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ABSTRACT

We presentHerschelPACS spectroscopy of the [Ol]63n far-infrared cooling line from
a sample of six unlensed and spectroscopically-confirmé:8%selected submillimetre
(submm) galaxies (SMGs) atl < z < 1.6 from the LABOCA Extended Chandra Deep
Field South (ECDFS) Submm Survey (LESS). This is the firsveymof [O1]63:m, one
of the main photodissociation region (PDR) cooling linegs SMGs. New high-resolution
ALMA interferometric 87Qum continuum imaging confirms that these Bigrscheltargeted
SMG counterparts are bona fide sources of submm emission.etg#etdOI1]63:m in two
SMGs with a SNR 3, tentatively detect [O1]63m in one SMG, and constrain the line flux
for the non-detections. We also exploit the combinationudmsm continuum photometry
from 250-87Qum and our new PACS continuum measurements to constrain tireffared

luminosity, Lyir, in these SMGs te€ 30 per cent. We find that SMGs do not show a deficit in

their [O1]63 um—to—far-infrared (FIR) continuum luminosity ratios (tvitatios ranging from

~ 0.5—-1.5 per cent), similar to what was seen previously for thi] 168 ym—to—FIR ratios

in SMGs. These observed ratios are about an order of magrtiigtier than what is seen typ-
ically for local ultra luminous infrared galaxies (ULIRGsyhich adds to the growing body
of evidence that SMGs are not simply ‘scaled up’ version®oél ULIRGs. Rather, the PDR
line—to—Lgr ratios suggest that the star formation modes of SMGs arby likere akin to
that of local normal (lower-luminosity) star-forming gaies, with the bulk of the star forma-

tion occurring in extended galaxy-scatel(pc) regions. These observations represent the first

step towards a census of the major PDR cooling lines in tyQib&Gs that will be attainable
with ALMA, enabling detailed modelling to probe the globabperties of the star formation
and the evolutionary status of SMGs.

Key words: galaxies: high-redshift — submillimetre: galaxies — g#daxstar formation —
galaxies: starburst — galaxies: ISM — infrared: ISM
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*Herschelis an ESA space observatory with science instruments pedvid
by European-led Principal Investigator consortia and withortant partic-
ipation from NASA.

1 INTRODUCTION

Far-infrared bright galaxies comprise some of the most haows
galaxies in the local Universe, but they contribute justfeBcent
of the total local galaxy luminosity density (Sanders & Mieh
1996). At first glance it appears that they are an unimpoxant-
ponent of the galactic zoo, however, sensitive (sub)métia cam-
eras have revealed that ultraluminous infrared galaxi¢dRGs;
Lrir > 10'2Le) are much more abundant at high redshifts
(z = 2). Since their discovery| (Smalil, lvison & Blain 1997;
Hughes et dl. 1998; Barger et al. 1998), nearly 13 years afepie
meal survey work has so far produced samples totaling00
850-1200-selected (sub)mm galaxies (SMGs; le.q. Coppin et a
2006 Austermann et al. 2010; Weil et al. 2009), with extretae
formation rates (SFRs) ef 100-1000 My, yr—! (e.glKovacs et al.
2006; | Coppin et al._2008; Magnelli etial. 2012) and fuelled by
vast reservoirs of cold molecular gas gM ~ 5 x 10° My;
Greve et al. 2005; Tacconi et/al. 2006, 2008; Bothwell 2t@1.23.
Spectroscopic follow-up of a subset of SMGs suggests tleatdh
ume density of ULIRGs increases 1000 times out toz ~ 2
(Chapman et al. 200%; Banerji et al. 2011). Therefore, lwumsn
obscured galaxies likely dominate the total bolometric ssioin
from star formation at early epochs (elg. Pascalelet al. ;2009
Marsden et al. 2009; Eales et al. 2009, 2010; Oliver et al0201
and possibly correspond to the active starburst progepitase of
massive spheroidal galaxies (e.g. Lilly et al. 1999).

However, several critical questions about SMGs remain-unan
swered. The most fundamental of theseHgw is the immense

and [Cl]610um. The relative strengths of these lines can be mod-
eled as a function of the neutral gas cloud density and thedelo
illuminating far-UV radiation field intensity in photodigsiation
regions (PDRs; e.d. Tielens & Hollenbach 1985; Kaufmanlet al
1999; Wolfire et al. 2003; Meijerink & Spaans 2005), provigliti-
agnostics of the physical conditions of the ISM. While mueis h
been learned about the ISM conditions in Galactic star-fiogm
regions and local galaxies through facilities such aslttfiered
Space Observatory (IS@.g.I Malhotra et al. 2001; Luhman ef al.
1998,/ 2003; Negishi et al. 2001) and the Kuiper Airborne Ob-
servatory (KAO; e.g. Crawford etial. 1985; Stacey etial. 1991
Poglitsch et al. 1995), due to previously poor instrumensgiy-

ity and inaccessibility from the ground, dedicated survpyab-

ing the ISM conditions in samples of high redshift dusty gala
ies have only recently begun in earnest (e.0. Stacey et 40;20
Decarli et al| 2012) with the commissioning of purpose-tunit
strumentation like the redshift) and Early Universe Spectrome-
ter (ZEUS| Stacey et él. 2007; Hailey-Dunsheath 2009). Btagy

tic and extragalactic systems, the ‘classical’ PDR tracgesthe
brightest fine-structure emission lines [ClI]1568 and [O1]63um,
acting as the primary coolants for the denseX 10-10° cm™?),
warm (T~ 100-1000 K), and neutral material. Since [ClI]1p6
and [Ol]63:m correlate well with SFR and are sufficiently lumi-
nous (accounting for as much as0.1-1% of the bolometric lu-
minosities in nearby galaxies and are thus much more lumsinou
than molecular lines; Stacey el al. 1991), they have thengate

to be used as powerful tracers of ISM conditions out to high-
z. However,1SO observations of local ULIRGs revealed that the
[CII]158 um emission is about an order of magnitude lower rela-
tive to the far-IR (FIR) continuum flux than is seen in normadia
starburst galaxies (e.g. Malhotra etlal. 2Z001; Luhman|éGD3).
And this has recently been shown |by Gracia-Carpio et all1p0
using HerschelPACS to be a general aspect of far-IR fine struc-
ture lines (see Sectidd 4 ahd Gracia-Carpio &t al. 12011 fdisa

luminosity of an SMG powered? — by an intense single compact cussion of a possible physical explanation). The potemtizdk-

nuclear starburst (as seen in local ULIRGS) or by a more ex-
tended starburst (as seen in local normal star-forming geda)?
One route to tackle this question is to ask what are the latal a

ness of [Cl1]158:m has implications for its use as a star formation
tracer for high-redshift studies (> 4; e.g..Maiolino et al. 2005;
although cf| Maiolino et al. 2009; De Breuck etlal. 2011). fdey

logues of SMGs and can these be used to understand the physicgo make further progress in understanding the driver offstana-

of the star formation activity within the distant SMG popida?
Are SMGs simply ‘scaled up’ ULIRGs, where the star formation
occurs in a compact and highly obscured nuclear region -npote
tially with a significant contribution from an active galaatucleus
(AGN; e.g.lAlexander et al. 2005b)? Or does some fractiothef t
population resemble very scaled up ‘normal’ star-formimigared
(IR) galaxies, which have far-IR emission arising from ateexled,
cooler component (termed ‘cirrus’; Efstathiou & Rowan-Rsion
2003)? If we could empirically match subsets of the SMG papul
tion to local galaxies, then this would provide significamsights
into the physical processes occuring within this impor{aopula-
tion. The synergy oHerscheland the Atacama Large Millimetre
Array (ALMA) provides a novel opportunity to move beyond the
first generation of detection experiments by beginning emgre
the interplay between the interstellar medium (ISM) andatver
source of high-redshift luminous dusty star-forming gadax

1.1 Far-infrared spectroscopy: a probe of SMG astrophysics

The primary diagnostic lines of the ISM in the far-IR have-tra
ditionally included the fine-structure lines of [OIII]52N[II]57,
[O1]63, [Oll1]88, [NI]122, [OI]146, [CII]158 um, [CI]370um,

tion in luminous high-redshift SMGs in relation to galaxyppe
lations in the local Universe, we need to begin compilingraisi
lar set of (multi-transition) CO, [CII]158m, and [Ol]63um data
(which provide strong joint constraints on the PDR and star f
mation conditions such as the Hydrogen volume densityand
the far-UV radiation field strengttt7, in Habing units) for typical
luminous star-forming SMGs at the epoch where their pomniat
peaks £ ~1-3).

1.2 This paper: NewHerschelobservations of [Ol] 63um in
SMGs

In the present paper we will be discussing observationopagd
with the ESAHerschel Space Observato{filbratt et al. 2010), in
particular employingHerschel’slarge telescope and powerful sci-
ence payload to perform photometry and spectroscopy ubiag t
Spectral and Photometric Imaging REceiver (SPIRE; Griffiale
2010) and the Photodetector Array Camera and Spectrometer
(PACS; Poglitsch et al. 2010). This paper presents the fitestngt

at compiling a census of the strength of [Ol}6& in far-IR lu-
minous SMGs at the peak of star formation activity in the @rse

(z ~1-2), enabling us to determine its suitability as a star fdfom
tracer at high redshift. Thesterschelobservations represent a key
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Herschel observations of [Ol]68m inz ~ 1 SMGs

stepping stone to future ALMA studies of [Cl1]1%8n and (multi-
transition) CO to investigate the ISM physics of SMGs in deta
since [Ol]63um emission can only be measurediin< z < 2
SMGs with HerschelPACS, as the emission line falls outside of
the ALMA bands for all but the highest redshifts & 4).

This paper is organized as follows: the sample selection,

3

ECDFS/CDFS |(Lehmer etal. 2005; Xue etal. 2011). Here we
also make use of new publiderschelMulti-tiered Extragalactic
Survey (HerMES] HerMES Collaboration et al. 2013grschel
SPIRE maps to extract 250-5pf photometry in combination
with the zLESS spectroscopic redshifts, providing thetéghcon-
straints on lgir currently possible for these SMGs (16 30 per

HerschelPACS spectroscopic observations and data reduction are cent). In addition, high-resolution( 1.55” full width at half maxi-

described in Sectidnl 2. In Sectibh 3, we present the mairysisal
and results of the PACS spectrocopy and combine these neeasur
ments with Lp1r estimates obtained from the combination of Large
Apex Bolometer Camera (LABOCA;_Siringo et/al. 2009) and new
HerschelSPIRE and PACS photometry. We discuss the implica-
tions of our results in Sectidd 4. Finally, our conclusions given

mum; FWHM) ALMA 870um continuum data have been collected
for the majority of the 126 LESS SMGs during cycle 0 toafns
depth of~0.4 mJy, yielding positions accurate<4o0.3” (Karim et

al., in preparation). The ALMA data have enabled us to vauify
ambiguously the validity of the radio and/or mid-IR couptats

for our SMG sample, which are used here as a basis for the PACS

in Section[b. Throughout the paper we assume cosmological pa target positions and central frequency tuning of the spewtter

rameters of2y = 0.73, Qm = 0.27, andHo = 71kms ! Mpc™!
(Spergel et al. 2003).

2 OBSERVATIONS AND DATA REDUCTION
2.1 Sample selection and multi-wavelength properties

The requirement of our survey is a sufficient number of SMGs se
lected in a uniform manner that have been spectroscopicalty
firmed to lie betwee.7 < z < 2 so that the redshifted [Ol]g3n
emission line will lie within the most sensitive region oétfirst or-

der of the PACS spectrometer (107-188;|Poglitsch et &|. 2010).
The SMGs also need to be accessible by ALMA for future stud-
ies (i.e.0 < 30°). One such field is that covered by the §#@
LABOCA Extended Chandra Deep Field South (ECDFS) Submil-
limetre Survey (LESS; Weil etlal. 2009), which comprisesrama
sample of 126 SMGs detected above 3.1 the largest contigu-
ous B0’ x 30") and uniform map with a & rms of ~ 1.2mJy.
Biggs et al. [(2011) have identified secure radio and mid-IBneo

terparts for 63 per cent of these SMGs. Since the ECDFS is one

of the pre-eminent cosmological deep fields and has as swrh be
extensively imaged and targeted spectroscopically, sdntleese
counterparts already possess secure archival redstefishigts for
the remaining counterparts without archival spectroscopse tar-
geted through a large observational programme (zLESS dlxami

et al., in preparation) using the European Southern Obseiea
(ESO) Very Large Telescope (VLT) FOcal Reducer and low dis-
persion Spectrograph v.2 (FORS2) and Vlsible MultiObjgue&
trograph (VIMOS). At the time thélerschelproposal was submit-
ted in 2010, the VLT survey was: 40 per cent complete. The
total number of SMGs fulfilling the requirements outlinecoad

(see Sectioh 3.1.1 for a summary of the ALMA ID results for our
sub-sample).

2.2 HerschelPACS spectroscopy observations

The [OI1]63m emission line in our sample of SMGs was observed
with theHerschel Space Observat@®ACS red camera over 112-
167um using the high-resolution range scan spectroscopy mode
and employing a chop/nod to provide background subtrackon
each target, we covered a small spectral range-of xm, not-

ing that only the centrak: 3 um of the spectra are usable, corre-
sponding toAz ~ +0.03-0.05 to account for small redshift errors
and/or systematic offsets from the optical redshift, ad a®to al-
low for a reliable continuum or baseline fit. The aim was tachea

a uniform 1o line sensitivity of~ 0.8 x 10~*® Wm~2 across the
sample (see Table reftab:obs for the actual sensitivitias were
reached). Six targets were observed in 2012 February owtailat
15.4 hrs (including overheads). Table 1 gives the targetdisser-
vation mode parameters, and individual integration tirlés.note
that an additional three sources were targeted as partoptbi
gramme (LESS10, LESS50 and LESS118;|see Biggs let al. 2010),
but the IDs (and therefore redshifts) have been subseguestsed
based on new ALMA continuum data (Karim et al., in prepargtio
see also Sectidn 3.1.1). Thus, these three observationstqwot
vide interesting constraints on the [Ol]g& emission from SMGs
and so we have dropped them from the analysis.

2.3 Data reduction

The data were reduced with thierschelinteractive processing en-
vironment HIPE v8.1.0;.Oft 2010). We employed the background

at that time was nine, and these nine SMGs thus comprise ournormalisation pipeline script distributed withiPE, which imple-

HerschelPACS spectroscopy sample. Thus, our sample is com-

plete in terms that it is comprised of all of the spectroscalby
confirmedl < z < 2 SMGs in LESS that are radio and/or 2
identified.

We make use of additional multi-wavelength data sets avail-
able for the radio and/or 24m LESS SMG counterparts in or-
der to further interpret our results, which we now briefly adse.
Wardlow et al.|(2011) measured the optical-mid-IR photaynfetr
the robustly identified LESS SMG counterparts and providzgh
metric redshift estimates anddestimates. In order to assess any
potential AGN contribution in the SMGs, we use tBpitzerin-
fraRed Array Camera (IRAC; Fazio et al. 2004) photometryrfro
Wardlow et al. |(2011) extracted from tHgpitzerIRAC/MUSYC
Public Legacy Survey in the ECDFS (SIMPLE; Damen €t al. 2011)

ments an alternative way to correct for drifts in the respook
PACS during the observation and an alternate flux calilmatian
the standard pipeline. Using this alternative pipelingpsecesults
in marginally better quality data products with smoothemtoaua,
which is helpful when searching for faint spectral featuatsp a
faint continuum. As part of the standard pipeline, the ganim
in each of the 16 spectral pixels was scaled to the mediarevalu
to correct for residual flat field effects, and finally the twadrpo-
sitions were combined to completely remove the sky (telesgo
background. Given that our targets are point sources to PAES
have measured line fluxes from spectra extracted from thgaten
9.4"” x9.4" spatial pixel of thes x 5 pixel field-of-view of the PACS
spectrometer. The pipeline automatically applies a beam ir-
rection factor and an additional in-flight correction of tesolute

and the 250ks and 4Ms X-ray imaging and catalogues of the response. The spectra have been re-binned to Nyquist saneple

(© 0000 RAS, MNRASD0Q, 000—-000
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Table 1. Observation details and measured [Ol]68 integrated line fluxes and continuum flux densities from élerschelPACS programme
(OT1kcoppinl). SMG optical counterpart positions fram Wardlow et aDX2) are given in columns 3—4, to which the zLESS and arclsipattroscopy
are referenced. The optical spectroscopic redshifts innenl5 are from: (a) zLESS (Danielson et al., in preparatidin) Vanzella et &l.| (2005); and (c)
Silverman et &l.[(2010). Columns 6-9 give the Herschel Glasien Date (OD), Observation identification number (OhstBe number of range repetitions
per nod cycle times the number of nod cycles, and the totabAsmical Observation Request (AOR) duration (includimgslew). Column 10 gives the mea-
sured (continuum-subtracted) integrated [OI368 flux and error from the Gaussian fit described in Sedfioh@.1he 3o upper limit assuming a Gaussian
profile with a FWHM= 300 kms~! and a peak height & x oyms. Column 11 gives the best-fitting continuum flux density (pper limit) at the spectrum
centre (indicated in square brackets). Column 12 gives thens of the entire spectrum, quoted for the representativevirth at the centre of each band
(see square brackets in previous column). We note thatrkealnd continuum flux density error budgets do not includeetiienated additional absolute
calibration rms uncertainty of 12 per cent (see text).

SMG IAU name Nickname Counterpart Parameters Observation Parameters Spectral Measurements
R.A. Dec. %pt oD ObsID Nrep X ngyc AOR [O1163 m Flux Continuum Flux Spectrum rms
(J2000) (s) (x10~ 8 wm—2) (mJy) (x10~ P wm—?)
LESS J033329.9-273441 LESS21 3:33:29.73 -27:34:444  5%.23 1020 1342239701 4 %2 8146 < 3.8 < 18 [141pum] 3.9
LESS J033217.6-275230 LESS34 3:32:17.61 -27:52:28.1 79909 1020 1342239703 4 %2 7874 < 3.9 < 17[133um] 4.1
LESS J033331.7-275406 LESS66 3:33:31.92 -27:54:10.3  5%.31 1013 1342239369 4 %2 8349 2.0+ 0.6 27 &+ 7 [146um] 4.1
LESS J033155.2-275345 LESS88 3:31:54.81 -27:53:41.0 91.26 1020 1342239705 4 x 2 8214 1.8+ 0.6 23 + 7[143pum] 4.2
LESS J033140.1-275631 LESS106 3:31:40.17 -27:56:22.4 171.6 1019 1342239753 5% 2 11444 3.8+1.4 < 23[165pm] 4.4
LESS J033150.8—-274438 LESS114 3:31:51.09  -27:44:37.0 06%1.6 1020 1342239702 5 X 2 11444 < 5.6 48 + 11 [165pm] 53
spectral resolution element, which is appropriate forIkegblines 3.1 Spectral line and continuum measurements

(see FiglIL). We have chosen not to upsaﬂlme data, so that each
bin is independent, yielding reliable estimates of the egisper-
ties in the spectra. A similar data reduction strategy wagpssd by
the Survey with Herschel of the ISM in Nearby Infrared Gadaxi
(SHINING) team for reducing faint spectra of high-redskifilax-
ies (priv. comm. E. Sturm and J. Gracia-Carpio).

Third order data in the wavelength range 51473 are col-
lected by the blue camera in parallel with the first order g3j}m
data. However, these observations are not frequency-eirzsadal
cover only~ 2 um. Nevertheless, the data were reduced using the
same procedure as above and examined for any serendipiteus |
detections, but the useful parts of the spectra do not coweuse-
ful known lines at our source redshifts and so we do not discus
these data further.

We detect weak [OI]63m emission in LESS66, LESS106 and ten-
tatively in LESS88 (see Fifl] 1). We can derive useful uppmeitd
for the cases where the line emission is not detected, anditonl
those cases where we are certain that the correct redshiforan
SMG counterpart was targeted. We detect continuum emission
LESS66, LESS88, and LESS114:at3 o, and for the continuum
non-detections we derive@o upper limits to the continuum flux
density in the PACS spectral range.

For the detections, a Gaussian profile and continuum are fit-
ted simultaneously to the Nyquist sampled spectra by peifay
non-linear Levenberg-Marquardt least-squares minirinaising
the MPFIT IDL packagel (Markwardt 2009). Since the pipeline-
calculated errors in the PACS spectrum are known to be unre-
liable, we have clipped off the noisy edges from each spettru
(= 1um on each side) and weight each of the remaining central
channel data points equally. To calculate the velocitggrated
flux of the [OI]63um emission line, we integrate the best-fitting
3 ANALYSIS AND RESULTS (continuum-subtracted) Gaussian profile. The &rrors on the
velocity-integrated flux and continuum flux density are dedli
from a bootstrap estimate generated by adding random natis@w
10 rms equivalent to the & rms of the line-free channels, repeated
1000 times with replacement (e.g. see Wall & Jenkins 20085 T
should provide a reasonable estimate of the uncertairities sur
choice of spectral binning (upsample=1) ensures that thseno

We present new [Ol]6@m data for the SMGs, including two new
detections of the emission line, and one marginal detecton
the non-detections, upper limits are only usefddaththe counter-
part and redshift are correct: thi$erschelspectroscopy program
was designed to target only the most statistically probablaist’
counterparts also posessing good quality redshifts. Heweiven
the significant time lag from the survey definition to the tiofielata should not be strongly correlated between channels.

acquisition & 1.5 years), new data have since been accumulated . T ©F the non-detections we calculate 3ipper limits assum-
from zLESS and ALMA that can help us to verify if the targeted N9 @ Gaussian profile with ad&..s peak height centred at the
counterparts and redshifts originally chosen are stiltexir In the expected position of the [Ol]g8n emission line. We use the
following section we examine and discuss each PACS spectrum channel-to-channel & rms noise across the clipped spectra and
We then derive the FIR continuum flux angis for each SMG via ~ 2dopt an |r1$1trumgntgl resolution-corrected emission fiéHM

a modified blackbody spectral energy distribution (SED)fiptib- of 300 km_s , whm_h is con_S|stent with our detections and those
licly available submm data so that we can explore the [Ofif&- of other high-redshift galaxies that have been observeld RAMCS
to—FIR continuum ratios of our sample as a function efiL in (e.g-Sturm et al. 2010).

context with other low- and high-redshift galaxy populago Integrated emission line fluxes, upper limits and continuum
flux densities are summarized in Table 1. Note that the rmeminc

tainties associated with the absolute calibration of PA@%&mot
been folded into the quoted flux uncertainties and are ettiirta

1 Upsampling refers to increasing the sampling rate of a &idtere we be~ 12 per Cerﬁ.

use upsample=1. If upsampiel is used, then the frequency bins are not

independent (ie. they will have some data in common) andittibave the

effect of changing the spectral noise properties as wehedirie widths. 2 Seé http://herschel.esac.esa.int/twiki/bin/view/RuBhcsCalibrationWeb

(© 0000 RAS, MNRASDOG, 000-000


http://herschel.esac.esa.int/twiki/bin/view/Public/PacsCalibrationWeb

Herschel observations of [Ol]6@m inz ~ 1 SMGs 5

Optical Redshift Optical Redshift
1.230 1.235 1.240 1.090 1.095 1.100 1.105
\—,'g 3'1017§ ‘ ; ‘ ] v'g 3 1017: ‘ I ‘ ™
“'E 2,101@ — LESS21 , N; 2,101@ — LESS34 ,
E [ E E E
= 1.10Y70 i © 2 1.0V
> s
ERR ) § Y~ AT S
5 : L |_|_'|_| |_.—|_|_| = & : ! :
Q 4.0 I O .07 I E
x -110 i x 1-10 |
o -2.10%¢ 1 i @ -2.10"¢ L
140 8 141 0 141.2 141 4 141 6 132 2 132 4 132.6 132 8 133 0
Observed Wavelengtipn] Observed Wavelengtipin]
Optical Redshift Optical Redshlft
315 1.320 1.325 1.260 265 270
w’g 3.10% P ; ‘ R FE' 310" o :
qg 2.101@ — LESSGG% “; 2,101@ _,_LESSS8
E | E E i ]
2 1107 |—|_ | I:Ll_u—E 2 1.10Y AT
> E— - o |- - ~. - - > ; : [ - ;
g ol TEE - I'_!'_ﬂ'_. i
g | L 8 UL
10 E : 3 1e10L7E T E
x -1-10 | x 110 |
L -210"¢ S ‘ ‘ i I -2010Y¢ L 3
146.2 146.4 146.6 146.8 147.0 142 8 143 0 143 2 143.4 143.6
Observed Wavelengtium] Observed Wavelengtium]
Optical Redshift Optical Redshlft
1.610 1.615 1.620 1.625 1.600 1. 605 1.610
r,g 3+10"¢ ‘ : ‘ i E 310 ‘
i [
2 1.107; 1 2 1107 .
> E > - - ‘mm
S O == B o_ll_-r-l ﬂ T1|—|
s e el |
()] _1.1017é 3 o _1.1017é I E
x g ] X g I ]
> E . o} E . ]
E '2.1017 E I I I I I 1 E E '2.1017 E 1 l
165.0 165.2 165.4 165.6 165.8 1642 1644 164.6 1648 1650
Observed Wavelengtipn] Observed Wavelengtiuin]

Figure 1. Observed infraretHerschelPACS Nyquist sampled spectra of our sample of six SMGs. Peetsa have been zoomed to arh window centred
on the optical or [Ol]63:m derived redshift, and the dot-dashed vertical line andrdsar indicate the expected position of the [Ol]@8 emission line
based on prior optical spectroscopy and an approximatertor of 100kms!. For LESS66, LESS106 (formal detections) and LESS88 (ordyginally
detected) the best-fitting Gaussian+continuum profile ésmiotted as a dashed curve (see Seéfioh 3.1 for details)hEmon-detections (LESS21, LESS34,
and LESS114) the best underlying continuum fit is overpibéte a dashed line.

In the following we first summarize the counterpart idendific ‘tentative’ counterpart refers to sources withs < p < 0.1 and is

tions in light of the new ALMA data, and then discuss the dstii often still low enough to indicate a likely counterpart.den et al.
the counterpart identifications and redshift robustnessdah tar- (2002 2007) and Biggs etlal. (2011) provide a more in depplteex
geted SMG in turn, along with the new PACS spectroscopy t&sul  nation on this subject. Even though this is the only feasibige
Reference to a ‘robust’ counterpart is meant in a statistiease: for precisely pin-pointing the positions of the bulk of SMighe
given a potential radio or mid-IR counterpart with its fluxndey absence of very high-resolution interferometric contimusubmm
and radius from the SMG position, the a priori probabiljty,of data (ie. in the pre-ALMA era), this is only a statistical idiéica-
finding at least one object within that radius of at least thixtden- tion method. Recent submm inteferometric observationsM&S
sity from the expected number of events at random 5 0.05. A have demonstrated that potentially a large fraction ofustbSMG
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identifications may be more complicated (with up~@30 per cent
breaking up into multiple components; see e.g. Cowie etQ192

Wardlow et al.|(2011), with the tentative detection of Mgbsarp-
tion. It is not detected in the X-ray, and has & @pper limit on its

Wang et all 2011, Hatsukade et lal. 2010). Armed with new deep full-band flux of $ 5_skev < 6.1 X 10716 erg cm2s7!, derived

high-resolution ALMA 87Qum continuum data (Karim et al., in
preparation), we can test the reliability of the counterjuintifica-
tions using the radio or mid-IR, which is used here as a basisif-
geting the [O1]63:m emission line witiHerschelPACS. Redshifts
for the counterparts were obtained by an ESO VLT FORS2/VIMOS
Large Programme (zLESS; Danielson et al., in preparationd) a
are supplemented by the wealth of existing public archipaics
troscopy in the ECDFS. The quality of the redshifts are aaiegd
by zLESS as follows: Q=1 refers to a secure redshift (e.gedas
on the identification of multiple lines) and Q=2 refers to aljable
redshift (e.g. based on a single bright emission line idieation).

3.1.1 Summary of the counterpart ID re-examination in light
new ALMA data

In summary, after examining the preliminary new ALMA contin
uum data from Karim et al. (in preparation), it appears that o
original sample of nine targets (see Secfion 2.1) shoul&deaed

to six. The ALMA data indicate that we have not targeted a eoun
terpart associated with submm continuum emission in twesas

from the 250 ks X-ray imaging of the ECDFS (Lehmer et al. 2005)
The S,m/Ss.5.m colour ratio is~ 0.7, indicating that the galaxy
contains a negligible contribution to its energetics fromAGN
(see_Coppin et al. 2010).

Given the optical redshift, the [Ol]63m emission line is ex-
pected to lie at 141.24m, however no line emission near this
wavelength is apparent in the spectrum. We thus calculate a 3
upper limit to the emission line flux.

3.1.3 LESS34

It neighbours LESS10~{ 20 arcsec away) and has a single se-
cure 24um counterpart (and formally no secure radio counter-
part), which was targeted with PACS. There does appear to be
some weak ALMA continuum emission coincident with this tar-
geted ID, however there is also another bright ALMA souréedy
just outside of the SMG counterpart radius adopted by Bigas e
(2011). The archival redshift of our targeted source= 1.0979
(Q=1), is from|Vanzella et al! (2005). The single SMG ideatifi
with LABOCA is thus possibly comprised of multiple sources o

(LESS10 and LESS118) and we thus discard these sources fromsubmm emission, which would have the effect of a reduced in-

our sample and from further discussion. The ALMA data hase al
not been able to validate the ID for LESS50 (whether this cabee
the submm emission is resolved out in the ALMA map or that the
SMG has split up into several fainter sources when seen by ALM
— none of which correspond to the ID), and so to be conseprativ
we also discard this source from the sample. Although, we thatt
our discarded targets are still radio or;2# emitting galaxies (just
not the source of the submm emission) with good quality réidsh
and thus remain useful data for other purposes. The six renggi
targets are associated with ALMA continuum emission and pos
sess a good quality redshift so we can safely measure linesflorx
sensitive upper limits in these cases: LESS21, LESS34, BESS
LESS88, LESS106, and LESS114.

ferred Leir for our targeted counterpart. It is not detected in the
X-ray, and has a @ upper limit to its full-band flux of §5_s kev <
7.0 x 107" ergenm?s7!, derived from the 4 Ms X-ray imaging
of the CDFS|(Xue et al. 2011). Thes$./Ss.5.m colour ratio is
~ (.2, indicating that the galaxy contains a negligible contiitnu
to its energetics from an AGN (see Coppin €t al. 2010).

Given the redshift, we expect the [Ol]@81 emission line to
lie at 132.55um. We do not see an emission line in the spectrum
near this wavelength and so & 2ipper limit to the emission line
flux is calculated.

3.1.4 LESS66

In a few cases (LESS34, LESS106, LESS114) it appears that It has a single robust radio and 2¢ counterpart. The ALMA con-

the LABOCA-detected SMG may be splitting up into two or more
continuum sources when seen by ALMA at much higher resatutio
For these, ideally the LABOCA and SPIRE photometry should fir
be deblended or deconvolved before calculating the; lvalues in
Sectior 3.2. Unfortunately, without complete redshifioimhation
and multiple interferometric photometry for all of the ALM&on-
tinuum sources this is impossible to do in a robust way, ansl it
beyond the scope of this paper. The diagnostic we are inégles
in comparing with literature values is the [Ol]@8n-to-FIR con-
tinuum ratio versus kg for the SMGs. If the FIR continuum is
reduced accordingly, the [Ol]§an-to—FIR continuum ratio will
increase, and so this has little bearing on our main findingdpis
paper that this ratio is high for SMGs compared to local gakx
with similar Lyir (see Section 3]3). Thus, by not correcting the FIR
continuum luminosity we follow a conservative approach.

3.1.2 LESS21

It has a tentative 24m counterpart (e.g. borderline secure, with
p = 0.067), and there is ALMA continuum emission coincident
with this position, confirming the ID.

The zLESS spectroscopic redshift of this counterpatt is
1.2350. The zLESS VIMOS spectrum of this counterpart is consis-
tent with the photometric redshift solution of= 1.26*5-97% from

tinuum data reveal continuum emission coincident with tBis
The zLESS redshift of this counterpart from an excellentl-qua
ity (Q=1) VIMOS spectrum is indicated to be = 1.310, al-
though zLESS FORS2 spectroscopy indicates 1.314 (Q=1).
A secure (Q=1) Keck-based spectroscopic redshift ef 1.315
was obtained by Silverman et/al. (2010) from a program to tar-
get optical and near-IR counterparts of faint X-ray souicethe
ECDFS. Interestingly, Silverman et al. (2010) classifysthource
as a Broad-Line AGN (BLAGN) based on the presence of at least
one emission line having a FWHM 2000 kms™*. It is detected
in the X-ray with a full-band flux of §5_sxev = (31.6 £ 1.4) X
10~ ergen? s~ (Lehmer et al. 2005). Its X-ray flux is consis-
tent with that expected for an optically classified QSO giitsn
submm flux density and is higher than typically seen in SMGs (
10716 — 107" ergen 2 s71; |Alexander et al._2005b). Although
there is clearly a luminous AGN in this SMG, it ./S4.5.m
colour ratio of~ 1.1 indicates that the AGN is likely not domi-
nating its mid—-to—far-IR energetics (see Coppin €t al. 2010
Given the optical redshifts, the [Ol]Gan line is expected to
lie between 145.95-146.20n. We find a weak~ 3 ¢ detection
of [Ol]63 centred atl46.51 + 0.07 um (corresponding to a red-
shift of z = 1.319), offset by~ 500 km/s from the Keck optical
redshift ¢ = 1.315), which is similar in magnitude to the dif-
ference between the two zLESS optical redshifts. This hifihe
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[O1163 um emission from the optical-based redshift is likely a real
effect since offsets of this magnitude are often seen in BNAG
The best-fitting FWHM of the line emission 18 + 113kms™*,
which is narrower than the instrumental resolution at thésev
length ¢ 256 kms™!), which is unphysical. We thus proceed to
fit the spectrum holding the line FWHM fixed to the instruménta
resolution to yield a less biased line flux (although we nbét this
will artificially decrease the quoted error budget on theditinte-
grated line flux in Tabl€ll). In any case, the best-fitting ol
line width (the line is unresolved) implies that there is mgnsof

an outflow with velocities significantly above the typicalp{erian
motions of an SMG 4 a few 100 kms*). This despite the high
SFR of LESS66 ofv 370Mg yr—! (see Tablé]2) which would
yield ~ 1 supernova (SN) per year assumirig a Salpeter (1955) ini-
tial mass function (IMF), resulting in a significant inputraéchan-
ical energy (1 SN- 10** J) into the ISM.

3.15 LESS88

It has a single secure robust radio counterpart, which © dés
tected at 24um (formally a tentative counterpart). The ALMA
data show a single continuum source coincident with thisTie
ZLESS spectroscopic redshift is = 1.269 (Q=2). It is not de-
tected in the X-ray, and has ac3upper limit to its full-band
flux of Sps_skev < 4.1 x 1078 ergem2s7!, derived from
the 250 ks X-ray imaging of the ECDFS _(Lehmer €1 al. 2005). Its
Ssum/Sa.5,m COlOUr ratio is>~ 0.8, indicating that an AGN is un-
likely to be contributing significantly to the energeticsloé system
(see_Coppin et al. 2010).

Given the optical redshift, the [O1]63m line is expected to
lie at 143.36:m, and there appears to be some weak emission near
this position in the spectrum and we claim a tentative ditect

of [O1]63 um in LESS88. The emission is weak, which precludes .

a successful Gaussian fit. We thus fix the centre and height of a
Gaussian by eye and proceed to fit for the FWHM (resulting in a
FWHM of 307 + 277kms~! which has been corrected for an in-
strumental resolution of 261 km'$ at this wavelength). We note
that holding the two Gaussian parameters fixed will artifigide-
crease the quoted error budget on the fitted integrated lineirfl
Tabld1. This results in a reasonable line shape and we @térph
Fig.[. The line emission is offset approximately 500 kms!
from the optical redshift, noting that offsets ©f 200-300 km s
from the Hx and CO derived redshifts are often seen in infrared-
bright high-redshift star-forming galaxies (e.g. Sturnak2010;
Steidel et al. 2010).

3.1.6 LESS106

It has a single secure robust IRAC &8 counterpart which is also
detected in the radio (formally only a tentative ID on its gvamd

at 24um (not a formal robust or tentative ID). This is the ID we
targeted with PACS. This counterpart also shows some a®nti
ALMA continuum emission, although we note that the emissson
rather weak and that the sensitivity of the beam is only8 per
cent at this location. There are actually a few weak ALMA @ont
uum sources present in the beam, and so several sourcesbeould
responsible for producing the submm flux density seen asgéesin
SMG in the LABOCA map. The zLESS spectroscopic redshift of
our target isz = 1.617 (Q=2). It is detected in the X-ray with a
full-band flux of $.5_s1ev = (3.4 £0.5) x 10" ergenT2s™*
(Lehmer et all_2005), which is consistent with typical X-rdg-
tected SMGs { 107! — 107" ergecm 2 s7!; |Alexander et &l
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2005b). Although there is an AGN in this SMG, it§,8./S4.5.m
colour ratio is~ 0.8, indicating that an AGN is unlikely to
be contributing significantly to the energetics of the sysisee
Coppin et al. 2010).

Given the optical redshift of ouHerscheltargeted counter-
part,z = 1.617, the [OI]63um line is expected to lie at 165.34n,
and a~ 3¢ emission line is seen at this wavelength (and consis-
tent with the 1o error on the optical spectroscopic redshift). The
line has a FWHM of413 + 254 kms~! (corrected for an instru-
mental resolution of 227 knTs at the observed wavelength). We
note that this FWHM is similar to the mean CO FWHM for SMGs
(510 + 80 km s~*; |Bothwell et all 2012).

3.1.7 LESS114

It has a single secure robust radio andu24 counterpart, which
was targeted with PACS. The zLESS FORS2 spectroscopic red-
shift is z = 1.606 (Q=1). This counterpart also shows some
ALMA continuum emission. However, there appears to be alyear
equivalently bright ALMA continuum source present in thddje
and so it is likely that two sources could be responsible fodpc-
ing the submm flux density seen as a single SMG in the LABOCA
map. It is detected in the X-ray with a flux ofy$_skev
(2.0 £ 0.5) x 10" ergenm?s™! (Lehmer et all_2005), which
is consistent with typical X-ray detected SMGs (107'¢ —
10~ ergem 2 s71;|Alexander et dl. 2005b). Although there is an
AGN in this SMG, its S,m/Ss.5.m colour ratio is~ 0.7, indicat-
ing that an AGN is unlikely to be contributing significantly the
energetics of the system (see Coppin €t al. 2010).

Given the optical redshift, the [O1]63m line is expected to lie
at 164.65:m, but there is no apparent emission near this position

in the spectrum. We therefore derive a Bipper limit to the line
flux

3.2 Far-infrared SED fitting

We have constrained the far-IR SEDs of our SMG sample bydittin
their observed submm photometry with a simple modified black
body spectrum of the fornB, « v®/[exp(hv/kTy) — 1] multi-
plied by an emissivity functionx »*, where the dust temperature,
Ta, determines the location of the SED peak arid the power law
index of our simplified dust emissivity power law. Obsergat of
local and distant galaxies constrgihto between 1 and 2 in the
Rayleigh-Jeans side of the emission spectrum so wg fix 1.5
(e.g. Hildebrand 1983; Agladze et al. 1994; Dunne & Ealesl200
By fixing 3, we are assuming that the dust properties are similar in
all the SMGs, but note that we do not account for possiblesgyst
atics in our quoted errors. For reference, changing theevafi

by +0.5 changes the best-fitting dust temperatures by abdit
10K and the integrated IR luminosities By5—15 per cent. As in
Sectior 3.1, we have used the least-squares minimizatioRIMP
IDL package from Markwardt (2009) to perform the fitting.

The submm photometry used in each SED fit includes the de-
boosted LABOCA 87@:m flux densities from Weil3 et al. (2009),
SPIRE 250, 350, and 5Qfm photometry (see Tabld 2), and also
our new PACS continuum flux densities or upper limits (frord-11
165um, depending on the redshifted [Ol]g# location; see Ta-
ble[d). We have extracted the SPIRE 250, 350, and&0Glux
densities and instrumental errors for our SMGs from the pub-
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Table 2. We have listed the submm flux densities and our SED fit comssréor the six SMGs in oulerschelPACS sample. The 250-5@n flux densities
and instrumental noises are given and have been extraciedtfre HerMES SPIRE maps at the SMG counterpart location. e that we have added
a confusion noise of 4.8, 5.5, and 6.1 mJy (Nguyen et al.|201Quadrature to the instrumental noise estimates at 250, &% 50Qum, respectively, for
the SED fitting, as per the standard practice. The/8%(lux density is the deboosted flux density value flrom Wei3/g2809). The FIR continuum flux,
Lrir, Tq and SFR are derived following the SED fitting procedure oatliin Sectiofi 3]2, holding = 1.5 and using the FIR andyr definitions from

Sanders & Mirabel (1996). The SFR is calculated followingHieutt (1998).

SMG nickname S0 S350 Ss500 Ss70 FIR continuum flux iR Tq SFR
(mJy) (mJy) (mdy) (mly)  %107'wm=2) (x10"2Lg) (K)  (Meyr!)
LESS21 26.1+35 227+29 224438 7.6+1.3 1.34+04 0.724+0.12 22+2 100 + 30
LESS34 23.9+22 31.0+£21 268+26 63+£1.3 1.44+04 0.59+0.09 21+£2 80 + 20
LESS66 19.7+2.2 16.14+2.2 29+25 53+1.5 4.1+1.2 1.44+0.3 39+5 370+ 100
LESS88 15.8+2.1 242421 199425 45+1.4 1.74+0.6 0.75+0.16 25+3 140 + 50
LESS106 24.64+22 243+21 181425 4.0+14 2.3+0.8 1.54+0.4 30+3 350+ 120
LESS114 429422 382422 348+25 39+14 5.7+ 1.0 3.3+£0.5 363 850+ 150

licly available HerMES DR1 maﬁs(HerMES Collaboration et al.
2012) at the radio or 24m counterpart positions. Our SPIRE flux
density measurements should be less biased on averagethiean o
methods that could be employed, such as peak matching oumeas
ing the flux density at the submm position, since there isdess-
bined uncertainty in the true source position when usingibee
precise radio or mid-IR positions to measure the SPIRE flurside
ties (e.g._Coppin et &l. 2008). We have added confusion rasitie
mates of 4.8, 5.5, and 6.1 mJy from Nguyen et al. (2010) in guad
ture to the instrumental errors at 250, 350 and 500 respectively,
and these errors are used in the SED fitting routine, as patahne
dard practice (e.0. Magnelli etlal. 2012).

We then calculate kg and the FIR continuum flux using
the following common definitions for ease of comparing whle t
literature compilation of Gracia-Carpio et al. (2011) whee the
same definitions. We integrate the best-fitting rest framb $&-
tween 40-50@:m to derive Lrir, as defined by Sanders & Mirabel
(1996). Following Sanders & Mirabel (1996), we also calteitae
FIR continuum flux by integrating the rest frame SED between
42.5-122.5:m and dividing this by4w D?, where 0O, is the lu-
minosity distance. The errors on FIR ang:k are derived from
the formal 1o errors in the fitted parameters computed from the
covariance matrix returned by MPFIT. Because our single-tem
perature modified blackbody model does not reproduce the Wie
side of the far-IR SED well for some of the SMGs (see Elg. 2) we
are likely to be underestimating the true value of FIR andgL

(1998): SFR (Mgyr™") = 1.7 x 107" Lir(Lg). This
relation assumes that the IR Iluminosity is predominantly
powered by star formation (i.e. a negligible contribution
from an AGN, which is a good assumption in general
for SMGs; e.g.| Alexander etial. 2005a,b; Pope etlal. 2008;
Menéndez-Delmestre etlal. 2009; Coppin et al. 2010; secSas-
tion[3.1) and comes from a starburst less than 100 Myr old with
Salpeter|(1955) IMF. This relation also assumes thatik calcu-
lated between 8-10Qam. Because our single temperature mod-
ified blackbody model does not reproduce the Wien side of the
far-IR SED needed in order to infer the full rest-framgs Lfrom
8-1000um (e.g. Blain, Barnard & Chapman 2003), we use the ap-
proach of Magnelli et al. (2012) for calculatingd: we have in-
ferred Lig using the definition of Helou et al. (1988)rir [42.5—
122.5um], and applied a bolometric correction factor of 1.91 from
Dale et al. [(2001). As Magnelli et al. (2012) note, this idioes
uncertainties in our lr estimates of the order af30 per cent due

to the variation of intrinsic SED shapes, which is not ingddn

our quoted SFR uncertainties.

Table[2 lists our SED-fit derived FIR,#g, Tq and SFR
for each SMG, and Fid.]2 gives our best-fitting SEDs. The SED
fitting has confirmed that our sample of SMGs are far-IR lumi-
nous galaxies with krr ~ 0.6-3x10'?L (and correspond-
ingly Lig ~ 0.5-5x10"Lg) and Ty ~ 20-40K and harbour
intense starbursts with SFRs of 100-1000 M, yr—*!, consistent
with (while lying towards the lower luminosity end of the tlibu-

in these cases. To check this we use the range of SEDs from thetion) previous SMG SED measurements (&.9. Kovacs!et ak;200

Dale & Helou (2002) template library normalised such theytare
consistent with our measured photometry in order to esérapt
proximate correction factors to our values in Tdble 2 fohe@®MG

Coppin et al! 2008; Magnelli et gl. 2012), and reminiscenthef
local (U)LIRG population|(Sanders & Mirabiel 1996).

(which are of course dependent on the SED templates used). We

find that our FIR continuum flux anddsr values for both LESS21
and LESS34 in Tablg 2 are potentially underestimated byfacif

~ 2.8 and 1.7, respectively, and that our FIR continuum flux and
Lrir values for LESS114 are potentially underestimated by facto
of ~ 1.6 and 1.5, respectively. Applying these correction factors t

these SMGs would move these sources down and to the right in

Fig.[3 by the same factors. We find negligible correctiondext
for our other sources, whose SEDs are better sampled ataes f
wavelengths<120um (see FiglR).

We calculate the SFR for each SMG following Kennicutt

3 The public SPIRE maps used in this paper were obtained thréhug
HerschelDatabase in Marseille, HeDaM (hedam.oamp.fr/HerMES).

3.3 Probing the [OI]63 zm strength in high-redshift SMGs

It has been an important objective of recent studies to nmedke
strength of the major dense ISM cooling emission lines iredat
to the total FIR emission. Here we investigate this for thpam
tant [O1163:m 3P, —3 P fine structure line, which along with
[O1]146 um and [Cl]158um, is a major coolant in the transition
layers between the molecular and atomic gas in so called PDRs
The [OI]63:m emission line has been relatively unexplored at
high-redshift, but a well-known ‘deficit’ or decrease in gteength

of PDR cooling lines relative to the far-IR continuum emissas

a function of Lpir has been observed in local infrared-luminous
galaxies (e.g. Luhman etlal. 2003; Gracia-Carpio gt al120Qur
newHerschelPACS data can test whether this deficit extends from
that seen in local (U)LIRGs to high-redshift SMGs.

(© 0000 RAS, MNRASDOG, 000-000
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Figure 2. Best-fitting modified single-temperature blackbody SEDofar sample of SMGs fit to 250—-870n photometry (see Tablé 2) as well as our new
PACS continuum flux densities or upper limits (see Table Eye# has been fixed to 1.5, and the best-fitting ahd derived values (the FIR continuum flux

and Lg1r) are listed in TablE]2. See Section]3.2 for further details.

The SMGs detected in [O1]§3m emission in our sample have
an [Ol]63um-to—FIR ratio of~0.5-1.5 per cent. Fi§] 3 shows the
[O1163 um emission line to FIR continuum ratio plotted against
Lrr for the SMGs alongside all other low and high-redshift
galaxy populations with measured [Ol]6& emission available
from the literature. The plot reveals that our SMGs do notsho
an [Ol]63um deficit, which is different from what is seen in local
ULIRGS (galaxies with kg 2 10'? L in Fig.[3), the purported
local analogues of SMGs. It thus appears that [O]]68is a reli-
able tracer of star formation in high-redshift SMGs. Oureaa-
tions suggest that local ULIRGs and AGNs are not good ana®gu

(© 0000 RAS, MNRASD0Q, 000—-000

of typical SMGs, and that SMGs appear to be more like local nor
mal/starburst galaxies in terms of their PDR cooling linegarties
relative to their far-IR emission, which we now discuss itaile

4 DISCUSSION

The [CII]158um fine-structure emission line is the predominant
coolant of the cold neutral medium, since thé ©n is abundant
and the 15@m emission line is relatively easy to excit® ¢ /k ~
92K). In warmer and denser environments (whéte > 10® and
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Figure 3. The observed [Ol]6am—to—FIR continuum ratio as a function ofzly for SMGs from this paper (large black stars) compared withilav
able literature values (compiled by Gracia-Carpio et &l17). The literature compilation includes all galaxies eslisd with ISO (Colbert et all 1999;
Negishi et all 2001; Malhotra etlal. 2001: Luhman et al. 2(D&le et al! 2004 Brauher. Dale & Helou 2008) and with PACSaf&-Carpio et al. 2011).
The high-redshift .13 < z < 3.04) galaxy comparison sample includes 3C 368 (Brauher, Daleekit 2008), SMM J2135-0102 (lvison et al. 2010),
SDP.81|(Valtchanov et al. 2011), and MIPS J142824.0+3528648m et al. 2010), all of which have been corrected for igmtional lensing. Several familiar
well-studied local galaxies are indicated on the plot féemence, including M82, NGC1068 (a LIRG), and ULIRGs Arp2#® Mrk231|(Fischer et al. 2010;
Gracia-Carpio et al. 2011). The solid symbols represemtilo SMGs with [O1]63.m detections, and the open symbol represents the SMG whidrawe
‘tentatively’ detected. The open symbols with downwardwas indicate 3 upper limits. In Sectiof 3]2, we found that the FIR continuflum and Lgig are
possibly underestimated by estimated factors of 2.8 anddspectively, for LESS21 and LESS34, and by factors of ad1a5, respectively, for LESS106.
Applying these correction factors to these SMGs would mbesé sources down and to the right in the plot by the same$adbe SMGs do not show an
[O1163 um emission line deficit compared to local ULIRGS, similar thawis seen for the [Cl1]158m emission line for SMGs.

(© 0000 RAS, MNRASDOG, 000-000
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n > 3 x 10° cm™3), [0I]63 um becomes the dominant coolant of
the interstellar gas{ E/k ~ 228 K; Hollenbach & Tielens 1999).
A substantial fraction of the [Ol]6@m emission is believed to orig-
inate in PDRs at the interfaces between the HIl regions arldano
ular clouds (e.g._ Malhotra etlal. 2001; Contursi et al. 200@)h
additional contributions to the line emission originatiingm the
diffuse neutral medium or shocks (e.g. Spinoglio & Malka®4.9
van der Werf et al. 1993). [OI]638m is thus an ideal tracer of the
warm, dense, neutral ISM, where star formation occurs.

The detection of [OI]63:m in two SMGs in our sample thus

11

1 < 2z < 2 galaxies| Stacey etlal. (2010) find that the luminous
high-redshift star formation dominated systems in themga
(including one gravitationally lensed and one unlensed $k&
not show a [CII] 158:m deficit; whereas the AGN-dominated sys-
tems in their sample do. Stacey et al. (2010) land De Breudk et a
(2011) use the observed [ClI]158n—to—FIR ratio (which traces
the far-UV field strength(G) and scaling arguments to constrain
the scale sizes of the three SMGs 10 2-5kpc (Wolfire et all.
1990). Ivison et &l/(2010) also report a [Cll]1pB—to—FIR ratio

in SMM J2135-0102 (a lensed = 2.3 SMG) which is consis-

confirms the presence of a warm dense neutral ISM in these sys-tent with the SMG being powered by starburst clumps disteithu

tems, and indicates that [Ol]@3n is an important cooling line

across~ 2kpc (Swinbank et al. 20110). These studies add to the

for SMGs. The marginal detection and the non-detections are growing body of evidence that high-redshift SMGs are hosix¢o

also consistent with this picture. If [Ol]§an is the dominant
cooling channel, then the [Ol]gan-to—FIR ratio can be inter-

tensive, galaxy-wide starbursts, in stark contrast to eatively
more confined starbursts seen in local ULIRGS (typicallyt00 s

preted as a proxy of the gas heating efficiency through thé dus pc; e.gllono et al. 2009). These galaxy-wide scale sizesiare

photo-electric effect for a relatively dense gas € 10° cm™3;

Meijerink, Spaans & Israel 2007; Kaufman etlal. 1999). If be t
other hand [CII]158:m contributes significantly to the cooling,
then we can place a lower limit to this heating efficiency.yCnich
dense gas can excite the [Ol]66 emission line and achieve a rel-
atively high gas heating efficiency of 1%, since the dense gas
helps to keep the dust grain charge low and thus the photiriele
yield high.

lar to high resolution interferometric mapping of the de@$2 gas
reservoirs ofl < z < 4 SMGs ¢ 4kpc;|Tacconi et al. 2006,
2008;| Bothwell et al. 2010; Engel etlal. 2010; Hodge et al.z201
and of the radio and submm continuum and CO(1-0) emission
(~ 5kpc up to 25kpc;_Chapman et al. 2004; Younger €&t al. 2008;
Biggs & lvisoni 2008; Biggs et al. 2010; Ivison etlal. 2011).

Our new [OI]63um measurements have provided a first step
towards a census of the bright PDR lines in SMGs. We have

But what can these observations tell us about the star for- shown that the SMGs in our sample do not show an [O}j68
mation mode in SMGs, i.e. how their immense luminosities are line deficit, similar to what was seen previously in [CII]158),
powered? The [Ol]6am—to—FIR ratios seen in local starbursts are suggestive that this is likely a global property for highiskift |u-
~ 0.3%, and even higher ratios are seen in more ‘normal’ star minous star-formation-dominated galaxies. These SMGshare

formation driven galaxies (Lord etlal. 1995; Malhotra e{2001;
Gracia-Carpio et al. 2011). As mentioned above, local UE$R
tend to show an overall ‘deficit’ in this ratio (and also fohet
important PDR emission lines; e.g. Gracia-Carpio et al10ela-
tive to their less extreme counterparts (see e.g[Fig. 3.@ssible
cause of this observed ‘deficit’ is thought to be due to highes
of the ionization parameter (ie. the number of hydrogenziogi
photonsh v > 13.6 eV, per hydrogen particle) at the surface of the
clouds (e.g. Abel et al. 2005; Abel etial. 2009; Gracia-Gaep al.
2011). The effect of increasing the ionization parameteisea a
larger fraction of the UV photons to be absorbed by dust (whic
are re-emitted in the IR) rather than being available tozerand
excite the gas, resulting in a decreased observed [@H6to—FIR
ratio. Thus, high ionization parameters are the most likalyse of
the PDR line deficit seen for local (U)LIRGs (Gracia-Caretal.
2011), which would indicate that there are intrinsic diffieces in
the mechanism or distribution of star formation in theseagials
(ie. more concentrated, merger-induced) relative to mooemal’
starburst galaxies (ie. more extended, quiescent).

The fact that we do not see this deficit in high-redshift lu-

ideal candidates for future observations of CO transitiand of
the [ClI]158;m emission line — which together could be used
to provide a well-constrained PDR solution for the emittiyas
(see e.gl_Stacey etlal. 2010) to solve for the densifyand the
far-UV radiation field strength(Go, in the ISM in SMGs. In-
terestingly, it is predicted that [O1]63m would become more
important than [ClI]158:m as the galaxy ISM heats up, which
is most likely to occur during the most extreme star forma-
tion events such as in SMGs. At the earliest stages of the star
burst event, the C/O ratio is predicted to evolve stronglyithw
[O1163 um predicted to be stronger than [Cll]15& emission
by at least a factor o~ 3 (e.g.|Henkel & Mauersberger 1993;
Meijerink, Spaans & Israel 2007; Kaufman, Wolfire & Hollerba
2007), since [0I]63:m traces denser gas (~ 3 x 10° cm™?)
than [CII]158um (n ~ 3 x 103 cm™3). Thus, in principle mea-
suring the C/O ratio could help to indicate the evolutionstate of
the star formation episodes of SMGs, using chemical evariaty
models such as thoselof Pipino & Matteucci (2004). These faode
predict that throughout the starburst episode, the C/@ watiuld
evolve strongly (since C enrichment occurs mainly from ltw—

minous star formation dominated galaxies such as SMGs sug-intermediate mass stars) and thus this ratio could be useah as

gests that the physics dominating the [Ol}68—to—FIR ratio
must be similar to that dominating the star formation attivi
in ‘normal’ star-forming IR-bright galaxies, which haverfdr
emission arising from an extended, cooler ‘cirrus’ compane
(e.g.Efstathiou & Rowan-Robinson 2003). Importantly, 8#Gs
lie about an order of magnitude above the [Ol}68-to—FIR ratios

effective way to ‘date’ a galaxy and its burst timescale & ¢arly
throes of star formation (e.g._Maiolino et al. 2005). Thusnaere
complete set of diagnostic emission line data would begmeveal
a fuller picture of early nucleosynthesis and interstgtlancesses
in high-redshift luminous star-forming galaxies, whichcistical
to our understanding of the driving mechanisms involvechese

of local ULIRGs and AGNs, indicating that SMGs are not simple modes of star formation.

scaled up analogues of local ULIRGSs, where the star formatio
curs in a compact and highly obscured nuclear region (anehpot
tially with a significant contribution from an AGN).

Our result supports what is seen in the [CII]358 emission
line for SMGs. In a first modest-sized survey of the [CII]158

5 CONCLUSIONS
We usedHerschelPACS to target the [O1]68m emission line in a

emission line in a heterogeneous sample of 13 far-IR lumnou sample ofunlensedhigh-redshift 87Q:m-selectedl.1 < z < 1.6

(© 0000 RAS, MNRASD0Q, 000—-000
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SMGs for the first time. Our sample originally consisted ofensta-
tistically robust radio and/or mid-IR counterparts to tihdGs (pro-
viding precise positions for the SMGs) with high-qualityespro-
scopic redshifts. We used high-resolution interferonsefi MA
870um continuum data to verify the reliability of our originalrta
get selection. The ALMA data have verified unambiguousliyt tha
six of the SMG counterparts are bona fide submm-emittingcssyr
three of the SMG counterparts that were targeted here dppeta

by an industrial consortium under the overall respongibii the
prime contractor Thales Alenia Space (Cannes), and inujudls-
trium (Friedrichshafen) responsible for the payload medcuid for
system testing at spacecraft level, Thales Alenia Spacen(Tie-
sponsible for the service module, and Astrium (Toulousspoe-
sible for the telescope, with in excess of a hundred subaotairs.
This research has made useHofE, which is a joint development
by theHerschelScience Ground Segment Consortium, consisting

to be a source of submm emission and we have removed these fronof ESA, the NASAHerschelScience Center, and the HIFI, PACS

our sample.

We detect the [Ol]62m emission line in two of the SMGs,
tentatively detect [Ol]63m emission in one SMG, and measure
sensitive 3 upper limits to the line flux in the remaining three
cases, secure in the knowledge that we have targeted theesour
of the submm emission and the correct redshift. The [Olj63

detections confirm the presence of a warm dense neutral ISM in

these systems and indicate that [Ol]6& is an important PDR
cooling line for SMGs. We find that the [Ol]§gan—to—FIR ratio in
SMGs (ranging fron~0.5-1.5 per cent) does not follow the well-
documented PDR cooling line ‘deficit’ that has been obsefeed
local ULIRGs and some local AGNs which are in a similar far-IR
luminosity class to SMGs. This result suggests that localRGs

and SPIRE consortia.
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