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ABSTRACT

We report on submillimeter and infrared observations of 28 radio-selected galaxies in the Spitzer First Look
Survey verification field. All of the radio-selected galaxies that show evidence for emission at 850 ym with SCUBA
have Spitzer counterparts at 24 um, while only half of the radio-selected galaxies without 850 yum emission
have detectable counterparts at 24 ym. The data show a wide range of infrared colors (S70 um/S24 jm < 5—30,
S8 um/S3.6 ym < 0.3—4), indicative of a mixture of infrared-warm AGN-dominated and cooler starburst-dominated
sources. The galaxies showing 850 yum emission have Spitzer flux densities and flux density ratios consistent with
the range of values expected for high-redshift (z = 1—4) ultraluminous infrared galaxies.

Subject headings: galaxies: active — galaxies: evolution — galaxies: formation — galaxies: starburst —

infrared: galaxies

1. INTRODUCTION

The Spitzer Space Telescope provides us with the exciting
opportunity to study the high-redshift universe at mid- and far-
infrared wavelengths. The /RAS mission first uncovered the
presence of infrared luminous galaxies in the local universe
(Neugebauer et al. 1984), and the submillimeter/millimeter
surveys with SCUBA and MAMBO have highlighted the
importance of ultraluminous infrared galaxies (ULIRGs;
>10'2 L) at high redshift (e.g., Smail et al. 1997; Hughes et al.
1998; Bertoldi et al. 2000). Studies of high-redshift ULIRGs
are important for our general understanding of galaxy evolu-
tion, since they are responsible for a significant fraction of the
total energy generated by all galaxies over the history of the
universe (e.g., Blain et al. 2002).

The recent spectroscopic studies of the submillimeter gal-
axy (SMQG) population show that the redshift distribution
peaks at z~2—-3 (Chapman et al. 2003a, 2004) and that the
population is composed of starbursts, active galactic nuclei
(AGNs), and composite AGN+starburst systems (Ivison et al.
1998, 2000; Frayer et al. 2003; Knudsen et al. 2003). Even
though many SMGs show the presence of AGNs, the molec-
ular CO line emission (Frayer et al. 1998, 1999; Neri et al.
2003) and X-ray data (Alexander et al. 2003) are consistent
with the majority of the infrared emission from a population
arising from star formation. The Multiband Imaging Photom-
eter for Spitzer (MIPS; Rieke et al. 2004) allows us to directly
measure the infrared colors and constrain the fraction of
infrared-warm AGN-dominated versus infrared-cool starburst-
dominated SMGs.
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2. OBSERVATIONS

Before the launch of Spitzer, we identified potential SMGs
in the First Look Survey (FLS) verification field by selecting
radio sources with faint optical counterparts, following pre-
vious successful selection techniques (e.g., Cowie et al. 2002;
Chapman et al. 2003b). We used deep Westerbork 1.4 GHz
radio data (rms = 9 uJy; Morganti et al. 2004) and deep op-
tical NOAO R-band data (3 ¢ = 26.4 mag; Fadda et al. 2004)
to derive a list of candidate sources for follow-up observations
with SCUBA. In the spring of 2003, we observed 28 galaxies
at the James Clerk Maxwell Telescope (JCMT) using the
SCUBA two-bolometer photometry mode, achieving rms
levels of 2—3 mJy at 850 pm.

The Spitzer observations were taken as part of the extra-
galactic component of the FLS.® The 28 galaxies in the sample
are located within the 0.25 deg? of the FLS verification field
and were observed with both the Infrared Array Camera
(IRAC; Fazio et al. 2004) and MIPS. The data presented here
have effective integration times of 480, 336, 168, and 34 s for
the IRAC bands and the MIPS 24, 70, and 160 pm arrays,
respectively. The data were reduced using the standard Spitzer
Science Center (SSC) pipeline and were co-added and cor-
rected offline as needed. The details of the data reduction will
be described in future FLS data papers (IRAC: M. Lacy et al.
2004. in preparation; MIPS 24 um: D. Fadda et al. 2004, in
preparation; MIPS 70 and 160 ym: D.T. Frayer et al. 2004, in
preparation).

3. RESULTS AND DISCUSSION
3.1. Source Identification

We observed 28 Westerbork radio sources with SCUBA and
detected seven SMGs at signal-to-noise ratios (S/Ns) of greater
than 3. Fourteen sources were not detected at 850 um, and the
remaining seven sources have marginal results, showing pos-
itive signals of 1.5-3 ¢ (Table 1, col. [5]). The Westerbork

© Spitzer Program ID 26, http://ssc.spitzer.caltech.edu/fls/extragal/spitzer.html.



TABLE 1

FirsT Look SURVEY VERIFICATION FIELD RADIO-SELECTED CANDIDATE SUBMILLIMETER GALAXIES

Sl.4 GHz SSSO pm S24 pm R Band S3.6 pm S4.5 pm SS,S pm SS.O pm IRAC
Source « (J2000.0) 6 (J2000.0) (uly) (mJy) (uly) (mag) (pdy) (uJy) (uly) (uly) Submillimeter (1 + thm) Notes
1 (2) (3) “ (5) (6) @) ®) ) (10) an (12) 13) (14)
17 18 12.9 +59 39 22 750 £ 120 7.0 £23 2750 &£ 280 19.68 £ 0.05 559 + 56 365 + 37 362 + 36 293 + 29 23+ 0.8 <2.5 a
17 17 29.7 +59 54 29 74 £ 9 99 +29 399 £+ 40 23.44 + 0.10 44 +£0.8 b
17 17 33.7 +59 53 56 54 +9 13.1 £2.9 232 + 28 23.83 £ 0.11 165+ 17 180+ 1.8 149 +33 <10 5.04+0.8 34+0.8
17 17 43.4 +59 48 03 262 £+ 26 54+1.6 373 +£ 37 2472 £ 020 13.0+13 13.0+13 <10.0 28.1 £3.3 2.8 +0.8
17 17 12.7 +59 47 53 81 +9 10.2 £ 2.8 146 + 28 >26.4 433 +43 440+44 429443 255 +33 43+ 0.8 3+£0.8 c
17 17 29.4 +59 41 13 116 + 12 75+25 301 £+ 30 2344 +0.14 354 +£35 399+40 493+49 48.6 = 4.9 3.7+ 0.8 z=1.06,d
17 18 10.9 +59 40 41 77+ 9 6.8+ 1.9 78 + 28 2262 +0.10 245+25 240+24 <10 193 £33 39+ 0.8
17 17 47.5 +59 54 24 80 £ 9 72 +25 200 + 28 2412 £ 0.14 260+ 2.6 274+27 365+37 474 + 4.7 40 £ 0.8 e
17 17 22.5 +59 54 12 100 £ 10 49+ 24 498 + 50 2531 +£022 282 +28 456+4.6 68.1+£68 111.6+11.2 344+ 0.8 c, f
17 17 57.9 +59 52 00 118 £ 12 58 +2.1 135 + 28 >26.4 294 +£29 355+£36 307+33 272 £33 34+0.8 34+0.8 c
17 18 23.2 +59 45 53 215 + 22 5.0+ 28 444 + 44 22.62 +£0.05 369 +37 3254+33 279+33 241 £33 29 4+ 0.8 <2.5
17 17 46.2 +59 45 17 66 +£9 8.7+ 4.0 161 £+ 28 >26.4 72+ 1.0 77+ 1.0 <10 19.1 £33 43 £0.8 c
17 18 16.8 +59 44 30 82 +9 44 +25 368 + 37 25.64 + 0.37 9.7+ 1.0 129+13 250433 21.0 £33 35+0.8 35+0.8
17 17 15.5 +59 42 02 145 £ 15 38+25 277 £+ 28 2535 + 0.34 <3 <3 <10 <10 3.0+ 0.8
17 18 01.7 +59 51 47 38+ 9 <7.5 416 + 42 >26.4 200 £20 246+25 272+33 19.8 £ 3.3 <4.8 35+0.8
17 17 22.8 +59 51 30 114 £ 11 <6.6 408 + 41 2330 £ 0.17 542 +54 389+39 366137 257 £33 <3.6 <2.5
17 18 12.3 +59 50 56 44 +£9 <8.4 <84 2193 +0.05 40.1 £4.0 264+26 239133 16.5 £ 3.3 <4.7 <2.5
17 17 43.7 +59 50 22 43 +£9 <7.8 331 £33 >26.4 133+ 1.3 179 £ 1.8 155+ 33 183 £33 <4.7 c
17 17 06.4 +59 49 25 139 £ 14 <8.4 <84 2350 £ 0.15 363 +£3.6 253+25 10.0+33 <10 <3.6 <2.5 h
17 17 41.2 +59 48 36 1080 + 130 <8.1 <84 >26.4 <3 <3 <10 <10 <22
17 17 38.5 +59 48 32 765 £ 110 <6.6 <84 24.19 + 0.14 <3 <3 <10 <10 <2.2
17 17 47.0 +59 47 12 62+9 <9.0 <84 25.41 + 0.26 41+£1.0 3.6+ 1.0 <10 <10 <44 i
17 17 56.0 +59 44 32 60 +£9 <72 <84 24.60 + 0.27 30.0+3 327+£33 21.7+£33 <10 <43 34+0.8
17 17 11.6 +59 46 21 108 £ 9 <6.9 292 + 29 23.89 +0.16 21.8+22 235+24 19.0+33 173 £33 <3.7 3408
17 18 12.9 +59 44 54 627 + 63 <9.9 217 + 28 23.83 +£0.10 393 +39 274+27 157 +33 <10 <2.6 <2.5
17 17 42.4 +59 44 56 68 +£9 <6.9 259 + 28 2337 +£0.14 187+ 19 11.8+ 1.2 <10 21.8 £33 <4.1 . z=0.84,d
17 17 21.4 +59 41 13 114 £ 12 <8.1 <84 >26.4 212 +£21 220+22 133 +33 13.8 £33 <3.7 <2.5 c
17 18 21.3 +59 40 27 356 + 36 <84 432 + 43 26.16 =042 323 +32 41.7+42 60.1 £6.0 89.2 + 8.9 <29 c

Notes.—Col. (1): Radio source identifier. Cols. (2)—(3): Radio positions that are accurate to about +2”. Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds. Col. (4): Radio flux densities from the Westerbork and VLA data. Col. (5): SCUBA 850 pm measurements. Sources 1-208 have greater than 3 ¢ 850 um detections, sources 45A—191
have 1.5-3 ¢ 850 pm measurements, and sources 75—211 are nondetections at 850 ym. All flux density and magnitude limits are given as 3 o. Col. (6): MIPS 24 um measurements. Col. (7): Optical R-band
magnitudes from NOAO 4 m. Cols. (8)—(11): IRAC flux densities. Col. (12): Photometric redshift estimate of (1 4 z)(7,/40 K)~! based on the submillimeter to radio relationship of Carilli & Yun (1999),
accounting for the degeneracy of redshift and dust temperature in the relationship (Blain 1999). Col. (13): Photometric redshift based on the assumed rest-frame 1.6 ym peak in the IRAC SED. Col. (14): Notes as
follows. (a) Measurements summed over all five components (Fig. 1). Source 1 is also detected at longer wavelengths with S7 ,m = 30£6 mJy and Sis0 ,m = 130£26 mly. Sources not detected in the 70 and
160 ym MIPS bands have 3 o limits of < 10 and < 50 mJy, respectively. (b) Detected in IRAC bands, but IRAC measurements are confused with nearby bright optical source. (c) ERO based on high S3 6 ;;m/Sr
flux density ratio. (d) Spectroscopic redshift based on Keck DEIMOS data (P. Choi et al. 2004, in preparation). (e) Brighter radio component 45A has a 24 pum counterpart and is adopted as the primary
counterpart, since 45B has no associated 24 pum source. (f) Detected in MIPS 70 um with S7 ,m = 13 £3 mly. (g) Brighter radio component 79A has a 24 m counterpart and ““merger-like”” morphology with
two optical components. (h) Source 99 has two optical components showing a merger-like morphology. (i) Neither radio component of source 128 has a 24 um counterpart; 128B is adopted as the counterpart for
flux density comparisons since there are no optical or IRAC counterparts associated with 128A.
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radio data have a resolution of 14" x11”, which is well matched
to the SCUBA data but is not sufficient to obtain reliable
counterparts in general for the optical and Spitzer data. We used
the higher resolution (570) Very Large Array (VLA; 1.4 GHz)
data of the field (Condon et al. 2003) to obtain more accurate
radio positions. The resolution of the VLA data is well matched
to the MIPS 24 um resolution of 6”. Although the VLA data
have lower S/Ns (rms ~ 20 pJy), the Westerbork sources were
typically detected at 23 o in the VLA image, providing radio
positional errors of about 1”—2". The offsets between radio and
MIPS 24 pm positions are typically less than 2”, consistent
within the positional uncertainties of the radio data and the 175—
2" positional uncertainties of the MIPS 24 um data set. Based
on the 24 pm counts in the FLS field (Marleau et al. 2004), the
probability of a chance coincidence within 2” is about 1%
for 24 pum sources brighter than 100 pJy. Hence, confusion at
24 pm is not a significant issue for this study. After the identifi-
cation of the MIPS 24 pum and R-band counterparts based on the
radio positions, the corresponding MIPS 24 um and optical po-
sitions were used to identify the appropriate IRAC counterparts.

Four of the Westerbork sources have multiple radio com-
ponents at the resolution of the VLA data (1, 45, 79, and 128).
Source 1 is the brightest Spitzer source and is composed of
five components, all detected in the MIPS 24 um, R, and
IRAC bands. The details of the source identification are pro-
vided in Table 1. Figure 1(Plate 1) shows the MIPS 24 ;ym and
IRAC 3.6 ym images for the seven SMGs detected at 850 ym
with S/N > 3.

All 14 sources showing 850 um emission above the 1.5 o
level have 24 pum counterparts, although source 208 is only
detected at about the 2.5-3 o level at 24 um. The detection of
24 pm counterparts associated even with the marginal 850 um
sources gives credence to the reliability of the greater than 3 o
SMG sources. In comparison with the 14 radio sources without
SCUBA detections, only half have 24 pym counterparts. The
detection of 24 um counterparts for this sample of radio-
selected SMGs is consistent with the high fraction of 24 ym
counterparts found for the MAMBO and SCUBA sources in
the Lockman Hole (Ivison et al. 2004; Egami et al. 2004).

Seven sources in the full sample do not have optical coun-
terparts down to R = 26.4 mag, and only three are not detected
by IRAC. The only source without any optical or IRAC coun-
terpart is source 108, which is the brightest radio galaxy in the
sample (likely a radio-loud AGN). Two sources (199 [z = 1.06]
and 150 [z = 0.84]) in the sample have spectroscopic redshifts
from the ongoing Keck DEIMOS redshift survey (P. Choi et al.
2004, in preparation). The low redshift of z = 1.06 for the 850
pm source 199 implies a cool dust temperature of 20 K, as-
suming a temperature-dependent submillimeter to radio redshift
relationship (Blain 1999).

3.2. Infrared Properties

The MIPS 24 um flux densities for the galaxies detected at
850 um are consistent with expectations, assuming standard
ULIRG spectral energy distributions (SEDs) at the typical
redshifts of z~2-3 found for the SMG population (Chapman
et al. 2003a, 2004). Figure 2 shows a range of Sy4 ;;n/S1 4 Gu,
flux density ratios for the population that may reflect a wide
distribution of infrared colors. All of the galaxies showing
850 pum emission lie within the range of values expected for
local ULIRGs redshifted to z = 1—4. Galaxies without 850 pm
emission show a wider range of Sy /S|4 gu, flux density
ratios. About half of the radio sources without detectable
850 pum emission have properties consistent with ULIRGs,
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Fi6. 2.—The S»4 ym/S1 4 Gu, flux density ratios as a function of the Sgs ;im/
S1.4 guz flux density ratio. The filled circles are the greater than 3 o SMGs, the
open circles are the radio sources without 850 pm emission, and the filled
triangles are the sources with 850 ym measurements of 1.5-3 o. All limits are
2 0. The dashed lines show the expected ratios assuming power-law approx-
imations for the infrared, submillimeter, and radio emission. The top dashed line
represents an infrared-warm ULIRG, while the bottom dashed line represents an
infrared-cool ULIRG. Redshift estimates are shown by the dotted lines. The
observed ratios are consistent with the SEDs of local ULIRGs at the expected
redshifts of z~1—4 for the SMG population. Strong radio galaxies that do not
obey the far-infrared to radio correlation are located on the lower left.

while the other half show excess radio emission compared to
their 24 pm emission, consistent with different degrees of
radio-loudness.

MIPS 70 pum observations can constrain the infrared colors
of the SMGs. Infrared-warm, AGN-dominated sources are
expected to have flux density ratios of 79 um/S24 um ~ 5, while
starburst-dominated, infrared-cool sources are expected to
have ratios of S79 ym /Sa4 um ~10. We only detect two sources at
70 pm, both of which are cool in the infrared (source 1,
870 um/S24 ym = 11; source 47, S79 um/S24 um = 26). To derive
an estimated average S79 ;m/S24 ;m ratio for the SMG popula-
tion, we co-added the 70 um data at the radio positions of the
sources showing 850 pm emission. We find an upper limit of
§70 um < 1.2 mJy (2 o). This corresponds to an infrared color of
S70 m /24 im < 5, leaving out the two sources with 70 ym
detections. Including the two 70 pum detections, the average
ratio for the SMG population is S79 m /824 pm <7, which is
slightly lower than expected if the population is dominated by
star formation. Taken at face value, these results could suggest
that many SMGs are infrared-warm AGNSs, contrary to previ-
ous conclusions that the population is dominated by star for-
mation. However, the lower than expected S79 ;;m/S24 um ratios
may arise from strong 7.7um PAH emission redshifted into the
24 pm band, given that the median redshift for the SMG
population is z~ 2.4 (Chapman et al. 2003a, 2004).

The SEDs in the IRAC bands can be used to estimate red-
shifts from the rest-frame 1.6 um peak expected for star-
forming systems (e.g., Egami et al. 2004) and to help identify
AGNs showing hot dust implied by their red IRAC colors (e.g.,
Ivison et al. 2004). For sources showing a significant bump in
the IRAC bands, the implied redshifts are generally consistent
(Table 1, cols. [12] and [13]) with the redshift estimates de-
rived from the submillimeter to radio spectral index (Carilli &
Yun 1999; Blain 1999). The discrepant photometric redshifts
for sources 48 and 119 may indicate cool dust temperatures
(T; <40 K) for these SMGs.
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Fic. 3.—The 83 6 ,m/Sk flux density ratios as a function of IRAC color given
by the Sy ;m/S3.6 um flux density ratio for sources with detections at 3.6 pum.
Symbols are the same as in Fig. 1. EROs are located above the dotted line,
corresponding to R — [3.6] > 7.5 (or R — K > 6). The data show a wide range of
IRAC colors.

Of the sources with 850 pm emission and IRAC detections,
only source 47 shows a strong increase in flux density as a
function of wavelength across the IRAC bands consistent with
an AGN. However, source 47 also has the highest S79 ;m/S24 jm
ratio in the sample (S70 jun/S24 ;m = 26), suggesting that it is
likely an infrared-cool starburst that could be at z = 4 and/or
highly reddened because of dust extinction. Hence, IRAC
colors are not always conclusive for determining the properties
at longer infrared wavelengths.

3.3. Extremely Red Objects

A significant fraction of SMGs is composed of extremely
red objects (EROs; Smail et al. 1999; Frayer et al. 2004). The

ERO definition of R — K > 6 (Thompson et al. 1999) corre-
sponds to a flux density ratio of S36,m/Sk > 85. Using this
criterion, we identify eight EROs (Fig. 3). The 30% (8/27)
fraction of EROs in this sample is larger than the 8% found for
the total microjansky radio population (Smail et al. 2002),
presumably since the SCUBA targets in this sample were
generally selected on the basis of being faint and red in the
optical bands. Figure 3 shows a wide range of IRAC colors for
the SMG population, and no correlation is observed between
the IRAC colors and the R — [3.6] colors. Another interesting
result is that most of the radio-selected EROs without de-
tectable 850 um emission (6/7) are bright at 24 pm, indicating
that these sources are infrared-bright galaxies (likely high-
redshift ULIRGs) below the current SCUBA detection limits.

4. CONCLUSIONS

All of the radio-selected SMGs in the sample have Spitzer
counterparts, showing a wide range of infrared colors con-
sistent with ULIRGs at z = 1—4. The combination of accurate
radio positions and 24 pm detections is a powerful tool for the
identification of SMGs. More sensitive observations are re-
quired in the MIPS 70 and 160 pym bands to measure the
infrared colors of the SMG population. In addition, observa-
tions with the Spitzer IRS are needed to determine the level at
which polycyclic aromatic hydrocarbon (PAH) emission con-
tributes to the MIPS 24 ym flux densities and to help determine
the AGN fraction of the population. In general, Spitzer-
selected ULIRGs will be biased toward AGNs, except within
specific redshift bins associated with the PAH features, which
may be biased toward starbursts.

We thank the staff at the JCMT and the Spitzer Science
Center for their support of these observations. This work is
based in part on observations made with the Spitzer Space
Telescope, which is operated by the Jet Propulsion Laboratory,
California Institute of Technology, under NASA contract 1407.
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Fig. .—IRAC 3.6 um and MIPS 24 ym images of the seven SMGs detected at 850 pm with S/N > 3. Each panel is approximately 30” in size (north is up and
east is left), with tick marks every 1”. The gray scale is plotted on a logarithmic scale, and the contours start at 3 o and increase by factors of 2. The crosses represent
the positions of the radio counterparts.
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