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ABSTRACT

We present ~076 resolution IRAM PdBI interferometry of eight submillimeter galaxies at z ~ 2-3.4, where we
detect continuum at 1 mm and/or CO lines at 3 and 1 mm. The CO 3-2/4-3 line profiles in five of the sources are
double-peaked, indicative of orbital motion either in a single rotating disk or of a merger of two galaxies. The
millimeter line and continuum emission is compact; we marginally resolve the sources or obtain tight upper limits to
their intrinsic sizes in all cases. The median FWHM diameter for these sources and the previously resolved sources,
SMM J023952—0136 and SMM J140104+0252, is <075 (4 kpc). The compactness of the sources does not support
a scenario in which the far-IR/submillimeter emission comes from a cold (7 < 30 K), very extended dust distri-
bution. These measurements clearly show that the submillimeter galaxies (SMGs) we have observed resemble
scaled-up and more gas-rich versions of the local universe, ultraluminous galaxy population. Their central densities
and potential well depths are much greater than those in other z ~ 2—3 galaxy samples studied so far. They are
comparable to those of elliptical galaxies or massive bulges. The SMG properties fulfill the criteria of “maximal”
starbursts, in which most of the available initial gas reservoir of 10!°-10!! M, is converted to stars on a timescale

~3—10t4yn ~ a few times 10® yr.

Subject headings: cosmology: observations — galaxies: evolution — galaxies: formation —

galaxies: high-redshift — galaxies: ISM

Online material: color figures

1. INTRODUCTION

Studies of the extragalactic far-infrared (IR)/submillimeter
background have shown that about half of the cosmic energy
density comes from distant, dusty starbursts and active galactic
nuclei (AGNs) (Puget et al. 1996; Pei et al. 1999). Mid-IR (In-
frared Space Observatory [ISO] and Spitzer Space Telescope)
and submillimeter (Submillimeter Common-User Bolometer Array
[SCUBA] and Max-Planck-Millimeter-Bolometer [ MAMBOY])
surveys suggest that this background is dominated by z > 1 lu-
minous and ultraluminous infrared galaxies (LIRGs/ULIRGs:
Lig ~ 10"'-10"3 L; e.g., Smail etal. 1997; Hughes et al. 1998;
Eales et al. 2000; Bertoldi et al. 2002; Elbaz et al. 2002; Cowie
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etal. 2002; Perez-Gonzalez et al. 2005). During the last few years
significant progress has been made in elucidating the physical
properties of these submillimeter galaxies (SMGs; e.g., Blain et al.
2002). Recently Chapman et al. (2003a, 2005) have been able to
obtain rest-frame ultraviolet (UV ) redshifts for 73 SMGs detected
with the SCUBA and MAMBO cameras at 850 ym and 1.2 mm,
and Swinbank et al. (2004) have subsequently obtained rest-frame
optical redshifts for ~20 of these. This effort has been aided to a
large extent by more precise positions derived from deep 1.4 GHz
Very Large Array (VLA) observations of the same fields (Ivison
et al. 2002; Chapman et al. 2003a). Starting from these results we
have been carrying out a survey at the IRAM PdBI, where we
successfully detected molecular emission and determined line
profiles in the CO 3—2 and 4-3 rotational lines for eight of these
SMGs (Neri et al. 2003; Greve et al. 2005). Including data pre-
sented here, there are now 14 SMGs with published CO detections
(e.g., Frayer et al. 1998, 1999; Andreani et al. 2000; Downes &
Solomon 2003; Genzel et al. 2003; Greve et al. 2005; Sheth et al.
2004; Kneib et al. 2005). Here, we report for the first time
subarcsecond-resolution millimeter imaging of six SMGs, includ-
ing two new CO detections, again undertaken with the IRAM PdBI.
The main goal of this program is to determine source sizes, dy-
namical masses, and mass densities of these sources: key parame-
ters for determining the nature of the submillimeter population.

2. OBSERVATIONS

The observations were carried out in winter 2003—-2004 and
2004-2005 with the IRAM PdBI, which consists of six 15 m
diameter telescopes (Guilloteau et al. 1992). We observed four
sources previously reported in Neri et al. (2003) and Greve et al.
(2005) and, in addition, two new sources detected since in our
survey in the extended B and A configurations under excellent
weather conditions. The observations were made with baselines
ranging from 64 to 408 m. We then combined these new data with
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Fic. 1.—Integrated CO spectra of the sources. For SMM J094303+4700 we show the CO 4-3 profile; in all other cases we show the CO 3—2 profile. For the leftmost
spectrum in the middle row and the middle spectrum in the bottom row we plot the CO 6—5 (SMM J123549+6215) and CO 7-6 (SMM J163650+4057) profiles (thick
lines) on top of the CO 3-2 profile (¢hin lines). The middle and right profiles in the middle row are the southwestern and northeastern sources of SMM J123707+6214,
respectively. [See the electronic edition of the Journal for a color version of this figure.)

our previous B, C, and D configuration observations, for which
the shortest baselines were 24 m (Neri et al. 2003; Greve et al.
2005), to maximize the sensitivity and (u, v) coverage of the maps
and to ensure that no flux was resolved out at size scales up to 6" —
8”. In the following, the total integration times include the lower
resolution C/D configuration observations. The correlator was
configured for line and continuum observations to cover simul-
taneously 580 MHz in each of the 3 and 1.3 mm bands. For SMM
J044307+0210 (N4, SMM J04431+0210, z = 2.509) the total
on-source integration time was 33 hr (19 hr in A and B config-
urations); for SMM J094303+4700 (H6, H7, z = 3.35; Cowie
etal. 2002; Ledlow etal. 2002; Neri et al. 2003) the total on-source
integration time was 34 hr (21 hr in A and B configurations). For
SMM J163650+4057 (N2 850.4, z = 2.39; Ivison et al. 2002;
Smail et al. 2003; Neri et al. 2003; Chapman et al. 2005) the total
on-source integration was ~24 hr (12 hr in A), and for SMM
J163658+4105 (N2 850.2,z = 2.45; Ivison et al. 2002; Greve et al.
2005; Chapman et al. 2005) the total integration time was 31 hr
(16 hr in A and B). For the sources in the Hubble Deep Field—
North, SMM J123549+6215 (HDF 76, z = 2.20; Swinbank et al.

2004; Chapman et al. 2005) and SMM J123707+6214 (HDF 242,
z = 2.49; Borys et al. 2004; Swinbank et al. 2004; Chapman et al.
2005) the total integration times were 31 hr (20 hr in A and B)
and 38 hr (28 hr in A and B), respectively. We calibrated the
data using the CLIC program in the IRAM GILDAS package
(Guilloteau & Lucas 2000). Passband calibration used one or
more bright quasars. Phase and amplitude variations within each
track were calibrated out by interleaving reference observations
of nearby quasars every 20 minutes, resulting in absolute po-
sitional accuracies of better than +-0”2. The overall flux scale for
each epoch was set on MWC 349 (1.05 Jy at 102 GHz [2.9 mm]
and 1.74 Jy at 238 GHz [1.3 mm)]). After flagging bad and high
phase noise data, we created data cubes in natural and uniform
weighting with the GILDAS package. The resulting spatial
resolutions were ~1”5 and 076 for the 3 and 1.3 mm bands, re-
spectively, depending on (u, v) coverage and source declination.

3. RESULTS

Source integrated spectra, and 3/1.3 mm line and/or contin-
uum maps of the six SCUBA sources are shown in Figures 1-7.
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FiG. 2.—Integrated CO 3-2 emission in SMM J044307+0210 (N4: z = 2.50;
see Frayer et al. 2003; Neri et al. 2003) superposed on the integrated Ha/[ N 11] +
continuum emission from the source, observed with the SINFONI integral-field
spectrometer on the ESO VLT (gray scale, ~0"6 resolution; Férster Schreiber
et al. 2006). The edge on galaxy ~3”—4" southeast of N4, N1, is in the z =
0.18 foreground cluster MS 0440+02. The FWHM resolution of the CO 3—
2 map is 279 x 1”3, and the contours start at 0.2 mJy beam™! (1.2 ¢), spaced by
0.2 mJy beam ™. [See the electronic edition of the Journal for a color version of
this figure.)

Positions and derived source properties are listed in Table 1.!!
In all sources these high-resolution observations let us determine
source sizes (FWHM), or upper limits to them. Toward two of the
SCUBA sources we find clearly detected multiple source struc-
ture. In SMM J094303+4700 (Figs. 1 and 3) there are two mil-
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limeter sources atz ~ 3.35, separated by 4” (~28 kpc) and likely
part of an interacting group (Ledlow et al. 2002; Neri et al.
2003). The CO 3-2 emission in SMM J123707+6214 (Figs. 1
and 5) comes from a double source with a separation of ~275.
The PdBI observations of these six sources represent the first
(sub)arcsecond resolution millimeter images (~076 FWHM) of
representatives of the S(850 pm) > 5 mly, radio-detected sub-
millimeter source population. Sources at or above this flux density
limit contribute about 22% of the 850 pm extragalactic back-
ground (Smail et al. 2002), and at least 65% =+ 5% of those
sources are radio “bright” (S 4 gu, = 30 pJy; Ivison et al. 2002;
Chapman et al. 2003a, 2003c).

3.1. Comments on Individual Sources

SMM J044307+0210.—SMM J044303+0210 (N4, SMM
J04431+0210, z = 2.509; Frayer et al. 2003) is one of the
15 SMGs in the SCUBA Lens Survey [S(850 pm) = 7.2 mly;
Smail etal. 1997,2002). It is located behind the z = 0.18 cluster
MS 0440+02. Smail et al. (1999) identified the submillimeter
source with the K = 19.4 extremely red object (ERO) N4 about
3" northwest of an edge-on cluster spiral galaxy N1 (N4: R—K =
6.3). Neri et al. (2003) detected CO 3—2 emission from N4
centered at z = 2.5094. The rest-frame optical line ratios sug-
gest that N4 is a composite starburst/narrow-line AGN (Frayer
et al. 2003). Smail et al. (1999) estimated the foreground lens
magnification from a lens model of MS 0440+02, and including
the impact of the nearby spiral galaxy N1, to be 4.4, approxi-
mately in the north-south direction. The uncertainties in the
lensing model are ~20%, on the order of the calibration un-
certainties of both the SCUBA (Smail et al. 1999) and our PdBI
measurements. With this magnification, the intrinsic 850 pm
flux density of the source is 1.6 mJy, and the intrinsic far-IR
luminosity is ~3 x10'? L. This luminosity is lower than in the
other sources of our sample. It is near the peak of the SMG lu-
minosity function, where most of the far-IR luminosity emerges
(Chapman et al. 2005; Smail et al. 2002), and more typical of
luminosities found in local ULIRGs.

The CO 3-2 profile in Figure 1 is double-peaked with a
FWHM line width of ~350 km s~!. This emission peaks
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Fic. 3.—Integrated CO 4-3 and 1.26 mm continuum in SMM J094303+4700 (z = 3.35; see Ledlow etal. 2002; Neri et al. 2003). Left: Integrated CO 43 emission (FWHM
179 x 176 at P.A. = 79°) superposed on an R-band image of the cluster Abell 851 (z = 0.41; Kodama et al. 2001). The contours are linearly spaced, starting at 0.25 mJy beam™!
(~2 0). Right. Contour map of the 237.1 GHz (1.26 mm) continuum emission. The synthesized beam has a FWHM of 0774 x 0763 at P.A. = 64° (bottom leff). Contours are
evenly spaced starting at 0.4 mJy beam ™! (1.5 o). CO 98 at 238.6 GHz does not contribute more than about 3 mJy (1 o) to the source fiux. H6 and H7 are the two radio sources in
the field. The redshift of H6 from [O m] is 3.350 ( T. Takata et al. 2006, in preparation). The CO 4-3 redshift of H7 is 3.346, showing that H6 and H7 are located in the same phys-
ical structure with a projected separation of ~25 kpc and a velocity difference of ~200 km s~! (H6—H7). [See the electronic edition of the Journal for a color version of this figure.]
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Fi. 4—Integrated CO 3—2 emission (/eff) and integrated CO 6—5 emission (right) in SMM J123549+6215 (z = 2.20; see Chapman et al. 2005; Swinbank et al.
2004) superposed on an /-band image. Within the relative astrometric uncertainties the CO and optical continuum emission regions are coincident. Left: CO 3—2 map
with FWHM resolution of 173 x 172 (P.A. = 34°). The contours start at 0.4 mJy beam ™! and are spaced by 0.4 mJy beam ™! (2.5 o). Right: CO 6-5 emission with a
FWHM resolution of 0761 x 0756 (P.A. = —14°). The evenly spaced contours start at 1 mJy beam ™' (1.5 ¢). A marginal 3 o (2 mJy) detection of the 1 mm continuum is
seen in the lower sideband. [See the electronic edition of the Journal for a color version of this figure.]

~074 £ 0”5 southwest of the optical peak of N4 (Fig. 2; Neri
et al. 2003). In Figure 2 we show the CO contours superposed
on a recent image of the integrated Ha/[ N 11] + continuum emis-
sion, obtained with the Spectrograph for Integral-Field Ob-
servations in the Near Infrared (SINFONI) on the European
Southern Observatory (ESO) Very Large Telescope (VLT)
(Forster Schreiber et al. 2006). We determine an upper limit to
the FWHM CO 3-2 size of 08, corresponding to a source-plane
limit of <0”18 (north-south) x < 0”8 (east-west), or <1.5 kpc x
6.4 kpc. The blue- and redshifted peaks of the line emission are
separated by 077 4 0”3 in the north-south direction (0715 =+ 0707
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Fic. 5.—Integrated CO 3—2 emission of SMM J123707+6214 (z = 2.49; see
Swinbank et al. 2004; Chapman et al. 2004, 2005) superposed on a K-band
image of the source (gray scale). The CO map has a FWHM resolution of
179 x 176 (P.A. = 48°). The evenly spaced contours start at 2 ¢ in steps of 1 &
(0.15 mJy beam™1). [See the electronic edition of the Journal for a color version

of this figure.]

in the source plane). CO 7—6 emission is detected with a flux den-
sity ratio of 7—6 to 3—2 line emission of ~0.7, but given the near-
equatorial location of the source our data are not good enough to
construct a good quality map. We obtain a 3 o upper limit to the
image-plane 1.3 mm continuum flux of 1.2 mly, consistent with
extrapolating from the SCUBA measurement with reasonable
values of 5 ~ 1.5-2.

SMM J094303+4700—This (z = 3.346) was first identified
by Cowie et al. (2002) in a deep SCUBA map of the z = 0.41
cluster Abell 851 (Sgso = 10.5 mJy). Ledlow et al. (2002) found
two radio sources, H6 [S(1.4 GHz) = 72 pJy] and H7 (55 ply),
which they proposed were associated with the SCUBA source.
H6 appears to be a UV-bright, narrow-line Seyfert 1 galaxy at
a redshift of z = 3.350 from [O m] (T. Takata et al. 2006, in
preparation) and 3.349 from Ly« (Ledlow et al. 2002), and H7
has a redshift of 3.347, also from [O m] (T. Takata et al. 2006,
in preparation). Cowie et al. (2002) estimated the foreground
lens magnification to be 1.2. Neri et al. (2003) observed the
source with the PdBI at a resolution of 376 x 6”6 and detected
strong CO 4-3 emission at z = 3.346 from the weaker radio
source H7, but not from H6. The new 3 mm data (Figs. 1 and
3,179 x 1”76 FWHM at P.A. = 79°) confirm and substantially
improve the CO 4-3 detection on H7. The line profile has a
FWHM of 420 km s~! and exhibits a double-peaked profile
centered on a redshift of 3.346, the same as that found from
previous CO observations (Neri et al. 2003). We tuned the
1 mm receivers to the redshifted frequency of the CO 9-8 line
but did not detect this emission at a 1 ¢ limit of 0.3 mJy aver-
aged over the band. In our 1.3 mm continuum data (Fig. 3, right,
0774 x 0763 FWHM at P.A. = 64° resolution) we detect both
H7 and H6, at comparable flux densities (Table 1), and both
sources are unresolved. We place a (2 o) upper limit to their sizes
of about 075 (FWHM, 3.1 kpc). The intrinsic CO 4-3 source size
is 076 + 0”2 FWHM (3.7 & 1.2 kpc). In our CO 4-3 channel
maps we also appear to detect redshifted emission to occur a few
arcseconds to the northeast from H7, toward H6. This redshifted
line emission is also visible as a separate weak hump in the
source-averaged spectrum (Fig. 1). Although this detection is
marginal (~3 o), its velocity does coincide approximately with
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Fi. 6.—Left: Contour map of the integrated CO 3—2 emission of SMM J163650+4057 (ELAIS N2 850.4, z = 2.38; Chapman et al. 2005; Ivison et al. 2002; Neri
etal. 2003) superposed on the ACS R-band image of Swinbank et al. (2005). The synthesized beam has a FWHM of 179 x 176 (P.A. = 34°). Contours start at 0.12 mJy
beam~! (1.5 o), in steps of 0.12 mJy beam . Right: Integrated 1.3 mm CO 7-6 line emission at FWHM resolution of 0774 x 0756 at P.A. = 26°. Contours are in steps of
1 times the rms noise level in the maps (0.7 mJy beam™"). [See the electronic edition of the Journal for a color version of this figure.]

that of the Lya/C 1v/N v/[O mi] line emission from H6. The
velocity and possible spatial extent of this red component may
thus strengthen the case for a physical connection between the
two sources. The reason for the lack of CO 4-3 emission from
H6, therefore, is likely that it is intrinsically CO poor, and the
dust could be mainly heated by the AGN. The [O m] emission is
spatially extended, and thus, the z = 3.350 redshift derived from
this emission is likely systemic (T. Takata et al. 2006, in prepara-
tion). The CO 4-3 redshift of H7 is 3.346, indicating a velocity
difference of ~200 km s~' (H6—H7) between the two sources.

SMM J123549+6215—(HDF 76,z = 2.2021; Chapman et al.
2005). Swinbank et al. (2004) determined a more precise sys-
temic redshift of 2.203 from Ha observations of this 8.3 mJy
SCUBA source in the extended Hubble Deep Field—North
(Chapman et al. 2005). The rest-frame R-band spectrum ex-
hibits a broad He line and strong [ N 1] superposed on a broad base
emission, all indicative of the presence of an AGN (Swinbank
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et al. [2004]; see also Alexander et al. [2005] for an X-ray con-
firmation of the AGN). We detected strong and wide (FWHM
600 km s~!) CO 3-2 emission centered at z = 2.202 (Fig. 1)
and centered on the optical galaxy within the combined astro-
metric uncertainty (+076, Fig. 4, left). The line profile (Fig. 1)
appears to exhibit two peaks on a broader base. CO 6—5 emission
(also double-peaked) is also clearly detected at an average 6—5/
3-2 flux density ratio of ~1.5 (Fig. 1) and has an intrinsic size
of 073 4= 0”2 FWHM (2.5 & 1.6 kpc). We marginally detect (3 o)
the 1.3 mm continuum at a flux density of 2 mJy from the lower
sideband at 212.9 GHz, consistent with extrapolation from the
SCUBA flux (Chapman et al. 2005), as discussed above.
SMM J123707+6214.—This 9.9 mJy SCUBA source (HDF
242; Chapman et al. 2004, 2005) in the extended Hubble Deep
Field—North map of Borys et al. (2004) exhibits Ha emission of
moderate width (350 km s~!) centered at z = 2.490 (Swinbank
et al. 2004). Strong [N 1] emission and X-ray observations
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FiG. 7.—Left: Contour map of the integrated CO 3—2 emission of SMM J163658+4105 (ELAIS N2 850.2, z = 2.45; Chapman et al. 2005; Ivison et al. 2002; Greve
etal. 2005) superposed on the United Kingdom Infrared Telescope K-band image of Ivison et al. (2002). The synthesized beam has a FWHM of 176 x 172 (P.A. = 23°).
Contours are evenly spaced, starting at 0.2 mJy beam™' (1.5 o). Right: Integrated 1.3 mm CO 7—6 line emission with a synthesized beam of FWHM 077 x 0756 at
P.A. = —169°. Contours are in steps of 1.2 times the rms noise level in the maps (1 ¢ = 0.4 mJy). The 233 GHz continuum contributes less than 1 mJy to the emission.

[See the electronic edition of the Journal for a color version of this figure.)
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TABLE 1
ResuLTs FRoM PABI MILLIMETER INTERFEROMETRY

R.A. Decl.
(12000.0)  (J2000.0) Ico s, Intrinsic FWHM Size  Line FWHM
Source Transition Redshift (£0.02 s) (&£073) (Jy km s71 (mlJy) (arcsec) (km s")

SMM J044307+0210............ 1.3 mm (obs.) <12

1.3 mm (predicted)® 1.5

CO 3-2 2.509 04 43 07.24 02 10 23.8 1.4 £02 <0.18 x <0.8 350 £+ 40

CO 7-6 1.0 £03
SMM J094303+4700 H6...... 1.3 mm (obs.) 09 43 04.09 47 00 16.2 1.3+03 <0.5

1.3 mm (predicted)® 1.6

CO 4-3 3.346 <0.4
SMM J094303+4700 H7...... 1.3 mm (obs.) 09 43 03.71 47 00 15.0 224+03 <0.5

1.3 mm (predicted)” 1.0

CO 4-3 3.346 1.1 £0.2 400 £ 45
SMM J123549+6215 ............ 1.3 mm (obs.) 2.0 + 0.6

1.3 mm (predicted)® 14

CO 3-2 2.202 12354942 6215369 1.6 £0.2 <0.5 600 + 50

CO 6-5 23+04 0.3 £02
SMMIJ 123707+6214SW ...... 1.3 mm (obs.) <1.4

1.3 mm (predicted)” <2

CO 3-2 2.490 1237 07.22 6214 08.3 0.59 £ 0.09 09 £03 430 £ 60
SMMJ 123707+6214NE....... 1.3 mm (obs.) <14

1.3 mm (predicted)” <2

CO 3-2 2.490 1237 07.57 6214093 0.32 £ 0.09 0.5 +0.2 430 4+ 60
SMM J163650+4057 ............ 1.3 mm (obs.) 2.6 +£0.5

1.3 mm (predicted)® 2.1

CO 3-2 2.385 16 36 50.41 40 57 34.3 23+03 0.8 +02x04+03 710 £+ 50

CO 7-6 6.7 £ 0.7
SMM J163658+4105 ............ 1.3 mm (obs.) 1.5£05

1.3 mm (predicted)” 2.5

CO 3-2 2.452 16 36 58.17 4105 23.3 1.8 £0.2 800 £ 50

CO 7-6 334+£05 04+ 0.2

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
 Predicted fluxes are from SCUBA observations as noted in the text and assuming 3 = 1.5.

(Alexander et al. 2005) may indicate the presence of an AGN. We
detect moderately broad CO 3—2 emission (430 km s~! FWHM,
Fig. 1) from a source that appears to be double with a separation
of ~2”5 (20 kpc, Fig. 5). The southwestern CO peak is coincident
with the optical and radio peak, which shows complex small-
scale (~073) structure in Hubble Space Telescope (Swinbank
et al. 2004) and weighted Multi-Element Radio-Linked Interfer-
ometer Network (MERLIN +VLA radio images (Chapman et al.
2004). The optical map does not show emission from the weaker,
northeastern CO 3-2 source that has approximately the same red-
shift as the southwestern peak, but very faint radio does trace the
CO emission in the northeast direction. The VLA image also
shows additional radio blobs ~4” northeast and 1”5 south of the
main peak, indicating an overall complicated source structure. We
determine from (u, v) fits CO 3—2 FWHM source sizes of 079 & 073
(7.3 £ 2.4 kpc) and <0”5 (2 o, 4 kpc) for the southwestern and
northeastern peaks, respectively. This is clearly a second example
(in addition to SMM J0994303+4700) of an SMG in a complex
environment with several potentially interacting components.
No 1.3 mm continuum flux is detected at the 3 o limit of 1.4 mJy.
This limit is lower than the expected flux extrapolating from the
9.9 mJy 850 um SCUBA flux (Table 1) and could be due either
to phase decorrelation or to the presence of an extended dust
component. Since our interferometer measurements should faith-
fully detect structures of ~5” at 1 mm, we consider the former
explanation to be the more likely one in this source.

SMM J163650+4057.—This source (also known as SMM
J16368+4057 and ELAIS N2 850.4, z = 2.384) was identified

by Ivison et al. (2002; S50 = 8.2 mJy) from the 8 mJy SCUBA
blank field survey of the European Large-Area ISO Survey
(ELAIS) N2 field (Scott et al. 2002) with a bright (220 pJy)
1.4 GHz radio source. Optical spectra from Chapman et al. (2003a)
and Smail et al. (2003) show bright Lyc, N v, C 1v, [O 1], and
[O m] emission with a complex spatial and velocity structure.
There is no evidence for gravitational lensing of this source
(Swinbank et al. 2005). Neri et al. (2003) detected broad CO 3—
2 emission from N2 850.4 centered at z = 2.3853. Figure 1
shows our improved CO 3-2 line profile. It is characterized by a
very broad and asymmetric line profile (FWHM ~ 710 kms™!,
FWZI ~ 1400 km s~!) with two unequal, broad humps on the
blue- and redshifted sides. Figure 1 also shows the CO 7—6 line
data, which cover only the blue component. Within the cover-
age of our data, CO 7—6 and 3-2 lines exhibit similar shapes.
The average CO 7—6/3-2 flux density ratio is about 1.3. Figure 6
displays our high-quality 3—2 map at FWHM resolution 179 x
1”75 at P.A. = 26° (left), as well as the 0774 x 0756 FWHM (at
P.A. = 26°) resolution map of the core of the bright 1.3 mm
CO 7-6 emission (right). Both maps are superposed on the R-band
Advanced Camera for Surveys (ACS) image of Swinbank
et al. (2005). An elliptical Gaussian fit to the (u, v) data of the
CO 3-2 emission gives a FWHM size of 079 x < 074 £ 072
(7.3 kpe x < 3.3 £ 1.6 kpc) along P.A. = 50° & 10°. The 7-6
core emission has a FWHM size of 170 x 073 & 072 (8.1 kpc x
2.4 + 1.6 kpc) along P.A. = 54° 4 10°. Channel maps of the
CO 3-2 emission set an upper limit to the separation between
the red- and blueshifted parts of the profile of about 074 (3.3 kpc),
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Fic. 8.—Composite of the millimeter sizes (FWHM) of all six sources observed here at high resolution, plus the previously studied sources SMM J023952—-0136
(z = 2.81; Frayer etal.1998; Genzel et al. 2003) and SMM J140104+0252 (z = 2.57; Frayer et al. 1999; Downes & Solomon 2003). In each case, we show an optical or
near-IR image, with the SMG position and its astrometric uncertainty (of optical /IR vs. millimeter/radio frames) shown as a thin cross. A circle/ellipse denotes our best
estimate of the FWHM intrinsic mm diameter of the source, as estimated from our line and/or continuum data. Dotted lines denote upper limits. A thick bar (or cross, for
lensed sources with a preferential lensing direction) marks a length of 10 kpc in the source frame. [See the electronic edition of the Journal for a color version of this

figure.]

consistent with the size of the higher resolution CO 7—6 map.
We lack the resolution to determine conclusively whether the
extension along the major axis is actually two compact sources
or a single, more extended source. The 1.3 mm continuum flux
density is 2.6 mJy, consistent with an extrapolation from the
SCUBA measurement at 850 ym. Recently Swinbank et al.
(2005) have published sensitive optical and near-IR integral-
field spectroscopic observations of SMM J163650+4057 to
probe the dynamics in the Lya and Ha emission lines. From the
Ha velocity field these authors find three distinct components
(Fig. 6, right), with the main component (B in the paper of
Swinbank et al.) elongated roughly north-south. The Ha red-
shifts of their components A and B are consistent with those
found here and in Neri et al. (2003) for the “blue” peak of the
CO (3-2) and (7—6) emission, whereas their component C is
consistent with the redshift of the “red” CO peak. Qualita-
tively, within the astrometric uncertainties the CO emission is
coincident with the R-band ACS, H-band Near-Infrared Camera
and Multi-Object Spectrometer, and Ha emission from com-
ponents B and C as presented in Swinbank et al. However, the
orientation of the CO, at P.A. ~ 54°, is somewhat different
from the more north-south extension of the optical emission
within the uncertainties of our elliptical Gaussian fit to the CO
source.

SMM J163658+4105.—The submillimeter source SMM
J163658+4105 (ELAIS N2 850.2, SMM J16370+4105, and
SMM J16366+4105; z = 2.453, Sgsp = 10.7 mJy) was dis-
covered as part of the SCUBA 8 mJy “blank field”” survey of the
ELAIS N2 field (Ivison et al. 2002; Scott et al. 2002). It is asso-
ciated with an ERO (K = 19.77, R—K = 5.65, I-K = 4.71;
Ivison et al. 2002) and a 92 £ 16 uJy 1.4 GHz radio source
(R.A. = 16M"36™58185, decl. = 41°05'23776). A spectroscopic
redshift of z = 2.43 was established from rest-frame UV and

optical spectroscopy by Chapman et al. (2005). Greve et al.
(2005) detected the source in CO 3-2 with the PdBI in summer
2003 and found a broad line with a possible double peak, cen-
tered at a redshift of z = 2.454. Our new observations clearly
confirm that the CO 3-2 profile is double-peaked, with two
maxima +230 km s~! around z = 2.4530 and a FWHM width
of ~800 km s~! (Fig. 1). Fig. 7 (left) shows the integrated CO
3-2 map at 176 x 1”72 FWHM resolution, and the right panel
shows the integrated CO 7—6 emission at 233 GHz that domi-
nates the upper sideband of our new high-resolution data set
(077 x 0756 FWHM at P.A. = —169°). No significant contin-
uum emission is detected at the 3 o level of 1.5 mJy, which is
likely due to phase decorrelation or some extended dust emis-
sion. A circular Gaussian fit to the (u, v) data of the CO 7—6 line
gives a source size of 0”4 + 0715 (FWHM, 3.2 + 1.2 kpc), in-
dicating compact emission even with the limited signal-to-
noise (S/N) ratio of the data set. In position-velocity diagrams
of the CO 3-2 emission (~2" resolution) the positions of the
blue and red maxima of the double-peaked profile are identical
to within ~074, consistent with the compact size of the CO 7—
6 emission. Within the absolute astrometric accuracy of the radio-
optical reference frames (03), the compact submillimeter source,
the 1.4 GHz VLA source, and the weak, spotty K-band emission
of the ERO are probably all positionally coincident.

4. DISCUSSION
4.1. SMGs Are Scaled-up Versions of Local ULIRGs
4.1.1. SMGs Are Compact

Figure 8 summarizes what we currently know about the in-
trinsic sources sizes of the SMG population, adding to the sources
observed here the information on the two lensed sources SMM
J023952—0136 (Genzel et al. 2003) and SMM J140104+0252
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Fic. 9.—Distribution of intrinsic FWHM sizes (corrected for lensing and
angular averaged, and including upper limits at their nominal positions) from
the high-resolution millimeter data in this paper, Genzel et al. (2003), Downes &
Solomon (2003), and Kneib et al. (2005) (shaded), and the 1.4 GHz radio sizes
from the work of Chapman et al. (2004). The mean/median of the distributions is
marked by a thick arrow.

(Ivison et al. 2001; Downes & Solomon 2003). For SMM
J140104+0252 we adopt a low-amplification model of 3.5 to
describe the intrinsic properties of this source (e.g., Smail et al.
2005; A. J. Baker et al. 2006, in preparation). The basic result is
that the millimeter line (and continuum emission when we have
had sufficient sensitivity at 1 mm to measure it) in these 10
representatives of the SMG population is compact. The distri-
bution of the intrinsic FWHM sizes of these sources, as well as
the intrinsic separation of the blue-and redshifted CO 3-2 com-
ponents in SMM J16359+6612 (Kneib et al. 2005), is shown
as a hatched histogram in Figure 9. The lensing-corrected, median
FWHM diameter of our SMG sample is <05, with a dispersion
of 072. This corresponds to a linear diameter of <4 4 1.6 kpc.

Chapman et al. (2004) have carried out ~0”3 imaging with
MERLIN + VLA of the 1.4 GHz emission of 11 spectroscop-
ically identified SMGs in the range z = 1.9-2.7. They find a
median (half-light) source size of 074 £ 0”1, corresponding to a
linear diameter of 3.2 £ 0.8 kpc. The distribution of these sizes
is shown in Figure 9. Assuming that the radio emission does
serve as a proxy of the far-IR /submillimeter emission (because
of the radio-IR relationship), these results are in excellent
agreement with the FWHM size estimations from our CO and
1 mm continuum data. Recent Spitzer observations show that
the local radio—far-IR correlation does indeed hold to z > 1
(Appleton et al. 2004). There is even evidence for the FIR-radio
correlation for redshifts up to z ~ 6 for the starburst component
of radio-quiet quasars (Beelen et al. 2006). Spatially resolved
studies of radio and CO emission regions in local ULIRGs show
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that the FWHM emission sizes are also within a factor of ~2 of
each other. For the five bright local ULIRGs imaged at ~1"-2"
resolution in both CO and 1.49 GHz radio continuum (Downes
& Solomon 1998; Condon et al. 1991) the mean FWHM equiv-
alent sizes are 173 & 075 (~700 pc) and 170 £ 074 (~500 pc),
respectively. For these local galaxies both the molecular and
radio continuum emission are largely concentrated within the
central kiloparsec.

4.1.2. Molecular Gas in SMGs Is Dense

In concluding that the CO emission is compact, we need to
take into account that in three of the 10 SMGs the tracer used
to estimate the size was the excited CO 6—5 or 7—6 rotation line
(requiring warm [>35 K] and fairly dense [>10° cm™3] gas).
How representative is this excited gas for the molecular inter-
stellar medium as a whole? The 6—5/3-2 line flux density ratio
in SMM J123549+6215 is ~1.5; the 7-6/3-2 ratio in SMM
J044307+0210, SMM J140104+0252 (Downes & Solomon
2003), SMM J16350+4057, and SMM J163658+4105 ranges
between 0.7 and 2; and the 9—8/4-3 ratio in SMM J094303+
4700 is <0.2. We carried out large velocity gradient, molecu-
lar excitation models to explore the physical parameters of the
molecular gas implied by these line ratios. We adopted a CO/H,
fractional abundance of ~10~%; a local line width of ~50—
100 km s, similar to conditions in local ULIRGs and our own
Galactic center; and a gas temperature ~35-50 K, consistent
with Blain et al. (2004) and our discussion in § 4.1.3. We find
that local molecular hydrogen densities of about 10* cm ™ are
required to account for the above line ratios, which are fairly
insensitive to gas temperature. While significantly higher than
the volume-averaged densities derived from molecular gas mass
and source diameter (§ 4.2 and Table 2), these densities are com-
parable to the local densities derived from HCN/CO line ratios in
ULIRGs and LIRGs (Gao & Solomon 2004). The CO 6—5 or 7—
6 line shapes in SMM J123549+6215 and SMM 163650+4057
are similar to those of the lower J lines (Fig. 1), a trend that
has recently been found also in other high-z galaxies by A. Weiss
et al. (2006, in preparation). In SMM J140104+0252 Downes &
Solomon (2003) find similar sources sizes for CO 3-2, CO 7-6,
and 1.3 mm continuum emission. We conclude that the CO 7—6 or
6-5 line emission can be plausibly used as a tracer of the global
CO emission in the SMGs. In the Milky Way there is a strong cor-
relation between sites of active star formation and concentrations
of dense (>10% cm~3) molecular gas (Lada & Lada 2003). The
fairly high global gas densities implied by the strong 6—5 or 7—
6 CO lines in SMGs thus would suggest that star formation must
be efficiently proceeding throughout these systems. We discuss
this aspect in § 4.3.

4.1.3. Cold Dust Models Are Not Supported

We now proceed with the assumption that the average
characteristic radius of powerful SMGs (at half intensity) is
(Ryp2) ~ 2 kpc. Naturally there likely is gas present on scales
greater than R;/,, and this is especially true for those sources
with complex structure, such as SMM J163650+4057. How-
ever, the quality of our present millimeter interferometry is not
good enough to derive “isophotal” or ‘“half-mass” radii that
would likely be larger than R,,. We believe that the average
densities, column densities, and temperatures derived below are
well described by using R/, as a characteristic size. Dynamical
masses for the baryonic component estimated with R, are
lower limits.

For a spherically symmetric dust emission source absorb-
ing and reradiating as a modified graybody [temperature 7,
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TABLE 2
DERIVED PROPERTIES OF SUBMILLIMETER GALAXY POPULATION

Comments

For the sources studied in this paper, plus SMM J023952—0136 and J140104+0252

Equivalent circular velocity at Ry, for 12 SMGs from Neri et al. ( 2003) and Greve et al. (2005),
corrected for inclination, in the framework of orbital motion

Local velocity dispersion, from rotating disk fits to profile shapes of SMGs with double-peaked

From far-IR luminosities of SMGs (assumed 7,; =38 K) and 1-100 A, Salpeter IMF, such that

SFR = L(Ly)/(1.4x10'%)

Dynamical mass within Ry, corrected for inclination; rotating disk model, multiply by 2 for

Using CO to H, conversion of Downes & Solomon (1998), including a 40% correction in mass

for He and assuming M(H 1)/M(H ) < 1

Total mass surface density from dynamics; to convert to hydrogen column density (cm~2),

Total mass density from dynamics, uses 2A(z)=2(cy/v.) Ry

Property Median Value and Uncertainty
2+03
392 + 134
100 + 30
profiles
SFR (Mg, yr™ v 9 4 4 x 107
Yser (M yr~ ! kpe™?)...... 80 £ 20
(Mﬂ/z) (M»/) ...................... 6+ 3x 1010
merger model
fi= (M gas/Mp) . 0.42 £0.2
S (Mo P 54+ 1.4 %x10°
multiply by 9 x 10"
Pr(EM™) e 94 £ 35
Lagn (YT) cooeeeceneeeenenes 54 1.6 x 10°

frequency-dependent emissivity Q(v) ~ v’] all of the intrinsic
short-wavelength radiation of luminosity Ly, the radius R of the
dust source depends on luminosity in the usual modified Stefan-

Boltzmann law,
dnf(Ta, 3]

where f ~ T;Hﬂ. In this simple model high-z SMGs are similar
to local universe ULIRGs (in the sense that their characteristic
dust temperature and dust properties are similar) if R/(Lyy)"?
are approximately the same in both types of sources. Local
ULIRGs have median CO (1-0/2—1) radii of 0.6 + 0.3 kpc
(Downes & Solomon 1998; Bryant & Scoville 1999) and
median luminosities of 10121201 L., resulting in R/LY? =
10-63%93 kpc/(Le)"?. The SMGs in this paper and in the samples
of Neri et al. (2003) and Greve et al. (2005) have a median lumi-
nosity of 10131£014 [ “resulting in R/LY? = 10764£025 kpc,
The luminosity surface densities of local ULIRGs and our ob-
served SMGs are identical: SMGs are scaled-up ULIRGs.
Kaviani et al. (2003) and Efstathiou & Rowan-Robinson
(2003) have proposed that high-z SMGs are much colder (7,; ~
20-30 K) and thus more spatially extended (R ~ 5-20 kpc)
than local ULIRGs (7, ~ 40 K). SMGs could then be akin to
local, lower luminosity galaxies with far-IR emission domi-
nated by cool extended ““cirrus” dust, with about 4 times lower
luminosities than in the ULIRG model, for a fixed 850 pm/
1.3 mm flux density. In this model, source radius R, the flux density
at observed frequency v, S,, and the bolometric source intensity
Ivol = Luol/(47R?) are related through (Kaviani et al. 2003)

}71/2

RS;I/Z =1+ 2)3/2D,4 [gy(l+z)[bo| , (2)

where D, is the angular diameter distance (~1.7 Gpc at z ~
2-3) and g, (14, is a normalization function relating the bolo-
metric luminosity to the luminosity dens1ty atv(l +2) (9,142 =

Ll,(lﬂ)/Lbol] Kaviani et al. compute RS350 Gu for both the cold
cirrus and for the warm ULIRG models. In the cirrus models,
source radii for sources of Sgso = 5—10 mlJy atz ~ 2—3 should be
about 2”-3" (~15-20 kpc), a factor of 10 greater than what we
observe in the sources studied here. In most of the sources, our
1.3 mm continuum detections are consistent with extrapolations

from the SCUBA 850 pm measurements for 3 values of 1.5 or
2, indicating that we are not missing ‘“‘extended flux.”

Blain et al. (2004) have computed dust temperatures for
73 SMGs with spectroscopic redshifts from the Chapman et al.
(2005) sample, using their 850 um flux densities and the local
universe radio—far-IR relation (to calculate far-IR luminosities).
The derived temperatures for L ~ 10'3 L., (and for 3 = 1.5) are
39 + 3 K, again in excellent agreement with the scaled-up
ULIRG model. Further support for this model comes from the
ratio of the 850 ym to 1.4 GHz flux densities of SMGs and from
recent 350 um photometry of SMGs by A. Kovacs et al. (2006,
in preparation). The observed and derived properties of the
SMGs listed in Table 2 are consistent with the scaled-up ULIRG
model, including, in addition, a larger gas fraction than the
z ~ 0 systems.

4.1.4. Gas Motions Are Ordered

The CO 3-2/4-3 line profiles in five of the sources we have
studied here show a double-peaked profile characteristic of
orbital motion, either of a single rotating disk or of two galaxies
in an ongoing merger system (Fig. 1). Overall of the 14 SMGs
with CO profiles, eight (57%) have double-peaked profiles (Neri
et al. 2003; Greve et al. 2005). For comparison, at least 33% of
36 local ULIRGs studied in CO 1-0 emission by Solomon et al.
(1997) have double-peaked or flat-topped spectra, consistent with
the SMGs given the limited S/N and small number statistics of
both samples.

We have modeled the line profiles and sizes of the three gal-
axies with the highest S/N CO spectra, SMM J023952—-0136,
SMM J094303+4700, and SMM J163658+4105 (Fig. 1 and
Genzel et al. 2003), with simple disk models convolved with
our spectral and spatial resolution (see also description of disk
model in Genzel et al. [2003]). In the framework of this model,
the shapes of the line profiles are sensitive to the ratio of the
local (random) velocity dispersion (o) to the global circular/
rotation velocity (v.). To fit the line profiles in these three gal-
axies, we find o,/v. from 0.15 to 0.4.

While a merger model appears most plausible, in analogy to
local ULIRGs, the data are not yet of sufficient angular reso-
lution to confirm (or refute) merger or simple disk scenarios.
Both models have similar physical predictions for cold gas that
can dissipate on a dynamical timescale. From rest-frame UV
morphologies, colors, and spectra, there is substantial evidence
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that SMGs live in a complex environment (Smail et al. 2002,
2003; Chapman et al. 2003b; Greve et al. 2003). Obviously the
two sources H6 and H7 in SMM J094303+4700 and the two
components of SMM J123707+6214 (HDF 242) appear to be
part of interacting systems on scales of ~25 kpc. Likewise, the
components J1 and J2 in SMM J140104+0252 are physically
associated on a scale of ~20 kpc (Ivison et al. 2001; Tecza et al.
2004). The high-resolution millimeter data from the SMGs we
have observed thus far, taken together with published SMM
J023952—-0136 and SMM J140104+0252 data (Genzel et al.
2003; Downes & Solomon 2003), show that there is a mix be-
tween compact sources and more widely spaced sources, perhaps
intermediate-stage mergers with nuclear separations >5 kpc.
Over 80% of local ULIRGs with log L > 102" are compact, sin-
gle nucleus systems or advanced mergers with nuclear separa-
tions <2 kpc, with the remainder being at earlier merging stages
(Veilleux et al. 2002). The morphological properties of the
SMGs are again qualitatively consistent with those of local
ULIRGsS in this regard (Chapman et al. 2003b; Pope et al. 2005).
The millimeter maps are not of sufficient quality to discriminate
between intermediate-to-advanced stage mergers or rotating
disks in a single nucleus system. To investigate this point fur-
ther, we have taken the observed CO 2—1 PdBI maps of Arp
220, Mrk 273, and NGC 6240 (Downes & Solomon 1998;
Tacconi et al.1999), moved them to the average redshift of the
SMG sample, and convolved the resulting data with a 076 beam.
In these artificial maps we are (marginally) able to detect a
broadening of the beam, but we cannot determine whether the
sources are intrinsically double or single. A. Weiss et al. (2005,
private communication) have observed a number of rotational
CO lines in the strongly lensed SMG SMM J16359+6612 that
show two prominent, almost equal intensity line emission peaks
(see also Kneib et al. 2005; Sheth et al. 2004). They find that the
line profiles do not change between rotational quantum num-
ber 1 and 6, suggesting that the physical conditions and excitation
of the molecular gas in the two peaks are virtually identical,
strongly arguing for an origin in the same dynamical system and
supporting a rotating disk interpretation for this SMG. We cau-
tion, however, that this source is 5—10 times fainter than those
sources included in our study.

In the framework of a disklike distribution of gas with high
angular momentum, as is seen in local ULIRG mergers (Downes
& Solomon 1998), the median circular velocity of the SMG
sample is (v.) ~ 400 km s~!. Using simulated gas disks as a
guide, we have divided here the observed FWHM line widths
by 2.4 to get v, sin (i) and then corrected the sample median
statistically for inclination by multiplying by 7/2 (Neri et al.
2003; Greve et al.2005). The median dynamical mass encircled
within Ry is then M,i» ~ 7 x 10'® M. Since gas is very likely
present outside R, this is obviously a strict lower limit to the
total baryonic (stars + gas) mass of the SMG population (Greve
et al. 2005; Tecza et al. 2004). The virial theorem shows that for
a merger scenario the dynamical masses are approximately a
factor of 2 larger (Genzel et al. 2003). The median gas mass, as
estimated from the CO flux /(CO) using the N(H,)/I(CO) ratio
determined for local ULIRGs by Downes & Solomon (1998),
including a correction for 10% interstellar helium, and assuming
M(H1)/M(H,) < 1 in the CO emission region, is 2.4 x 100 M.
The median gas fraction f; thus is ~40%. For comparison lo-
cal ULIRGs have (Ry/;) = 0.6 kpc, (M,iz) ~ 6 x10° M, and
fq ~ 0.16 (Downes & Solomon 1998). SMGs thus appear to be
~2.5 times more gas-rich than local ULIRGs if the z ~ 0 CO to
H, conversion factor also applies at z > 2. The ratio of the total
dynamical mass within the entire region where CO is observed
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(several kiloparsecs) to (M) is about 5. Higher spatial reso-
lution and higher sensitivity CO interferometry, such as will be
possible in the future with the Atacama Large Millimeter Array
(ALMA), will be required to test whether such a large correc-
tion is also appropriate for SMGs.

4.2. SMGs Have Matter Densities and Well Depths Similar
to Elliptical Galaxies/Large Bulges

From basic observed and derived quantities, ve, R12, Mgas, 0,
and f;, we can now derive the mean matter and gas volume and
surface densities using

Ve )2 R1/2 -2 O'g/l)c _l(cm73)
400 km s~/ \ 2 kpc 0.25 ’
2(Rip\7! _
$)=59 103( Ve ) M., pe?
(Zm) 400 km s/ \2kpe (Mo pe™®),

_ 23 Ve 2( Ry - _2
=3.3x10 (400kms—1) <2kpc> (em™). ()

Here we have assumed that the FWHM z-height of the star-
forming/molecular cloud layer, 2/4/R, is 2 times the ratio of the
local velocity dispersion o, to the circular velocity. From the
average circular velocities, radii, and velocity dispersions listed
in Table 2, we find that SMGs have mean volume and surface
densities (Table 2) of ~100 cm~> and 5000 M, pc~2, averaged
over the emission region of radius R;/,. Gas volume and surface
densities are lower by the gas fraction, f; ~ 0.4. Local ULIRGs
have mean circular velocities of 200 km s~! (CO: Downes &
Solomon 1998; Solomon et al. 1997) to 260 km s~! (stars:
Genzel et al. 2001; Tacconi et al. 2002), indicating that their
gravitational potential wells are somewhat smaller than SMGs.
Within (R,,) = 600 pc this corresponds to average volume and
surface mass densities of 350 cm ™~ and 4900 M_, pc~2, similar
to SMGs. Elliptical galaxies and Sa bulges have circular ve-
locities, and thus potential well depths, similar to SMGs (v, ~
210-450 km s~!) and also have comparable average mass den-
sities of ~100-200 cm~3 (Kormendy 1989). These volume
densities in turn resemble the average hydrogen densities inside
actively star-forming giant molecular clouds in our Milky Way
(10® M, within ~10-40 pc: average densities 100-300 H cm—3;
Young & Scoville 1991). Both ULIRGs and SMGs appear to
contain a high filling factor interstellar medium of dense mo-
lecular gas.

4.3. SMGs Are “Maximum” Starbursts

We show in this section that the observed properties of SMGs
(and local ULIRGS) can be fully and self-consistently under-
stood in the framework of “maximum” starbursts (Elmegreen
1999), in which a significant fraction of the available gas con-
tent is converted into stars in a few times the dynamical time-
scale. Following Kennicutt (1998) and Elmegreen (1999), we
write this maximum (““Schmidt-law”’) star formation rate as

(pm>:l.3><102<

efo M, _
SFR oy = ;— = 630€0.1fo.4v300 (Mo yr'),
yn
SFR, . _ _ _
LSFR = Tr;ax = 43¢€0.1 fo.4v40051, 50008, ' (M yr~" kpe™?),

4)

where M, is the total (dynamical) mass within radius R [R, =
R/(2 kpc)], including gas, stars, and dark matter; f; is the gas
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fraction ( fo.4 = f,/0.4); and t4yn = R/v. is the dynamical time-
scale. The parameter e describes the local efficiency of star
formation. Star formation in our own Galaxy can be described
by an efficiency of 10% (ep,; = 1; Elmegreen 1999). The ex-
pression X, sogp is the total (gas + stars + dark matter) matter
density within R, in units of 5000 M, pc 2. Assuming a Salpeter-
like initial mass function (IMF) from 1 to 100 M, (similar to a
Kroupa [2001] IMF), SMGs have star formation rates of ~900 M,
yr~! and star formation rate surface densities of ~80 M, yr—!
kpc~2 (Table 2). These values are similar to and even somewhat
larger than these theoretical maximum star formation rates,
perhaps indicating that in their very dense, high pressure in-
terstellar medium the star formation efficiency may be some-
what larger than in the quiescent environment of the Galaxy,
ESMG ™~ 0.15-0.2.

Under which physical conditions would one theoretically
expect such maximum starbursts to occur, and do SMGs (and
ULIRGsS) fulfill these criteria? The first criterion is that the in-
terstellar medium becomes gravitationally unstable on a global
scale in the presence of galactic differential rotation and shear
(in rotating disks, see Toomre [1964]), or in the presence of local
turbulent motions (for a spherical configuration, see Spitzer
[1942]). Elmegreen (1999) has shown that in both disklike and
spherical configurations, large-scale gravitational collapse must
set in whenever the gas density becomes a significant fraction of
the “virial” density,

M,

W' (5)

pgas(SRg) ~ Pyir =

Expressing this criterion in terms of the observable quantities,
we find that the threshold for large-scale collapse is given by

3 01000400

Egas, crit 2 2.3x10 (MG P072)7

2

or <3> < 0.35/).4. (6)

Uc

Both of these conditions are met by the SMGs (Table 2). From
these considerations and the observed properties, the conclu-
sion is inevitable that SMGs are prone to large-scale star for-
mation. Equation (4) shows that their large masses, compact
sizes, and high inferred gas fractions naturally lead to the very
large star formation rates observed. The fact that in the frame-
work of Toomre’s disk stability parameter Q SMGs have Q ~ 1
can be interpreted in terms of the concept of self-regulated star
formation (e.g., Gammie 2001; Thompson et al. 2005). Grav-
itationally unstable disks (Q < 1) start forming stars vigor-
ously. Star formation then increases the local sound speed/
velocity dispersion o, which in turn increases Q. Once Q is
driven above 1, star formation ceases again, and Q finally self-
regulates at O ~ 1.

The second key criterion is whether or not the maximum
starburst can be maintained for any length of time, given the large
negative feedback from stellar winds, supernova explosions, and
radiation pressure acting on dust (Elmegreen 1999; Scoville 2003;
Thompson et al. 2005). This (negative) feedback is now con-
sidered to be a key factor in determining the evolution of gal-
axies. Once this feedback sets in after a typical OB star lifetime,
the pressure from supernova explosions, radiation, and stellar
winds will invariably terminate the starburst by dispersing and
driving out the gas unless the gravitational potential well is
deep enough. Based on the estimates of Meurer et al. (1997),
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Elmegreen (1999), Murray et al. (2005), and Thompson et al.
(2005) for the balance of momentum-driven winds and self-
gravity, the maximum star formation rate that can be maintained
in a spherical configuration is given by

SFRmax7 feedback < 9.6 X 103f0441130() (M”\ yf71)7
or o, > 33¢€.15 (km s’l). (7)

For a thin disk the situation is more complicated. Radiation
pressure in the optically thick limit is more efficient in lifting the
gas up from the midplane, and the maximum critical star forma-
tion rates may be a few times smaller (Thompson et al. 2005) than
given in equation (7). Nevertheless, it would appear that SMGs
(and ULIRGs) have sufficiently deep potential wells to retain their
(cold) gas reservoir. If so, star formation will not be terminated by
negative feedback unless, as discussed by Granato et al. (2004)
and DiMatteo et al. (2005), accretion onto the central black holes
creates even more powerful negative feedback than star formation.

However, as shown by Alexander et al. (2005), the low level
of AGN activity in most SMGs may well last for the duration
of the typical starburst lifetime, before the black hole has
reached the mass of ~10® M, needed for powerful enough feed-
back. The current star formation activity in SMGs may plausibly
convert much of the original gas mass of 10'°~10'" M (given that
we observe them typically halfway through their starburst epoch,
e.g., Tecza et al. [2004]) to stars within their characteristic star
formation timescale, fsp ~ tqyn/€ ~ 40—100 Myr. This is ex-
actly the requirement for rapidly forming elliptical galaxies and
bulges in the redshift range between 4 and 2. The condition that
maximum starbursts must have a deep enough potential well to
retain their gas reservoir, and therefore also their freshly made
heavy elements, is in excellent agreement with the supersolar
a-element abundance deduced by Tecza et al. (2004) for SMM
J140104+0252.

4.4. Comparison to Optical Tracers and UV-bright
z ~ 2-3 Galaxy Samples

A key goal of our work is to better understand the properties
and evolution of the SMG population. For this purpose, we
would like to compare the kinematics, sizes, and masses of the
SMGs derived in this paper with those in other high-z galaxy
populations. However, in the other populations there are as yet
very few observations with millimeter tracers. Properties have
been determined almost exclusively from rest-frame optical/
UV lines and continuum. It is useful, therefore, to begin by
comparing the kinematic/structural parameters of SMGs ob-
tained in CO with those in optical tracers, primarily in Ha. At
the present time there are six SMGs for which both millime-
ter and optical tracers have been observed: SMM J044307+
0210 (Frayer et al. 2003; Forster Schreiber et al. 2006), SMM
J123549+6215 (Swinbank et al. 2004), SMM J123707+6214
(Swinbank et al. 2004), SMM J140104+0252 (Tecza et al. 2004;
Swinbank et al. 2004), SMM J163650+4057 (Swinbank et al.
2004, 2005), and SMM J163658+4105 (Swinbank et al. 2004).
In these six sources the ratios of CO to Ha velocity widths
and sizes are 1.35 4 0.6 and 0.8 £ 0.17, where the error is the
1 o dispersion. For a sample of 15 SMGs and optically faint ra-
dio galaxies in the Great Observatories Origins Deep Survey—
North field, Smail et al. (2004) derive a median optical half-
light radius of 076, somewhat larger than the median millimeter
FWHM size in our sample and that of the radio data in Chapman
et al. (2004). The optical line emission in SMGs may be some-
what more extended spatially and narrower in velocity width
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than the millimeter emission (cf. Swinbank et al. 2004). The
more concentrated millimeter and submillimeter emission likely
comes from a denser central obscured starburst surrounded by
the lower extinction Ha zone that is contributing ~10% of the
star formation activity (Greve et al. 2005). This inside-out strat-
ification is supported by the comparison of optical/UV and high-
resolution millimeter maps (Fig. 8) and may be plausibly explained
by strong extinction gradients. The UV/optical maps trace lower
extinction, lower luminosity regions on the outside of a highly ob-
scured, central starburst component. This is the reason that reli-
able spectroscopic redshifts from Lya have been feasible from
these very highly obscured systems (Chapman et al. 2003a, 2005).

Next we turn to a comparison between SMGs and UV-bright
star-forming galaxies in the same redshift range. In contrast
to the very dusty SMGs, UV/optical tracers in the UV-bright
star-forming galaxies more likely delineate the bulk of the
star formation in these galaxies. Erb et al. (2003, 2004) and
Forster Schreiber et al. (2006) have carried out long-slit and
integral-field spectroscopy of Ha in a sample of z ~ 2-2.5 UV-
bright star-forming galaxies (the “BX” sample; Steidel et al.
2004). The K < 20 tail of these galaxies appear to have stellar
masses >10"! M and solar or supersolar metallicities (Shapley
et al. 2004, 2005) similar to the SMGs (Greve et al. 2005; Tecza
etal. 2004; Swinbank et al. 2004). It is therefore of great interest
to explore whether these galaxy samples may be related through
evolution. Erb et al. (2003, 2004) and Forster Schreiber et al.
(2006) derive median FWHM line widths of 260 + 150 km s~
and R;,, = 0724-0"45 for these UV-bright star-forming galax-
ies. For the z ~ 3 Lyman break galaxies (LBGs) Pettini et al.
(2001) derive FWHM velocity widths of 160 km s~! and sizes
of Ry, = 073. The dynamical masses of SMGs are 2—3 times
larger than those of the BX population and more than an order
of magnitude greater than the LBGs. Matter volume densities
are an order of magnitude or more larger in the SMGs than in the
z = 2-3 UV population. This result does not change if only the
K < 20 tail is considered for which Shapley et al. (2004) derive
supersolar metallicities and stellar masses comparable to those of
the SMGs considered here.

5. CONCLUSIONS

We have carried out the first subarcsecond-to-arcsecond
resolution, millimeter interferometry of eight submillimeter
galaxies between redshifts 2.38 and 3.35. The 1.2 mm emission
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from dust continuum and CO line emission from the 3-2/4-3
and 6—5/7—6 lines is compact; we marginally resolve or obtain
tight upper limits to the FWHM sizes in all cases. The charac-
teristic linear source diameters are <4 kpc. Five of the eight
sources we have studied exhibit double-peaked line profiles
indicative of orbital motion with significant angular momen-
tum, either in a rotating disk, or an advanced merger. Our data
are not yet detailed enough to distinguish between these two
options.

Combining our spatial information and detections of new
sources with the recent results from a CO survey of submillimeter
galaxies by Neri et al. (2003) and Greve et al. (2005), we find that
dynamical masses, and matter volume and surface densities of
the SMG population, based now on 14 sources, are very large and
comparable to those in massive local elliptical galaxies and Sa
bulges. We also find that the SMGs we have studied are similar to
local universe ultraluminous infrared galaxy (ULIRG) mergers,
suitably scaled for their larger masses, luminosities, and star for-
mation rates, as well as their greater gas fractions.

The SMGs we have studied can be self-consistently under-
stood in the framework of maximal starbursts, in which most
of the available cold gas reservoir (10'°-10'" M) is converted
to stars on a timescale 1/e times the characteristic dynamical
timescale (~40 —100 Myr), where ¢ ~ 0.15—0.2 is the local star
formation efficiency of an SMG. In such a maximal starburst the
gas concentration is large enough to trigger a global starburst in
the presence of rotation, galactic shear, and turbulence. The
gravitational potential well depth is also large enough to pre-
vent galactic outflows driven by supernovae, stellar winds, and
radiation pressure from dispersing the interstellar material once
the starburst has begun. Only the yet more powerful AGN feed-
back can plausibly stop the maximum starburst once triggered.
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