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ABSTRACT

We present new, high-angular resolution interferometric observations with the Karl G. Jansky
Very Large Array of '?CO J = 1—0 line emission and 4-8 GHz continuum emission in the
strongly lensed, z = 2.3 submillimetre galaxy, SMM J21352-0102. Using these data, we
identify and probe the conditions in ~100 pc clumps within this galaxy, which we consider
to be potential giant molecular cloud complexes, containing up to half of the total molecular
gas in this system. In combination with far-infrared and submillimetre data, we investigate the
far-infrared/radio correlation, measuring gir = 2.39 £ 0.17 across SMM J21352. We search
for variations in the properties of the interstellar medium (ISM) throughout the galaxy by
measuring the spatially resolved gr and radio spectral index, o ,gio, finding ranges gr =
[2.1, 2.6] and aygi0 = [—1.5, —0.7]. We argue that these ranges in o,gi, and gig may reflect
variations in the age of the ISM material. Using multi-/ '>’CO data, we quantitatively test a
recent theoretical model relating the star formation rate surface density to the excitation of
12C0, finding good agreement between the model and the data. Lastly, we study the Schmidt—
Kennicutt relation, both integrated across the system and within the individual clumps. We
find small offsets between SMM J21352 and its clumps relative to other star-forming galaxy
populations on the Schmidt—Kennicutt plot — such offsets have previously been interpreted
as evidence for a bi-modal star formation law, but we argue that they can be equally well
explained as arising due to a combination of observational uncertainties and systematic biases
in the choice of model used to interpret the data.

Key words: ISM: molecules—galaxies: active—galaxies: high-redshift—galaxies: ISM —
galaxies: starburst.

In spite of the intrinsically high luminosities of SMGs, many re-

1 INTRODUCTION

The resolution of the cosmic submillimetre background into discrete
sources has revealed a population of high-redshift, ultraluminous
(Lir > 10" L) galaxies (e.g. Ivison et al. 1998; Walter et al.
2012; Riechers et al. 2013), the submillimetre galaxies (SMGs),
whose bolometric luminosity is dominated by the re-radiance at in-
frared wavelengths of dust-obscured UV/optical photons produced
by young stars and in some cases from accretion on to a central
supermassive black hole, seen as an active galactic nucleus (AGN).

* E-mail: alasdair.thomson @durham.ac.uk

main challenging targets for observational studies, due both to pho-
ton starvation in the 1 mm atmospheric window commonly used to
survey for them and the low angular resolution of these single-dish
surveys. Indeed, with the exception of a handful of hyper-luminous
objects (HyLIRGsS), the brightest SMGs have 850-um flux densities
of only ~10 mJy (Ivison et al. 2010b; Karim et al. 2013; Barger
et al. 2014). These effects conspire to suppress many examples of
this important class of star-forming galaxy at or below the detec-
tion limit of confusion-noise limited single-dish surveys, hindering
efforts to understand how and where they form their stars within
their interstellar medium (ISM). To alleviate these issues, submil-
limetre surveys have been devised which exploit the panchromatic
flux-boosting effects of gravitational lensing, either by individual
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line-of-sight foreground galaxies (e.g. Rowan-Robinson et al. 1991;
Negrello etal. 2010) or by deliberate or serendipitous exploitation of
massive foreground clusters (Smail, Ivison & Blain 1997; Knudsen,
van der Werf & Kneib 2008; Kneib 2010).

Among the most striking star-forming galaxies detected in this
manner is ‘The Cosmic Eyelash’ (SMM J21352-0102; hereafter
SMM J21352, at RA: 213511.6, Dec: —010252, J 2000), dis-
covered by Swinbank et al. (2010) following a survey of the
z = 0.325 MACS J2135-01 cluster with the Large Apex Bolome-
ter Camera (LABOCA; Siringo et al. 2009) on the 12-m Atacama
Path-finder EXperiment telescope. The high observed flux den-
sity of SMM J21352 — Sg70.m = (106 £ 7) mJy — is a result of
the ~37.5 x magnification provided by the foreground cluster, and
corresponds to a de-boosted flux density that is close to the confu-
sion limit of submillimetre surveys (Sg7o..m ~ 3 mly). Its redshift,
7 =2.3259, derived through the first blind detection of ?COJ = 1-0
with the Zpectrometer instrument on the Robert C. Byrd Green Bank
Telescope (GBT) is close to the median redshift (z ~ 2.5) of the
SMG population (Chapman et al. 2005; Simpson et al. 2014), sug-
gesting that SMM J21352 may be an intrinsically typical SMG,
located serendipitously behind a strong cosmic lens. In addition
to boosting its total flux above the confusion noise, the high mag-
nification of SMM J21352 spatially extends the emission in the
image plane, allowing individual star-forming regions within this
high-redshift starburst galaxy to be identified and studied in detail.

Following the detection of SMM J21352, Swinbank et al. (2010)
conducted a follow-up programme of observations with the Submil-
limeter Array (SMA) at 870 wm, where the 0.3 arcsec synthesized
beam in the Very Extended (VEX) configuration resolved the emis-
sion in to eight distinct clumps over a 4 arcsec region, representing
four unique dusty clumps of ~100 pc size each (in the source plane),
mirrored about the critical curve.

The bulk molecular gas properties of SMM J21352 were first
studied in Danielson et al. (2011), in which a combination of single-
dish >CO J = 1-0, mid-J '>CO, C1 and HCN observations from
the GBT, IRAM 30-m telescope and Plateau de Bure Interferome-
ter (PdBI) were used to constrain the source-averaged excitation in
SMM J21352. These authors have found evidence for a two-phase
medium in SMM J21352 comprising a hot, dense, luminous com-
ponent embedded within a massive (>10'" M), extended, cool,
low-excitation reservoir. Danielson et al. (2011) use their spatially
integrated '>CO spectral line energy distribution (SLED) and spec-
trum to fit a kinematic model comprising four distinct clumps, with
differing physical properties. Subsequently, Swinbank et al. (2011)
studied the gas kinematics using moderate-resolution (~0.8 arcsec)
observations from the Karl G. Jansky Very Large Array (VLA)
of 2CO J = 1-0 emission, determining that they are well de-
scribed by a rotationally supported disc model with an inclination-
corrected rotation speed v,or = 320 £ 25km s~!, a rotational-to-
dispersion velocity ratio v/o = 3.5 & 0.2 and a dynamical mass
of (6.0 £ 0.5) x 10" M, within a 2.5 kpc radius in the source
plane. Later, Danielson et al. (2013) revisited SMM J21352 in a
study of the optically thin '*CO and C'30 lines, finding evidence of
a C'80 overabundance (relative to the Milky Way) in high temper-
ature (>100K), dense (n > 10° cm™>) regions, which may favour
a somewhat top-heavy initial mass function.

Here, we present the latest high-resolution, high-sensitivity in-
terferometric '’CO J = 1—0 map and spectral data cube of
SMM J21352 obtained with the upgraded VLA, together with a
new, deep VLA C-band continuum and spectral index map. We
first use these observations to spatially identify, and then study the
excitation conditions within dense molecular gas clumps, provid-
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ing an important independent check on previous results derived
via kinematic decomposition of the source. In these clumps, we
carry out the first observational test of recent theoretical models
which relate the '>CO SLED directly to the star formation rate
(SFR) density Xspgr. Next, we use our new data to create a spa-
tially resolved Schmidt—Kennicutt (SK) plot, to search for evidence
that either the clumps in SMM J21352 or the bulk ISM deviate
strongly from the star formation law ascribed to normal galaxies.
We also study the spatially resolved far-infrared/radio correlation
(FIRRC), to search for evidence of possible age variations within the
ISM.

In Section 2, we present our observations and discuss the data re-
duction strategies for our new VLA data. In Section 3, we present the
latest constraints these data provide on the source-averaged proper-
ties of SMM J21352. Section 4 utilizes the high angular resolution
of our observations to measure the gas excitation conditions, radio
properties and ratio of far-infrared/radio emission within the ISM,
and in Section 5 we discuss the implications of these results for
our understanding of star formation at high redshift, and give our
conclusions.

Throughout this paper, we use a cosmology with
Hy = 71kms™' Mpc™!, Q, = 027 and Q, = 0.73, which
gives an angular scale of ~8.32/37.5 = 0.22 kpc arcsec™'. All
flux densities quoted are observed, and all luminosities — unless
otherwise stated — are corrected for the 37.5x amplification.

2 OBSERVATIONS AND DATA REDUCTION

2.1 VLA '2CO J = 1-0 observations

Observations of redshifted '2CO J = 1—0 emission in SMM J21352
were carried out using the VLA’s new Ka-band receivers in 2—4 hr
blocks (totalling 25 h of usable on-source data) in excellent weather
conditions between 2010 September—2011 May. In Swinbank et al.
(2011), we presented a data cube and map made from the hy-
brid DnC/CnB observations that were available at that time (VLA
projects 10A-224 and 10B-195), in which the '>CO J = 1—0 emis-
sion was shown to be resolved on ~0.8 arcsec scales — here we
incorporate the latest BnA-configuration (10C-141) observations,
in order to maximize our angular resolution and study the ISM
on hitherto inaccessible scales. During this Open Shared Risk Ob-
serving period, the Wide-band Interferometric Digital ARchitecture
(WIDAR) correlator provided 64 x 2 MHz dual-polarization chan-
nels in each of two sub-band pairs, corresponding to a velocity
resolution of ~15kms~! channel~! before smoothing.

Antenna pointings were checked hourly using the C-band re-
ceivers, and immediately prior to scans of the primary flux calibra-
tor, 3C48. Amplitude and phase corrections as well as the band-
pass were determined via short scans of the bright, nearby cali-
bration source J2136+0041 in between each 5 min integration on
SMM J21352.

The data were flagged, calibrated and imaged using the standard
Alps procedures outlined in Ivison et al. (2011), though with a num-
ber of important changes: the data were downloaded in native SMBDF
format and loaded into AIps using BDF2AIPs rather than as UVFITS files
using FITLD, in order to eliminate any server-side data compression
artefacts. Known issues in the setting of delays at the VLA were
compensated for in each track using FRING, and 1 min of data towards
the end of a good scan of 3C48.

For the DnC observations, the two sub-bands were tuned to 34.62
and 34.73 GHz, such that at the GBT redshift (z =2.3259; Swinbank
et al. 2010) the '>CO J = 1—0 line (v,es = 115.271202 56 GHz;
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Figure 1. (a) Velocity-integrated VLA '>CO J = 1—0 map (red contours), showing the position of the critical curve from the lensing model (blue contour;
Swinbank et al. 2010). The underlying grey-scale is from the HST/WFC3 F140W observations of the foreground cluster, MACS J2135-0102 (Swinbank et al.
2011). Contours are spaced in intervals of o = 14 uJy, beginning at 30. We mark with yellow dots the positions of the gas clumps identified in the '>CO
J = 1—-0 data cube via two independent methods (Section 4.1), and identify them as spatially resolved counterparts to the kinematic clumps X, Y, Z; and Z, of
Danielson et al. (2011). (b) Grey-scale showing spatial variations in the C-band radio spectral index (@adio). The red contours represent a spatially smoothed
version of the 4-8 GHz data presented in the fourth panel. (c) Updated SMA 870 pum image, made using previously existing uv data, but incorporating
additional short spacings with respect to the VEX map presented in Swinbank et al. (2010). Contours are plotted in intervals of o = 1.4 mJy, beginning at 3o
(d) High-resolution VLA C-band (4—8 GHz) continuum image, with contours starting at 30 (where o = 1.8 uJy) and in steps of V2 x o thereafter. In all four

maps, the beam used to create the contour image is shown at the bottom right.

Morton & Noreau 1994) ought to have been centred in channel 50
of the lower sub-band (AC), with the upper sub-band (BD) tuned
to overlap by 10-channels to mitigate the effects of noise in the
end channels of each sub-band. The resulting 118 channels provide
2050kms~! of usable velocity coverage. In fact, spectra from these
DnC-only data hinted at a slight redshift discrepancy with respect
to the reference GBT redshift, and hence the array tunings for
the subsequent CnB and BnA observations were shifted downward
in frequency by 40 MHz to accommodate the full width of the
line. Thus, the usable spectral coverage common to all three array
configurations is 98 channels, covering 1690 kms™!.

Calibrated uv data for the three array configurations were con-
catenated together with DBCON, with the REWEIGHT parameter set to
provide 1:4 ratio in the sum of gridded weights between adjacent
configurations, and so maximize the likelihood of the final data set
producing a Gaussian synthesized beam when imaged.

We created maps and spectral data cubes of the ?CO J = 1-0
emission over a 3-arcmin field of view, which we cautiously cleaned
by placing small, circular clean boxes around the brightest visible
knots of emission after each major cLEAN cycle, then inspecting the
residual image and iteratively adding more small clean boxes as ap-
propriate until the network of small clean boxes overlapped across
the full extent of the source and all emission lying significantly
above the noise had been cleaned. Such conservative cleaning is
necessary when creating interferometric maps of low surface bright-
ness emission in order to prevent spurious emission (e.g. noise, or

MNRAS 448, 1874-1886 (2015)

sidelobe emission) being carried through to the final cLEAN image,
where it will lead morphological analysis astray.

We applied Gaussian uv tapers from 50-1000 kA to the data
in steps of 50 ki to search for any flux which may have
been resolved out on long baselines, but found no evidence
of significant missing flux. The un-tapered map (Fig. 1) con-
tains 2.07 £ 0.01 mJy, ~95 percent of the single-dish GBT flux
(Swinbank et al. 2010), and hence we use this map without any
additional tapering. The synthesized beam is 0.28 x (.21 arcsec at
position angle PA = —50°.

2.2 VLA C-band continuum observations

SMM J21352 was observed in the extended A-configuration, in C
band (4-8 GHz) at the VLA during 2011 July 6 and 7, in moderate
weather conditions. These observations took place towards the end
of the (Expanded) VLA hardware upgrade phase, by which time
all 27 antennas had been fitted with functioning C-band receivers,
and the WIDAR correlator was tuned to provide 16 sub-bands of
64 x 2 MHz channels each, yielding a total instantaneous bandwidth
of 2 GHz. By splitting the allocated time between observations at
4-6 and 6-8 GHz, a moderately large spectral region of the radio
continuum emission in SMM J21352 was studied.

From a total time allocation of 10 h, 8 h of usable on-source data
were obtained, with flux calibration being set via scans of 3C48 at
the end of each track, and antenna pointing, amplitude and phase
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tracking and bandpass correction being determined via frequent,
short scans of the nearby calibrator J2136+0041.

These data were reduced and imaged in the Common Astronomy
Software Applications (casa') package. Using the MSMFS CLEAN
algorithm, we produce a high-resolution map with a synthesized
beam 0.34 arcsec x 0.29 arcsec at PA = 180° and an rms sensitivity
of 1.45 uJy beam~'. The total flux density measured in this map is
Sc =0.258 £ 0.001 mJy. This map is shown in Fig. 1.

2.3 TRAM PdBI mid-J '2CO observations

We use observations from the six-element IRAM PdBI to study
the mid-J '>CO emission. These observations were originally pre-
sented in Danielson et al. (2011). Using 4 and 2 h on-source expo-
sures in D-configuration, taken in Director’s Discretionary Time)
during 2009 May, '>’CO J = 3—2 and J = 4—3 emission were ob-
served, reaching signal to noise (S/N) ~300 across 900 kms~' in
each velocity-integrated map. The total measured line fluxes are
1320 £ 0.10 Jykms~' and 17.3 £ 1.2 Jykms~! for J = 3—2 and
J =4-3, respectively, and the corresponding synthesized beams are
2.11 arcsec x 1.59 arcsec at PA=37° and 1.08 arcsec x 0.50 arcsec
at PA=23°. Further details of the data reduction and imaging are
presented Danielson et al. (2011),

12CO J = 65 emission was observed in A-configuration during
2010 January (see Swinbank et al. 2011). The six hours of usable
on-source integration time in this configuration yield a synthesized
beam of 0.67 arcsec x 0.43 arcsec at PA = 24?5 and a velocity-
integrated line flux of 21.5 & 1.1 Jykms™!.

2.4 SMA observations

A programme to map the rest-frame far-infrared continuum emis-
sion in SMM J21352 was carried out at the SMA in 2009 May—
September (see Swinbank et al. 2010, in which a description of
the data reduction is presented). With the lower sub-band tuned to
870 wm, a total of 5.5 h of on-source data were obtained in the
sub-compact (SC) configuration, with 12 h in compact (C), 2 h
in extended (Ext) and 6 h in the very extended (VEX) configura-
tion. The upper sub-band was tuned to search for redshifted '2CO
J = 10—9 emission — this line was not detected, but a formal 3o
upper limit of <0.2 Jykms~' was determined.

In order to search for signs of clumpy dust emission, Swinbank
etal. (2010) used only the six hours of VEX-configuration uv data to
produce a high-resolution 870 pm image. The resulting map — with
a 0.3 arcsec synthesized beam — comprises eight, bright image-plane
clumps (four source-plane clumps, each mirrored about the critical
curve of the foreground lens), which account for ~85 per cent of
the total (i.e. single-dish LABOCA) 870 um flux. In light of the up-
dated information on the morphology of this system due to the new
VLA Ka-band (covering '>’CO J = 1-0) and C-band (continuum)
imaging, we opt to carry out a new imaging run from the existing
calibrated SMA 870 um visibilities. We find that by incorporating
previously unused visibilities from the Ext, C and SC array con-
figurations — though with a weighting scheme which still favours
the longest baselines — we suffer some degradation in resolution
(0.59 arcsec x 0.45 arcsec at PA =50°, cf. 0.29 arcsec x 0.23 arcsec
at PA = —15° from VEX-only), but with the advantage that the im-
proved sampling of the uv plane yields a synthesized beam with
less intrusive sidelobes. This new, more conservative SMA image

Uhttp://casa.nrao.edu
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(Fig. 1) has a sensitivity of o = 1.4 mJy beam™!, and the total flux
density of Sg70,.m = 91 =5 mlJy accounts for ~85 per cent of the
single-dish LABOCA flux reported in Swinbank et al. (2010).

3 SOURCE-AVERAGED PROPERTIES

3.1 '2CO J = 1—0 spectral line profile

SMM J21352 is detected in '2CO J = 1—0 with a peak flux in the
velocity-integrated image of 80, where o = 14 pJy. We create a
spectral data cube with 6 MHz spectral resolution by binning the na-
tive VLA channels in groups of three in order to maximize S/N, and
extract a line spectrum across the source using the A1ps task BLSUM.
We see evidence of a broad line in the spectrum (Fwzi = 920 km s ™';
in agreement with the existing mid-J '>?CO data Danielson et al.
2011), with the velocity-integrated flux being consistent with that
measured in the equivalent integrated image. This line profile places
SMM J21352 at a flux-weighted redshift of z = 2.3268 + 0.0001.
The uncertainty in this redshift corresponds to velocity uncertainties
of the order AV ~ 10kms~'. We produce an error spectrum using
the RspPEC task, in an off-source region of the cube. The typical noise
in each 6 MHz spectral channel is 51 pJy beam™".

The peak J = 1—0 flux density seen in the source-averaged spec-
trum (Fig. 2) of ~7 mly is slightly higher than the peak in the
single-dish GBT spectrum presented in Swinbank et al. (2010), yet
the velocity-integrated flux densities agree within 5 per cent. We at-
tribute the differences in line shapes between these line profiles to
the ~3 x higher velocity resolution of the VLA data cube, and note
that the new J = 1—0 line profile is similar to the shape of the >CO
J = 3-2 line profile presented in Danielson et al. (2011, ,which we
show in Fig. 2 for comparison), in which it is found that emission is
better fit by a superposition of Gaussian components with velocity

Velocity /km s (for z= 2.3259g
500 0 00

‘ ‘ CO(1-0) 170

| CO(3-2) -
Best fit 460

CO(1-0) rms |

34.6

34.7 34.65
Observed Frequency /GHz

Figure 2. SMM J21352 '2CO J = 1—0 and J = 3—2 spectra. The latter is
scaled vertically by a factor 9! so as to lie on the same T, scale. The velocity
scale is quoted with respect to the GBT '2CO J = 1—0 redshift, and a typical
50 wly/channel error bar is shown in the top right of the plot. The shapes
of the two line profiles are in good agreement. The new VLA J = 1—0 line
profile recovers ~95 per cent of the flux of the GBT Zpectrometer J = 1—0
measurement (not shown) from Swinbank et al. (2010), but has a slightly
different line profile due to the superior velocity resolution of the VLA’s
new Ka-band receivers relative to the coarser channels of the much-wider
bandwidth Zpectrometer instrument on GBT. We fit this new '>CO J = 1—0
spectrum with emission from four kinematic components, which are well-
modelled as a series of Gaussian components (X, Y and Z; and Z;: faint grey
dotted lines).
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Table 1. SMM J21352 kinematic

parameters.

Component  Peak v
(mly)  (kms™')

X 2.4 +202 £ 30

Y 6.7 +120 £ 30

Z 2.0 —70 £ 30

V4 1.8 —310£ 30

Notes: Best-fitting coefficients for the
four-Gaussian fit to the observed '2CO
J = 1-0 line. Velocities are quoted
with respect to the reference redshift
of z = 2.3259, and uncertainties in the
velocities are calculated by adding the
statistical errors of the fit and the half-
channel width in quadrature.

offsets relative to the systematic zero velocity for SMM J21352
than they are by a single Gaussian component. Motivated by this
analysis, we fit four Gaussians — representing a possible interacting
system — over the Fwzi=920km s~! width of the '>?CO J = 1—0 line.
The peaks and central velocities of these four components are given
in Table 1.

3.2 Line luminosity and total gas mass

Following Solomon et al. (1997), the intrinsic (i.e. de-lensed) '>’CO
J = 1-0 line luminosity is given by

-2
, _325x 107 | D (Mpc) Vrest
co(1—-0) = i 1+2 GHz
S,dv
X fAViv Kkms’lpcz, (1)
Jykms~!

where  is the average magnification of the source, Dy is the lumi-
nosity distance (Mpc), ;e is the rest-frame central frequency of the
line and f avSy dv is the velocity-integrated line intensity. We mea-
sure L _g = (1.7£0.2) x 10'°Kkms™' pc” — in the limit that
the molecular gas is optically thin, this implies a lower limit on the
(galaxy-averaged) '2CO-to-H, conversion factor’ aco > 0.54, and
hence Mg, > 9.1 x 10° Mg (see Danielson et al. 2011, 2013; Ivison
etal. 2011), while adopting the dynamical model of Swinbank et al.
(2011) and assuming that the dynamical mass is entirely dominated
by molecular gas® gives corresponding upper limits aco < 3.5 and
Mg, < 6.5 x 10" M.

3.3 Radio spectral index

As aresult of our strategy of splitting our VLA C-band observations
between two different central frequencies, our observations cover a
total bandwidth Av = 4 GHz, comprising 32 IFs of 64 x 2 MHz
channels. This relatively large fractional bandwidth provides a long
enough lever along which to measure the local radio spectral index.

2 aco includes a ~36 per cent correction, based on primordial nucleosyn-
thesis, for the contribution to the ISM of the second most abundant element,
He. The molecular hydrogen mass is therefore My, ~ Mygas/1.36.

3 While such a scenario is physically implausible, we note the difficulty in ac-
counting for the stellar mass in SMGs (see Wardlow et al. 2011; Michalowski
et al. 2012), and consider that our ‘gas dominated dynamics’ toy model at
least gives a firm upper limit on Mys.
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Setting the cASA CLEAN parameter NTERMS=2 implements the multi-
scale, multifrequency synthesis (MsMFs) algorithm, which uses two
Taylor terms to model the sky emission, and simultaneously pro-
duces a cleaned continuum image, spectral index (¢aqio) image,
and spectral index error (do.40) image. The uncertainty, do;.gi, as
a function of position in SMM J21352 is inversely proportional to
the S/N in the continuum image — we mask our spectral index image
by excluding all pixels with |do,gi0| > 0.2, which corresponds to a
S/N cut of ~110 in the continuum image.

The median spectral index of all pixels within this error threshold
iS 0pgio = —0.96 £ 0.13, which is consistent with the integrated
Ka-, X- and C-band flux densities measured in Ivison et al. (2010a),
which imply ¢agi0 = —0.22 £ 0.63.

The spectral index map is shown in Fig. 1, with the positions
of the '>CO J = 1—0 clumps marked for reference. We search for
signs of variations in o,gi, With position along one dimension by
collapsing the spectral index (and error) image(s) along an axis
aligned with the position angle of SMM J21352 and measuring the
median o/pgio and dopgio in each resolution step along this axis.
We measure the spatially reoslved gas velocity field by extracting a
position—velocity (PV) diagram from the '>’CO J = 1—0 data cube
along the same slice, using the casa task mMpv. The o ,gi, profile
as a function of position from the critical curve for the brighter
SMM J21352 counter-image is shown in Fig. 3. We see that radio
emission located 0.7-1.5 arcsec from the critical curve is well de-
scribed by ogi0 ~ —0.7 (consistent with non-thermal synchrotron

2.0 . . . 0.0
0.5[ 600
0.0F

i 400
-05F
3 I 200 >
[ L
—1.0 r
[ 0
-1.5 r
20 v T =200
0.0 0.5 1.0 1.5 2.0

R (arcsec)

Figure 3. A plot showing variations in the radio spectral index, t/adio as
a function of distance (R) from the critical curve for the brighter of the
two counter-images of SMM J21352. Shown at the top of the figure is a
cut-out of the radio spectral index map for this counter-image, with grey-
scale running from black (¢jadio = —2.0) to white (¢radio = 0.0). The solid
black line and shaded grey polygon represent the median and £1o scatter
in oragio (respectively) as a function of distance from the critical curve.
The dashed line represents the velocity field (V), derived from the 2co
J = 1—-0 position—velocity diagram, while the dotted line represents (in
arbitrary units) the variation in the strength of the magnifying effect with
distance from the critical curve. We find that the bulk of the radio emission
in SMM J21352 has aadio ~ —0.8, consistent with a star formation origin,
but that a highly magnified pocket of emission ~0.5 arcsec from the critical
curve has considerably steeper spectral index, which may be the result of
the ongoing coalescence of two or more distinct components.
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emission associated with star formation), but that closer to the criti-
cal curve the radio spectrum noticeably steepens (t0 ¢ygio ~ —1.5).
It is plausible that this region of steep-spectrum emission is the
result of ongoing merger activity, where two (or more) star-forming
progenitors spawn radio continuum bridges and tidal tails as the
interaction proceeds. Such tidal tails are not associated directly
with star formation activity, but may produce ultrasteep spectrum
(ctradio < 1) synchrotron emission as a result of relativistic electrons
being shock-accelerated by the merger and confined within the in-
terpenetrating magnetic fields of the progenitor galaxies (Lisenfeld
& Volk 2010; Murphy 2013). We attempted to extract the radial
Oradio profile of the fainter counter-image as well, but found that the
lower S/N of the data in this image rendered the results inconclu-
sive except in the most strongly lensed ~0.5 arcsec near the critical
curve (where the results were consistent with, albeit with larger
uncertainty than the results shown in Fig. 3).

4 SPATIALLY RESOLVED PROPERTIES

4.1 Identification of molecular gas clumps

By fitting a kinematic model to their source-integrated '>CO spectra,
Danielson et al. (2011, 2013) and Swinbank et al. (2011) discovered
that much of the molecular gas in SMM J21352 resides in dense
clumps in the galaxy. Initially, these were identified with clumpy
structures seen in the SMA 870 pm map of Swinbank et al. (2010),
which appear to account for ~80 per cent of the total single dish
flux. With our latest high-resolution '>’CO J = 1—0 data cube, we
check these positions using two independent methods.

First, we use the A1ps task sercH, which employs the matched filter
analysis technique outlined by Uson, Bagri & Cornwell (1991),
and attempts to fit Gaussian line profiles of user-specified channel
width to each pixel in the data cube. Employing a 40 S/N cut and
searching for lines between 50-950km s~ (in steps of 100 kms™!
), we identify eight bright clump features in the image plane (four
to the north of the lens critical curve, and four mirror-images to
the south), and use constraints provided by the lens model and
by the velocity field to pair the eight image-plane clump features
to four source-plane gas clumps. These gas clumps have slight
positional offsets relative to the SMA clumps of Swinbank et al.
(2010), but do have velocity centroids (relative to the systemic
velocity of SMM J21352) that allow them to be identified with the
kinematic clumps X, Y, Z;, Z, of (Danielson et al. 2011).

The robustness of these clumps is verified by performing a
blind search for clumps using the iDL clump-finding algorithm
of Williams, de Geus & Blitz (1994),* which contours the data
cube at 30 (where o is the typical rms per spectral chan-
nel, ~50 pJy beam™') to identify peaks, and then attempts to follow
the surrounding emission through adjacent beams until its extended
structure attenuates below the noise threshold or blends with neigh-
bouring clumps. We impose no prior image-plane or kinematic
constraints on the algorithm, and the FWHM of each clump line
profile is computed on-the-fly, as the algorithm examines the cube.
This algorithm reports 18 possible clumps in total, the brightest four
of which agree positionally to within +0.5 x the synthesized beam
with the four northern clumps identified via SercH. We identify four
likely counterparts on the other side of the critical curve, within
the same positional uncertainty. The positions of these clumps are
shown in the main panel of Fig. 1.

4 http://www.ifa.hawaii.edu/users/jpw/clumpfind.shtml
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Though the latest, high-sensitivity (but lower resolution) SMA
870 wm map fails to recover the clumpy structure seen in the pre-
vious VEX SMA map, it is noteworthy that we do observe clumpy
structure in the '>2CO J = 1—0 data cube whose kinematic prop-
erties are similar to those discussed in Swinbank et al. (2010) and
Danielson et al. (2011, whose analysis was guided by the VEX
SMA image), albeit with positional offsets between the '>CO and
SMA-identified clumps of the order of ~1 x 0.3 arcsec beam.
Also noteworthy is the fact that these newly identified clumps con-
tain ~10 per cent of the '2CO J = 1—0 line flux, with the majority
of the cold gas residing in a more diffuse structure within which the
clumps are embedded.

If these '2CO gas clumps are marginally resolved by the VLA syn-
thesized beam, then their physical sizes (once corrected for lensing)
are ~100 pc, making them potential analogues of giant molecular
clouds (GMCs), the sites of star formation in local galaxies. Do the
physical conditions within the clumps justify this interpretation?

4.2 Molecular gas excitation on ~100 pc scales

We extract spectra from the '2CO J = 1—0 data cube at each of
the clump positions. The resulting four clump spectra (Fig. 4)
show velocity offsets with respect to the systematic velocity of
SMM J21352. These offsets comprise one clump with a systemat-
ically positive velocity (which we identify with the kinematically
resolved component X of Danielson et al. 2011); the next clump,
with a pseudo-Gaussian velocity profile with narrow FWHM and
broad Fwzi (which matches component Y in the same paper); the
remaining pair of clumps have systematically negative velocities
(corresponding to clumps Z; and Z5).

The physical conditions of the gas within these clumps are probed
by first determining the '>CO SLED of each clump, and then mod-
elling the observed line ratios to constrain the temperature, density
and molecular abundance in each clump.

We begin by placing the 2CO J = 6-5,] = 4-3,] = 3-2
and J = 1—0 maps on a common astrometry/pixel scale using the
AIPS task oHGEO, and deblending the flux in the mid-J maps us-
ing a modified version of the algorithm presented in Swinbank
et al. (2014). Briefly, we seed model maps for each '>CO transition
with eight delta functions at the locations of the clumps (and their
mirror images) identified via our clump searching algorithms. The
four clumps in the brighter mirror image north-west of the criti-
cal curve are constrained to have random flux densities between
0-150 per cent of the peak seen in the corresponding real integrated
image, and the flux densities of the four fainter mirror images are
constrained relatively via the lensing amplification map. Then, each
model map is convolved with the appropriate synthesized beam,
and the goodness-of-fit of that model map to the observed map is
measured via the x? statistic, where the four degrees of freedom are
those of the four independent clump fluxes:

5 Npix ¥ (Image — Model)?

R @

where N, is the number of pixels in each image (in each case, a
129 x 129 pix postage stamp with a pixel scale of 0.04 arcsec).
After 500 fits (one major cycle), we determine the set of clump
fluxes for which x 2 reaches a minimum, re-centre on the best-fitting
solutions and shrink the parameter space by 5 per cent, whereupon
another set of 500 random clump fluxes are fit within the available
parameter space. This process continues for 40 major cycles (20 000
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Figure 4. '2CO J = 1—0 spectra for each of the four clumps identified via the methods presented in Section 4. The velocity offsets seen between our spatially
resolved clumps allow them to be identified as likely counterparts to the kinematic clumps X, Y, Z; and Z,, respectively, of Danielson et al. (2011). The

measured Vewpwm of each clump line profile is shown.

fits in all), or until x2, has converged to within I percent across
three successive major cycles.’

Having thus determined the best-fitting '>?CO SLEDs for each of
the clumps, these are then used to constrain a large velocity gradient
model, computed using the RADEX radiative transfer code (van der
Tak et al. 2007).

RADEX computes the level populations, optical depths and intensi-
ties of each of the spectral lines of a chosen set of molecules under
the assumptions that: (i) the medium is homogeneous; (ii) that col-
lisional excitation of the species occurs only via interactions with
H,; and (iii) that the velocity widths of all molecular lines are equal
for a given cloud. The collision rates used by RADEX are functions of
temperature, are held, along with other physical properties of each
molecule, in a data base of molecular files maintained by the Lei-
den Atomic and Molecular Database (LAMBDA®) (Schéier et al.
2005), and may be interpolated or extrapolated for 7 beyond the
range contained within the datafile.

A suite of 640 000 model '>CO spectra were generated for
each clump (with the line width altered appropriately in each
case), for a grid of input parameters 7y = 15-90K (in 16 steps
of 5K), n(Hy) = 10>*° cm™ (in 200 equidistant steps) and
Nco = 4 x 102 cm~2 (in 200 equidistant steps), values typ-
ical of molecular clouds seen in the local Universe (e.g. Richard-
son 1985; Ostriker, McKee & Leroy 2010; Shetty et al. 2011).
In each model run, the background temperature was fixed at

3 In so doing, we implicitly assume that the emission from the Jupper > 3
states is confined to the dense clumps — while this assumption is likely some-
what simplistic, we note that the high excitation conditions of the lines above
J =3 n(Hy) > 10* cm™3, T} > 50 K) suggest that they preferentially trace
star-forming regions, and render it unlikely that a substantial contribution to
this emission arises from the diffuse ISM. To overcome this assumption will
require future high-resolution observations of the mid-J lines with ALMA.
© http://home.strw.leidenuniv.nl/~moldata/
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Tems = 2.73 x (1 + z) = 9.08K, and the line widths AV were
set to the Fwzi of the individual clumps (Fig. 4).

The measured '>’CO SLEDs for each of the four clumps are
shown with the corresponding best-fitting RADEx models in Fig. 5.
The shapes of the individual SLEDs are qualitatively consistent with
the source-averaged SLED seen in Danielson et al. (2011), which
may be a consequence of the assumption that the bulk of the excited
gas phase is contained within these clumps. The SLEDs peak for
Jupper = 5, in keeping with results from studies of local starburst
galaxies (e.g. M82 and NGC 6240; Weil}, Walter & Scoville 2005;
Meijerink et al. 2013), AGN (e.g. Mrk 213; van der Werf et al.
2010), and from the few high-redshift SMGs thus-far to have yielded
well-sampled SLEDs (e.g. GN 20 and SMM J14011; Carilli et al.
2010; Sharon et al. 2013, respectively). The large error bars on
the observed SLEDs are chiefly the result of degeneracies in the
deblending process, which arise due to the poor angular resolution
of the mid-J PdBI maps.

From the best-fitting radiative transfer models for each clump,
we compute Xco = Nua/Ico, the ratio of molecular hydrogen
column density and '>CO J = 1-0 velocity-integrated line in-
tensity, and then convert to the units of «co via the conver-
sion factor aco (M@ (Kkms™' pc?)™) = (2.17 x 107%) x
Xco(cm™2 (Kkms~!)7!), as given in Sandstrom et al. (2013, in
which the ~36 per cent contribution from helium is accounted for).

The properties of the minimum-x2 fits to the data for the
four clumps are summarized in Table 2, and span the range
log[n(H,)/cm™3] = 3.6-3.9, log[(Nco/Av)/em—2km~'s] = 15.7—
16.5. Three of the clumps have minimum-x> temperatures
Ty ~ 70K, while the fourth appears to be significantly colder:
Tx ~ 30K. If the temperatures of the gas and dust are coupled,
then this range of gas temperatures is in agreement with the dual-
component dust model (Ivison et al. 2010b), which fits the far-IR
SED of SMM J21352. We briefly note that our measured H, densi-
ties (n(H,)) are concordant with those measured by Danielson et al.
(2013) in their analysis of optically thin '*CO and C'®0O emission,
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Figure 5. '2CO SLEDs of four marginally resolved clumps in SMM J21352, with the model SLEDs from rRADEX which best fit the data overplotted as a solid
black line. RADEX models are generated across the parameter space Ty = 15-90K (in 16 steps of 5K), n(Hy) = 10>~ cm™3 (in 200 equidistant steps) and
Nco = 4 x 10182 cm=2 (in 200 equidistant steps). The key physical parameters of the best-fitting (minimum-y?) RADEX models are given in Table 2; we
recover one clump with gas kinetic temperature 7x = 30K and three clumps with 7% = 70K, in good agreement with the distribution of dust temperatures
measured by Swinbank et al. (2010) and Ivison et al. (2010b). The source-averaged 12CO SLED from Danielson et al. (2011) is shown as a dotted grey line for
reference. Also shown (as shaded regions) are the +20 range of models from Narayanan & Krumholz (2014) which predict the '>CO SLED, given estimates
of Xspr — we see excellent agreement between the data and both models for clumps X, Z; and Z,, however note that in clump Y the Narayanan & Krumholz

(2014) model overpredicts the measured '2CO J = 6—5 flux.

Table 2. SMM J21352 clump properties.

Clump Ty log {H(Hz) aco Mgys SSFR Cradio qIR
(K) /cm_3] (Kkms~'pc?)  (x10°M@) Mg yr~! kpe™?)

X 70 39+04 <7.8 <54 490 + 220 - 25402

Y 70 3.6+04 <0.6 <6.1 1650 + 310 —0.88+0.07 23+0.1

7 30 37406 <94 <7.8 1360 £ 280 —0.82+£0.07 2240.1

Z 70 3940.1 <l6.1 <10.6 510 + 220 - 26402

while our temperatures are considerably lower than their range of
best-fitting temperatures (7, = 140-200 K). However, the uncer-
tainties on these measurements are large, and at least for clumps
X, Z, and Z,, our measured temperatures are within the A x>=1lo
range quoted by Danielson et al. (2013). Only for component Y is
our best-fitting temperature formally outside their range of allowed
temperatures (7; = 110-200 K). The most likely explanation for
this apparent disagreement is that although the spatially identified
12CO J = 1—0 gas clumps have similar velocity offsets (relative to
the systemic velocity of SMM J21352) to those clumps studied in
Danielson et al. (2013), the differing methods by which the two sets
of clumps have been identified mean that we may not be looking at
exactly the same material in both cases. The low-excitation require-
ments of the ?CO J = 1-0 line make it ubiquitous throughout the
cool ISM — thus regions with high J = 1—0 surface brightness cor-
respond to regions of dense, cold gas — while both C'*0 and '3CO
preferentially trace regions of recent, intense star-formation (e.g.
Meier & Turner 2004), in which we may expect to see an elevated
gas temperature.

Since RADEX computes molecular line intensities for a given av-
erage volume density, n(H,), we must integrate the mean density
along a line of sight, [ds, through each cloud in order to calculate
the column density: Ny, = [n(H,) ds.

This conversion from volume density to column density of H,
implies that the best aco is strictly an upper limit; the only estimate
available for the sizes of the clumps (ds) is the constraint that
they be no larger than the area covered by VLA synthesized beam
(~100 pc). If the clumps are in fact significantly more compact than
this, then «co will scale downwards correspondingly. The resulting
limits on oo are reported in Table 2.

The measured upper limits in oo for the clumps are consistent
with the range of Ultra-Luminous Infrared Galaxy (ULIRG)-like
— Milky Way Giant Molecular Cloud (GMC)-like values, and, in
conjunction with estimates on L, allow upper limits to the gas
masses to be determined (Table 2). Depending on whether the total
molecular gas mass of SMM J21352 is closer to the firm lower or
upper limits determined in Section 3.2, these clumps may between
them contain 10-60 per cent of the total molecular gas budget of the
system.

4.2.1 Comparison with recent theoretical work

Recently, Narayanan & Krumholz (2014) presented a theoretical
framework for the excitation of '>CO in star-forming galaxies which
draws together numerical simulations of disc and merging galax-
ies with molecular line radiative transfer calculations. Within this
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framework, it is predicted that although in general the shape of the
12CO SLED is determined by several physical properties which are
observationally challenging to determine (such as the gas density,
temperature and optical depth in the molecular ISM), the fact that
each of these properties correlates in theoretical models in some
predictable way with the SFR surface density, Xgpr, allows the
12CO SLED to be predicted given a measure of X ggg.

With our latest SMA 870 wm map, we estimate Xggg for each of
the four clumps. We begin by measuring the flux density (Sg70 um)
of each clump, and fitting a scaled version of the SMM J21352
far-IR template (Ivison et al. 2010b), which we integrate between
8-1000 um to get Lig. We adopt the Lz to SFR conversion factor
of Kennicutt (1998), and estimate clump sizes based on the angular
size of the SMA beam (corrected for amplification).

We use an IpL script to generate for each clump 10° normally
distributed values of Xgrr model, Whose central value and standard
deviation are given by the measured Xgpg for that clump, and its
uncertainty. We then call the Narayanan & Krumholz (2014) ipL
code for each Xgpr model in the distribution, giving a library of
100 000 '2CO SLEDs for each clump. We show the range of model
SLEDs whose input X sgr, model 18 Within +2¢ of its measured value
for each clump as a grey-scale in Fig. 5, along with the observed
SLEDs from our deblending work, and the best-fitting model SLEDs
from our RADEX radiative transfer calculations. We see excellent
agreement between both sets of models and the data for clumps X,
Z, and Z,, however the Narayanan & Krumholz (2014) SLED for
clump Y diverges slightly at / > 4. Hence, to the extent that our
low-resolution mid-J '>CO data can constrain the clump SLEDs,
we find that the Narayanan & Krumholz (2014) models adequately
predict the '>’CO SLEDs of star-forming regions for a given Xggr
around 75 per cent of the time.

4.3 The FIRRC and radio spectral index

It has long been established that in local star-forming galaxies, there
exists a correlation between the relative strengths of far-infrared
and radio emission (e.g. Helou, Soifer & Rowan-Robinson 1985;
Condon, Anderson & Helou 1991) on scales from GMC complexes
up to entire galaxies. Furthermore, this correlation is observed to
hold ubiquitously over several orders of magnitude in luminosity,
gas surface density and photon energy density.

This FIRRC is most readily understood within the framework of
calorimetry (e.g. Voelk 1989; Lacki & Thompson 2010), in which
UV and optical photons produced by young, massive stars are cap-
tured by dust and re-radiated at infrared wavelengths at a rate that
is closely matched by that at which the same massive stars produce
synchrotron emission via supernova shocks when they die. Provided
the duration of the star formation event is greater than the ~10 Myr
time-scale on which the first supernovae are produced, then the
two processes can reach equilibrium, giving rise to the observed
correlation.

The FIRRC is commonly expressed (as in Ivison et al. 2010a)
via the single logarithmic parameter gg, given as

SIR W m72 HZ7l
X
3.75 x 102°Wm™2 S1.4GHz

gr = logy, , 3
where St is the far-infrared (8—1000 wm) flux, and S 4G, is the
monochromatic 1.4 GHz radio flux, k-corrected to the rest frame.
We investigate this interplay between thermal dust emission and
non-thermal synchrotron emission in SMM J21352 by making a
tapered C-band radio map whose resolution is close to that of the
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SMA map, and then convolving this image with a Gaussian kernel
to exactly match the SMA resolution. Next, we regrid both images,
binning by a factor of 3 in both dimensions, and k-correct the total
measured C-band radio flux density in the regridded map (using the
average spectral index, &0 = —0.96) to vy = 1.4 GHz. Using
Lir = (2.3 £0.2) x 10'? L@ as in Section 4.2.1, we measure the
galaxy-averaged FIRRC parameter gjr = 2.39 = 0.17.

Next, we capitalize on the high spatial resolution of our new data
set by measuring gir on a (rebinned) pixel-by-pixel basis throughout
the molecular gas reservoir. We use the rebinned radio and spectral
index maps to create a k-corrected rest-frame 1.4 GHz flux density
map, and create a map of Sig by scaling the observed infrared SED
for SMM J21352 (Ivison et al. 2010b; Swinbank et al. 2010) to fit
the measured 870 wm flux density at each position. We integrate at
each pixel between 8-1000 um to obtain a spatially resolved Lr
map. In so doing, we explicitly assume that the far-IR SED of each
resolution element is representable by the same mixture of 30 K and
70 K dust as explains the SMM J21352 SED. We restrict our analysis
to pixels which sit within the 3¢ contour of '2CO J = 1—0 emission,
and for which the uncertainty in the spectral index do g0 < 0.2. The
median value of gig = 2.33 £ 0.02 is consistent with that derived
for SMM J21352 using the total flux densities.

We present the pixel-by-pixel distribution of o,g4i, and gr Within
the molecular gas reservoir in Fig. 6. Data are shown as coloured
dots (colour-coded by '2CO J = 1-0 flux density), with grey sym-
bols representing measurements and limits on o,gi, and gir in in-
dividual SMGs from our programme of Atacama Large Millimeter
Array (ALMA) observations in the Extended Chandra Deep Field
South (ALESS: Hodge et al. 2013; Thomson et al. 2014). Also
plotted in Fig. 6 are model tracks from Bressan, Silva & Granato
(2002), along which starburst galaxies are expected to evolve from
young to old over a time-scale of ~400 Myr. The pixels at the po-
sitions of clumps Y and Z; are highlighted with error bars (which
are representative of the error bars for all pixels). Clumps X and
Z, lie in the masked region of the spectral index image, for which
dotygio > 0.2, and thus we are unable to report their o,gi,. We see
that our rebinned pixels in SMM J21352 span a narrow range in
gr (possibly a direct consequence of the assumption of a common
dust SED for all pixels), but that they exhibit considerable scatter in
Oradio» Intersecting the model tracks for evolving starburst galaxies
of Bressan et al. (2002).

4.4 The SK Law

A critical ingredient in any attempt to understand galaxy forma-
tion and evolution is a proper characterization of the processes by
which diffuse baryonic matter comes to be locked up in stars. Un-
fortunately, the spatial scales on which star formation actually oc-
curs remain beyond observational reach for all but the most nearby
galaxies, and thus efforts to characterize these processes in distant
galaxies are limited to the application of simplified recipes, or star
formation laws.

It has long been claimed (e.g. Greve et al. 2005) that SMGs fol-
low a Schmidt-type star formation law, Xgpg Eg’\;’is (where Xgpr
and X are the SFR and molecular gas surface densities, respec-
tively, and N is the power-law index), albeit possibly with an en-
hanced SFR per unit molecular gas relative to the population of
normal star-forming galaxies; this has been interpreted as evidence
of a dual star formation law at work (Daddi et al. 2008, 2010b;
Dannerbauer et al. 2009). Under this paradigm, photometrically se-
lected BzK galaxies (Daddi et al. 2004) typify the main sequence
of ongoing star formation activity, fuelled by cold mode accretion
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Figure 6. Left: plot of spatially resolved (i.e. pixel-by-pixel) variations in the radio spectral index, tradio, versus FIRRC parameter, gir (with the error bars
shown for clumps ¥ and Z; being representative for the majority of pixels). Data points are colour-coded by the '2CO J = 1—0 flux density from the smoothed
VLA map. We see a tendency for dense gas (high J = 1—0 flux; lighter coloured points) to be co-spatial with regions of higher gr (i.e. enhanced infrared
emission relative to radio), which is expected if the densest gas is co-spatial with the youngest star-forming regions which have not yet produced significant
non-thermal radio emission from supernovae. For comparison, we plot (in grey) the results of a similar analysis of individual ALMA-observed SMGs from
the ongoing ALESS programme (data taken from Thomson et al. 2014). Also plotted are model tracks for evolving starburst galaxies (Bressan et al. 2002, see
Section 5.2 for details), with red boxes denoting the predicted ages of the galaxies/material they contain. Top right: spatially resolved gir versus log(Lir) and
Bottom right: gr versus log(Liadio), from which we see that that spatial variations in gr across the surface of SMM J21352 are driven predominantly by the

radio morphology of the source.

from the surrounding intergalactic medium, while SMGs form stars
in shorter-lived, hyper-efficient spurts due to major merger activity
(e.g. Genzel et al. 2010). However, many of the studies which have
been claimed to corroborate this model have relied on observations
of the mid-J '>CO lines, which, while brighter (and hence easier to
observe) offer a view of the molecular gas reservoir that is biased by
their excitation requirements (i.e. denser, warmer gas, which may
not be representative of the bulk of gas reservoir). Such observations
are reliant on an assumed gas excitation model, from which aco
(and ultimately My,) is inferred (see Ivison et al. 2011, for further
discussion of this point).

The high angular resolution of our new VLA maps for
SMM J21352 allow us to evaluate the spatially resolved SK relation
in a high-redshift star-forming galaxy in '2CO J = 1—0, without the
need to assume a gas excitation model. Tapering the '>CO J = 1-0
uv data and convolving the tapered image with a Gaussian kernel,
we create a map of molecular gas emission with the same resolution
as the updated 870 pm map, and measure L, _g, in each of the
dense gas clumps.

We use estimates of the SFR of each clump from Section 4.3, and
convert Lo _g) 10 Mg, via a suitable choice of aco. The lowest
aco produced by our radiative transfer modelling of the individual
clumps (Table 2) is aco = 0.6 M (Kkm s~ pc®)~!, in clump
Y. For X, Z, and Z,, the aco upper limits are consistent with the
galaxy-averaged aco < 3.5 (Section 3.2), and so we adopt this
limit for these three clumps. It will not be possible to significantly
improve upon this assumption until even higher resolution '>CO

observations allow us to better estimate the sizes of the clumps,
and thus better constrain the conversion from H, column density to
number density.

Acknowledging the limitations imposed by these various as-
sumptions, the measured X, and Xgpr of the clumps are con-
sistent with an extrapolation of the SK Law (Fig. 7), making them
among the densest star-forming environments seen at high redshift.
SMM J21352, too, unsurprisingly appears to obey the SK law, al-
beit at lower surface density. The positioning of the clumps on the
Ysrr/ Xgas plot sees them slightly offset from the star formation
law in ‘normal’ galaxies, but is subject to the uncertainties in the
values of aco used to derive them.

5 DISCUSSION AND CONCLUSIONS

5.1 New constraints on the spatially resolved '>’CO SLED

We have presented new, high-resolution VLA observations of '>CO
J =1-0 and C-band 4-8 GHz continuum emission in the strongly
lensed but otherwise typical SMG, SMM J21352—0102. There be-
ing no evidence of flux having been significantly resolved out on
long baselines, we consider the new '>CO J = 1—0 flux density,
luminosity and gas mass estimates — within 5 per cent of the val-
ues measured by Danielson et al. (2011) based on single-dish GBT
measurements — to be minor revisions to those figures.

Taking full advantage of the ~0.3 arcsec resolving power of the
VLA’s BnA configuration in Ka band, we have identified four dense
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Figure 7. The SK plot, relating star formation and the availability of molec-
ular gas. Local discs, LIRGs, ULIRGs and high-redshift star-forming (BzK)
galaxies are taken from Genzel et al. (2010). SMGs with recent '2CO
J = 1—-0 measurements, including the GN 20 object of Carilli et al. (2010)
are shown. Top: the observed SK relation. After correction for lensing,
SMM J21352 is seen to be an intrinsically typical SMG, while the analy-
sis of the clumps extends the plot at high redshift to luminosities hitherto
well below the confusion limit. Bottom: the surface density SK relation, in
which we convert the observed '>CO J = 1—0 luminosities in to gas masses
using a standard ULIRG-like aco = 0.8 for the whole galaxy (to facilitate
comparison with the literature) and «co = 0.67 for the clumps, based on
the radiative transfer calculations presented in Section 4.2. On both plots,
the error bars shown are calculated from the S/N of the SMA 870 pum and
12C0 J = 1-0 images, on the assumption that the clump sizes are well
known. If the clumps are in fact much smaller than the VLA beam, then
both Yspr and X g5 are raised proportionally, but with an additional raising
of Xy, due the lower aco that this increase in surface density would imply.
The dense clumps in SMM J21352 populate the high-density tail of the
so-called merger sequence, however systematic uncertainties in «co in both
BzK galaxies and SMGs make the distinction between these two sequences
unclear.
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gas clumps in the J] = 1—0 data cube, with counterparts mirrored
about the lensing critical curve. The velocity offsets of the >CO
J = 1-0 line profiles of these clumps relative to the systematic
velocity strongly suggest that they are related to the clumps X, Y, Z,
and Z, identified by Danielson et al. (2011, 2013), whose analysis
was based on the kinematic decomposition of the '>CO spectra in
to multiple Gaussian components.

We have investigated the '2CO excitation conditions within
these ~100 pc sub-structures, determining the likely gas tempera-
tures and molecular hydrogen volume densities through modelling
of their '>CO SLEDs. This has allowed us to place plausible upper
limits on the value of the 2CO-to-H, conversion factor a:co for each
of the clumps, which fall between those normally taken for ULIRGs
and Milky Way GMCs. Depending on whether we adopt the firm
upper or lower limits on the total molecular gas in SMM J21352,
we find that these clumps may contain between 10—60 per cent of
the total molecular gas in the galaxy.

5.2 The FIRRC/spectral index relation as an age estimator

Combining our updated SMA 870 um map with brand-new 4—
8 GHz C-band continuum observations of SMM J21352, we mea-
sure gr, and hence test whether SMM J21352 obeys the FIRRC.
We measure gig = 2.39 + 0.17 for SMM J21352, with individual
pixels spanning a narrow range gir ~ 2.1-2.6, which may have
some interesting implications for the age distribution of material
in the ISM. According to the Bressan et al. (2002) models of star-
burst galaxies, slight deviations from the FIRRC are expected for
star-forming systems whose luminosity-weighted age is sufficiently
young. Whereas the dust heating which produces thermal infrared
emission is nearly instantaneous with the onset of star formation,
the radio spectrum is at early times comprised only of (relatively
weak, flat-spectrum) thermal H 11 emission, and only at later times do
the first supernovae — which produce (steep spectrum) non-thermal
synchrotron radio emission — occur. The net effect of these differ-
ing time-scales is that both «,4i, and gr for a typical galaxy may
go through three key phases: (i) the proto-starburst phase, during
which dust-heating by young, massive stars rapidly elevates gigr,
and the radio brightness is low, dominated by thermal emission; (ii)
the evolving starburst phase, during which time the heating of dust
by low—intermediate mass stars continues to elevate Sir, but is out-
paced by the much more rapid elevation in L,,q;, due to synchrotron
emission originating in the first supernova remnants, and; (iii) the
post-starburst/quiescent phase, which is much longer lived than ei-
ther of the preceding phases, and occurs as the starburst event draws
to a halt, and the heating of dust and the production of supernovae
reach equilibrium, whereupon gr and o asymptote.

If the Bressan et al. (2002) models accurately describe the far-
infrared and radio emission in SMM J21352, then it is notable
that we see so few pixels with gir < 2.2, occupying the ‘evolving
starburst’ phase. The observed distributions in o4, and gr ap-
pear to overlap the model tracks at both the young, proto-starburst
(<30 Myr) and the old, post-starburst (=200 Myr) ends. While it is
certainly possible that the ISM in SMM J21352 contains material
of different ages, we consider the bi-modal age distribution implied
by the scatter of the data about the model tracks to represent an
implausible scenario. Given the representative error bars shown in
Fig. 6, we cannot rule out the possibility that all the pixels have
Ordio and gir values that lie at the young ends of the Bressan et al.
(2002) evolutionary tracks; indeed, given the high instantaneous
SFR in SMM J21352 (~400 Mg, yrfl; Ivison et al. 2010b), we
may expect to measure a low average age for material in the ISM.
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That the data are plausibly consistent with the entire ISM having an
age <30 Myr (there being no data covering the ‘evolving starburst’
region of the Bressan et al. 2002, model tracks with gr < 2.2)
may indicate that SMM J21352 is a near-pristine, proto-starburst
galaxy, whose high SFR has been rapidly triggered by a recent
interaction.

An alternative explanation for the spread in gir seen within
SMM 1J21352 is that it may be due to differing diffusion time-
scales and mechanisms for cosmic ray electrons and UV photons in
the ISM. Murphy et al. (2006) find similar offsets in the logarithmic
24 um and 70 pm-to-radio surface brightness ratios for ~ kpc re-
gions within the discs of four nearby star-forming galaxies. These
offsets disappear when the infrared maps are smoothed with ex-
ponential kernels, which attempt to replicate empirical ‘leaky box’
cosmic ray electron models (e.g. Bicay & Helou 1990; Murphy et al.
2006). In these models, cosmic ray electrons escape from the young
proto-stellar environment more quickly than do the thermal infrared
photons, which can remain bound up in dust knots for >100 Myr
before eventually escaping via a random walk process. This leads
to the radio emission having a correspondingly larger scalelength
(~1-5 kpc, cf. ~100 pc for the far-IR) and less clumpy structure
than the infrared emission. Similar kpc-scale offsets in the FIRRC
are seen in clumps in nearby spiral galaxies (Dumas et al. 2011;
Basu, Roy & Mitra 2012).

There are thus two competing effects which may explain the
pixel-to-pixel distribution in gir and g Within SMM J21352,
which operate on different time-scales and imply opposing es-
timates for the ages of the ISM: (i) that the offsets are due to
the ~10 Myr lag between dust heating and the onset of the first
supernovae, and reveal the existence of a young, near-pristine ISM;
or (ii) that the offsets are due to the cosmic ray electron diffu-
sion time-scale being significantly shorter than that of the infrared
photons, which can remain bound up in dust knots for >100 Myr
before eventually escaping via a random walk process, implying
an evolved ISM. The present data do not have the ability to fully
distinguish between these two scenarios, however we can hope to
revisit this dichotomy in future if we can obtain an estimate of the
time-scale on which radiation pressure and mechanical feedback
could conspire to disrupt the dense gas clumps in SMM J21352.
Attempts to understand of the details of how galactic velocity fields
are coupled to the turbulent dynamics of their constituent clouds —a
necessary ingredient of such an age estimate — do, however, remain
an area of ongoing research even in the local Universe (Krumholz
& Dekel 2010, and references therein).

From these arguments, we see that the observed variations in
qmr for the star-forming clumps within SMM J21352 are not un-
expected, however a more rigorous investigation of the spatially
resolved FIRRC will require forthcoming, high-resolution ALMA
observations, which will allow us to create spatially resolved far-
infrared SEDs for each of the clumps — and so obtain robust esti-
mates of Lig for regions within SMM J21352. This will eventually
free us from the assumption that the SMM J21352 far-IR SED can
simply be scaled to match the 870 um flux density of each clump.

5.3 The star formation law in z ~ 2.3 GMC complexes

We have used the new '>CO J = 1—0 VLA map in conjunction with
the SMA 870 pum map and existing mid-J '>CO maps from PdBI
to investigate the properties of the cold molecular gas inside each
clump, and ultimately place both the galaxy as a whole, and the
clumps on the SK plot. The implied upper limits on the '>?CO-to-
H, conversion factor, « ¢, derived via radiative transfer calculations

The ISM on ~100 pc scales at z =2.3 1885

are consistent with those previously derived for SMGs, though these
limits are sensitive to the sizes estimated for the clumps. Within
the limitations of these assumptions, we see that SMM J21352 and
the clumps lie within the scatter of the Lir / L, plot, at the moderate
and low-luminosity ranges, respectively, in good agreement with the
findings and implications of recent '>?CO J = 1—0-based surveys
(e.g. Harris et al. 2010; Ivison et al. 2011; Riechers et al. 2011;
Thomson et al. 2012). While these clumps appear to be marginally
offset from the ‘normal’ star formation law claimed for BzK galaxies
on the Xgpr/Zgqs surface density plot, we note that: (i) My, is
usually very poorly constrained in BzK galaxies due to the reliance
on an assumed brightness temperature ratio to predict the '2CO
J = 1-0 line flux from mid-J observations, and on the subsequent
application of a standard aco to all BzK galaxies (Daddi et al.
2010a), leaving scope for considerable variation in the values of
Ysrr and X g, in individual BzK galaxies that is not reflected in the
scatter in Fig. 7; (ii) using a lower aco for SMM J21352 — which is
allowed by our radiative transfer modelling — would imply a higher
gas mass surface density (at a fixed Xgspr), and so would shift the
clumps to the right in Fig. 7 and in to better agreement with a single
star formation law.

5.4 The relationship between '>CO excitation
and star formation

Finally, we have used our suite of multiwavelength data to test the
prediction of a recent theoretical model (Narayanan & Krumholz
2014) which claims that although the '>CO excitation conditions in
galaxies are determined by a morass of difficult-to-observe quanti-
ties (including temperature, density and optical depth), each of these
correlates in some predictable way with the SFR surface density,
Y srr, such that a measurement of ¥ gpr can yield a prediction for
the shape of the '>CO SLED. Using SMA 870,,,,, observations of
SMM J21352, in conjunction with the well-sampled far-IR SED of
the galaxy, we measure Lig, SFR and ¥sgr for each of the dense
molecular gas clumps identified in '>CO J = 1—0, and create a
prediction for the '>CO SLED. We find that in three of the four
clumps, the predicted SLEDs are in good agreement with those de-
rived from multi-J '>CO imaging, providing tentative support for
the Narayanan & Krumholz (2014) model of '2CO excitation in
star-forming galaxies.
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