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ABSTRACT

We present deep mid-IR spectroscopy with Spitzer of 13 SMGs in the GOODS-N field. We find strong PAH emis-
sion in all of our targets, which allows us to measure mid-IR spectroscopic redshifts and place constraints on the con-
tribution from star formation and AGN activity to the mid-IR emission. In the high-S/N composite spectrum, we find
that the hot dust continuum from an AGN contributes at most 30% of the mid-IR luminosity. Individually, only 2/13
SMGs have continuum emission dominating the mid-IR luminosity; one of these SMGs, C1, remains undetected in
the deep X-ray images but shows a steeply rising continuum in the mid-IR indicative of a Compton-thick AGN. We
find that the mid-IR properties of SMGs are distinct from those of 24 ym-—selected ULIRGs at z ~ 2; the former are
predominantly dominated by star formation, while the latter are a more heterogeneous sample with many showing
significant AGN activity. We fit the IRS spectrum and the mid-IR to radio photometry of SMGs with template SEDs
to determine the best estimate of the total IR luminosity from star formation. While many SMGs contain an AGN as
evinced by their X-ray properties, our multiwavelength analysis shows that the total IR luminosity, g, in SMGs is
dominated by star formation. We find that high-redshift SMGs lie on the relation between Lig and Lpan, 6.2 (0r Lpan,7.7
or Lpay, 11.3) that has been established for local starburst galaxies. This suggests that PAH luminosity can be used as a
proxy for the SFR in SMGs. SMGs are consistent with being a short-lived cool phase in a massive merger where the

AGN does not appear to have become strong enough to heat the dust and dominate the mid- or far-IR emission.

Subject headings: galaxies: active — galaxies: evolution — galaxies: starburst — infrared: galaxies —
submillimeter — techniques: spectroscopic

Online material: color figures

1. INTRODUCTION

The Cosmic Background Explorer (COBE) revealed that the
extragalactic background light at infrared (IR) wavelengths was
comparable to that at optical wavelengths, indicating that half of
the star formation and active galactic nucleus (AGN) emission,
averaged over cosmic time, is obscured by dust (e.g., Puget et al.
1996; Hauser & Dwek 2001). In the local universe, the volume
density of dusty, IR-luminous galaxies is insufficient to account
for this background. Therefore, the density of such galaxies must
evolve strongly with redshift (for a review see, e.g., Lagache et al.
2005). In fact, imaging observations with the Infrared Space
Observatory (ISO) and the Spitzer Space Telescope (hereafter
Spitzer) have shown that about 70% of the comoving star for-
mation rate density (SFRD) at 0.5 < z < 3 is obscured by dust
(Chary & Elbaz 2001, hereafter CEO1; Le Floc’h et al. 2005;
Pérez-Gonzalez et al. 2005).

In the local universe, we refer to these dusty galaxies as lu-
minous infrared galaxies [LIRGs; 11 < log Lir(Ls) < 12] and
ultraluminous infrared galaxies [ULIRGs; log Lir(Ls) > 12],
where Lig is the total IR luminosity from 8 to 1000 um (for a
review see Sanders & Mirabel 1996). It is now becoming clear

! Department of Physics and Astronomy, University of British Columbia,
Vancouver, BC V6T 171, Canada.

2 Current address: National Optical Astronomy Observatory, Tucson, AZ 85719;
pope@noao.edu.

3 Spitzer Fellow.

4 Spitzer Science Center, MS 220-6, California Institute of Technology,
Pasadena, CA 91125.

> Department of Physics, Durham University, Durham DH1 3LE, UK.

¢ National Optical Astronomy Observatory, Tucson, AZ 85719.

7 Laboratoire AIM, CEA/DSM-CNRS-Université Paris Diderot, DAPNIA /
Service d’Astrophysique, CEA Saclay, 91191 Gif-sur-Yvette Cedex, France.

1171

that IR-luminous galaxies are a heterogeneous population with
selection functions at different mid- and far-IR wavelengths re-
vealing different subsets of this population (Daddi et al. 2005;
Lutz et al. 2005b; Yan et al. 2005; Pope et al. 2006).

Perhaps the most enigmatic members of the high-redshift
ULIRG population are the submillimeter galaxies (SMGs). These
galaxies were initially discovered in the late 1990s with the Sub-
millimeter Common-User Bolometer Array (SCUBA; Holland
et al. 1999) on the James Clerk Maxwell Telescope (JCMT) and
then later with the Max-Planck Millimeter Bolometer (MAMBO)
camera on the Institut de Radio Astronomie Millimetrique (IRAM)
30 m telescope (for a review see Blain et al. 2002). They have
proven to be difficult to study, due to the large beam size of sub-
millimeter observations and the difficulty in finding counterparts
at other wavelengths (e.g., Ivison et al. 2002; Pope et al. 2005).
Nevertheless, it has been found that they are very massive sys-
tems (Swinbank et al. 2004; Borys et al. 2005; Greve et al. 2005;
Tacconi et al. 2006) at z ~ 2 (Chapman et al. 2005; Pope et al.
2006; Aretxaga et al. 2007), which are thought to be connected
to the most massive present-day galaxies via an evolutionary se-
quence (Lilly et al. 1999). A crucial aspect that needs to be ex-
plored in SMGs is what powers their extreme luminosities: AGN
activity or star formation?

The mid-IR spectral regime is a particularly good probe of
what is producing the total IR luminosity since it has contribu-
tions from both star formation and AGNs each with a unique sig-
nature at these wavelengths. The 5—15 pm mid-IR spectral energy
distribution (SED) can be decomposed into three main compo-
nents (e.g., Sajina et al. 2007): (1) emission features from what
are thought to be polycyclic aromatic hydrocarbon (PAH) mol-
ecules (Puget & Leger 1989; Allamandola et al. 1999), (2) power-
law (or warm blackbody) emission, and (3) extinction characterized
by prominent silicate absorption features (e.g., Draine 2003). The
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first is understood to be powered entirely by star formation, while
the second is predominantly emission from the AGN (Genzel et al.
1998). The second component can also contain contributions from
hot dust (very small grains) present in the most energetic H 11 re-
gions (e.g., Tran et al. 2001). The third component can be found
in both starbursts and AGNs since it just requires a dust screen
around hot dust emission.

Measuring the contribution from ULIRGs to the global star
formation rate (SFR) requires dissecting their IR emission into
contributions from starbursts and AGNs. Mid-IR spectroscopy
with /SO made it possible to decompose the various contributors
in local ULIRGs with the result that they are predominantly star-
burst powered, although they also show signs of AGN activity
(e.g., Genzel et al. 1998; Lutz et al. 1999; Rigopoulou et al. 1999;
Sturm et al. 2000; Tran et al. 2001). In particular, ISO studies of
local ULIRGs showed that at low luminosities the ULIRGs are
powered mainly by a starburst, but at the very highest luminos-
ities (Lig 2 3 x 1012 L) the dominant emission source is the AGN
(Lutz et al. 1998; Tran et al. 2001). From this one might expect
that SMGs, with their extreme IR luminosities (Lig ~ 6 x 10! L
Pope et al. 2006), are primarily AGN dominated.

The Spitzer Infrared Spectrograph (IRS; Houck et al. 2004),
with its sensitivity and spectral resolution, can extend this effort
outside the local universe, allowing much larger samples to be
observed to much fainter flux limits. The IRS can detect emission
features and continuum in ULIRGs out to z ~ 4 (Valiante et al.
2007). The three mid-IR spectral components listed above have
been fitted to the Spitzer IRS spectra of ULIRGs at various red-
shifts to determine the AGN contribution to the mid-IR lumi-
nosity (e.g., Sajina et al. 2007). Although X-ray imaging is very
effective at identifying the presence of an AGN in a galaxy, it is
subject to obscuration in extreme, Compton-thick sources. The
X-ray luminosity provides a direct measurement of the power of
the AGN at X-ray energies, but it is necessary to make assump-
tions about the geometry of the obscuring dust to determine the
bolometric luminosity of the AGN (e.g., Alexander et al. 2005).
Furthermore, AGN indicators at UV and optical wavelengths can
be very obscured in dusty SMGs (Swinbank et al. 2004; Chapman
et al. 2005). Mid-IR spectroscopy, by directly detecting the ther-
mally reradiated emission from the obscuring dust, provides one
of the most effective ways to identify AGNs, including Compton-
thick sources, and measure their contribution to the IR luminosity
(e.g., Lutz et al. 2004).

Two previous studies have presented IRS spectroscopy of SMGs.
Menéndez-Delmestre et al. (2007) presented IRS spectra of five
radio-detected, spectroscopically confirmed SMGs. They found
that four SMGs with lower redshifts (z < 1.5) showed PAH emis-
sion and that a composite spectrum of these four sources fits well
to a scaled M82 spectrum plus a power-law component. They
conclude that these systems host both star formation and AGN
activity. Their fifth source at z = 2.4 was found to have a more
AGN:-type spectrum. Valiante et al. (2007) discussed IRS spectra
of 13 bright SMGs, 9 of which are detected with the IRS (the first
two spectra from this sample were presented in Lutz et al. 2005a).
This sample was more representative of the redshift distribution
of SMGs. They also found that SMGs are likely to be mainly
starburst powered. Sajina et al. (2007) used IRS spectra to study
a sample of Spitzer 24 pm—selected galaxies at z ~ 2. This sam-
ple was selected to have Sy ym > 900 pJy and very red 24 ym-—
to—8 pm and 24 um—to—R colors (Yan et al. 2007). A total of
75% of this sample consists of continuum-dominated sources,
with some weak PAH emission indicative of star formation activ-
ity. They conclude that these sources display mid-IR spectra sim-
ilar to those of the most luminous local ULIRGs. Follow-up studies
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of these galaxies have shown that they are not generally (sub)-
millimeter-detected sources (S1.2 mm < 1.5 mJy for 33/40 sources;
Lutz et al. 2005b).

In this paper we present Spitzer IRS spectra of a sample of
SMGs in GOODS-N that have extensive multiwavelength infor-
mation from X-ray to radio wavelengths. This allows us to pro-
duce full SEDs and to calculate the bolometric luminosity. Our
Spitzer IRS observations go substantially deeper (S24 um > 200 ply)
than previous work. This enables a study of the typical blank-
field submillimeter galaxy population that has Sgs0 um > 2 mly.
The main goal of our program is to decompose the mid-IR spec-
tra into star formation and AGN components, in order to infer
how much of the total IR luminosity is coming from each. From
the mid-IR spectroscopy we are also able to obtain spectroscopic
redshifts and measure the luminosities and equivalent widths of
individual PAH lines to investigate various line diagnostics. We
compare our measurements with line strengths in other star-forming
galaxies to put constraints on the evolution of SMGs and the re-
lationship between star formation and black hole growth.

This paper is formatted as follows. Our Spitzer observations
are described in § 2, and the data analysis is explained in § 3. Sec-
tion 4 presents the main results of the IRS spectroscopy includ-
ing redshifts, spectral decomposition, and AGN classification.
In § 5 we fit the full SEDs of these SMGs to determine their total
IR luminosities. We explore correlations between the PAH and
IR luminosities in § 6. We discuss our results in the context of the
role that SMGs play in galaxy evolution in § 7. Finally, our con-
clusions are listed in § 8. We include two appendices that discuss
the noise properties of our Spitzer IRS spectra and include notes
on individual sources.

All magnitudes in this paper use the AB system. We use a stan-
dard cosmology with Hy = 73 km s™! Mpc™', Q) = 0.3, and
Qy=0.7.

2. OBSERVATIONS

The Spitzer IRS observations presented here were taken as
part of Spitzer program GO-20456 (PI: R. Chary). The full sam-
ple consists of high-redshift SMGs, AGNs, and optically faint
24 pm sources in the Great Observatories Origins Deep Survey—
North (GOODS-N; Dickinson et al. 2003) field. The GOODS-N
field is one of the most extensively studied regions of the sky, with
deep data existing across all wave bands, including Chandra 2 Ms
X-ray observations (Alexander et al. 2003); deep Hubble Space
Telescope (HST ) optical imaging using the Advanced Camera for
Surveys (ACS) in four bands, Ba3s, Veos, 775, and zgso (Giavalisco
etal. 2004); and deep Spitzer imaging at five IR wavelengths (M.
Dickinson et al. 2008, in preparation). More recently, GOODS-N
has been surveyed with IRS peak-up observations at 16 ym
(Teplitz et al. 2005) and MIPS imaging at 70 um (Frayer et al.
2006). In addition to the extensive space-based imaging cam-
paign, many ground-based programs have also targeted this field
for imaging and spectroscopy, making it one of the best fields
for investigating the role of AGNs and star formation in high-
redshift galaxies. Here we present the IRS spectroscopy for the
SMGs from this project. Results from the other sources will be
presented in other papers.

Our sample of SMGs was primarily selected from sources de-
tected in the GOODS-N SCUBA ““‘supermap’” with secure multi-
wavelength counterparts (Borys et al. 2003; Pope et al. 2006;
Pope 2007). We imposed a 24 pym flux cut of Sp4 > 200 pJy in or-
der to ensure that we achieve adequate signal-to-noise ratio (S/N)
on the continuum in the IRS spectra. Roughly half of the secure
counterparts in Pope et al. (2006) meet this 24 pm flux cut, which
yields a sample of 10 IRS targets (after removing sources that are
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TABLE 1
CooRDINATES AND FLUx DENSITIES OF IRS TARGETS

R.A. Decl. S](, S24 S7()

SMG Name SMG ID (J2000.0) (72000.0) (mJy) (mly) (mly)
SMM J123653.1+621120............c...... GN31 12 36 53.22 62 11 16.7 0.301 &+ 0.007 0.367 £ 0.006 <3.5
SMM J123635.5+621238 GN26 12 36 34.51 62 12 40.9 0.992 + 0.012 0.446 £ 0.005 139+ 1.8
SMM J123701.2+621147 GN17 12 37 01.59 62 11 46.2 0.209 + 0.006 0.710 £ 0.008 <3.5
SMM J123622.6+621629 C2 12 36 22.66 62 16 29.5 0.098 + 0.006 0.414 £ 0.007 <3.5
SMM J123555.1+620901 C3 12 35 55.13 62 09 01.6 0.374 + 0.009 <3.5
SMM J123711.1+621325 GN39a 12 37 11.37 62 13 31.1 0.097 £ 0.005 0.537 £ 0.009 <3.5
SMM J123711.9+621331 GN39b 12 37 11.97 62 13 25.8 0.051 £ 0.005 0.225 £ 0.007 <35
SMM J123621.3+621711 GNO7 12 36 21.27 62 17 08.1 0.048 + 0.007 0.370 £ 0.011 <35
SMM J123618.7+621553 GNO06 12 36 18.33 6215 504 0.036 + 0.006 0.330 £ 0.008 <35
SMM J123600.2+621047 .................. Cl 12 36 00.16 6210 47.3 0.478 = 0.011 1.220 = 0.008 55+1.2
SMM J123618.8+621008 GNO5 12 36 19.13 62 10 04.3 0.044 + 0.007 0.215 £ 0.006 <35
SMM J123707.7+621411 GN19 12 37 07.19 62 14 08.0 <0.02 0.280 £ 0.015 <3.5
SMM J123616.6+621520 GN04 12 36 16.11 6215 13.5 0.060 + 0.006 0.303 £ 0.007 <35

Norte.—Units of right ascension are hours, minutes, and seconds, and units

already observed with the IRS in other programs). To expand our
sample slightly, we also included three SCUBA sources from
Chapman et al. (2005). These three sources are not detected at
>3.5 ¢ in the supermap, but they are detected in SCUBA photom-
etry observations with a lower statistical significance.

Our 13 SMG IRS targets have 850 and 24 ym flux densities of
2—10 and 200—-1200 puJy, respectively. This sample is expected
to be representative of the submillimeter population discovered
in existing blank-field 850 pm imaging. There is no evidence
supporting the idea that SMGs that are fainter than 200 uJy at
24 pm are fundamentally different besides lying at slightly higher
redshifts (e.g., Pope et al. 2006). We list the positions and mid-IR
fluxes for these 13 SMGs in Table 1. SMG IDs starting with “GN”
and “C” are from the SCUBA supermap (Pope et al. 2006; Pope
2007) and Chapman et al. (2005), respectively, and the 850 ym
fluxes can be found in these papers. The majority of the SMGs
are undetected in the deep Spitzer 70 pm images (see also Huynh
et al. 2007). A total of 11/13 SMGs have optical spectroscopic
redshifts, while the other 2 have photometric redshifts. The red-
shift distribution of our sample is consistent with that of all SMGs
(Chapman et al. 2005; Pope et al. 2006). Figure 1 shows multi-
wavelength images, which span roughly the width of the IRS slit,
of our targets. In some cases there are several optical or IRAC
sources in the aperture. For GN04, GNO7, and GN19, the two
IRAC sources are both expected to be associated with the sub-
millimeter emission since both components are at the same red-
shift (see Pope et al. 2006). The IRS spectra of these three SMGs
will have contributions from both components. For the remain-
ing sources, the 8, 16, and 24 ;m images show that only our pri-
mary targets are producing the mid-IR emission that we will detect
with the IRS.

The Spitzer IRS observations are taken in spectral staring mode,
which observed the target at two nod positions within the slit. We
observed in low resolution (R = A/AA ~ 100) using the Short-
Low 1 (SL1; 7.4-14.5 ym), Long-Low 2 (LL2; 14.0-21.3 um),
and/or Long-Low 1 (LL1; 19.5-38.0 um) orders, depending on
the redshift of the source. We chose the wavelength coverage in
order to include one or more of the main PAH features at 6.2, 7.7,
and 11.3 pm. Integration times varied depending on the flux of
the target at 24 pm. We used blue peak-up acquisition on nearby,
isolated, bright Two Micron All Sky Survey (2MASS) stars. Our
observations were taken in 2006 April and May.

Table 2 shows our list of targets and integration times.

of declination are degrees, arcminutes, and arcseconds.

3. DATA ANALYSIS

We started with the S14.0.0 Spitzer IRS pipeline data,® which
produce two-dimensional (2D) basic calibrated data (BCD) files.
Note that our targets are not resolved with Spitzer at these wave-
lengths and therefore can be treated as point sources.

At mid-IR wavelengths, the dominant source of noise is the
sky background, mostly from zodiacal light. Since we have long
integrations of very faint targets, additional data reduction steps
are required to alleviate the detector and sky noise. The first step
is to identify and clean the rogue pixels. There are a number of
hot pixels in the IRS arrays (~15%). Rogue pixel masks were
created from the campaign masks and from examining each 2D
spectral image individually. We used IRSCLEAN? to replace the
values of the hot pixels by extrapolating from the surrounding
pixels. Note that IRSCLEAN fails when there is a group of sev-
eral hot pixels together, so we made sure to exclude these from
the spectral extraction. The fraction of pixels in the 2D files that
remain unusable after IRSCLEAN is only ~2%.

The next step is to remove the latent charge buildup on the ar-
ray. In long IRS integrations, it has been found that latent charge
builds up with time, despite the detectors being reset at the end of
each integration (see Teplitz et al. 2007). This buildup is different
depending on the wavelength (y position on the 2D spectral im-
age).'® We found charge buildup on the arrays for integrations of
more than 1 hrin all LL observations. For the SL1 observations,
we only saw the latent charge buildup for a few targets, even
though all of these observations were greater than 1 hr. The latent
charge buildup was fitted by a polynomial and the temporal com-
ponent subtracted off.

We explore several methods for removing the sky background,
including (1) subtracting the average spectrum at each nod posi-
tion, (2) subtracting individual observations from opposite nod
positions and then averaging, (3) subtracting a “supersky” cre-
ated from all files from that astronomical observation request
(AOR), and (4) subtracting a supersky created from all our data
taken in a given campaign. In all methods, we mask out all
sources that fall within the IRS slit identified from the deep 24 ym

8 See http://ssc.spitzer.caltech.edu /irs /dh /.

® See http://ssc.spitzer.caltech.edu /archanaly/contributed /irsclean/IRSCLEAN _
MASK html.

19" See http://ssc.Spitzer.caltech.edu /irs /documents /irs_ultradeep_memo.pdf.
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Fic. 1.—Images of SMG targets, in order of increasing redshift. Images are 10" x 10" (roughly the size of the aperture of the IRS observations) at B, i, and 3.6, 8.0,
16, and 24 ;ym from left to right. Data are not available in some of these wave bands for source C3 since it is outside the ST GOODS-N coverage. GN04, GN07, GN19,
GN39a, and GN39b have two sources within the slit and that contribute flux in the IRS spectra (see text for details). For the other sources, the 8, 16, and 24 ym images

show that only the primary targets are bright in the mid-IR.

imaging of the GOODS-N field. The supersky subtraction was
carried out with and without normalizing to the median in each
image. The third method of subtracting a normalized supersky
created from all observations from that AOR gave the lowest re-
sidual sky noise (and thus highest S/N) in the final spectrum;
therefore, this is what we used to remove the sky from all our
observations.

After the sky was removed from the individual data files, we
then co-added them using a clipped median. The co-adds were
checked again for persisting hot pixels and cleaned once more
using IRSCLEAN. These steps produced two 2D spectra for each
target, one for each nod position.

We used the Spitzer IRS Custom Extraction (SPICE") to ex-
tract the one-dimensional (1D) spectra at each nod position. We
used a narrow extraction window of 2 pixels (~10" for LL obser-
vations), which was constant as a function of wavelength. We found
that this produced higher S/N spectra than using an extraction
window of increasing width, starting with 2 pixels at the blue
end. Using the optimal extraction option in SPICE, we found
comparable results to the 2 pixel, fixed width, extraction. For each
science spectrum, we also extracted a residual sky spectrum, off-
set from any sources, to provide a level of the error in our final

1" See http://ssc.spitzer.caltech.edu /postbed /spice.html.
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Fic. 1—Continued

TABLE 2
Spitzer IRS OBSERVATIONS

INTEGRATION TIME

SL1 LL2 LL1 Total
SMG ID (x240 s) (x120 s) (x120 s) (hr)
35x2 2.3
15x 2 20 x 2 [12 x 2] 3.3 [4.1]

20 x 2 12 x 2 3.5
45 x 2 3.0

31 x2 40 x 2 4.7

20 x 2 28 x 2 3.2

[20 x 2]* [28 x 2] [3.2]

35x2 45 x 2 53

35x2 55 x2 6.0

6 x 2 10 x 2 1.1

55 %2 3.7

[20 x 2] [28 x 2] [3.2]

. 70 x 2 4.7

? Sources with time in square brackets are secondary sources observed in the
slits of the primary targets.

spectrum as a function of wavelength. The uncertainty is calcu-
lated as the standard deviation of 10 pixels surrounding each
wavelength in the residual sky spectrum. For each source, the 1D
spectra at each nod position were then averaged together to pro-
duce the final spectrum for each source. Further details about the
final noise in our IRS spectra are given in Appendix A.

In order to calibrate the final IRS spectra, we reduced standard
star calibrator observations from the same campaign as our ob-
servations, in exactly the same way that we reduced the science
observations. We then extracted the spectrum for the calibrator
using our 2 pixel width and the default SPICE width in order to
determine the calibration factor as a function of wavelength. This
calibration was verified against the broadband photometry at §,
16, and 24 pm, and we found very good agreement (see Fig. 2).

3.1. Spectral Line Measurements

In order to measure the individual PAH line luminosities, we
used the IDEA (ISAP'?) environment in the SMART'? software

'2 The ISO Spectral Analysis Package (ISAP) is a joint development by the
LWS and SWS Instrument Teams and Data Centers. Contributing institutes are
CESR, IAS, IPAC, MPE, RAL, and SRON.

13 SMART was developed by the IRS Team at Cornell University and is avail-
able through the Spizzer Science Center at Caltech.
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Fig. 2.—Calibration of IRS spectra compared to the MIPS and peak-up photometry. MIPS photometry is from the GOODS 24 pm imaging (R. Chary et al. 2008, in
preparation), and the 16 ym peak-up imaging is from Teplitz et al. (2005). Most of the 16 pm IRS fluxes are systematically higher because roughly half of the 16 ym
filter falls outside of the LL2 IRS coverage and so the IRS flux is overestimated, since the spectrum actually drops off at lower wavelengths. These sources are indicated
as the open circles. For sources with SL1 and LL2 observations, there should be no such discrepancy, which we confirm. The filled circle in the right panel that is sig-
nificantly above the line is GN39b, whose IRS spectrum is known to contain a contribution (% of the flux) from GN39a.

package (Higdon et al. 2004). For each of the four main PAH
lines (6.2, 7.7, 8.6, and 11.3 pm), we isolated a region around
each line and simultaneously fitted the line and continuum. Both
the center and the width of the line were allowed to vary. All mea-
sured line widths were consistent within the errors with the line
widths measured in IRS spectra of local star-forming galaxies
(Smith et al. 2007). Note that the errors we calculated from the
residual sky were propagated in the fitting of individual lines. All
SMG line measurements used in this paper, including 3 o upper
limits when the line is undetected in the IRS spectrum, are listed
in Table 5 below.

The biggest uncertainty in comparing PAH line luminosities
from different samples comes from differences in how the spec-
tral lines are measured, or more specifically, how the continuum
is estimated for each line. This can lead to variations in the line
flux and equivalent width of up to a factor of 4 (see Sajina et al.
2007; Smith et al. 2007). Our method of measuring the line
strengths gives similar results to the cubic spline continuum fits
performed in Brandl et al. (2006; see next paragraph). This method
is known to underestimate the flux of the PAH lines (particularly
the 7.7 pm line) compared to methods that fit all PAH lines si-
multaneously (e.g., Sajina et al. 2007; Smith et al. 2007) since
the continuum we adopt is higher. Therefore, we took care to mea-
sure the PAH lines in any comparison samples in the exact same
way as we did for the SMGs.

In this paper we compare the SMG PAH line luminosities to
those of other galaxy populations. Brandl et al. (2006) presented
IRS spectra of 22 local starburst galaxies with IR luminosities
ranging from 5 x 10° to 5 x 10'! L. These galaxies are known
to have little or no AGN contributing to their IR luminosity. Be-
cause the choice for estimating the continuum under the PAH
lines makes a significant difference to the results, we have mea-
sured the lines for the starburst galaxies in exactly the same way
as we did for the SMGs. Another interesting comparison sample

is the local ULIRG galaxies. Armus et al. (2007) presented IRS
spectroscopy of 10 ULIRGs from the Bright Galaxy Sample
(BGS; Seo > 5.4 mJy; Soifer etal. 1987), and the IRS spectra for
a sample of over 100 ULIRGs were recently presented in Desai
et al. (2007) and Farrah et al. (2007). The local ULIRGs show a
broad range of mid-IR properties and a mix of AGN and starburst
mid-IR emission. However, we did not have access to the IRS
spectra for the full sample of local ULIRGs in order to measure
the line luminosities using our method; therefore, we could not
include them in this paper.

We measured the PAH lines in 10 of the Brandl et al. (2006)
starburst galaxies to verify that our method is consistent with
their measurements. On average the luminosities of the 6.2 and
11.3 pum lines we measure are consistent with the values listed in
Brandl et al. (2006), but the 7.7 pm line luminosity is 1.5 times
larger on average from our measurements. This is probably be-
cause we are using a straight line for the continuum as opposed to
a spline. We have corrected the measurements of the 7.7 ym line
luminosity for the Brandl et al. (2006) starbursts for this factor of
1.5 for all plots in this paper. For the Brandl et al. (2006) star-
bursts we also applied a correction to the line measurements to
account for the fractional flux found within the IRS apertures
(see Table 2 of Brandl et al. 2006) when comparing to the un-
resolved SMGs. The error on the line fluxes for the Brandl et al.
(2006) starbursts is dominated by the calibration error, which is
on the order of 10% (less than the size of the symbols in most of
the plots in this paper).

4. RESULTS

In this section we use the mid-IR spectra to explore the na-
ture of SMGs. We start by using the identification of PAH lines
to estimate redshifts. We then proceed to decompose the mid-IR
spectra into starburst and AGN components, starting first with
a composite SMG spectrum since the S/N is higher and then
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Fic. 3.—IRS spectra of SMGs. The solid black lines are the raw (unsmoothed) IRS spectra, while the shaded region is the associated 1 o noise from the sky back-
ground. The red dashed lines show the best-fit SED, which is made up of an extincted power-law component (blue dashed line; consistent with zero in most cases) and an
extincted starburst component (green dashed line). Recall that the extinction curve is not monotonic in wavelength and contains various features, the most notable being

the 9.7 pm silicate feature.

proceeding to decompose each individual SMG spectrum. We
then use the information from the spectral decomposition to clas-
sify the fractional contribution of AGNs to the mid-IR luminos-
ity and compare this with other AGN indicators such as optical
spectroscopy and X-ray emission. These results are then used to
guide the fitting of the full IR SED to constrain the total IR lu-
minosity in § 5.

Figure 3 shows the rest-frame (unsmoothed) IRS spectra for
the 13 SMGs. PAH emission lines are present in all sources. De-
spite the relatively low S/N in the spectra, all SMGs seem to show
very similar mid-IR spectral shapes with the exception of C1.

While this SMG clearly shows PAH emission, it is superimposed
on a steeply rising continuum. We discuss this source further in
Appendix B.

4.1. Redshifts

Given the presence of PAH features in all of our sources, we
are able to extract redshifts from the IRS spectra. In order to cal-
culate the redshift and its associated error from the IRS data, we
follow the following steps. We assumed the following rest-frame
wavelengths for the main PAH features: 6.22, 7.71, 8.61, and
11.27 pm (Draine & Li 2007). For each PAH line, we find the
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center of the Gaussian fit to the line from SMART and calculate
the redshift. The redshift for each source is calculated by aver-
aging the redshift estimates from each PAH line. The total error
in the redshift is the quadratic sum of the deviation due to the
spread in the redshift from the different PAH lines and the cen-
troid uncertainty. For sources whose spectra only contain one
PAH line, the error is just the centroid uncertainty of that line.
The deviation in the redshift from each line is calculated as 1 o =
(32, (i — (2))*]V2/(n — 1)V2. We verified the centroid uncertain-
ties by performing Monte Carlo simulations. We take a Gaussian
of the same height and width as each PAH feature and run 1000
trials where we add noise that has the same standard deviation as
the noise in the real data. For each trial, we fit the data to get the
line center and keep track of the difference between the input line

center and the measured line center. The centroid error is estimated
from the standard deviation of this difference for all 1000 trials.
We repeat this for each source. With the exception of GN26,
whose spectrum has a very high S/N, the centroid uncertainties
for individual PAH features range from 0.08 to 0.25 ym, which
corresponds to 0.5—1.5 pixels. This is roughly an order of mag-
nitude higher than what we would expect from the instrument
based on the pixel size in the case of no noise. The total error in
the IRS redshift ranges from 0.01 to 0.05 for these SMGs.
Table 3 lists the new IRS redshifts and the previous optical,
spectroscopic or photometric, redshifts. The new IRS mid-IR red-
shifts are compared with the optical redshifts in Figure 4. Two of
our 13 sources seem to have very different redshifts as determined
from IRS and optical spectroscopy (C2 and GN06, which we
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TABLE 3
MEASURED IRS REDsHIFTS COMPARED TO OPTICAL SPECTROSCOPIC AND PHOTOMETRIC REDSHIFTS

SMG ID i mag (AB)? Zoplicalb zrs + 1o Comment
21.8 0.935° 0.93 =+ 0.03
22.7 1.219¢ 1.23 £ 0.01
27.7 1.72¢ 1.73 £ 0.01 New IRS redshift
25.5 2.466%f 1.79 £ 0.04 Inconsistent
23.58 1.875¢ 1.88 + 0.02
25.9 1.996" 1.98 + 0.01
26.4 1.992¢ 1.99 + 0.04
27.8/23.9" 1.988,9 1.992f 1.99 + 0.02
27.8 1.865¢ 2.00 + 0.03 Inconsistent
24.8 1.994,4 2.002° 2.01 £ 0.05
249 2.60° 2.21 £ 0.03 New IRS redshift
25.4/>28" 2.484,% 2.490" 248 + 0.03
26.2/>28" 2.578¢ 2.55 + 0.01

* The i magnitudes are from the GOODS ACS observations unless otherwise noted.
® Optical redshifts are spectroscopic unless otherwise noted.

¢ Cowie et al. (2004).

4 Chapman et al. (2005).

¢ Pope et al. (2006), photometric redshift.
f Swinbank et al. (2004).

€ Capak et al. (2004).

" These SMGs have two counterparts within the IRS aperture.

discuss in Appendix B). Since the mid-IR and submillimeter wave-
lengths both trace dust emission, we believe that the IRS redshifts
presented here are correct for the galaxies that are causing the
submillimeter emission.

4.2. Spectral Decomposition of SMG Composite Spectrum

We can study the ensemble properties of the SMG sample by
averaging together the individual mid-IR spectra. When plotted
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Fi6. 4—Comparison of IRS spectroscopic redshifts and previous optical red-
shifts. All optical redshifts are spectroscopic expect for the two sources indicated
by open symbols. There appear to be two optical spectroscopic redshifts that dis-
agree with our new IRS redshifts. In these cases we believe that the IRS redshift is
correct for the SMG, since the mid-IR emission is more likely to trace the submil-
limeter emission than the optical/UV emission.

in rest-frame luminosity units, the spectra for all SMGs in this
sample show very little dynamic range. Therefore, we are able to
average the spectra without having to normalize each at a spe-
cific wavelength, which can introduce additional biases in the
composite spectrum. We exclude C1 from the composite spectrum,
since it shows a very different spectral shape from all the other
SMGs (see Appendix B). The error on the composite spectrum is
calculated from combining the errors on the individual flux mea-
surements. We restrict the final SMG composite spectrum to areas
where there are more than three data files present at that wave-
length, which results in a wavelength coverage of ~5—12 pm in
the rest frame. Figure 5 shows our composite spectrum of 12 SMGs
calculated from averaging the individual spectra (excluding C1).

We detect the 6.2, 7.7, and 11.3 pm emission lines, with a hint
of the 8.6 um emission line in the composite spectrum. The com-
posite spectrum also shows a very flat underlying continuum. In
order to quantify the fractional contribution of star formation and
AGN activity to the emission at these wavelengths, we fit our
composite spectrum with a model containing the three compo-
nents discussed in § 1. The PAH emission is fitted using two
different templates: (1) the mid-IR spectrum of M82 (Forster
Schreiber et al. 2003) and (2) the starburst composite template
from Brandl et al. (2006). M82 is a prototypical star-forming gal-
axy, and its mid-IR spectrum is expected to be dominated by
emission from star-forming regions. The starburst template from
Brandl et al. (2006) is a composite of 13 local starburst galaxies
with bright flux densities and without a strong AGN component.
As we show below, these templates are composed almost entirely
of the sum of the individual PAH features. The AGN emission
is characterized by a power law with both the normalization and
slope as free parameters. For the extinction, we obtain 7, from
the Draine (2003) extinction curves and applied it to both the PAH
and continuum components separately. The extinction curve is
not just monotonic in wavelength and contains silicate absorp-
tion features, the most notable being at 9.7 pym. Our model, F,,
can be expressed as

F,=civ e %" +c4fre ™, (1)
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Fig. 5.—Composite IRS spectrum of 12 SMGs (excluding C1). This SMG composite spectrum (black line) has been smoothed by a Gaussian with an FWHM of 0.12 ym
(rest frame), which corresponds to the average resolution of the IRS. The shaded region shows the 1 o uncertainty. Lefi: The red line is the best-fit model (eq. [1]), which
is composed of a PAH template (green line) and a power-law continuum component (blue line), each with extinction applied to them. Right: The composite is fitted using
individual PAH line profiles and a continuum, each with extinction. In either case, we find that the PAH emission dominates the mid-IR luminosity.

where f; is the PAH template. We performed a x? minimization
fit for each of the two PAH templates and solved simultaneously
for C1, C2, C3, C4, and Cs.

The best-fit model, F,, is shown in the left panel of Figure 5
as the red dashed line. The blue dot-dashed and green dotted lines
show the individual contributions from the continuum and PAH
components, respectively. The best-fit PAH template was the star-
burst composite from Brandl et al. (2006) although M82 gave very
similar results. With this PAH template, the extinction needed is
797 ~ 1. The slope of the power law is very shallow (¢, ~ 0.2).
The continuum component accounts for 30% of the luminosity
at these wavelengths (5—11.5 pm). This implies that the mid-IR
luminosity of SMGs is dominated by star formation with a max-
imum mid-IR AGN contribution of 30%.

To be clear about the origin of the emission in the PAH tem-
plate, we also fit the SMG composite spectrum to individual PAH
line profiles and a continuum with extinction. We include the
PAH lines at 5.70, 6.22, 7.42, 7.60, 7.85, 8.33, 8.61, 11.23, and
11.33 pum, each modeled as a Drude profile (e.g., Draine & Li
2007) where the height of each line is treated as a free parameter.
The resulting best-fit model shown in the right panel of Figure 5
is very similar to the best-fit model that includes a PAH template
and continuum (left panel).

In Figure 6 we show the SMG IRS composite spectrum com-
pared to the IRS spectra of z ~ 2 Spitzer 24 pm—selected ULIRGs
from Sajina et al. (2007) and the local ULIRG Arp 220. While Arp
220 is often considered the typical local analog to high-redshift
SMGs, it appears to have more silicate absorption and less 6.2
and 11.3 ym PAH emission than the average SMG. Recall that
the sample in Sajina et al. (2007) consists of red 24 pm—selected
galaxies with Sp4 > 0.9 mJy, which is much brighter than most
of the SMG population. The majority of the ULIRGs in the
Spitzer-selected sample have weak PAH emission and are AGN
dominated; the green and red lines in Figure 6 are composite
spectra of the weak-PAH (i.e., AGN dominated ) Spitzer 24 ym—
selected ULIRGs with 797 > 1 and 797 < 1, respectively. The

SMG composite (12)

——— S07 weak-PAH 1,,>1 composite (14)
——— S07 weak-PAH 1,,<1 composite (17)
——— 507 strong-PAH composite (4)

VL, (normalized)

0‘ Lt

5 6 7 8 9 10 11
Rest wavelength (um)

Fic. 6.—SMG composite spectrum compared to those other ULIRGs. The
SMG composite spectrum is the black line, and the shaded region shows the 1 o
error. The colored histograms are high-redshift Spitzer 24 pm-—selected ULIRGs
observed with the IRS from Sajina et al. (2007; S07); the green and red lines are
composite spectra of the weak-PAH sources for 797 > 1 and 797 < 1, respec-
tively, and the blue line is the composite spectrum for the strong-PAH sources.
The light blue line is the local ULIRG Arp 220 (Charmandaris et al. 1999; Fischer
etal. 1999). All lines have been normalized at ~7 pym. The numbers in the legend
in parentheses indicate the number of sources in each composite spectrum.



1182 POPE ET AL.

TABLE 4

CLASSIFICATION OF MID-IR SpEcTRA COMPARED WITH CLASSIFICATIONS BASED
oN X-RaAy IMaAGING AND UV/OPTICAL SPECTROSCOPY

CLass IFICATION®

SMG ID X-Ray® UV/Op® Mid-IR Mm-IR Conrivuum®
U . SB <45
SB SB SB <15
SB . SB <29

AGN SB SB <34
AGN SB SB+AGN 48
0AGN SB SB <35
0AGN SB SB <10
SB SB SB+weak AGN 18
SB SB SB+AGN 47
SB SB AGN+weak SB 82
6] e SB <7
0AGN SB SB <14
AGN SB AGN+SB 61

# 0AGN=obscured AGN, SB=starburst, U=undetected.

b Classified as AGN if detected in the hard X-ray band.

¢ Classification from Chapman et al. (2005) and /or Swinbank et al. (2004).
9 Percentage of mid-IR flux that comes from continuum emission.

blue line is the composite spectrum for the strong-PAH Spitzer
24 pm-selected ULIRGs and is very similar to the SMG com-
posite. In particular, the relative line strengths are consistent. The
strong-PAH Spitzer-selected sources represent only a small frac-
tion of the Sajina et al. (2007) sample, and these sources tend to
have a higher detection rate in the (sub)millimeter than the rest
of their sample (Sajina et al. 2008). From Yan et al. (2007) and
Sajina et al. (2007), the surface density of the z ~ 2 Spitzer
24 pm-selected ULIRGs is 10.4 deg™?, and the strong-PAH
subsample of these sources has a surface density of 2.6 deg™2.
The surface density of SMGs with Sgso > 4 mly (i.e., Ligr 2
5x10'2 L.; Pope et al. 2006) is 844 deg™? (Coppin et al.
2006). While most submillimeter-selected galaxies are much
fainter at 24 pum, the strong-PAH Spitzer 24 pym—selected ULIRGs
appear to be a very small subsample of the SMG population.

4.3. Spectral Decomposition of Individual Galaxies

Given the good agreement between our SMG composite spec-
trum and the spectrum of starburst galaxies, we proceed to fit the
individual SMG mid-IR spectra to the model given in equation (1).
For each of the 13 SMGs we solve for the five parameters in
equation (1) and plot the best-fit model in Figure 3 as the red
dashed line. The separate starburst and AGN components includ-
ing extinction are shown as the green and blue lines. For most
SMGs, the continuum component is zero and not plotted in Fig-
ure 3. We note that the spectrum of GN26 is even lower than the
model at long wavelengths, which confirms that the AGN com-
ponent must be negligible in this source.

From our model fits, we derived the fraction of the mid-IR
luminosity that comes from the continuum component. The con-
tinuum component provides an upper limit to the AGN contri-
bution since hot dust present in the most energetic H i regions
can also contribute to the continuum. When the best-fit model
does not include a continuum component, we calculate an upper
limit by conservatively assuming that all of the emission around
6 pm is coming from a continuum component. We used this frac-
tion to classify the mid-IR spectrum, and the results are listed in
Table 4. Eight of the 13 SMGs are clearly starburst-dominated
sources (continuum component <50% of the mid-IR luminosity),

Vol. 675

and only 2/13 SMGs are AGN dominated (continuum compo-
nent 250% of the mid-IR luminosity) in the mid-IR. The remain-
ing sources have a combination of PAH and continuum emission
in the mid-IR. The results for the individual galaxies are in agree-
ment with the composite spectrum, which showed a 30% AGN
contribution on average.

4.4. AGN Classification

Alexander et al. (2005) showed that deep X-ray observations
are a powerful tool for identifying the presence of AGNs in
SMGs. They conclude that the majority of SMGs host an AGN,
but that the bolometric output from SMGs is dominated by star
formation because of the low ratio of X-ray luminosity to IR lu-
minosity. They also stress that some fraction of SMGs will be
AGN dominated. Following the same method as Alexander et al.
(2005), we list the X-ray classification in Table 4, where a hard
X-ray detection tells us that the X-ray emission is dominated by
AGN activity.

We find that the X-ray classification gives a higher fraction
of AGN sources (6/13) than the mid-IR spectra (2/13) for SMGs
with Sp4 > 200 pJy. For the X-ray—classified AGN sources, the
X-ray emission expected from star formation (e.g., Bauer et al.
2002) is less than that observed, indicating that there is an AGN
present. Our IRS observations show that this AGN is not impor-
tant to the mid-IR luminosity. On the other hand, the line widths
and line ratios in the UV/optical spectra more often indicate that
these SMGs are starburst sources (Swinbank et al. 2004; Chapman
et al. 2005) and appear to be insensitive to the AGN activity in
many sources.

C1 is classified as a starburst from the X-ray data but shows a
very strong AGN in the mid-IR. This SMG is likely to host a very
obscured AGN, the kind of system that can help explain the un-
resolved portion of the hard X-ray background (e.g., Brandt &
Hasinger 2005; Daddi et al. 2007). See Appendix B for more dis-
cussion about C1. Combining the X-ray imaging with mid-IR
spectroscopy provides the best census of AGNs in SMGs.

In Pope et al. (2006), we found that most SMGs showed evi-
dence for a stellar bump in the four IRAC channels. We found
only four sources that had a good fit to a simple power law from
IRAC+24 pm photometry. Only one of these is in our IRS sam-
ple, GNO4, since the others are too faint for spectroscopy at 24 pm.
We find that the IRAC SED, the mid-IR spectrum, and X-ray
classification all converge on the conclusion that there is an en-
ergetically important AGN in GNO4. In contrast, the UV/optical
spectra of this SMG did not reveal the presence of an AGN in it.

Another approach for separating sources that contain a mid-IR
AGN component is through the use of Spitzer color-color dia-
grams. [vison et al. (2004) proposed that the Sg/S4 5 versus S»4/Sg
color plane could be used to identify AGN-dominated SMGs.
The IRS spectra have allowed us to decompose the starburst and
AGN components in SMGs; therefore, we are in a position to test
the plot as a diagnostic. In Figure 7 we plot this Spitzer color-
color diagram. The dashed and dotted lines show the positions
of Mrk 231 (mid-IR spectrum from Rigopoulou et al. [1999]
spliced with a fit to the Infrared Astronomical Satellite [IRAS]
photometry) and M82 (Fdrster Schreiber et al. 2003), respectively,
as a function of redshift (redshift is indicated by the numbers along
the track). Based on these broadband colors, AGN-dominated
sources are expected to lie along the Mrk 231 tracks, while starburst-
dominated systems should have similar colors to M82. Sajina
et al. (2005) showed that while AGN-dominated sources do lie
on this AGN sequence, there are also just as many high-redshift
PAH-dominated sources with high extinction in this region. The
large filled circles are the SMGs from this study for which we
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Fic. 7.—Spitzer color-color diagram as an AGN diagnostic (see also Ivison
etal. 2004). The dashed and dotted lines show the positions of Mrk 231 (an AGN)
and M82 (a starburst), respectively, as a function of redshift (redshift is indicated
by the numbers along the track). The large filled circles are the SMGs from this
study for which we have IRS spectra. The two SMGs (C1 and GN04) that have
a>50% contribution from continuum (AGN) emission to the mid-IR luminosity
based on the IRS spectra (see Table 4) both lie off the M82 starburst sequence.
Based on our IRS results, SMGs that lie in the light shaded region are starburst
(SB) dominated in the mid-IR. The crosses indicate sources that are classified as
X-ray AGNs (Alexander et al. 2005). The smaller filled circles are the rest of the
SMGs from Pope et al. (2006). Using our IRS results, the fraction of all SMGs
that are starburst dominated in the mid-IR (i.e., are found in the shaded region) is
Z80%. The small open triangles are the Spitzer 24 pm-—selected ULIRGs from
Sajina et al. (2007) with z > 1; most of these sources are outside the starburst
region defined for SMGs. [See the electronic edition of the Journal for a color
version of this figure.]

have IRS spectra. Interestingly, both SMGs (C1 and GN04) that
have a >50% contribution from continuum (AGN) emission to
the mid-IR luminosity based on the IRS spectra (see Table 4) lie
off the starburst sequence. Based on our IRS results, SMGs that
lie in the light shaded region of Figure 7 are starburst dominated
in the mid-IR. SMGs outside the shaded region likely have a com-
bination of starburst and AGN emission in the mid-IR or lie at the
highest redshifts (z = 4).

This division between starburst and AGN-dominated sources
based on IRS spectra agrees with the broadband colors. The crosses
indicate sources that are classified as X-ray AGNs (Alexander
et al. 2005). Many of these lie along the starburst sequence and
have IRS spectra that are starburst dominated. While the X-ray
emission may be telling us that an AGN is present in the system,
it does not seem to be a very good diagnostic of whether the AGN
contributes to the bolometric luminosity. Sources that have AGN-
dominated mid-IR spectra, like C1, clearly show very extreme
colors in this diagram; however, there are not enough of these
sources to characterize their allowable positions in this color-
color space. The smaller filled circles are the rest of the SMGs
from the GOODS-N submillimeter supermap from Pope et al.
(2006). Extrapolating our IRS results, the fraction of all SMGs
that are starburst dominated in the mid-IR is ~80%. The small
open triangles are the z > 1 bright 24 ;ym ULIRGs from Sajina
et al. (2007); very few of these sources lie within the starburst
region defined for SMGs, indicating that they have a wider range
of mid-IR spectra.
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Fic. 8.—IR SED of source C2. This figure demonstrates our template fitting
to the full SED from mid-IR to radio wavelengths. The dotted line is the CE01
template that best matches the submillimeter flux, while the dot-dashed line is
the CEO1 template that best matches the 16 and 24 pm fluxes. Both of these
models are clearly poor fits to the other data points and have a higher total IR
luminosity than the best fit to all the available data. The double-dot—dashed line is
the best fit to all the data points >7 pum rest frame where we have allowed the
CEO1 templates to scale. While this provides a good fit to the mid-IR spectrum
and the submillimeter flux, the radio flux and the total IR luminosity are under-
estimated. The dashed line is a scaled CEO1 template with additional extinction
from the Draine (2003) extinction curve that provides the best fit to our data. We
require both a scaling of local templates (in this case CEO1) and additional ex-
tinction to fit the SED of high-redshift SMGs. [See the electronic edition of the
Journal for a color version of this figure.]

5. FULL SED FITS

In Pope et al. (2006), we fit the 24 pm, 850 pm, and radio
photometry to a suite of models to determine the total IR lumi-
nosity and dust temperatures. We had used the CEO1 templates
and modified them by adding additional extinction from the Draine
(2003) models. The CEO1 templates were developed to be rep-
resentative of local galaxies; therefore, they contain an inherent
luminosity-temperature (L-T') relation. When fitting, we had al-
lowed the models to scale so that we could solve for both the
luminosity and the temperature independently (i.e., a model with
high luminosity but cool average dust temperature is allowed).
We had found that SMGs fit best to scaled-up versions of lower
luminosity templates that had cooler average dust temperatures
than local ULIRGs. In those fits the short-wavelength part of the
spectrum was constrained only by the 24 pym flux. From the
present study it is apparent that the 24 pm flux of SMGs will vary
considerably with redshift, due to the presence of the PAH lines.
Therefore, we have repeated the full SED fitting now that we
have the mid-IR spectra.

Figure 8 demonstrates why we need to allow the CEO1 tem-
plates to scale (i.e., luminosity and temperature are both varia-
bles) and the need for an additional extinction term. Here we plot
the mid-IR to radio SED for one of our SMG sources, C2. First,
we simply plot the CEO1 template that best matches the sub-
millimeter flux only as the dotted line and the CEO1 template that
best matches the 16 and 24 um fluxes as the dot-dashed line.
For these two models we emphasize that the CEO1 templates
have not been allowed to scale; therefore, they follow the local
luminosity-temperature relation. Because SMGs are so luminous
at mid-IR and submillimeter wavelengths, the dotted and dot-
dashed models have a warm average dust temperature (~50 K).
The triple-dot-dashed line is the best fit to all the photometry
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Fi6. 9.—Mid-IR to radio SEDs of SMGs. The IRS spectrum (thick line) plus 70 pm, submillimeter, and radio photometry ( filled circles) are used in the fit. The open
squares indicate the photometry at 16 and 24 pm. The dashed line is the best-fit modified CEO1 template, while the dot-dashed line is Mrk 231 normalized to the AGN
fraction of the mid-IR given in Table 4. We used the latter to determine the contribution of the AGN component to Lir. The horizontal dotted lines indicate the region
within which Ly is calculated. [See the electronic edition of the Journal for a color version of this figure.]

between rest-frame 7-300 pm where we have allowed the CEO1
templates to scale. While this provides a good fit to the mid-IR
spectrum and the submillimeter flux, the radio flux and Lir are un-
derestimated compared to our best fit. We know that the CEO1
templates need to be scaled up to match the photometry of SMGs;
however, as we scale them up, we are introducing a greater dust
mass that must then cause more extinction. The dashed line is a
scaled CEO1 template with additional extinction from the Draine
(2003) extinction curve that provides the best fit to our data. We
require both a scaling of local templates (in this case CE01) and
additional extinction to fit the SED of high-redshift SMGs.

We thus fit the IRS spectrum plus 70 pm, submillimeter, and
radio photometry to the CEO1 templates plus Draine (2003)
extinction for each of the 13 SMGs in this paper.'* We solve for
the three free parameters (luminosity, average dust temperature,
and extinction) and find the template with the lowest x*. Figure 9
shows the full SED fits. In general, the resulting fits are very
good. The thick line and filled circles are the points used in the fit,

4 For the GN39 double system, we split the total submillimeter flux accord-
ing to the radio flux of each component (note that this is the same as splitting by
24 pm flux).
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while the open symbols show the other photometry points (mostly
16 and 24 pm) that were not used in the fits but agree well with the
best-fit SED. We required a scaling of 10—100 in luminosity to fit
the local CEO1 templates to the SMG photometry. Since high-
redshift SMGs can be well fitted by modified CEO1 templates that
contain an inherent radio-IR correlation, this suggests that SMGs
also follow a similar radio-IR correlation to local galaxies (see
also Kovacs et al. 2006).

We integrated the full SEDs in Figure 9 from 8 to 1000 pm to
get the total IR luminosity. Values of Ly are listed in Table 5 and
are in good agreement with the values from Pope et al. (2006).

By simply scaling to the wavelength where the SED is a max-
imum as an estimate of the average dust temperature, we obtain a

median of 32 K for these 13 SMGs. This is consistent with pre-
vious estimates of dust temperatures in SMGs (Chapman et al.
2005; Kovacs et al. 2006; Pope et al. 2006). We also found a
similar trend between luminosity and temperature as found in
Chapman et al. (2005), which is offset to cooler temperatures
from the local correlation. Knowing the shape of the far-IR SED
and the total luminosity, we can also estimate the dust mass: fol-
lowing the relation given in Dunne et al. (2000), the median dust
mass for this sample is 2.4 x 108 M. This is roughly an order of
magnitude higher than dust masses observed in galaxies locally al-
though the local galaxies studied are generally much less luminous.

In order to quantify the effect of the extinction term on the mod-
els, we calculate Lig without the extinction. The median amount
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TABLE 5
PAH STRENGTHS AND INFRARED LUMINOSITIES
PAH Luminosity (10° Ly) PAH Equivalent Width® (pm) Lig (102 L)

6.2 um 7.7 pm 11.3 pym 6.2 um 7.7 pm 11.3 pm SB AGN Total

34+12 0.32 + 0.11 >0.17 <0.10 0.27
122+ 1.2 429 +5.1 8.1+t14 0.38 £+ 0.04 1.00 £+ 0.13 1.18 £+ 0.54 >3.5 <0.1 3.6
13.0 £ 4.1 0.22 + 0.07 >1.3 <0.7 2.0
31.1 £ 63 7.0+ 1.8 1.08 £+ 0.30 1.00 £+ 0.29 >2.8 <0.5 33
<19.2 92 +£2.7 79 £ 2.7 <0.50 0.25 + 0.08 0.45 £ 0.16 5.2 0.8 6.0
139 £ 49 39.2 £ 129 <36.3 0.66 + 0.26 0.86 + 0.30 <0.86 >4.2 <0.8 5.0
123 £ 5.6 23.1 +£5.1 <29.4 1.09 £ 0.65 0.59 £ 0.14 <1.14 >2.7 <0.1 2.8
125+ 2.6 17.6 + 3.2 99 + 1.8 1.10 + 0.38 0.41 + 0.08 1.58 + 0.47 6.7 0.2 6.9
18.0 £ 1.5 263 + 4.4 10.5 £ 2.2 0.83 £ 0.10 0.93 + 0.16 2.95 £ 1.38 5.7 0.7 6.4
63 £ 15 59.1 £ 12.6 <184 0.05 £ 0.01 0.54 £ 0.14 <0.18 54 4.2 9.6
129 £ 43 0.44 £+ 0.15 >3.9 <0.1 4.0
12.5 £ 3.0 325 +£9.0 0.59 + 0.20 0.77 £ 0.22 >11.9 <0.4 12.3
<23.7 433 +99 <0.45 0.63 £ 0.15 4.5 2.1 6.6

? The equivalent widths are all in rest frame.

that the extinction term changes Ljg by is 13% (0%—20%), and
so models that do not include the extinction term will incorrectly
determine Lir by around 13%. We find an average value of 797 ~ 1
and do not see any correlations between the extinction and Lig
for the SMGs given the error bars.

For sources that we found to contain an AGN component in
the mid-IR, we calculate the contribution to Lig from the AGN.
Using ISO spectra, Tran et al. (2001) found that the ratio of
Ls—10 um/Lir Was about 2.5 times greater for AGNs than for star-
bursts; i.¢., as you extrapolate from mid-IR to far-IR wavelengths,
AGNSs become less important bolometrically than starbursts. In
order to quantify this for our sample, we scale the Mrk 231 (an
AGN whose Lg is known to be dominated by AGN emission and
not star formation; Armus et al. 2007) template to the AGN frac-
tion (listed in Table 4) of the mid-IR luminosity and then inte-
grate the SED from 8 to 1000 um to get the contribution to Lig
from the AGN component. For sources that have an upper limit
to the AGN contribution, we plot the scaled Mrk 231 in Figure 9
at this limit. The values of L{{N from integrating under the curves
and L$® = Lig — LSN are given in Table 5. As seen in Figure 9,
only C1 has enough AGN contribution in the mid-IR to make
a significant contribution to Lir. Therefore, the intense IR lumi-
nosities seen in SMGs are powered almost entirely by star for-
mation. In § 7 we discuss how this luminosity can be converted to
give us the SFR.

6. PAH LUMINOSITIES

PAH line profiles have broad wings that contribute a signifi-
cant fraction of the line flux. PAH line fluxes, therefore, need to
be consistently measured in a uniform way before comparisons
between local sources and high-redshift sources can be performed.
We have measured line fluxes of all sources consistently, including
the comparison sample of low-redshift starbursts (Brandl et al.
20006), using the technique described in § 3.1.

The PAH line luminosities and equivalent widths of the SMGs,
including 3 o upper limits when the line is undetected, are listed
in Table 5. The 6.2 pm line is the cleanest to measure and use for
diagnostics since it is the least affected by silicate extinction and
line blending. We can see that Lpay, 7.7 for the SMGs varies by
over an order of magnitude, while Lpap, 62 and Lpag, 113 have
much smaller dynamic ranges of a factor of a few. While this
might seem odd, we note that only a subset (40%—60%) of our

sample have 6.2 and 11.3 pm spectral coverage, whereas 92%
have coverage of the 7.7 ym emission line. Furthermore, the red-
shift range for the sources with 6.2 and 11.3 um spectral cover-
age is very small, and therefore we expect a small dynamic range
in PAH luminosity. The sources that are dominated by an AGN
in the mid-IR, as classified by our IRS spectra (C1 and GN04),
both show suppressed 6.2 pm emission relative to their 7.7 ym
emission.

Figure 10 shows the relative strengths of PAH lines compared
to local starbursts (Brandl et al. 2006). The top panels show
LpAH’7<7 as a function of LPAHAVGAZ (ZOP left panel) and LPAH,11.3
(top right panel). The smaller bottom panels show the residual
scatter after removing the fit shown in the top panels; the two
larger error bars quantify the 1 o scatter seen in the starbursts and
SMGs. The outlying source in the left panel of Figure 10 is C1,
the SMG with the largest AGN contribution.

While the SMGs do not show enough dynamic range in PAH
luminosity to pick out any strong correlations within the popula-
tion, they do fall on the relation between various PAH lines
established for local starburst galaxies. The dashed lines in Fig-
ure 10 are the best fits to the local starbursts only (squares). We
find essentially the same relation if we fit the local starbursts and
the SMGs, indicating that the PAH luminosities in SMGs are
simply scaled up (albeit by several orders of magnitude) from
less luminous starburst galaxies. The best-fit relations from fit-
ting both the SMGs and the local starburst galaxies are

IOgLPAHJ] = (10 + 01) + (094 + 001) 10g LPAH’GQ’ (2)
IOgLPAH77.7 = (05 + 01) + (100 + 001) IOngAH111_3. (3)

The SMG C1 appears to lie off this relation with an excess
of 7.7 ym PAH emission for a given Lpane2 OF Lpan,i1.3-
Rigopoulou et al. (1999) found suppressed 6.2 ;sm emission rela-
tive to 7.7 pum emission in /SO spectra of local ULIRGs com-
pared to starbursts and conclude that this is primarily because of
extinction. This suggests that, on average, the SMG C1 consid-
ered here may contain greater extinction or a more dominant
AGN component than most SMGs and starburst galaxies since
an AGN continuum will dilute the strength of the weaker 6.2 and
11.3 um features relative to the strong 7.7 um line.

Figure 11 shows the equivalent widths of the 6.2 and 7.7 um
PAH lines. The vertical dashed line at EWpay 62 = 0.2 is often
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Fic. 10.—Plot comparing the PAH line luminosities of SMGs presented in this paper (circles) to that of local starbursts (squares; Brandl et al. 2006). All line mea-
surements have been made in a consistent way (see § 3.1). The 1 o error bars are shown on all points (the 10% errors on the starbursts are similar in size to the symbols). The
top panels show Lpay 7.7 as a function of Lpay 2 (leff) and Lpap 113 (right), where the dashed lines show the best fit to the starburst galaxies only. The similar relationship
seen in starbursts and SMGs between PAH line strengths indicates that SMGs are starburst dominated and that PAH line strengths do not vary significantly with redshift.
The smaller bottom panels show the residual scatter after removing the fit shown in the top panels; the larger error bars quantify the 1 o scatter seen in the starbursts and
SMGs, respectively. [See the electronic edition of the Journal for a color version of this figure.)

used to separate starburst-dominated and AGN-dominated sources
(Armus et al. 2007; Sajina et al. 2007). With the exception of C1,
all of our sources with measurable 6.2 ym PAH emission have
EWpan.62 > 0.2, which indicates that they are starburst domi-
nated. We have again plotted the local starbursts for comparison.
We found that the values in Brandl et al. (2006) for EWpay 7.7
were on average 1.6 times lower than our measurements of the
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Fic. 11.—Rest-frame equivalent widths of main PAH features. Again the
SMGs are denoted by the circles and the local starbursts (Brandl et al. 2006) by
the squares. All measurements have been made in a consistent way (see § 3.1).
Measurements of both the 6.2 and 7.7 um PAH lines are not available for all
SMGs. C1 stands out again as having a very small 6.2 um EW, below the values
of EWpan 62 = 0.2 (vertical dashed line), which is often used to separate AGN-
dominated and starburst-dominated systems. [See the electronic edition of the
Journal for a color version of this figure.]

starburst EWpap 7.7, due to differences in the way the lines were
measured. Therefore, we have revised all the Brandl et al. (2006)
points upward in this plot. The starbursts cover a small area
of this plot, while the SMGs are spread over a larger region,
although with much larger error bars. Our current data do not
have sufficient S/N to determine if there is any genuine spread
or correlation among the EWs; however, our error bars are suf-
ficiently small to exclude equivalent widths of less than 0.2 in
either PAH line (with the exception of C1). Our SMGs show
similar equivalent widths to the PAH-dominated ULIRGs from
the Spitzer 24 pm-—selected sample in Sajina et al. (2007), if we
decrease their values of EWpap, 7.7 by a factor of 4 to account for
the different methods for measuring the EWs. With EWpap 6.2
values of 20.5 and 797 ~ 1, high-redshift SMGs lie in region 2C
of the diagnostic plot in Spoon et al. (2007). Sources in this re-
gion are classified as PAH dominated, and, not surprisingly, M82
also falls in this region.

Utilizing ISO spectra of starbursts, ULIRGs, and AGNs, Genzel
et al. (1998) used the ratio of the 7.7 ym PAH line flux to the
continuum flux, //c, as a diagnostic for AGN contribution in the
mid-IR emission. In general, galaxies with //c > 1 are classified
as starbursts and those with //c < 1 are AGN dominated. As we
stress in § 3.1, this type of analysis is strongly dependent on the
specific choice made for the continuum fitting procedure. Never-
theless, we calculate //c ~ 2.3 for the composite SMG and note
that all SMGs in our sample satisfy the //c > 1 criterion for
starburst-dominated sources. This is true even for C1, which
clearly shows a strongly rising continuum indicative of the pres-
ence of an AGN. Based on Figure 11, the 6.2 ym PAH line may
be more useful in weeding out AGN-dominated sources.

In Figure 12 we plot the PAH line luminosities as a function of
Lir for SMGs and local starbursts (large panels). For the SMGs,
we plot the L3P coming from star formation (i.e., after subtract-
ing the component from the AGN). Errors in Ljg for the SMGs
have been estimated from the error in the submillimeter flux
only, since this dominates (assuming fixed CEO1 templates). In
all panels, the dashed line is the best fit to the local starburst
galaxies; the smaller panels show the residual scatter around this
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best-fit relation. The best-fit relation for the starburst galaxies
only is consistent with the fit to both the starburst galaxies and
the SMGs. The best-fit relation for both the SMGs and starburst
galaxies is given by

log Lpan62 = (—2.7 + 0.1) + (1.01 £ 0.01) log Lir,  (4)

log LPAH,747 = (715 + 01) + (095 + 001) 10gL1R, (5)
log LPAH.11.3 = (—1 .6+ 02) + (091 + 001) log LIR- (6)

The derived parameters are all within 1 ¢ of those found by
fitting only the starbursts. The slopes are close to 1, indicating a di-
rect proportionality between L and the PAH line luminosities.

The first thing to note is that the SMGs lie on the relation es-
tablished for local starburst galaxies extrapolated to very high lu-
minosities. This is what we expect if both are dominated by the
same emission mechanism, namely, star formation. Brandl et al.
(2006) showed that the PAH line luminosities are correlated with
the IR luminosities within their starburst sample. Schweitzer et al.
(2006) showed that a similar correlation exists in a sample of
QSOs due to star formation in them. Peeters et al. (2004) showed
a correlation between Lpg and Lpap 62 for a range of scales of
star formation in local massive star-forming regions to normal
and starburst galaxies. The fact that the SMGs lie on this relation
demonstrates the reliability of our full SED fitting to derive the
total IR luminosity and confirms that SMGs do have incredibly
high IR luminosities powered primarily by star formation. Note
that C1 does not stick out as an outlier in these plots, since we
have removed the AGN component of its Lg.

The second thing that stands out in Figure 12 is that there is
significant scatter in this relation for both the low-redshift star-
bursts and the high-redshift SMGs. In the smaller panels the two
larger error bars quantify the 1 o scatter seen in the starbursts and
SMGs. The scatter is similar for the SMGs and starbursts and is
considerably higher than would be implied by the measurement
uncertainty. Other properties of individual objects, such as ge-
ometry of the starburst region, spatial distribution of the dust,
viewing angle relative to a merging event, clumpiness of the star
formation, etc., are likely playing a role in this scatter.

We found no correlations between the IR luminosity and equiv-
alent widths of the PAH lines in SMGs. This is consistent with
what was found in Brandl et al. (2006) for the local starburst
galaxies and shows that both the mid-IR continuum and the PAH
strength scale together with increasing Lig. We also find no corre-
lation between X-ray luminosity and Lig (or the PAH luminosi-
ties) for the SMGs, a correlation that would have been expected
had the IR emission been dominated by an AGN.

Using the Kennicutt (1998) relation between Lig and SFR,
we plot the corresponding SFR on the top axis of Figure 12. The
Kennicutt (1998) relation between Ljg and SFR assumes a Salpeter
(1955) initial mass function and applies to starbursts with ages less
than 100 Myr. Assuming that both the PAH and far-IR emission are
tracing the star formation, we can use the Kennicutt (1998) relation
and the above PAH line luminosity—to—Lr correlations to deter-
mine the relation between SFR and the PAH line luminosity. We
use the 6.2 yum PAH line since it is the least affected by the sili-
cate absorption and line blending. We find that given the PAH
luminosity, one can calculate the SFR using

SFR (M yr™') ~ 107 Lpane2 (Lo)- (7)

Similar (although perhaps slightly less accurate) relations can
be found for Lpan,7.7 and Lpan, 113 using equation (4).
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7. DISCUSSION

We have shown from the mid-IR spectra of high-redshift SMGs
that these systems are starburst dominated and contain only a
small contribution from the AGN. Despite the fact that X-ray ob-
servations suggest that most SMGs harbor an AGN, only a small
fraction of SMGs (2/13) contain an AGN that contributes signif-
icantly to the mid-IR luminosity. When extrapolated to the total
IR luminosity, all SMGs are dominated (>50% of Lig) by star
formation and not AGN activity.

From Table 5 we see that the median LISE for our sample is
4% 10'2 L, which corresponds to an SFR of around 700 M, yr—!.
This is an extremely high rate of star formation, capable of creat-
ing a massive 10'! M, galaxy in only 10® yr. Coupled with the
low number density of SMGs compared to other massive galax-
ies at high redshift, this leads us to suspect that SMGs are a short-
lived phase in the evolution of massive galaxies.

SMGs are only one of several populations of high-redshift
galaxies that are ultraluminous in the IR. Many z ~ 2 galaxies
selected in deep 24 um surveys also qualify as ULIRGs (e.g.,
Daddi et al. 2005; Yan et al. 2005, 2007). These other ULIRGs
are generally not detected at submillimeter wavelengths. What then
are the fundamental differences between various populations of
high-redshift ULIRGs?

One of the main factors that could cause a bifurcation in the
population of ULIRGs at high redshift is the presence or absence
of a bolometrically significant AGN. The evolutionary scenario
proposed by Sanders et al. (1988) shows massive galaxies going
through several main stages en route to becoming a massive el-
liptical. It starts with an IR-luminous phase most likely triggered
by a massive merger. During this stage of intense star formation,
the AGN is also growing. As the AGN becomes larger, it begins
to feed back on the galaxy, eventually quenching the star forma-
tion completely by blowing off all the dust and gas. Thus begins
the QSO phase, where the AGN is free to dominate the emission.
Eventually the QSO consumes its gas and we end up with a qui-
escent massive elliptical galaxy. In this scenario, the submillimeter
emission will be at a maximum during the initial IR-luminous phase
(Granato et al. 2004; Springel et al. 2005). However, one uncer-
tainty in this scenario is the timescale. In particular, how long is the
IR-luminous phase and how long does it take the AGN to develop?

Since most ULIRGs atz ~ 2 show a mix of AGN and starburst
activity (e.g., Houck et al. 2005; Sajina et al. 2007), they fit into
this evolutionary scenario at the stage where the AGN has de-
veloped but before it has had a chance to expel all the gas and
dust, since the IR luminosities are high. Since SMGs show less
of an AGN contribution, it is likely that they represent a slightly
earlier phase of this scenario, before the AGN has time to de-
velop fully and is significant to the IR luminosity. This is also
consistent with the finding that SMGs have cool dust tempera-
tures (Pope et al. 2006), partly because the star formation is tak-
ing place on extended spatial scales and partly because the AGN
is not yet energetically important for heating the dust. Other
high-redshift ULIRGs, like those selected at 24 um (e.g., Sajina
et al. 2007), should have warmer dust temperatures (or have over-
estimated IR luminosities); otherwise, they would be detected in
the submillimeter. Therefore, they likely represent the stage after
the SMG phase in this evolutionary scenario.

For local ULIRGs, there is evidence that shows that the
luminosity of CO emission decreases as the merger progresses
(Rigopoulou et al. 1999), which is consistent with decreasing
submillimeter emission in the later stages of the merger. This
idea is also consistent with morphological studies that show that
SMGs are often tidally disrupted systems (Chapman et al. 2003;
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Conselice etal. 2003; Pope et al. 2005). Alternatively, SMGs and
other high-redshift ULIRGs might appear different because of
different merger progenitors.

Since the number density of SMGs is much less than that of all
24 pm-—selected IR-luminous galaxies, then this phase in the evo-
lutionary sequence must be shorter. We can make a rough estimate
for the duration of the submillimeter-luminous phase. In the 2 Gyr
between 1.5 < z < 3 there are roughly 20 SMGs and 500 24 ym-—
selected galaxies (with Lig > 10!! L; see Chary et al. 2004)
within a portion of the GOODS-N field. Assuming that all IR-
luminous 24 pm-—selected galaxies will undergo a submillimeter-
luminous stage during this period of time, we calculate the
duration of the submillimeter-luminous phase to be on the order
of 108 yr."> As mentioned above, this timescale is what is needed
to create a galaxy with a stellar mass of ~10'! M, (Borys et al.
2005) at a rate of ~1000 M, yr~!. This timescale is consistent
with those derived from gas masses of SMGs (Greve et al. 2005).

8. CONCLUSIONS

Spitzer IRS spectroscopy has been obtained for a sample of
13 SMGs brighter than 200 pJy at 24 pm. This has effectively
confirmed the identification of these SMG counterparts and in
some cases has provided a new redshift estimate. The SMGs show
strong PAH emission and, on average, only a small continuum
contribution from hot dust.

We have explored several diagnostics from the mid-IR spectra
of SMGs to determine the level of AGNs contributing to the lu-
minosity at these wavelengths. All of them seem to converge on
a picture in which SMGs are starburst-dominated systems with at
most a 30% contribution from an AGN at mid-IR wavelengths.
Their mid-IR spectra are similar to a scaled spectrum of local
starburst galaxies like M82.

The classification of an SMG as AGN or starburst dominated
from the mid-IR often disagrees with the classification from the
X-rays. While X-ray observations are better suited for determin-
ing the presence of an AGN in an SMG, the mid-IR spectra can
determine how important the AGN is to the total IR luminosity
since it is directly detecting the hot dust emission and not subject
to details about the geometry of the obscuring material.

Full IR SED fits to the mid-IR, far-IR, and radio data show that
SMGs are best fitted by scaled up versions of local IR-luminous
galaxy templates with additional extinction from the Draine (2003)
extinction curves. These models have cool dust temperatures
(T = 32K)and high Lz values that imply SFRs of ~700 M, yr~!
assuming a Salpeter initial mass function.

SMGs lie on the local relation between Lir and Lpag 62 (0r
Lpan,7.7 of Lpan,11.3), which means that the PAH line flux can
be used to estimate the SFRs in these systems, albeit with large
uncertainties. Equivalent widths, which have been the focus of
some other studies, are much less useful in this regard.

SMGs appear to be an earlier phase in the evolution of massive
galaxies than other high-redshift ULIRGs. The average high-
redshift ULIRG shows warmer dust and less PAH emission. It
is therefore likely that the AGN in SMGs has not yet grown
strong enough to heat the dust substantially and destroy the PAH
molecules.

We have been able to put constraints on the contribution from
AGN activity to the rest-frame 5—12 pm mid-IR emission and
have extrapolated this to far-IR wavelengths. Without more data

'3 1t is not clear what fraction of 24 pm—selected galaxies will undergo a
submillimeter-luminous phase since SMGs are known to be massive and could
represent only the most extreme galaxies. Nevertheless, this calculation provides
a useful reality check on the expected duration of the SMG phase.
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from 30—100 pm rest frame, it is difficult to directly probe the
emission at far-IR wavelengths. We will be able to model this
part of the spectrum in more detail once data from the Herschel
Space Observatory'® and SCUBA-2 (Holland et al. 2006) be-
come available. Details of the SMG phase will be understood
only after the spatially resolved spectroscopy capabilities of
ALMA'” become available.
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17" See http://www.eso.org/projects /alma /.
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APPENDIX A
SPITZER IRS NOISE

Figure 13 shows the final rms of our spectra as a function of the integration time and spectral order. Values from the Spitzer Science
Center sensitivity calculator, SPEC-PET,'8 are given for comparison as the dashed lines. We confirm that the sensitivity goes as o(mJy) =
at(s)~"? even for very long integrations. The scatter in the measured values is probably dominated by the accuracy of the sky subtraction
in these crowded fields. Given the scatter, our observed sensitivities are consistent with those from SPEC-PET. The decrease in
sensitivity in the SL1 order could be related to our choice of 240 s ramps in fields with backgrounds >20 MJy sr~! at 24 zm, which
results in incorrect droop correction (see the Spitzer Observer’s Manual ).

APPENDIX B
NOTES ON INDIVIDUAL SOURCES

Here we describe several of our sources in more detail. Sources that are not discussed here are relatively straightforward in terms of

interpreting their mid-IR spectra.

'8 See http://ssc.Spitzer.caltech.edu /tools /specpet /.
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Fig. 13.—Observed 1 o rms as a function of integration time for our IRS staring mode observations. All observations from our Spitzer GO2-20456 program are shown
here. The dashed lines show the predicted values from SPEC-PET for each order. We confirm that the sensitivity goes as o o< #~1/2 even for very long integrations. The
scatter in the measured values is probably dominated by the accuracy of the sky subtraction in these crowded fields. Given the scatter, our observed sensitivities are
consistent with those from SPEC-PET. [See the electronic edition of the Journal for a color version of this figure.]
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B1. GNO6

The optical and IRS redshifts disagree for this SMG. The IRS redshift is based on three PAH features, 6.2, 7.7, and 11.3 pym, and the
optical spectroscopic redshift of 1.865 is inconsistent with the positions of these emission features, even within the errors. The optical
spectroscopic redshift of GN0O6 comes from Chapman et al. (2005), where they note that the optical galaxy was offset from the radio
counterpart by about an arcsecond. From the images of GNO06 in Figure 1, we see that there are two optical knots, both of which are offset
from the counterpart that is detected in the radio and mid-IR. For this source, we conclude that the optical and mid-IR spectra are picking
up different galaxies and the submillimeter emission is coming from the mid-IR—detected galaxy.

B2.C2

C2 has the largest discrepancy between the IRS and UV/optical spectroscopic redshifts. The IRS redshift for this source is based
onthe 7.7 and 11.3 pm PAH features, and there is also a hint of the 8.6 pm line. The optical spectroscopic redshift would have placed the
7.7 um PAH line right in the middle of this spectrum; therefore, it is inconsistent with the IRS spectrum. The optical spectroscopic
redshift comes from detections of both Ha and Ly« emission (Swinbank et al. 2004; Chapman et al. 2005). The images in Figure 1 show
an extended optical galaxy. This is a curious source; however, since the mid-IR is more likely to trace the submillimeter emission, we
conclude that the IRS redshift is correct for this SMG.

B3.Cl1

This SMG is not detected in the deep Chandra 2 Ms imaging of GOODS-N. Furthermore, the optical spectrum from Swinbank et al.
(2004) clearly shows Ha, N i, and the S m doublet, and the low N n—to—Ha ratio is used to classify this SMG as a starburst. However, the
mid-IR spectrum of C1 clearly shows a steeply rising continuum indicative of an AGN emission. This is also apparent from the extreme
Spitzer colors shown in Figure 7. The mid-IR spectrum also shows PAH emission, and the ratio of PAH luminosity to IR luminosity for
Cl1 is significantly lower than those seen in local starbursts. We conclude that this SMG harbors a Compton-thick AGN that accounts for
44% of the total IR luminosity. This is the only SMG that contains a bolometrically significant AGN. Interestingly, C1 has not been
detected in CO (Greve et al. 2005). From the X-ray flux limit, we can place a limit on the column density of Ny > 10?4 cm~2. C1 is
relatively bright at 24 pm (1.2 mJy), suggesting that these types of obscured AGNs at high redshift should be detectable in even shallow
Spitzer surveys.

B4. GN39 DOUBLE SYSTEM

One further SMG deserves special discussion, and that is GN39. This SMG has two radio/ MIPS counterparts separated by 8”, which
we refer to as GN39a and GN39b (note that this submillimeter system was first presented in Chapman et al. 2001). Both are confirmed to
lie at z = 1.996 (Swinbank et al. 2004; Chapman et al. 2005); therefore, it is likely that they are both contributing to the submillimeter
emission. The separation corresponds to 70 kpc at this redshift.

Our IRS observations picked up both counterparts, and, with a narrow extraction window, we were able to extract a separate spectrum
of each component. Some of the flux from GN39a falls into the spectral extraction window of GN39b; however, a comparison of the
24 pm flux from the IRS spectra to that from the MIPS 24 ym image confirms that only % of the flux in the IRS spectrum of GN39b is
from GN39a. The extracted spectra confirm that these two sources are indeed at the same redshift, and both spectra look very similar to
each other and to the rest of the SMGs, supporting the idea that they are both submillimeter emitters. Furthermore, both components are
X-ray detected and classified as obscured AGNs by Alexander et al. (2005), although the two IRS spectra show a completely starburst-
dominated system at mid-IR wavelengths.

Since these two SMGs are at the same redshift, we know that they must be associated. Given the physical distance between them,
larger than those seen in most local ULIRGs (Murphy et al. 1996), we could be seeing the early stage in the merger of two massive gal-
axies (Springel et al. 2005). Note that GN04, GNO7, and GN19 also have double radio counterparts, which are thought to be at the same
redshift. However, in these sources, the two components are separated by only 3” and therefore do not resolve into two separate 24 pm
sources. Thus, the IRS spectra for these sources contain contributions from both components.
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