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ABSTRACT

We present observations at 1.4 and 250 GHz of the z � 5:7 Ly� emitters (LAEs) in the COSMOS field found by
Murayama et al. At 1.4 GHz there are 99 LAEs in the lower noise regions of the radio field. We do not detect any
individual source down to 3 � limits of�30�Jy beam�1 at 1.4 GHz, nor do we detect a source in a stacking analysis,
to a 2 � limit of 2.5 �Jy beam�1. At 250 GHz we do not detect any of the 10 LAEs that are located within the central
regions of the COSMOS field covered byMAMBO (200 ; 200) to a typical 2 � limit of S250 < 2 mJy. The radio data
imply that there are no low-luminosity radio AGNs with L1:4 > 6 ; 1024 W Hz�1 in the LAE sample. The radio and
millimeter observations also rule out any highly obscured, extreme starbursts in the sample, i.e., any galaxies with
massive star formation rates >1500M� yr�1 in the full sample (based on the radio data), or 500M� yr�1 for the 10%
of the LAE sample that falls in the central MAMBO field. The stacking analysis implies an upper limit to the mean
massive star formation rate of �100 M� yr�1.

Subject headinggs: galaxies: evolution — galaxies: formation — infrared: galaxies — submillimeter — surveys

1. INTRODUCTION

Numerous studies have demonstrated that using narrowband
filters centered on the Ly� line is a powerful method for discov-
ering high-redshift star-forming galaxies (Hu et al. 2004; Kodaira
et al. 2003; Rhoads et al. 2003; Malhotra & Rhoads 2004; Tran
et al. 2004; Kurk et al. 2004; Santos et al. 2004;Martin & Sawicki
2004; Taniguchi et al. 2005; Iye et al. 2006). Indeed, the majority
of galaxies known at z � 6 have been discovered in this way.
Finding galaxies at these extreme redshifts has been of paramount
importance since the recent discovery of Gunn-Peterson absorp-
tion by a partially neutral IGM toward the highest zQSOs (z � 6;
Fan et al. 2006b), a signature of cosmic reionization. Reionization
is a key benchmark in cosmic structure formation, indicating the
formation of the first luminous objects (Fan et al. 2006a).

The Cosmic Evolution Survey (COSMOS), covering 2 deg2,
is designed to probe the evolution of galaxies, AGNs, and dark
matter in the context of their cosmic environment with the Very
LargeArray (VLA; Schinnerer et al. 2007). TheCOSMOSHubble

Space Telescope (HST ) field has extensive supporting observa-
tions, ranging from the radio through the X-ray (Scoville et al.
2007). Part of this program entails a Subaru narrowband survey
of the full field centered on Ly� at z � 5:7 (Murayama et al.
2007). This survey has revealed a large sample of galaxies at
z � 5:7, with 110 candidate galaxies.
Observations of the COSMOS field have been done at 1.500

resolution (FWHM) at 1.4 GHz down to an rms level between
8 and 10 �Jy beam�1 (Schinnerer et al. 2007). Observations have
also been done at 250 GHz at a resolution of 10.600 of the inner
200 ; 200 of the COSMOSfield usingMAMBOat the IRAM30m
telescope to an rms level of 0.9 mJy (Bertoldi et al. 2007), and a
somewhat larger, shallower field (30:60 ; 30:60) at a resolution
of 3100 using BOLOCAM at the Caltech Submillimeter Obser-
vatory (Aguirre et al. 2007) to an rms level of 1.9 mJy.
In this paper we use the data from the VLA, MAMBO, and

BOLOCAM observations of the COSMOS field to constrain the
centimeter and millimeter properties of the z ¼ 5:7 LAEs. This
study represents the deepest radio continuum study of high-z
LAEs, over the largest area, as well as the most extensive study of
these sources at millimeter wavelengths to date. These data allow
us to set limits on any low-luminosity radio AGNs, as well as on
the number of highly dust-obscured starburst galaxies in the
LAE sample at z ¼ 5:7. We perform a stacking analysis to set a
limit to the mean UVobscuration of high-z LAEs.

2. THE SAMPLE AND THE RADIO
AND MILLIMETER OBSERVATIONS

2.1. The Sample

The sample is taken from the narrowband Ly� survey of
Murayama et al. (2007) centered on a redshift of z ¼ 5:7 � 0:05.
They cover the full COSMOS field, implying a comoving vol-
ume of 1:5 ; 106 Mpc3. They select sources that are detected
in the narrowband NB816 filter at NB816 < 25:1 mag, are
undetected in shorter wavelength broadband filters, and have
NB816-to-broadband near-IR colors that imply Ly� (observed)
equivalent widths EWobs > 120 8 [corresponding to rest-frame
EWrest ¼ EWobs /(1þ z) > 18 8].
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They find 110 candidate LAEs, and they estimate that the con-
tamination rate by low-z objects is <14%. Thirty-seven sources
are also detected in longer wavelength filters (z0), corresponding
to rest-frame UVemission (1250 8). All of the sources are small,
<0.500, and a few (�5%) show evidence for two or three compact
components. No large (tens of kiloparsecs or more) ‘‘Ly� blob’’
sources are detected (Steidel et al. 2000; Matsuda et al. 2004).

2.2. The VLA Observations

We have searched for radio emission from the LAEs in the
COSMOS field using the data presented in Schinnerer et al.
(2007). At each positionwe determine the flux density and the rms
noise in the region. The relative astrometric accuracy between the
radio and optical images is better than 0.200 (Sanders et al. 2007),
while for a 3 � detection the positional uncertainty is given roughly
by FWHM/(S/N) � 0:500. We have searched for radio sources
within a 0.600 radius of the LAE optical position. We exclude from
the analysis 11 LAEs in higher noise regions of the field, such as
those close to a bright continuum source, or near the edge of the
field, leaving a sample of 99 sources total, and 33with UV contin-
uum detections.

We do not detect any source >3 � at 1.4 GHz within 0.600 of any
LAE in the sample of 99. The typical 3 � limit is 30�Jy beam�1 at
1.4 GHz. Note that, for the full sample of 99 sources, we expect
0.05 chance coincidenceswithin 0.600 at the level of 30�Jy beam�1,
based on faint radio source counts (Fomalont et al. 2006).

We have also performed a radio stacking analysis of the sources,
summing images centered on the positions of the LAEs, weighted
by the rms in each subfield. Stacking all the LAEs,we do not detect
a source at the LAEposition to a 2� limit of 2.5�Jy beam�1. If we
only stack the UV-detected sources (33 sources), we find a 2 �
limit of 4 �Jy beam�1 (Fig. 1).

One LAE, J10000.51+014940.1, has amarginal (2.7 �) 1.4 GHz
source of 27 � 10 �Jy, located just 0:200 from the optical position
(Fig. 2). If real, the implied luminosity density at a rest-frame fre-
quency of 1.4 GHz is L1:4 ¼ 6 ; 1024 W Hz�1, assuming a spec-
tral index of�0.75. We do not consider this a firm detection, but
deeper radio imaging would be very interesting for this source.

We note that in the study of the GOODS-North field, Ajiki et al.
(2006) found 10 LAEs at z � 5:7 using a technique similar to that
employed for the COSMOS field. Comparing these sources to the
deep radio survey of Richards (2000), we again find that no LAE
has a radio counterpart to a 5 � detection limit of 40 �Jy.

2.3. The MAMBO and BOLOCAM Observations

Ten of the LAEs are located within the 200 ; 200 field imaged
withMAMBO at 250GHz (Bertoldi et al. 2007). Given a FWHM
of 10.600, we searched for MAMBO counterparts greater than 3 �
and within 3.500 of an LAE. None of the LAEs have a MAMBO
counterpart, to a typical 3 � upper limit of S250 < 3 mJy. A
stacking analysis leads to a 2 � limit to the mean 250 GHz flux
density of S250 < 0:7 mJy. For reference, based on submillimeter

Fig. 1.—Stacked 1.4 GHz image of the LAEs in the COSMOS field (99 sources). The rms noise level is 1.25 �Jy beam�1. The cross marks the stacking position,
centered on the LAE positions (the absolute coordinates are arbitrary). The contour levels are �6, �4, �2, 2, 4, and 6 �Jy beam�1, and the beam has FWHM ¼ 1:500.
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galaxy source counts (Bertoldi et al. 2007),we expect 0.01 chance
coincidences within 3.500 with S250 � 3 mJy for the 10 LAEs
located in the MAMBO-COSMOS field.

There is one LAE, J100040.22+021903.8, that has a potential
MAMBO source located 500 south of the LAE position, with a flux
density of S250 ¼ 3:2 � 0:91 mJy (Fig. 3). The BOLOCAM
image shows a value of 1:7 � 1:9 mJy at this position. The radio
image shows a surface brightness of 15 � 10 �Jy beam�1 at the
LAE position. This LAE is not detected in the UV continuum, and
the total star formation rate based on the Ly� luminosity is only
6 M� yr�1 (uncorrected for obscuration). Given the positional
offset and the relatively low significance of the MAMBO detec-
tion, we cannot claim either the reality of the MAMBO source or
an association of the LAE and the (marginal) MAMBO source.
If real, the implied FIR luminosity is LFIR ¼ 1:1 ; 1013 L�, and
the predicted radio flux density at 1.4 GHz is 10 �Jy based on a
star-forming galaxy template (Carilli & Yun 2000). Deeper ob-
servations at 250 and 1.4 GHz are required to check the reality
of this source.

We also searched the wider, shallower BOLOCAM field for
counterparts to the LAEs. There are 12 LAEs in the BOLOCAM

field (10 are common to theMAMBO field), and again, no source
is detected with BOLOCAM to a typical 3 � limit of 5.7 mJy. A
stacking analysis provides a 2 � limit of 1 mJy.

3. DISCUSSION

We do not detect any individual source to a typical 3 � limit of
30�Jy beam�1 at 1.4GHz.A limit of 30�Jy beam�1 at an observ-
ing frequency of 1.4 GHz implies a limit to the radio luminosity
at an emitted frequency of 1.4 GHz of L1:4 < 6 ; 1024 W Hz�1,
assuming a spectral index of�0.75. For comparison, the nearby
Fanaroff-Riley type I (i.e., low-luminosity) radio galaxy M87
has L1:4 ¼ 9 ; 1024 W Hz�1. The lack of radio AGNs in the
LAE sample is not surprising, since V. Taniguchi et al. (2007, in
preparation) show that the narrowband search technique selects
against broad-line QSOs, for which the emission lines are typ-
ically broader than the filter. Likewise, Hu et al. (1998) and Keel
et al. (1999) find a relatively low fraction (between 17% and 40%)
of narrow-line AGNs in lower z LAE samples, while Shapley
et al. (2003) find that only 3% of the Lyman break galaxies at
z � 3 show optical emission-line spectra consistent with anAGN.
Overall, our nondetection of even a low-luminosity radio AGN

Fig. 2.—VLA 1.4 GHZ image of the field centered on the z ¼ 5:7 LAE J10000.51+014940.1 in Ajiki et al. (2006). The cross marks the position of the LAE. The
contour levels are �27, �18, �9, 9, 18, and 27 �Jy beam�1, and the beam has FWHM ¼ 1:500.
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in any of the 99 COSMOS LAEs is broadly consistent with the
conclusion that the narrowband Ly� search technique preferen-
tially selects for star-forming galaxies.

We should point out that, in their extensive study of a sample
of NB816-selected LAEs at z � 4:5, Malhotra & Rhoads (2002)
found that a surprising fraction of the sources (�60%) had Ly�
EWrest > 240 8. They state that such large EWs cannot arise
through normal star formation, requiring either (1) a narrow-line
AGN, (2) a top-heavy IMF, or (3) low metallicities. The largest
measured EWrest in the COSMOS LAE sample is 103 8; how-
ever, the majority of the sources are not detected in the UV, and
hence, only lower limits on the EW values can be set (see x 2.1).
Murayama et al. (2007) discuss the EW distribution for the
COSMOS sample in more detail.

The radio luminosity limit also corresponds to a massive
(>5 M�) star formation rate, �1500 M� yr�1 (Condon 1992).
Hence, we can rule out any highly dust obscured, hyperluminous
infrared starburst galaxy. Such a source would correspond to
a bright submillimeter galaxy with a 250 GHz flux density of
�9 mJy, assuming that the local FIR-radio correlation continues
to apply to redshift z ’ 6 (e.g., Blain et al. 2002; Bertoldi et al.
2007; Carilli & Yun 1999, 2000). The MAMBO image of the
inner 200 of the COSMOS field pushes this limit down to 3 mJy
(500 M� yr�1), at least for the 10% of the LAE sample that fall
within this area.

The mean total star formation rate (for stars of 0.1Y100 M�)
for all the sources based on the Ly� luminosity is �8 M� yr�1

(Murayama et al. 2007). A similar number is found for the
star formation rates derived from the Ly� luminosity for the
UV-detected subsample. For comparison, the star formation rates
derived from UV luminosities are systematically higher, with the
mean total star formation rate derived from the UV luminosities
for the UV-detected sources �12 M� yr�1. The implied massive
(5Y100M�) star formation rates, assuming a Salpeter IMF, are a
factor of 5.6 smaller, or 1.4 and 2.1M� yr�1 for the Ly� and UV
sources, respectively. The difference between the Ly�-derived
and UV-luminosity-derived star formation rates is discussed in
Murayama et al. (2007), and likely relates to extra attenuation of
the Ly� line due to associated Ly� absorption. Note that none
of these values have been corrected for dust extinction.

From the radio stacking analysis, we derive a (2 �) upper
limit to the mean massive star formation rate of 81M� yr�1 for
all the LAEs, and 130M� yr�1 for just the UV-detected sources.
These radio limits to the star formation rate are independent of
the dust content. Hence, the upper limit to the mean obscuration
of the LAE galaxies in either the UV continuum or the Ly� line
is about a factor of 60. For comparison, the typical Lyman break
galaxy is thought to have its UVemission attenuated by a factor
of �5 due to intrinsic dust (Steidel et al. 1999), and the mean
obscuration for galaxies selected using the Ly� narrowband tech-
nique is thought to be even smaller (Shapley et al. 2003). Hence,
while our study represents the most sensitive, widest field radio
and millimeter study of high-z LAEs to date, it also accentuates
the relatively poor limits that can be reached in the radio and

Fig. 3.—MAMBO 250 GHz image of the field centered on the z ¼ 5:7 LAE J100040.22+021903.8 in Ajiki et al. (2006). The cross marks the position of the LAE, and
the size of the cross corresponds to the FWHM of the MAMBO beam. The contour levels are �3, �2, �1, 1, 2, and 3 mJy beam�1, and the beam has FWHM ¼ 10:600.
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millimeter for star-forming galaxies at the highest redshifts,
when compared to studies using the Ly� line.

The main result of this work is to rule out the existence of
any highly obscured massive starbursts or low-luminosity radio
AGNs in the COSMOS LAE sample. Clearly, to push down to
normal star-forming galaxies will require the 1Y2 orders of mag-
nitude improvement in sensitivity afforded by the upcoming Ex-
panded Very Large Array and the Atacama Large Millimeter
Array (ALMA).

Note added in manuscript.—Subsequent to the acceptance of
this paper, an additional nine LAEs were discovered on further
investigation of the Subaru images, making a total of 119 LAEs
in the COSMOS field (Murayama et al. 2007).We have searched
the radio and submillimeter COSMOS images for counterparts
but do not detect any source to limits similar to those presented
for the original sample of 110 LAEs. The stacking analysis is ef-
fectively unaltered by these new sources.

There is one source in the new sample of nine (J095825.26+
022651.32 = source 4 in the final LAE catalog; Murayama et al.
2007) which projects within 500 northwest of a strong radio hot
spot. This radio hot spot is at the end of one of the radio lobes of

an arcminute-sized luminous radio galaxy. The (likely) optical
identification of the radio host galaxy is an early-type galaxy
with a photometric redshift of 1:1� 0:2, situated in a cluster of
galaxies at this redshift identified by Finoguenov et al. (2007).
We feel the projected proximity of the LAE and the radio hot spot
is most likely just a coincidence, although it is possible that grav-
itational lensing by the cluster may magnify the LAE, or that the
detected excess in the NB816 filter is due to broad [O ii] 372.7 nm
nebular emission at z ¼ 1:19, associated with shocked gas pre-
ceding the radio hot spot. Spectroscopy of this object is needed
to test these possibilities.

C. L. C. acknowledges partial support from the Max-Planck
Society and the Alexander von Humboldt Foundation through
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laboration.More information on the COSMOS survey is available
at http://www.astro.caltech.edu/cosmos.

REFERENCES

Aguirre, J., et al. 2007, ApJS, submitted
Ajiki, M., Mobasher, B., Taniguchi, Y., Shioya, Y. et al. 2006, ApJ, 638, 596
Bertoldi, F., et al. 2007, ApJS, 172, 132
Blain, A., Smail, I., Ivison, R., Kneib, J.-P., & Frayer, D. 2002, Phys. Rep., 369,
111

Carilli, C. L., & Yun, M. S. 1999, ApJ, 513, L13
———. 2000, ApJ, 530, 618
Condon, J. 1992, ARA&A, 30, 575
Fan, X., Carilli, C. L., & Keating, B. 2006a, ARA&A, 44, 415
Fan, X., et al. 2006b, AJ, 132, 117
Finoguenov, A., et al. 2007, ApJS, 172, 182
Fomalont, E. B., Kellermann, K. I., Cowie, L. L., Capak, P., Barger, A. J.,
Partridge, R. B., Windhorst, R. A., & Richards, E. A. 2006, ApJS, 167, 103

Hu, E. M., Cowie, L. L., Capak, P., McMahon, R. G., Hayashino, T., &
Komiyama, Y. 2004, AJ, 127, 563

Hu, E. M., Cowie, L. L., & McMahon, R. G. 1998, ApJ, 502, L99
Iye, M., et al. 2006, Nature, 443, 186
Keel, W., Cohen, S., Windhorst, R., & Waddington, I. 1999, AJ, 118, 2547
Kodaira, K., et al. 2003, PASJ, 55, L17
Kurk, J. D., Cimatti, A., di Serego Alighieri, S., Vernet, J., Daddi, E., Ferrara,
A., & Ciardi, B. 2004, A&A, 422, L13

Malhotra, S., & Rhoads, J. E. 2002, ApJ, 565, L71
———. 2004, ApJ, 617, L5
Martin, C. L., & Sawicki, M. 2004, ApJ, 603, 414
Matsuda, Y., et al. 2004, AJ, 128, 569
Murayama, M., et al. 2007, ApJS, 172, 523
Rhoads, J. E., et al. 2003, AJ, 125, 1006
Richards, E. 2000, ApJ, 533, 611
Sanders, D. B., et al. 2007, ApJS, 172, 86
Santos, M. R., Ellis, R. S., Kneib, J.-P., Richard, J., & Kuijken, K. 2004, ApJ,
606, 683

Schinnerer, E., et al. 2007, ApJS, 172, 46
Scoville, N., et al. 2007, ApJS, 172, 38
Shapley, A., Steidel, C., Pettini, M., & Adelberger, K. 2003, ApJ, 588, 65
Steidel, C., Adelberger, K., Giavalisco, M., Dickinson, M., & Pettini, M. 1999,
ApJ, 519, 1

Steidel, C., Adelberger, K., Shapley, A., Pettini, M., Dickinson, M., & Giavalisco,
M. 2000, ApJ, 532, 170

Taniguchi, Y., et al. 2005, PASJ, 57, 165
Tran, K.-V. H., Lilly, S. J., Crampton, D., & Brodwin, M. 2004, ApJ, 612, L89

CARILLI ET AL.522


