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ABSTRACT

We present new [(1-0) and'2CO(4-3) Plateau de Bure Interferometer (PdBI) observation
of five Sub-Millimeter Galaxies (SMGs) and combine thesehvaill available [Q](1-0) lit-
erature detections in SMGs to probe the gas distributiohimia sample of 14 systems. We
explore the [C](1-0) properties of the SMG population, particularly istigating the ratio of
the [Q](1-0) luminosity to various2CO transition and far-infrared luminosities. We find that
the SMGs with new observations extend the spredd@f(; —o)/Lrir to much higher values
than found before, with our complete sample providing a gegadesentation of the diverse
z > 2 SMG population. We compare the line ratios to the outputhotadissociation region
(PDR) models to constrain the physical conditions in therstellar medium (ISM) of the
SMGs, finding an average density @fg(n/cm~2)) = 4.3 & 0.2 and an average radiation
field (in terms of the local field valugz,) of (log(Gy)) = 3.9 £ 0.4. Overall, we find the
SMGs are most comparable to local ULIRGsGlRy andn, however a significant tail of 5
of the 14 SMGs are likely best compared to less compact, kiagburst galaxies, providing
new evidence that many SMGs have extended star formatitribdisons and are therefore
not simply scaled up versions of local ULIRGs. We derive tBBlIproperties of a sample of
guasars also finding that they have higher densities andtralifields on average than the
SMGs, consistent with the more extreme local ULIRGs, anafoecing their interpretation as
transition objects. We explore the limitations of usinggielPDR models to understandi[C
which may be concomitant with the bulk:Hinass rather than PDR-distributed. We therefore
also assess [iCas a tracer of H, finding that for our sample SMGs, the, khasses derived
from [CI] are often consistent with those determined from low eicite!2CO. We conclude
that [Q] observations provide a useful tool to probe the bulk gasgasdprocesses occurring
within merging SMGs, however more detailed, resolved olz@ns are required to fully
exploit [Cl] as a diagnostic.
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1 INTRODUCTION

The ultra-luminous Sub-Millimetre Galaxies (SMGs) coltte
significantly to the rapid build-up of stellar mass in the émse

* Based on observations carried out with the IRAM Plateau de Buer- atz ~ 2 (e.g., Chapman etal 2005).)They have large molecular
ferometer. IRAM is supported by INSU/CNRS (France), MPG r(@any) gas reservoirs with gas masses~ef0'° M, (Greve et all 2005;

and IGN (Spain).
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ing that they can build a stellar mass of40/4, in only 100 Myr of
continuous star formation (Magnelli etal. 2012), and aerdfore
often interpreted as being the progenitors of the massiyieals
observed locally. Investigating the dense cool interatethedium
(ISM) in high-redshift SMGs is important for understanditige
mechanisms for triggering these high SFRs and probing téke fu
supply for the star formation.

The immense luminosities in local ULIRGs often appear
to be triggered by mergers and interactions (Sanders & Mirab
1996). However the star formation in local ULIRGs is much
more centrally concentrated than highJLIRGs (Sakamoto et al.
2008) where carbon monoxid&CO) and radio observations have
shown that the gas can be extended on scales up td0 kpc
and often comprise multiple components (Chapmanlet al.|;2004
Biggs & lvison | 2008;| Tacconi et al. 2008; Bothwell et al. 2010
Ivison et al! 201/1) highlighting a difference in the locabamigh-
redshift populations. Menéndez-Delmestre étlal. (2008) aug-
gest the SMGs contain extended cool and warm dust distoitsiti
from mid-infrared spectroscopic observations of the pgtlic aro-
matic hydrocarbon (PAH) emission. Observations of the][€ol-
ing line in SMM J213511, the ‘Eyelash’, suggest that thigeys
consists of extended starburst clumps, providing furthgpert
that SMGs are not scaled up versions of local ULIRGs (lvisioalle
2010) whilst studies of the rest-frame near-infrared coof
SMGs indicate that the SMGs have more widely distributed sta
formation than the compact local ULIRCGs (Hainline et al. 200
Studies of carbon monoxide transitions and the coolingslinghe
SMGs can therefore be used to search for the trigger of teaset
star formation by determining the extent of the fuel for tta for-
mation.

Studying various'?CO transitions can help constrain the
physical conditions within the galaxies. However with oAfffCO
measurements, a number of properties of the molecular gatear
generate (density and kinetic temperature; Walter et al1P8o
other tracers are required to break this degeneracy, fanghea
multiple **CO lines, HCN and [@. The ratios of the [@ lines

lines have modest critical densities.(i; ~ 0.3-1.1 x 10% cm™3)
and are therefore often thermalised in molecular cloudk wit>

10° cm™3. The lines arise from states with energy levels ¥
23.6 K and T 62.5 K above the ground state, and thus their
ratio is sensitive to the gas temperature jf.T< 100 K. Further-
more, the H gas mass determined from thel[@ne agrees with
the H; mass from multi-transition?CO and dust continuum ob-
servations in local ULIRGs (Papadopoulos & Greve 2004) 2&(p
(Gerin & Phillips 1998) and the Cloverleaf QSO (Weil3 et aD2))
validating its utility across a large range in physical eorments.

Since its initial detection in interstellar clouds
(Phillips & Huggins | 1981), [@ has been detected in a num-
ber of local systems, including near the Galactic centrbd@i al.
2001), in local giant molecular clouds (Orion A and B; lkedale
2002), nearby external galaxies (Israel & Baas 2002; Gerdh e
2002) and in local ULIRGs (Papadopoulos & Greve 2004). How-
ever, [A] has only been detected in a small number of high-redshift
systems, mainly gravitationally lensed SMGs and quasanse of
which may suffer from differential lensing uncertaintiestlveen
potentially vast reservoirs of low-excitation gas and @eregions
of star forming gas (Wagg etial. 2006; Weil3 gt al. 2005; Ao et al
2008; | Riechers et al. 2009; Barvainis etlal. 1997; Lestradé¢ e
2010 Danielson et &l. 2011 ; Pety elial. 2004).

Initial studies of [GQ] in SMGs have been carried out by
Walter et al. [(2011) who present detections ofi]{(C-0) and
[C1](2-1) in a sample of 14 SMGs and quasars, concluding that the
[C1] properties of these high-redshift systems are not signifly
different to local systems and the Milky Way. However, the-ma
jority of the|Walter et al.|(2011) SMG sample are either sfjign
gravitationally lensed or have strong AGN components, dh.bo
There is, therefore, a need to understand thé ¢@s distribution
in a sample of un-lensed SMGs whose properties are dominated
by the star formation rather than an AGN. In this paper weystud
the [A] line in a sample of SMGs, five of which have newly ob-
tained observations with the remainder taken from litestio test
its use as a diagnostic of the ISM physical conditions wiBiGs.

with other 12CO transitions have been suggested as diagnostics We explore the dichotomy in the use ofi]@s a tracer of the bulk

in photodissociation region (PDR) models in which far-atiolet
photons illuminate molecular clouds (Hollenbach & Tiel41©99)
controlling the properties of the interstellar medium (IShh the
one dimensional PDR slab models_of Kaufman et al. (1999)-a rel
atively thin layer of neutral atomic gas is predicted in begw the
transition from the C+ rich outer layer to the CO rich innelwnoe,
naively implying that the [@ should not be able to trace the bulk
H2 mass. However there is observational evidence thgtdGes
trace the same distribution as th&CO and therefore the H as
discussed by Papadopoulos €t al. (2004). The twd tf@nsitions
are easily excited and provide a more completartss tracer than
the high-J*2CO lines found closest in frequenc{?CO(4-3) and
12C0O(7-6)), since high excitatiof CO is unequivocally tied to the
star-forming, warm and dense gas. Viable explanationgfijispa-
tially correlating to the bulk K mass tracers employ clumpy, inho-

H2 mass and its use in assessing the outputs from PDR modelling
relative to well studied sources and a range of galaxy typés.
calculations assume a flat,cold dark matter {CDM) cosmology

with Qx4 = 0.7 andHo = 71 kms 'Mpc~?.

2 SAMPLE, OBSERVATIONS AND REDUCTION

To complement the initial studies of [Cin SMGs from
Walter et al. |(2011), we selected five additional, un-lensed-

2.3 SMGs from extensive spectroscopic surveys expanding the
Chapman et al.| (2005) sample. Two of these SMGs are com-
ponents in a wide-separation major merger, as presented in
Alaghband-Zadeh et al.| (2012). The SMGs were observed in
[CICP. — 3PR) (rest frequency: 492.161 GHz), which we re-

mogeneous PDR models (Meixner & Tielens 1993; Spaans 1996)fer to as [G](1-0) from here on, and>CO(4-3) (rest frequency:

where the surface layers of [[Gre distributed across the clouds in
clumps. The widespread [Cdistribution is therefore predicted in
the PDR model of Spaans (1996) however the intensity cdivala
has yet to be tested over a wide range of environments (Kdeaie e
1996).

Observations of [{ transitions have shown that the ratio of
Licn@ep,—sp,)/ Licn@ep, - sp,) (Where L is the line luminosity
in units of Kkms ™! pc®) provides a sensitive probe of the tem-
perature of the interstellar medium at moderate densiBesh

461.041 GHz). These SMGs were chosen to have well detected,
resolved Hv lines to enable direct comparison of the ionized gas
component in these galaxies. They were also all selectédé to |
equatorial fields to enable further followup with the Atacabarge
Millimeter/submillimeter Array (ALMA). The redshift rargwe
covered matches the peak of the SMG population= 2 — 2.5
—|Chapman et al. 2005; Wardlow etlal. 2011). These sources hav
been mapped in & from integral field spectroscopy observations
made with Gemini-NIFS and VLT-SINFONI. The dHintensity
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maps show multiple peaks of star formation and the veloaity a  level from the spectra before further analysis. We use tha-me

velocity dispersion maps are turbulent and disturbedingjatsh- sured continuum levels from the [[{1-0) observations to sub-
ing them from smooth, disk-like systems. These SMGs arssiclas  tract continuum from the detecté8CO(4—-3) sources, since the lat-
fied as mergers using a variety of criteria, including a kieemn ter observations (with shorter integration times, and ésngave-

analysis |[(Alaghband-Zadeh ef al. 2012). Four of our newcasur  lengths) do not detect continuum as significantly. The contn
do not show any signs of AGN in any wavelength, while the fifth levels are estimated at the rest frequency“@0(4-3) by muilti-
has a broad AGN (a component in the large separatioR(kpc) plying the measured continuum at the rest frequency df{1€0)
major merger). The combined sample these new targets and theby (Uco(4,3)$rest/I/[CI](lfo)}rest)er, where8=2 (Magnelli et al.
Walter et al.[(2011) SMGs displays a large range of envirarimme  |2012) represents the average spectral energy distrib(8iBD) of

(different stages of mergers and a range of AGN contribs)iamd SMGs. Since we do not detect continuum in SXDF11 we do not
are well suited to assessing the diagnostic power of thiif@. subtract continuum from either SXDF11 spectrum.

These additional SMGs were observed with the Plateau de In Figs.[1E4 we show Gaussian fits to the line profiles, of-
Bure Interferometer (PdBI) in 2011 in D configuration. Thensu ten finding multiple components are a better representatidhe
mer observations used a sub-array, 5 antennae configyratiie profile. We show multiple component fits if the fit is improved b

the 6th antenna was being serviced. The SMGs were observed agllowing more than one Gaussian component. In order to -deter
their redshifted [@ and >CO(4-3) frequencies lying well within ~ mine the'2CO(4-3) and [@(1-0) line fluxes and widths we use
the band of the 2mm receivers (Table 1). a second order moment analysis, to accurately represeritiithe
The observations were reduced using the GILDAS software profiles of the lines. First the redshift of the line is calted as
from IRAM. Data were flagged and removed that had high phase the intensity-weighted centroid of the line, with the lin&th (o)
RMS, as well as other data with large amplitude losses, ipgint calculated using the intensity-weighted second order nmonve
focus or tracking errors. The flux calibrators used for fh@O(4— then calculate the flux by integrating betweefo.
3) observations were a selection of 3C454, 3C454.3, MWC349 The2CO(4-3) fluxes, calculated in this way, are given in Ta-
and 1749-096 and the phase and amplitude calibrators wexe a s ble[3 and thet20 regions are marked on the spectra in Figél 1-4.
lection of 0130-171, 0138-097, 0237-027 and 2223-052. Tihe fl  Since the [C](1-0) detections are weaker than tH€0O(4-3) de-
calibrators used for the [¥1-0) observations were a selection of tections and the line profiles are not as well defined, we use th
3C454.3, MWC349 and 1749-096 and the phase and amplitude cal 12CO(4-3) defined velocity range to integrate the]{G-0) flux.
ibrators were a selection of 0130-171, 0106+013 and 2223-05 The resulting [€](1-0) fluxes are also given in Taljle 3.
The seeing ranged from 0.9%o 2.02'. The phase RMS values In Table[3 we bring together the line measurements of our five
range from approximately 10-35 degrees, on average, aral/édre new SMGs with the literature measurements af(G-0) in SMGs
age water vapour measure is approximately 7 mm. The MAPPING from |Walter et al. [(2011), Cox etal. (2011) and Danielson.et a
routine was used to produce the calibrated datacubes whidH c (2011). We also bring together the availall€0(1-0),'>CO(3-2)
then be output for analysis. and'2CO(4-3) fluxes for this sample. Before discussing the prop-
The large beam sizes of th&CO(4-3) observations (Talfle 2),  erties of the complete sample we briefly discuss each of the ne
mean that we do not resolve any of the galaxies. Indeed, wecexp observations in turn.
the 12C0O(4-3) emission regions to be compact, emanating mainly
from star forming regions. However, the]Cl—-0) emission could
be much more extended, tracing the full cold gas distriloutie 311 SXDF7

2C0O(1-0) does. lvison etal, (2011) determine typicalO(1-0) . .
sizes of~16 kpc in luminous SMGs. At this size the corresponding Tps ?r/]lIIQ?:ogtzu;s of 3XDF17 Shol\\/lvn'tlr? Filﬁ ! rﬁveal clear dted)es_tl

[C1](1-0) emission would still remain unresolved in our observ orbo (4-3) and [G(1-0). elthertine Shows any extension
tions (Tablé®). The beam shapes are shown in Eis[, 2, Bland 4_.beyond .the beam shape, and we interpret the source as weesol
The 1.4 GHz positions and redshifts from the NA€0O(4-3) ob- in both lines. The offset between th&CO(4-3) and [§(1-0) de-

. S S ,

servations are given in Talilé 1 along with the on-sourceyiatéeon te_Ct'O?S_ OIhl'}Q (":Son (Zt ssl)gnlgcant c;_ompa_rrid tothe 7';1;(33'2?8@

times for each line at their respective observed-frameuagies. size otin the: ( - ) observa ons. apo n-
dicates that it comprises two merging components sepaiated

44+1kpc (~ 0.5”) in projection and 10850 kms™ in velocity
(Alaghband-Zadeh et 2l. 2012), however owing to the largarbe

3 ANALYSIS size in these observations compared to theddservations we can-
not determine that th€C0O(4-3) and [@(1-0) lines are resolved
3.1 [C1](1-0) and'2CO(4-3) line extraction on those scales.

In Figs.[1£# we show signal-to-noise (S/N) maps of the O (4—
3) and [G](1-0) lines. We extract beam averaged, one dimensional

spectra from the S/N peaks of the maps. We find that these peaks 312 SXDF11

clearly associated to faint sources in the IRAC imaging fidfied The '2CO(4-3) spectrum of SXDF11 extracted from the peak of

by previous radio continuum observations, as shown inFig. 5 the S/N map in Fig12 shows multiple velocity components. We
Continuum was significantly detected in the extra-linesagi use the second order moment analysis to determine the lirfiéepr

of the [Q](1-0) observations for four of the five SMGs: SXDF4a, properties. Whileso, the S/N peak in the [((1-0) line is offset
SXDF4b, SXDF7 and SA22.96. In order to measure the contin- from the well centred peak (140.2 mJy) of the2CO(4-3) line
uum at the observed frequency of J@-0) in each source, we by 3.6, larger than the 32FWHM beam size (east-west) of the
measure the median flux in the region outside thg(lc0) lines. [C1](1-0) observations, therefore we do not consider thi}{1S0)
This median is shown by the horizontal lines in the extractee peak to originate from the same galaxy as'th@O(4-3) detection.
dimensional spectra in Figsl [, 3 dad 4. We subtract thisamedi  The'2CO(4-3) detection is centred on a radio-identified source in

(© 0000 RAS, MNRASD0Q, 000—-000
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ID RA Dec z tou-3) Ycyga-o)  S2mm S850um  Vobs,CO(4—3)  Vobs,[CI](1—0)
(hrs) (hrs) (mJy) (mJy) GHz GHz
SXDF7(J0217-0505) 02:17:38.92  -05:05:23.7 2.5286[8] 3.2 51 H31 7.415 130.6 139.4
SXDF11(J0217-0459) 02:17:25.12  -04:59:37.4  2.2821[8] 33 3.3 - 489 138.5 148.9
SXDF4a(J0217-0503a) 02:17:38.62  -05:03:37.5 2.0298[2] 2.1 7.8 H#G1 2.2£0.85 151.9 162.2
SXDF4b(J0217-0503b)  02:17:38.62  -05:03:37.5 2.0274[1] 21 7.8 f@1 2.2£0.85 151.9 162.2
SA22.96(J2218-0021) 22:18:04.42 00:21:54.4  2.5169[7] 3.0 53 H#21 9.0t2.3 131.1 139.9

Table 1. SMG positions from the 1.4 GHz detections, and redshiftsiftee second order moment analysis of tR€0(4-3) observations of this work. The
IDs in italics indicate the IDs used for thentbbservations in Alaghband-Zadeh et al. (2012). The 2 mmirmautn is measured in the off-line regions of the
[C1]1(1-0) observations, which are deeper and also at sligliglyen frequency than thE? CO(4-3) observations. The 8&n fluxes are from Chapman et al.
(2005) and Coppin et al. (2006). The values in brackets irr¢dshift column represent the error on the last decimalepl&ince we detect approximately
equal 2mm continuum across both SXDF4a and SXDF4bSthe,.m values for SXDF4a and SXDF4b assume the measuredu®bBux for the whole
system is equally divided between the two components. Wecalste the 5 antennae on-source times (t) and the obsereiggenciesy).

ID Beam Sizecr 10y  Physical Scalgi1—0) Beam Sizeos—3)  Physical Scalgo4-3)
(arcsec) (kpc) (arcsec) (kpc)
SXDF7 4.4%x 3.5 40x% 30 7.1x 3.6 60x 30
SXDF11 8.0x 3.2 70x 30 4.4x 35 40x 30
SXDF4 5.1x 2.7 40x 20 4.4x 3.3 40x 30
SA22.96 4.8x 3.2 40x 30 45x%x 3.8 40x 30

Table 2. The beam sizes of the [{{1-0) and'2CO(4-3) observations and the approximate physical scalé®¢) corresponding to these beam sizes.

the IRAC imaging shown in Fid.]5. For further analysis, weatre  dusty galaxies (Takata et/al. 2006). These two ¢dmponents are
[C1](1-0) as undetected in SXDF11 and quotesaupper limit to not resolved spatially or in velocity in oUfCO(4-3) map, and
the [Q](1-0) flux in Table[B. We note, however, that the ‘offset’  higher resolution, sensitiVé CO observations would provide a cru-

source, apparently detected iniJ@—0) and not'2CO(4-3) may cial comparison to the & map. The combination of #ddand*2CO
represent a more quiescent star-forming galaxy (and thierefith observations clearly provides a more complete pictureasbstst
weak!'2CO(4-3) emission) in a group with the highly star-forming galaxies, as found for instance in studies of local statbussch
SXDF11 system. as M82 where K also highlights a significant component of the

ionized gas in outflows (Bland & Tully 1988).

We also detect~2mm continuum across both components
31.3 SXDF4aand SXDF4b (Table[1) and the south-east extension is seen in the IRAGIB.6
The S/N map of2CO(4-3) for SXDF4 reveals extendétCO(4— imaging shown in Fig.J5. The 2mm continuum in the ‘a’ and ‘b’
3), spanning twa> 4 components, extending beyond the beam components is indistinguishable within the errors, thanefve also
shape suggesting the source is resolved even with this largeSPIt the unresolved 850m andHersn_:hel-SPI‘R’E flux‘e§ equally,
beam size (44 by 3.3'). Two massive components are also leading to equal far-infrared Ium|n0§|t|e§ for ‘a and. b.
seen in the strong & detections of two high SFR galaxies pre- 1gNe note that the.[Q(l—O),Szletectlon in SXDF4a is offset from
sented in_Alaghband-Zadeh et 4. (2012) (separated by a-velo the ~CO(4-3) detection by 1.6however since this is well within
ity of 670+70kms ! and spatially by 185 kpc). However, the the beam size of the [|(]Z(1.—0) obsgrvatlons we consider tha]J@-
two '2CO(4-3) components are separated by-a@pc, slightly 0) detection Fo be agso.c.lated with the same source dgae(4-
larger than the FHWM of the beam, and in velocity space by 3). [CI](1-0) is no_t s_lgnlflcantly detected in SX_DF4b therefore we
230+40 kms ™, as shown in Fig]3, significantly larger than tha H quote a 3 upper limit to the [@](1-0) flux for this component.
spatial separation. This ‘b’ component {ACO(4-3) could repre-
sent a third source in the complex SXDF4 system; the offset be
tween the southern &dgalaxy and thed2CO(4-3) ‘b’ position is
greater than the CO beam size, and the ’b’ component lieb@sst  In Fig.[d we show thé?CO(4-3) and [@](1-0) observations of
yond the Hv IFU map. We consider the two components to be sep- SA22.96 along with a reanalysis of tHdCO(3-2) observations
arate SMGs, and extract the spectra from the peak S/N pixelaif from|Bothwell et al.|(2013). Th&CO(3-2) is clearly extended be-
component. While there is significant velocity overlap betwthe yond the beam in this system, suggesting that there may be-a se

314 SA22.96

beam-averaged broad lines, there is little or no spatiallapeWe ond component to the east of the primary source identifie@8ipr
cannot rule out that some of the intervening CO emissiontisicg continuum and out?CO(4-3) and [@](1-0) detections. A second
directly from the second & galaxy. source in the IRAC imaging (shown in Figl 5) may be the coun-

We note that the H maps highlight SXDFa as two highly  terpart to the extendetf CO(3-2), however this component is not
star-forming galaxies in a major merger _(Alaghband-Zadedil e detected in our 2mm continuum map or the 1.4GHz radio map, and
2012), providing useful additional diagnostics to tH€0O maps we do not separate this potential second component out ertéle
of the molecular gas, despiteaHbeing heavily extinct in these  ysis of the!>CO(3-2) spectrum.
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ID z llcna-o0)  lene-1 lco(a-3) lco(s-2) lcoi—oy  References
@ykms1) @ykmsl) (@Jykmsl) @ykms1!) (Jykms1)

SXDF7 2.529 0.80.2 - 1.6+0.3 - - 0
SXDF11 2.282 <0.7 - 1.6t0.2 - - 0
SXDF4a 2.030 0.£0.2 - 1.140.3 - - 0
SXDF4b 2.027 <0.7 - 1.6£0.5 - - 0
SA22.96 2.517 02F£0.2 - 1.3+0.3 1.6+0.5 - 0,3
J02399 2.808 190.2 1.8t0.9 - 3.104 0.6G+0.12 1,2,9
J123549 2.2020 140.2 <1.0 - 1.68t0.17 0.32:0.04 2,34
J163650 2.3834 <0.72 <2.0 - 1.940.14 0.34£0.04 2,34
J163658 2.4546 020.2 <2.0 - 1.5+0.2 0.3#0.07 2,34
J14011 2.5652 1:80.3 3.10.3 - 2.8:0.3 0.32+0.03 2,511
J16359 2.51737 140.3 1.6+0.3 4.6:0.4 2.8+0.2 - 2,6
J213511 2.3259 16400.5 16.2£0.6 17.3t0.2 13.2:0.1 2.16+0.11 7
ID141 4.243 2.80.9 3.41.1 7.5t0.9 - - 8
MM18423+5938 3.930 2:80.5 4.2+0.8 4.95+0.05 - - 2,10

Table 3. The redshifts and [Gand'2CO line fluxes of the complete SMG sample. These fluxes areamated for magnification. The SMGs with new]C
detections in this work are in the top of the table. The eroorg¢he fluxes represent the noise in maps in the region outsédeource and outside the velocity
channel range used to measure the integrated flux1¥@©(3-2) flux of SA22.96 is remeasured from the observatidiBothwell et al. (2013). The fluxes

in the bottom of the table are the literature fluxes with thHiofang references:

0:This work,|1:Genzel et al. (2003Wa&ilter et al.|(2011), 3:Bothwell et al.

(2013),4:1vison et al.| (2011){5:Downes & Solormon (2003)MéiR et al. [(2005),7:Danielson et &l. (2011). 8:Cox et201(l), 91 Thomson et al. (2012), 10:
Lestrade et al! (2010), 111: Sharon €t al. (2013). The redshifoted for the literature sources come frshCO(3-2) where available, 32CO(4-3) except
for ID141 which is from the combination of both detectionsla@213511 which comes from thRéCO(1-0) detection.

We also note that the centre of tHeCO(3-2) detection is 27
offset to the east from the centre of tHeCO(4-3) detection, which
could again reflect two components contributing to the0(3-2)
flux. However, since the error in the positions of the linesis3’,
the two CO transitions are just consistent with still beingjragle
source, and we treat them as such hereafter.

We also note that the &l map centred on thé?CO(4—
3) centroid reveals two components witk 1” separation
(Alaghband-Zadeh et al. 2012) demonstrating that SA2296 i
clearly in the process of a major merger, however therip does
not spatially cover the potential eastern source.

4 RESULTS
4.1 Line Profiles

In this section, we comparéCO and [G](1-0) line-widths within
our new sample, and also in the literature sources, to sattaxto
for whether the lines are tracing the same gas kinematidallyur
three sources where [[{1-0) is detected, we compare in Table 4
the *2CO(4-3) and [@](1-0) line-widths (quantified as..), now
determined independently from a second order moment asalys

We first apply the second order moment analysis directly on
the [Q](1-0) detections, which will serve as a verification of our
method in Sectiofh 311 of determining IJC1—0) fluxes by integrat-
ing over velocity channels determined by fitting the highéX S
12CO(4-3) lines. Despite some apparent differences in thecvel
ity centroids from thé2CO(4-3) lines, we find the [{1-0) line-
widths are still consistent within errors with ti&CO(4-3) line-
widths in all cases. The [{1-0) fluxes determined directly in
this way are also mostly within the errors of the fluxes deteeah
using the'2CO(4-3) defined velocity channels. The exception is
SXDF4a, where the weak [{f1-0) line surrounded by strong con-
tinuum is particularly difficult to measure without refecento
12c0o(4-3).

(© 0000 RAS, MNRASD0Q, 000—-000

The median line-width ratio obco4—3) t0 ocy—o) IS
1.0140.09 indicating a good agreement and therefore suggesting
that the [Q](1-0) may highlight similar gas distributions as the
12C0O(4-3). However, the lower S/N of the [[(1-0) lines implies
that we cannot rule out the slightly broader lines (at the20®
level) in this low excitation gas that might be expected Hase
work byllvison et al.|(2011) for th& CO(1-0) line in SMGs.

We then compare the line-widths of four SMGs which have
[C1](1-0) detections from Walter etlal, (2011) attCO(1-0) de-
tections from_lvison et al. (2011) and Thomson etial. (20123
apply the second order moment analysis to the line profitsTa-
ble[4) finding that two of the four (1123549 and J163658) have ¢
sistent [G](1-0) and'2CO(1-0) line-widths. However the remain-
ing two (J02399 and J163650) have significantly lartfe@O(1—

0) line-widths compared to our measured][C-0) line-widths by
~100kms ! in o, a~50% increase. Oufcr)(1—0) Measurements
for these two are actually very similar to the higher-J CCedin
(Bothwell et all 20113). Indeed, lvison et al. (2011) find timatnost
cases, the gas probed TACO(1-0) is more spatially extended than
the gas probed by highert3CO(3-2).

It appears that we cannot conclude that thg([I5-0) line is
always tracing the full cold gas component probed by'#@0(1-

0) line, which may be a result of both optical depth and rackat
transfer effects as explored in detail in Papadopoulos| ¢2@04).
Further detailed comparisons and resolved studié$@®(1-0) to
[C1](1-0) are needed to probe this further and understand igia or
of the differences.

However, in order to compare the brightness distributidns o
these two tracers, and thus the use of each line.amn#ss tracers,
the sensitivities of both the [{{1-0) and*>CO(1-0) moment maps
must reach the same gas mass surface density limit. Wheinigiag
high-redshift'2CO(1-0) with the Karl G. Jansky Very Large Ar-
ray (JVLA) and [Q](1-0) with ALMA, resolution and UV-plane
coverage need to be well matched.
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Figure 1. SXDF7: Top:12CO(4-3) spectrum (left) extracted from the peak pixel of whcity-integrated S/N map (right) marked by a star. Thetcors

of the S/N map represent the S/N starting at4t%r level (solid red for positiver levels and dashed white for negatizdevels). The noise is derived from
the standard deviation of the flux outside the velocity cleégnver which the spectra were integrated to measure thesities. Bottom: [@(1-0) spectrum
(left) extracted the pixel marked in the velocity-integ@tS/N map (right). The region marked over the spectra reptéke velocity channels over which the
spectra were integrated to gain the total line fluxes, asmé@ied from the second order moment analysis of th&O(4-3) spectrum2c). The spectra
are centred such that the zero velocity corresponds to thshife of the12CO(4-3) detection. The solid horizontal green lines in thectra represent the
continuum level which was subtracted prior to the momentyais The green ellipses on the bottom right of the S/N mapsesent the beam sizes and
shapes. The maps are centred at RA=02:17:38.885 and De@5:05.971.
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Figure 2. SXDF11: Top:12CO(4-3) spectrum (left) extracted from the peak pixel ofwbcity-integrated S/N map (right) marked by a star. Thetcors

of the S/N map represent the S/N starting at4%r level (solid red for positiver levels and dashed white for negativdevels). The noise is derived from
the standard deviation of the flux outside the velocity cleésnver which the spectra were integrated to measure thesities. Bottom: [@(1-0) spectrum
(left) extracted from the velocity-integrated S/N map lfitigat the position of the peak in tH& CO(4-3) velocity-integrated S/N map, showing that we do
not detect [@](1-0) in the same galaxy as the well-centréCO(4-3) detection. The region marked over H#€0(4-3) spectrum represents the velocity
channels over which the spectrum was integrated to gairothEline flux, as determined from the second order momenysisaof the'2CO(4-3) spectrum
(£20). The spectra are centred such that the zero velocity gmmess to the redshift of thE? CO(4-3) detection. No continuum was detected therefore we
do not subtract continuum from the spectra. The green e8lips the bottom right of the S/N maps represent the beamasizkeshapes. The maps are centred
at RA=02:17:25.135 and Dec=-04:59:34.296.
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Figure 3. SXDF4: Top:12C0O(4-3) spectra of the ‘a’ and ‘b’ components of the SXDF4eys(left) extracted from the peak pixels of the velociteipated
S/N map (middle). The contours of the S/N map represent tNes&irting at thet-3o level (solid red for positiver levels and dashed white for negative
o levels). The noise is derived from the standard deviatiothefflux outside the velocity channels over which the spestee integrated to measure the
intensities. The positions of ‘a’ and ‘b’ are marked on allpsaThe regions marked over the spectra represent thetyetbeinnels over which the spectra were
integrated to gain the total line fluxes, as determined frioensiecond order moment analysis of tRE€0(4-3) spectrak20) of ‘a’ and ‘b’. The spectra are
centred such that the zero velocity corresponds to the ifed§the 12CO(4-3) detection of the ‘a’ component. The S/N maps areeuday integrating over
the full velocity range of the two components, from the lotwegocity channel of the ‘b’ detection to the highest vetpahannel of the ‘a’ detection. Bottom:
The [Q](1-0) spectrum extracted from the ‘a’ and ‘b’ componentarkad by the stars in the velocity-integrated S/N map (neiddlhe ‘b’ component is not
detected in [€](1-0). The solid horizontal green lines in the spectraesent the continuum level which was subtracted prior to thenent analysis. The
green ellipses on the bottom right of the S/N maps reprekeriiéam sizes and shapes. Righi ¥¢locity field from Alaghband-Zadeh et/al. (2012) showing
distinct multiple components closer in spatial separatiam the'2CO(4—3) components but further apart in velocity . The yelttashed rectangle marked
on the S/N maps represents the field of view of the dbservations, showing that the ‘a’ component aligns to'#@0(4-3) ‘a’ component however the ‘b’
components do not match in position. The maps are centreA=s0R17:38.688 and Dec=-05:03:39.29.
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Figure 4. SA22.96: Top12CO(3-2) spectrum (left) extracted from pixel marked by aistéhe velocity-integrated S/N map (right) from obsereat detailed
inIBothwell et al.|(2013). Thé2CO(3-2) observations do not extend to the wide velocityy(isncy) range of th€? CO(4-3) and [@](1-0) observations. The
contours of the S/N map represent the S/N starting atiBe level (solid red for positiver levels and dashed white for negativdevels). The noise is derived
from the standard deviation of the flux outside the veloctigrmels over which the spectra were integrated to measerattnsities. Middle12CO(4-3)
spectrum (left) extracted from the pixel marked in the vityemtegrated S/N map (right). Bottom: [{{1-0) spectrum (left) extracted from the pixel marked in
the velocity-integrated S/N map (right). The region markedr the spectra represent the velocity channels over wh&kpectra were integrated to gain the
total line fluxes, as determined from the second order mowmreatysis of the-2CO(4-3) spectrum20). The spectra are centred such that the zero velocity
corresponds to the redshift of th&CO(4—3) detection. The solid horizontal green lines in fiectra represent the continuum level which was subtracted p

to the moment analysis. The green ellipses on the bottonh afghe S/N maps represent the beam sizes and shapes. Thareaentred at RA=22:18:4.42
and Dec=00:21:54.40.

SXDF4 o SA22.96
CO(4—3) over IRAG~" CO(4=3) and CO(3-2)
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Figure 5. Contours of S/N of thd2CO(4-3) detections (solid red for positivelevels and dashed white for negativelevels), starting at-3c, overlaid
on colour IRAC imaging (red, green and blue correspondintip¢o3.6um, 4.5um and 5.8:m images respectively). The green ellipses on the bottoht rig
represent the beam shapes. We overlay the contours 32 @®(3-2) detection of SA22.96 also (in pink) showing the esien to the east, however this
eastern component is not detected in continuth&0O(4-3) or [G](1-0). The orange ellipse on the bottom left represents #BO(3—-2) beam shape. The
stars mark the position of the pixels from which the speateaeatracted.
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ID O[CI)(1-0) OCO(4—3) OCO(3—2)
kms—! kms—! kms—1

SXDF7 19030 2206+60 -

SXDF4a 256:40 23020 -

SA22.96 27640 2706+30 270G+30
ID O[CI)(1-0) OCO(1-0) OCO(1-0)
J02399 266-20 3806+10 -

J123549 208:40 22°H5 230+:20
J163650 23820 3206+10 330+35
J163658 268:20 290+10 295t+10

Table 4. Comparison the the line-widthss) determined from the sec-
ond order moment analysis of tHCO(4-3) and [€](1-0) detections in
our new sample of SMGs (top 3), and in four SMGs (bottom rows) o
served in [G](1-0) (Walter et al. 2011) antECO(1-0) (lvison et al. 2011;
Thomson et al. 2012). The last column compares the line widthasured
byllvison et al.|(2011) and Thomson et al. (2012).

From this context we next look at the line luminosities and
ratios in'2CO and [Q](1-0).

4.2 Line luminosities and ratios

To understand the range of gas properties in SMGs, we bring to
gether the sample of 14 SMGs withIJC1—0) observations, includ-
ing the five new observations from this work and the ning f&-
tections from literature (Walter etlal. 2011; DanielsonleP811;
Cox et all 201/1), and convert thel[@nd'2CO integrated fluxes to
luminosities using the following relation (Solomon & VamdBout
2005):

L'(Kkms 'pc®) =3.25 x 10" 12 D (1 +2) 2 @

where | is the integrated flux in units of Jy km’s Dy, is the lumi-
nosity distance in units of Mpc angs is the central frequency of
the line.

In the cases where nNdCO(4-3) detections are available we
use the availabl& CO(3-2) luminosity and a template CO spectral
line energy distribution (SLED) from Bothwell etl&l. (2018)con-
vert the!2CO(3-2) luminosity to a2CO(4-3) luminosity for direct
comparison with our new sample. We also defi#€0(1-0) lumi-
nosities (from thé2CO(4-3) luminosities) for the 9 of 14 sources
which have not been observed ihCO(1-0). The template from
Bothwell et al. [(2013) includes all the recéACO(1-0) detections
in SMGs and therefore takes into account that the average SBMG
best represented by a two component medium with a cooler@omp
nent more widely distributed than a star-forming one, Vésimly
via the high-J CO line emission. For reference, the relevanter-
sion factors ares,;;o = 0.52 £ 0.09 andr,s,10 = 0.41 £ 0.07
(Bothwell et all 20113).

The far-infrared luminosities for SXDF7, SXDF11, SXDF4a,
SXDF4b and SA22.96 are derived from modified black body SED
fits to the available photometry utilisirtderschel-SPIRE fluxes as
detailed in_Alaghband-Zadeh et al. (2012), and as refineceoy S
tion[3.1.3. The far-infrared luminosities for the literetusample
are taken from _Walter et al. (2011) and Cox etlal. (2011) aed ar
corrected by a factor of 1:2to represent the luminosity from inte-
grating under a modified blackbody curve from 8—-1000 rather
than the 40-40@m quoted in_Walter et all (2011). All luminosi-
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ties are corrected for gravitational lensing using the nifagtion
factors in Tabl€b. The resulting luminosities are given abl€5.

We first aim to put our SMGs with new [Cdetections in
this work in context with the SMGs with literature [[detections.
The two samples have similar mediBfi ,_3): 2.0+0.4x 109K
kms™'pc® for the SMGs with new detections and:2x10'° K
kms~!pc? for the literature SMGs, but the literature sample spans
a broader distribution. The combination of both samplebgsdhe
12C0(4-3) distribution of a large sample of SMGs studietfi@O
from|Bothwell et al.[(2013) well, as shown in Fig. 6.

We also compare the median values of line luminosity ratios
of the two sub-samples. The medihfyy(; ¢y /Looa—s) ratio is
0.51+0.05 for the SMGs with new detections and G703 for
the literature SMGs, again indicating consistency, anchas/s in
Fig.[4. There is, however, a marked differencé.igy(1—o)/Lrr
between the two samples; the SMGs with new] [fgtections have
a median ratio oR2.6 4 0.5 x 10~° whereas the literature sam-
ple has a median ratio &8 + 0.1 x 10~°, as shown in Fig.18,
which provides initial evidence that the properties of tBMlin
the SMGs varies, possibly suggesting that some of the SM@&s wi
new detections have larger cool gas reservoirs for theinfaared
luminosity. This difference may be reduced with better ¢t@ised
[C1] measurements for those SMGs which currently only have up-
per limits. We combine these two sub-samples into one saafple
14 SMGs for the remainder of the paper.

We next compare the luminosity ratios of the SMGs to a sam-
ple of other high-redshift systems, comprised of bright sgua
and radio-loud galaxies which havel]@etections in Walter et al.
(2011). We do not include BRI1335-0417 from Walter et/al.l(p
in the quasar sample since IJ(1-0) is undetected and we have
no direct observations of the low!3CO transitions. We measure
a larger mediarLcyj(1—0)/Lco(—3) in the SMGs of 0.520.04
compared to 080.1 in the quasar sample which can be seen in
Fig.[8. We measure a medi&fcr(1—o)/Lrmr of 1.1£0.4 x 107°
and0.23 + 0.09 x 107° in the SMG sample and the quasar sam-
ple respectively which indicates a difference (eRs) between
the two samples in terms df{cyj(;—o)/Lrm Which is owing to
the larger far-infrared luminosities measured in the quagstems
acting to reduce the value of this ratio. Applying a Kolmagoer
Smirnov test, we derive a 96 per cent probability that the SMG
and quasars were drawn from different populations in terfns o

tena—0y/Lco—s and therefore we disagree with the findings
of Walter et al. [(2011) since they find no difference betwesn t
SMGs and QSOs in terms &f oy, o) /Lcos_2)-

Finally, we compare the luminosity ratios to local galax-
ies to test if the [@ properties differ at lower redshift in a
variety of different ISM environments, using the above con-
versions 10 Lo _o, Where necessary. We find a median
Licn-0)/Lcoa—-o) Of 0.20£0.08 for the SMG sample which
is consistent with the value derived in a sample of irregu-
lar, interacting and merging, nearby galaxies (Gerin & IRtsil
2000: (Licy(1-0)/Loo(i—0y)=0.2£0.2) and also consistent with
the ratio measured in the Milky Way (Fixsen et al. 1999:
(Licn(1-0)/Lcoi—0))=0.15+0.1). We therefore find the ratio of
[C1] to 12CO(1-0) luminosity is similar in galaxies at low and high
redshift, in agreement with Walter et al. (2011), which megd
further support to the idea that [[ds not completely constrained
to the thin interface regions of PDRs.

We note that Fid.]7 shows a decreas&.ffy; _o)/Lco—3)
with increasing far-infrared luminosity. This relationgican be ex-
plained assuming that the [[orovides a tracer of the bulkHgas
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ID Lfcn(po) Lfcn(zq) L60<473) Llco<372) Lé:oufo) Lrir H

(10'°K kms—1 pc2) (109K kms~!pc2) (109K kms~! pc?) (109K kms~1 pc?) (101K kms~1 pc?) (10'3Lg)

SXDF7 1.3t0.3 - 2.9-0.6 3.7+£0.8 72 0.21+£0.05 1
SXDF11 <1.0 - 1.6:0.3 2.0+04 3.9+0.8 0.15+0.05 1
SXDF4a 0.#0.3 - 1.4-04 1.7+£05 3+1 0.09+£0.02 1
SXDF4b <0.8 - 2.0:0.6 25+0.8 5+2 0.09+0.02 1
SA22.96 1.204 - 2.3:0.6 612 6+2 0.5£0.1 1
J02399 1.50.2 0.5+0.3 3.8+£0.5 4.9+0.6 8t2 (9+1) 0.7£0.3 2.5
J123549 1.40.3 <0.5 3.4+0.3 4.4+0.4 7.5£0.9(8.4+0.8) 0.5£0.2 1
J163650 <1 <1 4.6+£0.3 5.9+0.4 9+1(11.3+0.8) 0.5£0.2 1
J163658 1.40.3 <1 3.7£05 4.7+0.6 10+2 (9+£1) 0.7+£0.3 1
J14011 0.#£0. 0.48t0.05 1.9+0.2 2.4+0.3 2.4:0.24.5+£0.5 0.2£0.1 4
J16359 0.12:0.02 0.043:0.008 0.33:0.03 0.42£0.03 0.80+0.08 0.05+£0.02 22
J213511 0.620.02 0.26:£0.01 0.85:£0.01 1.15%0.009 1.73#0.09(2.08+0.02) 0.23+0.09 32.5
ID141 0.5£0.2 0.24+0.08 1.6:0.2 2.1+0.2 3.9+05 0.43£0.02 20
MM18423+5938 0.32:0.08 0.26:0.05 0.95:0.01 1.20+0.01 2.31+0.02 0.23+0.09 20

Table 5. Line luminosities and quoted magnification factors for thdG& studied in this work (top) and the literature SMG samplettom). Where cer-
tain 12CO transition line luminosities are not directly measurid values quoted are inferred from otH&CO transitions using the conversions from
Bothwell et al. (2013) and are shown in italics. All luminiss are corrected for gravitational lensing using the nfagtion factors in column). The
far-infrared luminosities are derived from integratinglena modified blackbody curve from 8-100M. The magnification value we use for J14011 is 4 since
the range of possible magnifications is 3=5 (Smail 2t al. (20D magnification value we use for ID141 is 20 since the easfgpossible magnifications is
10-30(Cox et al. 2011). Since we detect approximately expratinuum across both SXDF4a and SXDFb, theh values for SXDF4a and SXDF4b assume
that the observedyg is divided equally between the two components of this system
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Figure 6. The distribution ofL/ of the SMGs with new [ detections in this work (red dense shading) and the cortibmaf this sample and

CO(4-3)
the literature sample of SMGs with [[Cdetections (black medium shading) compared to the largepkaof SMGs which have be studied 18CO by
Bothwell et al. (2013) (blue sparse shading).
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mass and thakrir traces the star-forming ISM, since in merger
systems with higheL.rir, a larger fraction of B will be partic-
ipating in the star-formation (traced ByCO(4-3)) such that the
ratio Licy 1oy /Lco(a—s) Will be reduced. By comparison, sys-
tems with extended distributions of cooler reservoirs gfgds will
have higher values df{cy ;o) /Lcoa—3) and lowerLgmr. Fur-
thermore, assuming that thei[@rovides a tracer of the bulk H
gas mass, Fifl]8 can be interpreted as revealing compalotistty
in the lowLcrj1—0) /Lrr @andLicrj1—0)/Leo(a—3) region since
the2CO(4-3) and_rrr trace the same gas as tha][d'he higher
Licyi—0y/Lrir @andLjcyi—0y/Lcoa—s) region of the plot then
represents systems with extended, cool gas distributiaed by
the [Q] line, but the'2CO(4-3) and_rir trace mainly the actively
star-forming gas.

Using [CI] to probethe Interstellar Mediumin z ~ 2.5 SMGs 11
ID log(n (cm~=3))  log(Go)
SXDF7 4.3:0.1 3.5:0.1
SXDF11 4.1 >3.4
SXDF4a 4.2-0.2 3.4:0.1
SXDF4b >4.3 >3.3
SA22.96 4.220.1 4.0+0.1
J02399 4.3#0.09 4.10.2
J123549 4401 4.140.2
J163650 >4.7 >4.1
J163658 4401 4.240.2
J14011 4.40.1 4.6£0.2
J16359 4.40.1 4.140.2
J213511 4.20.3 3.6+0.7
ID141 4.5+0.2 4.4:0.2
MM18423+5938 4.40.1 4.3:0.2

4.3 PDR models

In order to explore the properties of the ISM within the SMGs w
compare the line luminosity ratios to the outputs of molecaloud
models. The ISM of galaxies contains bound molecular claunds
cold neutral gas. Photodissociation regions (PDRs) aremsgf
the neutral gas where far-ultraviolet photons dominatstheture,
heating and chemistry of the ISM_(Hollenbach & Tielens 1999)
PDR models are an important tool to understand the effedseof
far-ultraviolet radiation in all the regions containingoatic and

molecular gas (Hollenbach & Tielens 1999). The PDR models of

Kaufman et al.[(1999) assume a slab geometry for molecidadsl
being illuminated from one side and probe the atomic gasityens
(n) and the far-ultraviolet radiation field as a function of trai-
ous line luminosity ratios. We note that there are a numbes-of
sues with using these simple one-dimensional PDR modeishwh
we discuss further in Sectign 4.B.1, however deriving aimesé
of the characteristic density and far-ultraviolet radiatffield for

the SMGs and the quasar sample provides a useful compasson b

tween the samples even if the output derived values are unet tr
representations of the densities and radiation fields. & hesrage
properties can be strongly affected by the different comwlit of
starburst versus quiescent environments therefore thayider a
useful insight into the differences in these galaxies. lfamhore
as more line observations are used to constrain these agetiag
prevailing conditions are further refined (Rangwala &€t @1.12.
We use our line luminosity ratios together with the far-améd
luminosities to constrain properties of the systems by ang
the ratios to the values output from the Kaufman et al. (1998d-
els. We quote the UV radiation field in multiples 6f,, the UV
radiation field in the Milky Way in Habing units (1:610~2 erg

s~! em~?). The models assume a given set of model parameters,

including elemental abundances and also dust propertitsham
solve for the chemistry, thermal balance and radiativesfeanin

the PDR. A given PDR model has a constant density and radiatio

field therefore at each density and radiation field the varemit-
ted line-luminosity ratios can be established.

In Figs.[A1 and[AR we show the PDR model output for
our measured line ratios at different valuesofand G, taken
from the models of Kaufman etlal. (19@]9)Ne created finer grids
than provided by Kaufman etlal. (1999), interpolating betwthe
steps im andGo. Since the contours dfjcyj(1—0)/Lco—3) and

Licyja—oy/Lrir are orthogonal it is possible to define an unique

1 /dustem astro. und. edu/ pdrt/i ndex. ht m
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Table 6. The inferred values of the density) and radiation field Go)
for the SMGs. The values quoted for J213511 (the 'Eyelagie)f@mm the
analysis of multiple line ratios from_Danielson et al. (2D1We use only
two line ratios to constrain the densities and radiatiordfigllues noting
that using more line ratios will increase the spread of thesitode solutions
such that the typical model errors on lag(cm—3)) and logGo) are 0.3
and 0.7 respectively (Danielson etlal. 2011).

value ofn andG) for each SMG by finding the intersection of the
contours. The derived values are shown in Table 6.

In order to compare the and Gy values of the SMGs to
other high-redshift systems and also local systems we piot t
distribution of n and G in Fig.[d. We first note that the radia-
tion fields of the literature sample of SMGs are higher than th
SMGs with new detections in this work. We measure a median
density and radiation field dfog(n/cm™3) = 4.4 + 0.2 and
log(Go) = 4.1 + 0.2 respectively in the literature SMG sample
compared tdog(n/cm™3) = 4.2340.08 andlog(Go) = 3.440.3
for the SMGs with new detections in this work. Six of the niite |
erature SMGs are gravitationally lensed and it is posstdg the
densities and radiation fields may be over-estimated ovarujft
ferential magnification in these lensed systems. For icstathis
may manifest if [C](1-0) probed a larger region of cold gas than
the more centrally concentrated region probed by the faaiad
and 2CO(4-3) observations. Stronger, differential lensinghef t
far-infrared and2CO(4-3) luminosities over [Gwould result in
higher derived density and radiation field values.

Our line profile analysis (Sectidn4.1) does not providedire
evidence for such a scenario forj(but we do not spatially resolve
the lines in this study, nor is our S/N sufficient to rule ontlwidth
differences in thé2CO and [Q] lines. This scenario could clearly
happen for the spatially extendédCO(1-0) reservoirs found in
Ivison et al. [(2011). We also note that spatially resolvedeota-
tions reaching the same;Hjas mass surface density sensitivities
of both 12CO(1-0) and [@](1-0) are required to explore this fur-
ther. We assume here that differential lensing does not héaege
effect on our results, and combine all 14 SMGs into a singhe-sa
ple, finding a median density éfg(n/cm™2) = 4.4 + 0.2 and a
median radiation field ofog(Go) = 4.1 &+ 0.4. We note that the
quoted dispersions of the density and radiation fields cheriae
the distribution of the population, but do not include theitidnal
broadening from measurement errors. Including the aversepge
sured errors in the estimate of the SMGs’ distributions wae-
duce the error on log( (cm~2)) to 0.07 and logGo) to 0.3. We
also note that using more than two line ratios will also iaseethe
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Figure 7. Line luminosity ratios and far-infrared luminosities oktSMGs in this work and in the literature compared to the saroplquasars with [G
detections detailed in_Walter etial. (2011). All lumincsitiare corrected for gravitational lensing using the magifin factors in Tablg]l5. The ratio of

LECI](lf())/Léj()MfB)

The ratio of Ly, ;o) /Lo

Lpir values.

spread of the possible solutions as shown in Danielson (2Gil1)
for the ‘Eyelash’ (J213511) for which numerous line ratios ased
(from the 12CO ladder, [G], [C1I]) giving model errors on log(
(em~3)) and log(3o) of ~0.3 and~0.7 respectively

In order to explore the differences in ISM conditions in agan
of high-redshift systems we also constraiandG) for the quasar
sample from_Walter et all (2011) as shown in Figl A3, finding a
median density ofog(n/cm ™) = 4.6 + 0.3 and radiation field of
log(Go) = 4.8 £0.3. We therefore derive higher radiation fields in

decreases with increasing far-infrared luminosity. Theliare values for the complete SMG and quasar samples are dhhykihe
dark red filled star and dark blue filled circle respectivélge SMGs extend to highér/

[01](170)/1‘,00(473) and lowerLpr values than the quasar sample.

decreases with increasifige1r . Assuming that the [ provides a tracer of the bulk 4Hgas mass, in merger systems
(with higher Lgir values) a larger fraction of bulk Hgas will be participate in the star-formation therefore tato of 1./
reduced compared to systems with extended distributiorssaofformation idle H gas which will have higher values d)f[

(cn1—0)/Loo(a—g) Will be

011(170)/L230(473) and lower

dence that in some local ULIRGs the far-UV photons (and there
fore the PDRs) are unable to power the ISM energetics, amd-the
fore the high-J>CO lines. The high densities and metal-rich en-
vironments in these systems stop the far-UV photons frorelra

ling far, and only cosmic rays and/or turbulent heating ogriaen

the large amounts of dense and warm gas observed in the local
ULIRGs (Bradford et al. 2003; Papadopoulos et al. 2012).eRec
Herschel observations have also shown that local ULIRGs can be
powered by shocks and/or X-rays. Van der Werf et al. (201@) fin

the quasar sample than in the SMGs which may provide evidence that X-ray heating can power the high2CO lines in Mrk231 and

that the quasar systems contain more compact starburstsaftbs
of Licyj1—o0y/Lrir andLjcy1—o0y/Leo(a—s) are lower, compared
to the SMGs), as shown in Fig] 8 and Secfion 4.2. The locus of
the quasar properties appears to be well within the localR®&.|
regime, and the outlier, as shown in Hig. 9, may be repreteata
of the star forming SMG host dominating over the AGN in this-sy
tem, providing support for the interpretation of quasarsassition
objects. The gas densities we measure in SMGs are also |barer t
found for az=6.42 quasam = 10°cm ™2 (Maiolino et al! 2005),
providing additional support for varied gas propertiesoasrthe
high-redshift systems.

In order to assess if the ISM properties in star forming galax

Hailey-Dunsheath et al. (2012) favour a X-ray heating mddel
NGC 1068 and conclude that far-UV heating is unlikely, wiasre
Meijerink et al. (20183) find that shocks are dominating th€O
excitation in NGC 6240.

Furthermore, a sample of nearby, normal star forming galax-
ies is found to have: and G, values in the ranges = 102 —
10*% cm™® andGo = 10% — 10*® (Malhotra et all 2001) which
overlap in the far upper ranges with the values we find for SMGs
The mean density for the SMGs is also consistent with theardeg
rived in Galactic OB regions however the mean radiation fietd
the SMGs is at the lower range of the values derived in Gal@B
regions |(Stacey et al. 1991). Finally the density and radidteld

ies have varied since the present day, we compare the SMGs tovalues for the SMGs are consistent with nearby starbursixges

local systems in Fid.]9. Davies et al. (2003) studied localR(Es,
finding density values between = 10" — 10° cm~? and radia-
tion fields of Go > 10% which overlaps with the values we de-
rive for distant SMGs. However, we note that there is receint e

(Stacey et al. 1991), although this belies the fact thatdfalie 14
SMG sample actually lie significantly above this rangé&in

Overall, we find the SMGs are most comparable to local
ULIRGSs in Gy andn, however a significant tail of 5 of the 14

(© 0000 RAS, MNRASDOG, 000-000
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Figure 8. Luminosity ratios (in units ol.) of the SMGs in this work and in the literature compared toghasar sample with [ detections detailed in
Walter et al.|(2011). The median values for the complete Skidcuasar samples are marked by the dark red filled star akdldarfilled circle respectively.
The SMGs have highét|cr)(1—0)/Lrir andLcr1—0)/Loo—3) ratios than the literature sample of quasars. The contdatteg indicate the derived
values of the gas density:) and the radiation field({o) for the corresponding ratios @fjcr)(1—o0)/Lco—3) andLicry1—oy/Lrir from PDR model
outputs as detailed in Sectibn #.3. However, we note thatyf @ small fraction of the [@ emission is due to the PDRs (Sectfon 413.1) then all the xatiues
should be lower than plotted (since the non-PDR contriloutiothe [G] emission should be subtracted from the observed values}fthre suggesting higher
densities and radiation field values for the PDR-related Gaghermore, assuming that theiJ@& non-PDR distributed and instead traces the bujkgds
mass this plot shows compact starbursts in thellow) (1—o) /Lrir andLjcr1—0)/Lcos—3) region since thé2CO(4-3) and far-infrared luminosities
trace the same gas as the]Gnd systems with extended gas distributions in the fighy) (1 —o)/Lrir andLcr)(1—0)/Lcoa—3) region where the [G
traces the star-formation idleJHyas but thé2CO(4-3) and far-infrared trace the star-forming gas only.

SMGs are likely best compared to local starburst galaxieghwh
exhibit lower densities and weaker radiation fields.

4.3.1 PDRmodd Issues

There are a number of issues associated with PDR modellicg si
a galaxy is much more complicated than a single PDR character
ized by one set of parameters. Firstly, the PDR model usesomic
turbulence (small velocity gradients) to estimate the ipacities.
These PDR models often fail to model thCO ladder and [@
lines owing to the problems with the small velocity gradgenot
being altered in the PDR grids. Changing the velocity gnatdieor
indeed the assumed density profiles, in the PDR models witeth
fore act to alter the density and radiation field values @grivwe
note that not all PDR models use micro turbulence with sorrgus
a large velocity gradient escape probability formalismhsas the
work bylJansen et al. (1995).

The one dimensional PDR slab models produce a relatively
thin layer of neutral atomic gas in between the transiticamfr
the C+ rich outer layer to the CO rich inner volume in the FUV-
illuminated molecular cloud. This would imply that [[Ccannot
trace the bulk H mass which contrasts with extensive observa-
tional evidence that suggests that][ fully concomitant with the
CO-bright H: (Plumél 1995 Keene etlal. 1996; Ojha etlal. 2001;
Ikeda et all 2002). Indeed Keene et al. (1996) note that thplsi

(© 0000 RAS, MNRASD0Q, 000—-000

plane-parallel PDR models of, for example, Tielens & Hdilech
(1985) do not predict the observed proportionality betwfen

and other H tracers, or the extended distributions of [CThis is
further illustrated in the attempts to model the well-sagtBarnard

68 dark globule by Pineda & Bensch (2007) where the rela@vg [
12c0o and"®*CO cannot be reproduced simultaneously by the spher-
ically symmetric Stoerzer et ial. (1996) PDR model with difeces
between the observations and models of up to a factor of 2.

There has been a considerable effort to alter the simple mod-
els to explain these observations by using low-density Paxrk
inhomogeneous PDRs (Hollenbach et al. 1991; Meixner & Ttzle
1993; Spaans 1996). Stutzki et al. (1988) suggest that ttiaceu
layers of [Q] are distributed across the clouds since the clouds
are clumpy! Spaan$ (1996) presents a homogeneous model and a
clumpy model with the same (average) density. The average-ab
dances as a function of extinction are identified for bothrttoel-
els, finding that the homogeneous model indeed shows theekhye
structure, while the clumpy model shows approximately estamt
average abundance for C+ and C. The C abundance is found to fol
low the average kHabundance well, indicating that the global H
can be traced with [(J. ThelSpaans (1996) PDR models is found to
be successful at predicting the spatial correlation betvj€g and
other H, mass tracers such &5CO and'>CO. However, the tight
relation observed between|[&nd'3CO over a wide range of ISM
conditions remains a problem unless the][@stribution is mostly
concomitant with the bulk CO-rich4gas (rather than being locked
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into the PDRs). The clumpy models allow the far-UV to pertetra
deeper into the molecular clouds, however in these modelgh
distribution remains inconsistent with the widespread] [€nis-
sion observed deep in molecular clouds with little far-UMrihi-
nation (Keene et al. 1985; Tatematsu et al. 1999; Okal et a11)20
The clumpy models also cannot achieve the hig8O/3CO ra-
tios observed in ULIRGs. Furthermore, Keene et al. (19883t
observations of [ in two Galactic molecular clouds finding that
the [Q] is widely distributed in the clouds and not consistent with
only appearing at the cloud edges, close to the ionisatiomtgr
Papadopoulos et al. (2004) further explore the non-PDRildist
tion of [Cl1], highlighting observations such asij@mission from
UV-protected regions in the Galaxy and the similaritiesakesn
the [O] and '3CO line profiles, from which they conclude that ob-
servations are best explained byJ@€acing the B gas mass rather
than having a PDR-like distribution.

We note that there is significant scatter between differ&R P
models currently used, as discussed in_Rollig et al. (2007
models contain numerous uncertainties given the variokeawn
chemical processes which are still being determined an@rund
stood experimentally and theoretically. There is theefan on-
going effort to improve the models and converge on a commen so
lution, and further observations are needed to help to ghide

We conclude that in reality the ISM is likely a clumpy struc-
ture with lower and higher density regions which are all ¢eaug
the same beam in our observations and given the informataift a
able to us, namely the [{{1-0),'2CO(4-3) and far-infrared lumi-
nosities, we are unable to use more complicated models giate
would introduce more parameters than we can constrain with o
these line luminosities. Nevertheless, our estimatioh®fiensities
and radiation fields of the SMG and quasar samples, from compa
ison to the simple PDR models, provides us with a usefulahiti
comparison and drives further studies into modelling théemdar
clouds.

4.4 Gas masses

There is evidence that the mass derived from thg [@e lu-
minosity can be used to estimate the kiass in local ULIRGS
(Papadopoulos & Greve 2004), Arp220 (Gerin & Phillips 1998)
and the Cloverleaf QSQ _(WeiR et al. 2003). Papadopoulos et al
(2004) note that the small optical depths of the][lthes make
them ideal tracers of Hgas, along with the simple partition func-
tion structure and the apparent concomitance of {@th the bulk

H> gas mass. In order to test this in high-redshift systems e fir
calculate the total mass of neutral carbon in the SMGs using:

1

Micr = 5.706 x 10*4Q(TCX)3e

&)
(Weil3 et al. 2005), which assumes the][@Gne is optically thin
and where(Tex) = 1+ 3¢~ T1/Tex 4 56~ T2/Tex (the [Q] parti-
tion function). Ty and T are the energies above the ground state,
23.6K and 62.5K respectively antlLx is the excitation tempera-
ture. Since we do not have information on the][2-1) line for the
majority of the sources we cannot constrain the excitatonper-
ature (Schneider et al. 2003) therefore we téke =30 K, consis-
tent with the average deriveél.x from|Walter et al.[(2011) mainly
from quasars with both [Cline detections Tex = 29.1 £ 6.3 K),
under the assumption that both lines are optically thin ahhe
same excitation temperature. For densities as high & cm™3
[C1] will be thermalised and therefore local thermodynamicplie
librium (LTE) can be assumed, justifying using the sdihg for

6/ L ona -0y Mo

all levels of [Q], such thafTex = Tyin. We derive a median neutral
carbon mass of 1:20.2x 10" Mg, in the SMGs (Tablgl7).

We then compare these masses to the molecular gas masses
derived from the'?CO luminosities. We use both the mea-
sured 2CO(1-0) fluxes (where available — Tallé 5) and the
derived 2CO(1-0) luminosities and assume a conversion of
aco 1.0 1\/[@(Kk1“ﬂs*1p02)71 such that Mco (Hs)
acoLgo(1—g)[Me] as used by Bothwell et al. (2013), the use of
which we discuss further in Sectibn’b.1. We then measure éamed
molecular gas mass (froldCO(1-0)) of50 + 10 x 10°M, in the
SMGs.

With knowledge of these two masses we can estimate the neu-
tral carbon abundance relative te EWeil3 et all 2005) using:

X[CI]/X[Hz] = M[CI]/(6M[H2]) 3)

We measure a median carbon abundanceX@fl]/X[Hz] =
3.9 + 0.4 x 10~° which is comparable to the abundance quoted
in \WeiB et al. [(2005) 4 X[CI]/X[Hz] = 5 x 10~°) and derived
by Danielson et al! (2011) &[CI]/X[Hs] = 3.8 £ 0.1 x 107°
for the lensed SMG, J213511, however it is higher than theeval
found in the Galaxy o£.2 x 10~° (Ererking et al. 1989).

To calculate the molecular gas mass using the] e
we then assume);(=0.49+0.02, the medianQio derived by
Papadopoulos & Greve (2004) and use:

D? Xicr._
Micy (Ha) = 1375.8ﬁ(#) !
A 1 .-1 Sy
X(1077S,1) QlO Jykms*l[ @] (4)

(Wagag et al. 2006;_Papadopoulos & Greve 2004). Hefg; =

3 x 107° (WeiR et al. 2005) and\;p = 7.93 x 107%s™! (the
Einstein A coefficient) and the cosmological dependencenis e
capsulated in B the luminosity distance. We measure a median
molecular gas mass from [[t1-0) of 80 + 20 x 10°M, which is
consistent with the measure from tHeCO(1-0) luminosity, indi-
cating that the [@(1-0) line luminosity is a viable tracer of the;H
mass, regardless of our inconclusive findings from the ligtiw
comparisons in Sectidn 4.2. We note, however, th&t&; must
still be assumed, which is also a weakness of using any digtica
thin tracer of H gas mass, such a3$CO lines. In this context the
[C1] lines with their simpler 3-level partition function, anahgpler
chemistry retain an advantage over tH€O lines. On the other
hand, using optically thick? CO lines does not directly suffer from
the corresponding? CO/H, abundance uncertainty, but from other,
different, uncertainties that we discuss in Seclionh 5. wéi@r in
cases where direct measurements?@fO(1-0) are not available or
possible, the [(1-0) luminosity appears to be a reasonable sub-
stitute to estimate the Hgas mass.

We note that measuring [{2—1), which is readily achievable
with ALMA at these redshifts, will enable mapping of the gagpp
erties while avoiding assumptions of the gas excitatiorpenature,
determined from the ratio of [({2—1)/[Ci](1-0). This is of partic-
ular importance for studying southern sources with ALMA wehe
sensitive measurements at the observed frequencies 3ifGHz
for 12CO(1-0) are not achievable, but theiJGnes are accessible.

(© 0000 RAS, MNRASDOG, 000-000
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Figure 9. The far-UV radiation field, in terms of the local valu€'{), against the gas density: derived from the comparison of various!JC'2CO and
far-infrared luminosities to the outputs from the Kaufmaale (1999) PDR models. We plot the derived values for the SM@d the literature quasars. The
median values for the complete SMG and quasar samples akednby the dark red filled star and dark blue filled circle retipely. We also mark the

ranges inn and G derived for other populations -

1 Malhotra ef al. 20

(Stacey et al. 199

local ULIRGSs, Galactic OBrdbrmation regions, normal star-forming galaxies aratsirst galaxies

008) find that the SMGs are most comparable to the local ULIRtswgh the tail of 5 SMGs
with lower densities and radiation field values are more istest with local starburst galaxies.

5 DISCUSSION

5.1 Physical Interpretation

ID Micr Micr(H2)  Mco(Hz)
10"Mg 10°Mg 10°Mg
SXDF7 1.6-0.4 12030 70420
SXDF11 <12 <90 39+8
SXDF4a 0.9-0.3 70+20 30+10
SXDF4b <1.0 <70 50420
SA22.96 1.5-0.5 11030 60420
J02399 1.80.2 130:20 80420
J123549 1.80.3 13020 749
J163650 <13 <90 9010
J163658 1.70.4 12030 10020
J14011 0.9:0.2 70k10 2443
J16359 0.16-0.03 142 8.2+-0.8
J213511 0.8%0.03 613 17.1-0.9
D141 0.70.2 50+20 39+5
MM18423+5938  0.5:0.1 3448 23.1£0.2

We next explore what the derived conditions in the ISM migint i
ply for the SMG population. We first note that the density el
ation field values derived from the comparison to the PDR nsode
may not represent the true values for these properties anthére
are a number of issues with PDR modelling as described in Sec-
tion[4.3.1. Furthermore, since we only use a single crosgimg
intersection of two line ratios only) to constrain the déesiand
radiation fields we are not sampling the model distributiatlvas
shown by the spread of values derived| by Danielson|et al. 1?01
using multiple line ratios. However, we use the single dras$o
derive values in both the SMG and quasar sample, therefare pe
forming a useful and consistentfferential comparison between
the two samples.

Table 7. The neutral carbon masses and molecular gas masses ealculat
from the 12CO(1-0) and [@](1-0) luminosities for the SMGs with new
[C1](1-0) observations in this work and the literature sampi8MGs.

(© 0000 RAS, MNRASD0Q, 000—-000

We find that the SMGs are clearly separate from the quasars in
terms of radiation field but have similar densities. We alsd that
5 of the 14 SMGs (mostly from our new observations in this work
extend the range of SMG radiation fields to much lower values,
almost ten times lower than the majority of previous SMGslstu
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ied. This tail of SMGs'G, are more consistent with starbursts or
normal, local star-forming galaxies than with ULIRGs. Sacce-
nario is often quoted in the recent SMG literature from aetgrof

Alaghband-Zadeh et al. 2012. Furthermaore, Bothwell e12010)
find extended>CO structures in three SMGs, with a mean radius
of 3.1kpc. Indeed for a number of the SMGs in our sample the

other arguments, namely the large sizes of SMGs (Chapmadh et a sizes have been derived from high resolutid€O and Hv ob-

2004 Bothwell et al. 2010, e.qg.,), or the suppressed PA¢Irktios
(Menéndez-Delmestre et|al. 2009).

In order to bring these low?, SMGs to the median of
the literature SMG sample, the ratio dfcy1—o)/Lrr would
need to be lowered by a facter 4x. However theLgpir val-

servations. We find that the sizes derived from the densities
masses in this work underestimate these sizes. Tacconi(20aB)
measure diameters of H®.8 kpc and 21 kpc for J123549 and
J163658 respectively whereas we derive diameters af@Bkpc
and 1.6£0.2kpc. In[Alaghband-Zadeh et al. (2012) we derive

ues are well constrained since we use a combination of 2mm, Ha sizes for SXDF7, SXDF4a and SA22.96 finding diameters

850 mm,Herschel-SPIRE and radio fluxes to constrain the SEDs
(Alaghband-Zadeh et al. 2012), leaving less than a factoritw
uncertainty. Therefore we suggest that the low radiatidd fial-
ues are more likely due to boosted [@uxes relative to thd.pir.
Enhanced [ is predicted by Papadopoulos et al. (2004) to occur
in star forming environments since the processes which rfGie
present throughout a typical giant molecular cloud act toaece

it further in a star forming or dynamically fast-evolvingviton-
ment (for example, non-equilibrium chemical states antuignt
diffuse mixing). However, it is also possible that high déas
(n>10*, which is the case for the SMGs) that prevail in the ISM
of merger and starburst systems may also counteract thist-boo
ing and suppress the [{IH. abundance (Papadopoulos & Greve
2004) therefore there are a number of uncertainties in ttedip-
tion since the balance between the two effects is not well con

of 5.2+0.1 kpc, 5.8:0.1 kpc and 8.40.6 kpc respectively which
are larger than the Hmass derived diameters of #0.1kpc,
0.7+0.1 kpc and 1.8:0.2 kpc.

However, the SMGs often comprise multiple star-forming
components with clumps of star formation across the corafgit
systems. Clear examples are demonstrated by theli$ervations
of SMGs inAlaghband-Zadeh etlal. (2012), or the clumps in the
lensed ‘Eyelash’ SMG_(Swinbank et/al. 2010). The derive@ésiz
are therefore minimum sizes since the effects of mass chagnpi
would be to make the derived sizes larger. For spherical gggm
the radius of the region is defined as:

_ ,3Mu, (13
= (47rfcnC

©)

wheref. is the density clumping factor, equal to the ratio of the

strained. The PDR models also assume a certain geometry and anean gas density (n) to the clump gas density yielded from lin

homogeneous mediurn (Danielson €t al. 2011) which may rigsult
lower predicted [ in the models compared to our observations.
We note that the large Licya—o)/Leou—3 and
Licij(i—0y/Lrir values (Fig.[B), causing low values in
some SMGs, may be a result of a more extended, coobis
distribution. This “non-star-forming gas” would be weakier
the far-infrared and'?CO(4-3) emission but strong in [
Furthermore, if only a small fraction of the {[ICemission

ratio models for the average molecular cloud enseminl® For
f. < 1 the radii derived are therefore minimum values. Since the
median 808100 pc size is a minimum, we find that the sizes are
therefore likely consistent with being extended on kpcesxal

We also note that the derived;Hnasses from thé?CO(1-
0) luminosities assume a conversion factor fréACO(1-0) lu-
minosity to H, mass ofaco = 1.0 Mg (Kkms™'pc?) ™', It is
possible that this value may be larger in some star formirgxga

comes from PDRs (Sectidn 4.B.1) then the PDR-only ratios of ies. There is evidence fatco ~ 0.8 — 5 Mg (Kkms™'pc?)~*

L[CI](lfo)/LCO(473) and L[CI](lfo)/LFIR in Flg should be
lower since the non-PDR contribution to thelJ@mission should
be subtracted from the observed values. This would imply tha
the density and radiation field values should be higherfstilthe
PDR-related gas.

In order to explore the extent of the star formation in the

in a range of star forming galaxies (Tacconi €t al. 2008;
Daddi et all 2010; lvison et 8l. 2011 ; Hodge et al. 2012). lkrt
more, there is evidence thatco can be as high as- 3 —

6 Mo (Kkms~'pc?) ! (near Galactic) in local ULIRGs from the
work of |Papadopoulos etlal. (2012). We note that in this cafe (
aco ~ 6Mg(Kkms™'pc?)™!) the [Q)/H2 abundance must be

SMG sample we derive sizes of the star forming regions using ~6 times smaller in order for the gas masses derived to match
the molecular gas masses inferred in Sedfioh 4.4 and theé-dens the '2CO(1-0) derived gas masses. This may be achieved if the
ties determined from the PDR analysis in Secfiod 4.3. We first high average gas densities in the SMGs suppress the average

note that the densities derived from the PDR analysis mayepst
resent the true densities owing the large evidence thgtd@es
not have a PDR-like distribution, as discussed in detailént®n
[431. However since we are only considering the averagsi-den
ties of the whole galaxy systems to gain approximate size est

[CI)/H2 abundance (Papadopoulos & Greve 2004) while the same
high gas densities boosico. [IPapadopoulos etlal. (2012) suggest
that well-sampled high-#CO lines in combination with heavy ro-
tor molecules such as HCN are required to constrainibe in
ULIRGs where the turbulent gas, with a strong high-densityn¢

mates we continue to use the PDR-derived densities. We ese th ponent, will have a high.co which dominates in the system. There

H. masses derived from th€CO(1-0) luminosities, applying a
correction factor of 1.3 to account for the total mass of Helium
and Hydrogen to gain the total molecular gas mass (Taccaii et
2010). Using these corrected masses we determine a median di
eter of the SMGs of 808100 pc assuming a geometry of a 500 pc
thick disc (Lockman et al. 1986) (8880 pc assuming spherical
geometry). These derived diameters are smaller than weebqre
SMGs where there is numerous evidence that the star formatio
on average is extended on scales greater than 1 kpc. Thalegten
star formation has been suggested through spectroscopstdf P
features, resolved radio continuum, and large resolvaddidtri-
butions - Menéndez-Delmestre etlal. 2009; Chapman et 8¥;20

are further uncertainties in the valuescafo in different environ-
ments as detailed hy Bolatto ef al. (2013) such as a depeadénc
aco on metallicity and large differences within galaxies frame t
centres to the outer disk regions.

Furthermore, the majority of SMGs are merger systems
(Engel et all 2010; Alaghband-Zadeh et al. 2012) and we hatie t
torque induced by a merger event creates a more centralised,
mogeneous molecular ISM, in which pressure plays a significa
role in triggering a star forming event as opposed to in nbstea
formation which occurs in gravitationally bound molecutéouds
(which exist as well defined separate structures in the 13M3.
therefore possible that in these merger systems the ISMl dwil

(© 0000 RAS, MNRASDOG, 000-000
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approaching a high pressure, continuous medium, ratherttiea
well separated giant molecular clouds found in a lower dgnsi
starburst environment. In this case there is evidence tlliffea-
entaco is required|(lvison et al. 2011). There are therefore many
issues to consider when choosing the valuexef, to use, with
further modelling and observations required to constiagmalue
across a range of environments.

We find that by adopting a conversion factor in the middle
of the ranges discussed abovect = 3 Mg (Kkms™'pc?)™1)
the sizes we derive increased kpc which is already consistent
with what we expect and provides further support for exterstar
formation occurring in SMGs.

5.2 12C0O(4-3)/[CI](1-0) as an indicator of Mergers versus
Disks

Finally, we explore whether th& CO(4-3)/[Q](1-0) ratio might
act as a useful indicator of major mergers in SMGs. The ex#nd
star formation suggested by the large derived sizes in th&SM
(assuming a mid-rangeco = 3 Mg (Kkms™'pc?) ™) may pro-
vide further support for the hypothesis that SMGs are mesygsy
tems (Engel et al. 2010; Alaghband-Zadeh et al. 2012) sihee t
star formation which occurs outside the central nuclei acrdss
the systems may be the relics of the progenitor galaxies ®f th
merger, suggesting that we are observing multiple comgsrian
the early stages of a merger. This implies that the ultraisions
phase occurring in these systems may be triggered at thstigs
of a merger, a possibility suggested in the hydrodynamioad-m
els of Narayanan et al. (2009), proving a valuable insigtd the
merger and star formation trigger processes. We note tisatdh-
trasts with observations of merger-induced local ULIRG&Wiare
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diation fields on average than the SMGs, consistent with them
extreme local ULIRGs, and reinforcing their interpretatas tran-
sition objects. Besides the standard interpretation efttios such
as [Q](1-0)A2CO(4-3) in terms of PDRs and the PDR-model link
to the average far-UV fields we also consider a non-PDR ongin
the [Q] line emission, with much of it actually tracing the bulkk H
gas rather than thedfas only near star formation sites. We there-
fore explore the use of [T as a tracer of the Hgas finding that

it provides a mass that is consistent with the ¢bs mass deter-
mined from the'2CO observations, providing an alternative mea-
sure of the H gas in high-redshift systems witholffCO observa-
tions. [Q] therefore provides an Htracer which is of great use for
high-redshift objects in which the low23CO lines are redshifted
to frequencies lower than the ALMA operating frequenciesir@

to the likely clumping in SMGs and the low value of the conver-
sion between>CO luminosity and H gas mass used, the SMG
sizes we derive are minima. We find that the minimum sizes are
likely consistent with the sizes derived from high-resiaint'2CO
and Hx observations, providing further support for extended star
formation in SMGs. Finally, the uncertainties in the exiita tem-
perature highlight the need for complementary](&-1) observa-
tions in these SMGs to enableI]Go be used as a reliable tracer
of molecular gas in high-z galaxies and therefore to probaxga
evolution out to the epoch of the peak of star formation inlting
verse.
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Papadopoulos & Geach (2012) probe the use of ti@O(4—
3) to [C1](1-0) flux ratio as an indicator of the star formation mode
in a system, suggesting whether a system is merger-drivdislor
like. They find that there is a difference of up to a factor ofbEd
tween these two types of systems from a compilation of liteea
values of the ratio. They obtaiftco—s)/cya—o0)) = 4.6 £ 1.5
for merger-driven starbursts in ULIRGs afécos—3)/ci)) =
0.45 — 1.3 in disk-dominated star forming systems. We measure
a medianLgo 43y /Licy 1oy Of 2.5 £ 0.2 providing evidence
that the SMGs are merger-driven systems as opposed to gatesc
disk-like systems.

6 CONCLUSIONS

New [C1](1-0) and'2CO(4-3) observations of five SMGs are pre-
sented and combined with literature SMG]@etections to probe
the gas distribution and properties within these massivegme
ing systems. We compare the measured line luminosity rafios
[C1](1-0), various'?CO transitions and the far-infrared luminos-
ity to the outputs of PDR models to constrain the physical-con
ditions in the ISM of these systems, finding that the SMGs have
densities and radiation field values that are consisterit loital
ULIRGs with 5 of the sample of 14 extending to lower densities
and weaker radiation fields, more similar to the local stestsy
providing further support that star formation in SMGs canelze
tended. We find a sample of quasars have higher densitiesaand r

(© 0000 RAS, MNRASD0Q, 000—-000

and STFC.
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Figure Al. Contours ofl.cr)(1—0)/Lcoa—3) (solid blue) and.jcry(1—¢) /Lrir (dashed green) at various levels of gas densijya(d radiation field@o)
from the Photo-Dissociation Region (PDR) models of Kaufregal. (1999). The bold contours represent the observeabsridr each of the SMGs with new
[C1] detections presented in this work. The intersection oftéeecontours in each case provides a valuerf@nd Gy for the SMG system. The red arrows
mark the sources where there is only a limit to th€](G-0) luminosity and therefore we can only gain a lower titoin andGj.
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Figure A2. As Fig.[A] for the literature SMG sample.
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Figure A3. As Fig.[A] for the literature quasar sample.
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