclusion in the analysis is essentiabtaiaing
6.2. LAE-ULIRGsS relation accurate results.

Previous results suggest that some LAEs at our redshift
range are also ultraluminous infrared galaxies (ULIRGQ"- SFR

(Nilsson & Maller, 2009 Nilsson et al., 2011; Ono et al.. E01 The combination of UV and IR luminosities provides the best
Chapman et all, 2005), but direct detections in the FIR aloufetermination of the SFR in galaxies. Assuming that all the
the dust emission peak have not been reported yet. In themiregght absorbed in the UV is in turn reradiated in the FIR, the
work, according to their Iz, the four PACS-detected galax-5ia| SFR of a galaxy, SRR, can be obtained as the sum of

ies have an ULIRG nature. Owing to the depth of the PAC§|:RNmCorrectecl plus a correction term associated to the dust

observations used in this work, the limitinggLis about 1&*  emissjon in the FIR. Adopting the Kennicutt (1998) calitwat
Lo at z~2.2. Therefore, there could be some PACS-undetect@gt correction term can be written as

LAEs in our sample, the dustiest at the highest redshiféd, feil

in the ULIRG class. Actually, given that FIR detections €gr sFR[M.yr 1] = 4.5- 10%L g [ergs?] (3)

gate dusty galaxies, it is expected that the dustiest LAEB; E

V)z0.2 of the sample have an ULIRG nature even when PACghere Ly is defined in the same way than in Secfiod 6.1. In this

undetected. Thus, more LAEs with an ULIRG nature should Rgay, SFR,y can be inferred from

expected. The number of LAEs with an ULIRG nature found,

although scarce, is very important./In Oteo etlal. (2011&®) SFR..., = SFRvuncorrected + SFRR. (4)

studied the FIR properties of a sample of 23 midHIR detected |

LAEs at z-0.3, finding that most LAEs are in the normal SF  The values of SFRg4 obtained for the PACS-detected galax-

galaxy regime, ir<10"'L o, with only one having ir~10"*°Lo,  jes are also shown in Talile 1. Such sources have highSF&

and none above that value. The discovery of LAEs with aibhove 200Myr~t. PACS-deteced sources are the reddest ones of

ULIRG nature at 22.4-2.8 suggests that the IR properties ahe sample and the fastest star formers. Although the nuofber

LAEs evolve from 20.3 to~2.5 in the sense that there is a popsych kind of galaxies is low, their SFRs can therefore be con-

ulation of red and dusty LAEs that is not seen at lower retishifsidered as the maximum value of SFRs for LAEs in this redshift

Therefore, we find from direct FIR detections that the ULIRGange. It can be also seen that the contribution of the, SER

fraction in LAEs decreases from~2.4-2.8 t0~0.3, following the SFRyy is quite high, above 93% in all cases, and, there-

the trend found for IR-detected galaxies between thoséiesls fore, SED fitting with BCO3 templates, which do not take the

(Le Floc’h et al.| 2005). dust emission in the FIR into account, systematically uesker
This possible evolution of the IR emission, along with thenates this quantity. Since we do not have a statisticallyiig

reported evolution in the UV luminosity (Sectibh 4) and i thcant sample of LAEs detected in the FIR, we cannot evaluate a

Lya luminosity function from 21.0 (Cowie et al., 2011), indi- typical factor of underestimation for LAESs in our redshdhge.
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Table 2. Total infrared luminosities for the MIPS-2/ detected 7. Summary and conclusions

LAEs. PACS-detected LAES, which are also detected in MIP
24um are not included in this table.

Object Redshift  Log(lr/Lo)
GOODSLRb.002.1.93.8_1 2.296 12.34
GOODSLRb.002.1 q2.60.1 2.181 11.30
GOODSLRb_dec062_g2.12.1 2.318 12.10
GOODSLRb_dec063.91 21 1 2.230 11.97
GOODSLRb.002.1_94.66.1 2.586 12.29
GOODSLRb_dec063_g4.53.1 2.702 11.62 1

InlOteo et al.|(2011b) we found that, for LAEs at® 3, the con-
tribution of the FIR emission is more than 60% in most cases, s

?n this work we have analyzed the rest-frame UV to IR SED of a
sample of 56 Ly emitting galaxies at 2£r<3.5. According to
their Lya EW,eg—frame We distinguish between LAEs and non-
LAEs as those Ly emitting galaxies with Ly EWeg-frame
above and below 20A, respectively. This value is the typical
threshold in narrow-band searches. Our main conclusienasar
follows.

Individual SED fittings for the studied LAEs indicate that
they are mostly young galaxies with ages below 100 Myr,
although some of them have SEDs compatible with pop-
ulations older than 300 Myr. The dust attenuation ranges
from low, E(B-V)~0.0, to high values, E(B-\90.3, with a
median of E(B-V) of 0.15. The SFRs, as derived from UV
dust-uncorrected measurements, range from about 2 to 100

that SFR based on SED fitting is underestimating the SFR by a Moyr, mostly having SFByuncorrected~10Moyr ™.
factor greater than 2. According to the IR evolution repdite 2. We find that LAEs at 2.0z<3.5 show a wide range of prop-

Sectiorl 6.2, it could be expected that the FIR contributeamlze

higher than 60% for a high percentage of the sample. Actually

LAEs at z~2.0 with Lig210'%5L, are unlikely to be detected
with the current FIR surveys, and their IR contribution te th

SFRotal» assuming a SRR uncorrected~10Moyr=1, is about 50%. 3.

By using the dust attenuation derived from SED fitting, we
can correct the SRR/uncorrected Of the PACS-detected sources
to estimate the SRR . Their values are also shown in Table
[I. It can be seen that the SgR obtained in such a way are
much lower than the values obtained from the IR emissiors Thi

agrees with Wuyts et al. (2011), who find that SED fitting tenql

to underestimate the total amount of star formation in |kt
galaxies at 22.5.

6.5. MIPS-24um counterparts of LAEs
In addition to the analyzed measurements in PACSzir§Gsix

other PACS-undetected galaxies of the total sample of 144 ha
MIPS-24um detections in the FIR regime, which were found fol-

lowing the same criterion as used for PACS counterparts. All
these galaxies are classified as LAEs. None of them are within

the MUSIC footprint, so we cannot analyze the distinctivegpr
erties of MIPS-24m-detected LAEs regarding the rest-frame
UV to mid-IR SED fitting. The MIPS-24m detections also in-
dicate the presence of IR-bright, i.e. dusty, LAEs. At£Z283.5,
the MIPS-24im band has a significative contribution of PAH

for MIPS-detected LAEs. Actually, Elbaz et al. (2010) stuldg
validity of MIPS-24um extrapolations to the |k, finding that
they are valid up to 21.5 and for objects that are below the
ULIRG limit. At z>1.5, MIPS-24m extrapolations tend to over-
estimate the | in a factor of about 2 or 3. Despite this overes-
timation, we show the |z luminosities for the MIPS-24m de-
tected LAEs in TablEI2 as inferred from MIPS24 single band
extrapolation, in a similar way to Se€f. 5.1 for PACS-detdct

sources. Owing to the PACS catalogs used in Seflion 6, PACS- ) ) )
Acknowledgements.  This work was supported by the Spanish Plan Nacional de

Astrononomia y Astrofisica under grant AYA2008-063102d01. Based on ob-

detected LAEs are also detected in MIPS#24but we do not

erties, rather than having a double nature as suggesteé-in pr
vious works. This result has been possible to achieve becaus
our LAEs are continuum-bright objects and, therefore, an in
dividual SED fitting for each source could be carried out.
The variety of the physical properties of LAEs is also re-
flected in their morphology. We find manyfl#irent struc-
tures, from bulge-like galaxies to highly clumpy systems or
chain galaxies. Fitting the bulge-like LAEs to Sersic pesijl
we found sizes distributed within 2.6 and 3.1 kpc, compati-
ble with those reported in other works at higher, similar and
lower redshifts.

We find four Lyr emitting galaxies with PACS-FIR coun-
terparts, two LAEs, and two non-LAEs. This indicates that
some LAEs have such high dust content that their emis-
sion can be directly detected. Their rest-frame UV to mid-IR
SEDs are compatible with objects with high dust attenua-
tion. FIR-detected LAEs are objects with high SFR, above
200Muyr~t, and their Ly classify them as ULIRGSs. LAEs
with an ULIRG nature are not seen at@ 3, suggesting that
there is an evolution in their IR emission with redshift. 3hi
along with the rapid evolution of the kyluminosity function
from z~0.3 to~1.0 reported in previous works and the evo-
lution in the Lyy from z~0.3 to z22.0 found here indicates
that either the physical properties in the UV, optical, aRd |
of objects that are selected via theirabgmission change
with redshift or else the Ly selection technique would seg-
regate diferent types of galaxies atftBrent redshifts.

molecule emission, which does not allow us to determine the 5. We obtain the dust attenuation in the PACS-detected LAEs

with MUSIC counterparts by combining UV and FIR infor-
mation, without the uncertainties of the SED-fitting based
methods. The results obtained in this way show that they
have color excesses greater than 0.30 in their stellar con-
tinuum. This indicates that PACS-detected LAEs are dusty
objects, despite having a kfline emission in their spectra.
This confirms from direct FIR observations that dust and Ly
emission are not mutually exclusive.

consider th0§e queCtS ,here bec_ause they have bee.n MOr&&Gations made with ESO Telescopes at the La Silla or Pa@rservatories
curately studied in previous sections. It can be seen in€Tabl under programme ID 171.A-3045. PACS has been developed bysodium
that, although overestimated, MIPS;24 detected LAEs have of institutes led by MPE (Germany) and including UVIE (Auajr KUL, CSL,

Lir>10"L . Therefore, in total we gather a sample of ten re,

AA/CAISMI, LENS, SISSA (ltaly); IAC (Spain). This developmehas been
pported by the funding agencies BMVIT (Austria), ESA-RIEX (Belgium),

and dusty LAEs, which are opposite to the classical idea @& A cEa/CNES (France), DLR (Germany), ASI (italy) and CICAMICINN

as dust-free galaxies.

(Spain). The Herschel spacecraft was designed, builedeand launched under
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Table 1. Dust attenuation as derived from SED fitting, E(Bs\{BC03], and from the IRJV ratio, E(B-V)s [IR/UV], dust-
uncorrected SFR, SkRuncorr, dust-corrected SFR, SHR—corr, and total SFR, SRRy, for the four PACS-detected sources.

Object E(B-V)[BCO3] E(B-V)s[IR/UV] SFRuvuncorr IMoYr Il  SFRuug cor [IMoYr 2]  SFRota [Moyr—]
GOODSLRb.001q181 0.20 0.40 19.6 74.9 242.3
GOODSLRb_dec063.93.60_1 0.4 0.48 11.9 172.7 311.2
GOODSLRb.001g3.9_1 0.30 0.57 10.7 80.1 452.8
GOODSLRb.001g29.1 0.15 0.42 25.6 70.3 3415

a contract to ESA managed by the HersdPleinck Project team by an indus-
trial consortium under the overall responsibility of thénpe contractor Thales
Alenia Space (Cannes), and including Astrium (Friedrietfish) responsible for
the payload module and for system testing at spacecraft, [€hales Alenia
Space (Turin) responsible for the service module, and éwstr{Toulouse) re-
sponsible for the telescope, with in excess of a hundredosititactors.
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Fig.6. Optical-to-FIR observed SED of the PACS-detected
galaxies. Blue dots represent the multi-wavelength phetom
from U-band to MIPS-24m, and red dots are the PACS-100
andor PACS-16@m fluxes. Black curve represents the combi-
nation of BC0O3 and CEO01 templates that best fit the photometri
data of each galaxy.
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Appendix A: Physical properties of the studied Ly o
emitting galaxies
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Table A.1. Physical properties of our sample of 56 galaxies at2¢B.5 as derived from SED fitting with BC03 templates.

Name Redshift Age [Myr] E(B-V)[BCO3] SFRjuncorrected IMoYr™1]  log(M./Mo)
GOODSLRb.dec063.g2.33.2 2.0214 29+ 34 0.25+ 0.07 6.7 8.2
GOODSLRb_002g3.86_1 2.0526 21+ 6 0.30+ 0.05 17.0 8.5
GOODSLRb.002.1.93.88.1 2.0600 47+ 8 0.15+ 0.05 4.8 8.3
GOODSLRb.002.1 g4.79.1 2.1449 25t 6 0.15+ 0.23 20.0 8.6
GOODSLRb_001.g3.24.2 2.1659 15t 6 0.20+ 0.06 9.1 8.1
GOODSLRb_dec061 g2411  2.1809 541 6 0.10+ 0.05 2.3 9.1
GOODSLRb_dec061 g4.152  2.2128 124 17 0.10+ 0.05 204 9.3
GOODSLRb.001g2.7_1 2.2158 383 10 0.15+ 0.05 25 8.9
GOODSLRb_dec061.g2481  2.2991 11+ 32 0.20+ 0.09 3.2 7.5
GOODSLRb.0021 1162 2.3115 55 0.25+ 0.19 15.9 7.9
GOODSLRb.002.1 g4.29.1 2.3143 11+ 24 0.30+ 0.06 9.7 8.0
GOODSLRb_dec063.g3.51.1  2.3166 305t 9 0.15+ 0.05 6.2 9.2
GOODSLRb_dec063.gq2221  2.3170 321 0.15+ 0.05 17.3 8.7
GOODSLRb_dec061.q1.11.3  2.3200 55t 22 0.20+ 0.06 27.5 9.1
GOODSLRb_dec061 q1151  2.4000 125 0.00+ 0.05 5.4 8.8
GOODSLRb.001 181 24284  175Q 13 0.20+ 0.14 19.6 10.5
GOODSLRb.002.1 g4.69.1 2.4304 3332 0.25+ 0.05 13.1 8.6
GOODSLRb_dec063.g3.53.3  2.4645 395 0.10+ 0.05 4.5 8.2
GOODSLRb_dec061 g3.60.1  2.4834 13: 6 0.15+ 0.05 10.9 8.1
GOODSLRb.002.1.g4.1_1 2.4835 127 0.05+ 0.05 221 9.4
GOODSLRb_dec063.g3.60.1 2.5144 9+ 18 0.40+ 0.05 11.9 8.0
GOODSLRb.002.1.q1.26.1 2.5600 1+5 0.40+ 0.16 13.4 7.1
GOODSLRb_001.g3 472 2.5641 3839 0.00+ 0.05 4.8 9.2
GOODSLRb.001g2.14 1 2.5671 2159 0.15+ 0.05 9.2 9.2
GOODSLRb.002.1 g4.32.1 2.6159 305: 8 0.00+ 0.05 7.6 9.3
GOODSLRb.002.1.q1 621 2.6191 3418 0.00+ 0.05 7.8 9.4
GOODSLRb.001.g2.37_1 2.6489 7% 10 0.10+ 0.05 125 8.9
GOODSLRb_dec061.g3.39.2  2.6607 5+ 6 0.25+ 0.07 11.4 7.7
GOODSLRb_dec061 g3.321  2.6692 153+ 13 0.10+ 0.05 8.0 9.0
GOODSLRb_001.g3.69_1 2.6796 74 0.10+ 0.05 4.6 7.5
GOODSLRb.001g2.31.1 2.6914  121@-10 0.10+ 0.05 9.1 10.0
GOODSLRb_001.g3.60_1 2.6933 17k 11 0.20+ 0.05 7.2 9.0
GOODSLRb_dec062 q3.441 2.7034 305: 14 0.15+ 0.05 16.0 9.6
GOODSLRb_001.g2.39_1 2.7184 10k 6 0.05+ 0.05 6.4 8.8
GOODSLRb_001.g2 442 2.7237 2 0.30+ 0.19 104.6 8.4
GOODSLRb_dec061_g4-5_2 2.7269 x5 0.30+ 0.08 10.7 7.5
GOODSLRb.001g3.9.1 2.8079 27 10 0.30+ 0.05 10.7 8.4
GOODSLRb.001g2.9_1 2.8121 61+ 9 0.15+ 0.05 25.6 9.1
GOODSLRb_dec062 g3.51.1  2.8130 10% 10 0.10+ 0.05 9.1 8.9
GOODSLRb_001.g4.22 1 2.9659 429 3 0.00+ 0.05 3.2 9.1
GOODSLRb.001g2.13.1 3.0058 5+ 2 0.25+ 0.19 119.2 8.7
GOODSLRb_001.g3.48.1 3.0201 96 0.30+ 0.10 16.4 8.1
GOODSLRb_001.g3.89.2 3.0300 12111 0.15+ 0.05 10.6 9.1
GOODSLRb_dec061_g4-7-1 3.0872 21+ 27 0.20+ 0.07 12.3 8.4
GOODSLRb.002.1 q1 522 3.0920 39: 8 0.10+ 0.05 3.9 8.1
GOODSLRb_dec061.g4.45.3  3.1316 1219 0.10+ 0.05 6.7 8.9
GOODSLRb.001g2.84.1 3.1677 %6 0.15+ 0.05 12.1 8.0
GOODSLRb_001.g3.84-1 3.1733 763t 10 0.05+ 0.05 6.4 9.6
GOODSLRb_dec063.g3.421  3.2000 193+ 18 0.10+ 0.05 6.8 9.1
GOODSLRb_dec061 g3.41.1  3.2078 69t 10 0.10+ 0.05 27.0 9.2
GOODSLRb_dec063.g3.652  3.2293 5% 16 0.20+ 0.05 21.5 9.0
GOODSLRb.001¢g3.71.2 3.2479 87 25 0.15+ 0.06 9.3 8.9
GOODSLRb.002.1 q133.1 3.3565 54 0.20+ 0.05 8.7 7.6
GOODSLRb_001.g2.30_1 3.3850 153 6 0.05+ 0.05 8.1 9.0
GOODSLRb.0021 g2.71.1 3.4724 25t 9 0.15+ 0.05 21.5 8.7

GOODSLRb_dec063.g3.31.1  3.5400 376 0.10+ 0.05 4.6 8.2
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