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1 INTRODUCTION

The discovery of the Cosmic Infrared Background (CIRB;
Puget et al. 1996; Fixsen et/al. 1998 has shown that at letisifha
the energy generated by star-formation and Active Galaatidei
(AGN) in the Universe has been absorbed by dust and re-eatliat
in the IR (Gispert et al. 2000; Hauser & Dwek 2001). A signifi-
cant fraction of the background has been resolved into alptipn

of IR sources, luminous (LIRG:#g = 10'*-10'% L), ultralumi-
nous (ULIRG: Lig = 10'2-10' L) and hyperluminous (HLIRG:
Lir > 10" L) infrared (IR) galaxies whose bolometric energy
output is dominated in the IR\(= 8-1000um) by reprocessed
dust emission (see Sanders & Mirabel 1996; Chary & Elbaz/2001
Franceschini et al. 2001). They were first catalogued in dcall
Universe ¢ < 0.3) by thelnfraRed Astronomical Satellif@gRAS)

ABSTRACT

We present spectroscopic follow-up observations gfifOselected galaxies from the SWIRE
XMMLSS and Lockman Hole fields. We have measured spectriscegshifts for 293 new
sources down to a 7@m flux limit of 9mJy andr < 22 mag. The redshift distribution peaks
atz ~ 0.3 and has a high redshift tail out to= 3.5. We perform emission line diagnostics
for 91 sources where [Olll], B, [NI1], H « and [S1I] emission lines are available to determine
their power source. We find in our sample 13 QSOs, 1 Seyfeal#bgy, 33 star forming galax-
ies, 30 composite galaxies, 5 LINERs and 21 ambiguous gada¥ile fit single temperature
dust spectral energy distributions (SEDs) to 81 sources with 16(:m photometry to
estimate dust temperatures and masses. Assuming the disstvityn factor (3) as 1.5, we
determine dust temperatures in the rang20-60K and dust masses with a range of-10°
M. Plotting these objects in the luminosity-temperaturgidien suggests that these objects
have lower dust temperatures than local IR luminous gadaXieeHerschelSpace Observa-
tory will be crucial in understanding the nature of thesersesiand to accurately determining
the shape of the Rayleigh-Jeans tail of the dust SED. We thetehSEDs from optical to
far-IR for each source using a set of galaxy and quasar teespia the optical and near-IR
(NIR) and with a set of dust emission templates (cirrus, M@2mirst, Arp 220 starburst and
AGN dust torus) in the mid-IR (MIR) to far-IR (FIR). The numtif objects fit with each dust
template are: 57 Arp 220, 127 M82, 9 cirrus, 1 AGN dust tor@MB2 and cirrus, 26 M82
and AGN dust torus and 3 Arp 220 and AGN dust torus. We detexthi@total IR luminosity
(Lir) in range 16-10'° L, by integrating the SED models from 8 to 1000n.
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that the majority originates from reprocessed dust emidsychigh
redshift galaxies.

The Spitzer Space Telescof@erner et al. 2004) has greatly
increased our understanding of the IR Universe at high réigsh
We now know that there is strong evolution in the populatiébn o
IR galaxies with LIRGs dominating the cosmic star formatiate
outtoz ~ 1 and ULIRGs out toz ~ 2 (Le Floc'h et al| 2005;
Pérez-Gonzalez etlal. 2005; Caputi et al. 2007). Thisutiol is
also seen in the more luminous submillimeter galaxies (SMEs
redshifts> 2 (Smail et all 1997; Scott etial. 2002; Clements et al.
2008; Dye et al. 2008). These studies have highlighted thape
fraction of star formation and gravitational accretion éatily ob-
scured by dust and therefore studying the properties andathee
of these galaxies is crucial to understanding galaxy eiaiut

and shown to only contribute: 30% to the CIRB which suggests Deep surveys conducted [8pitzer particularly in the mid-
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IR (MIR) at 24 um where the MIPS instrument is most sensitive
have allowed us to understand the nature of dust obscured-gal
ies. Using spectroscopic diagnostics and/or modellingspieetral
energy distributions (SEDs) combining optical and IR phote
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try has shown that star-formation is the dominant procesk wi 2.1 Infrared data
the AGN component becoming significant in the more luminous
sources| (Genzel & Cesarsky 2000; Farrah =t al. [2003; Sdifér e
2008). However the 24m surveys are limited as the peak of the
SED for most IR luminous galaxies is in the range~ofl0 — 200
pm. At high redshifts the 24/im channel samples shorter wave-
length regions contaminated by polycyclic aromatic hydrbon
(PAH) emission and silicate absorption features makingfficdlt
to obtain reliable estimates of the bolometric IR luminiesit
Spitzeralso observed at the longer 70 and 16& wave-
lengths and several studies have been carried out in orddvate
acterise the 7@m population. Analysis of the 160m population
is severely hindered because of the lower resolution ansitsen
ity of the MIPS instrument at this wavelength. By modellirg t
IR SEDs of 70um selected galaxies in thel < z < 2 red-
shift range, Symeonidis etlal. (2007, 2008) found that trese
jects require a cold (dust temperature20K) emission compo-
nent in the FIR. In the follow-up study, Symeonidis et al. 2P
(henceforth S09) suggest that the MIPS @ population may be
the missing link between the cold > 1 submillimeter (submm)
population detected by SCUBA and the local IR luminous galax
ies.| Kartaltepe et all (2010) extend their study to highdshéts,
z ~ 3.5 for 1503 reliable and unconfused 7@ selected sources
in the Cosmic Evolution Survey (COSMOS). Their analysisigho ~ 2-2  Optical data
that the SED shapes are similar to local objects but also fiird e
dence for a cooler component than is observed locally. Uaimg

cillary radio and X-ray data, they find that the fraction of N& Optical cross-identifications (XID) was carried out betwehe
increases with ir, and nearly 51% of ULIRGs and all HLIRGS  ptical and the IRAC-24um catalogs using a search radius of
likely host a powerful AGN. Symeonidis etiél. (2010) alsaarat 1.5" (Rowan-Robinson et al. 2005; Surace et al. 2005). The cross-
the same conclusion although they find 23% of ULIRGs contain a  jqentification process ensured that each SWIRE source ady h
AGN. These figures are consistent with observations of lotal one optical match. Completeness and reliability of the XI@sn-
RIGs (set_e Veilleux et al. 1995; Sande_rs & Mirabel 1996; Kimalet vestigated by Surace et al. (2005), which showed that daignt
1998) Wh(')Ch show thit the AGN fraCQtlon increases from % at the Spitzeroptical XIDs are essentially 100% complete. The re-
Lir = 101_ Lo to>50% at '-I_R > 10" '—_®- ] quirement that appears to eliminate spurious sourcestiefgc

In this paper, we examine the optical and IR properties from anq give a high-reliability catalog is that the source beected

a spectroscopic follow-up of 293 70m selected sources from 4t photh 3.6 and 4.5m at SIN> 5 (Rowan-Robinson et Hl. 2005;
the XMM-LSS and Lockman Hole (LH) region of th8pitzer Surace et al. 2005).

Wide-area InfraRed Extragalactic survey (SWIRE) (Lonsdilal.
2003). The present paper is the first in a series which aimsitly s
the evolution of the 7Qum luminosity function. This paper is or-
ganised as follows: In Selct.2 we present the sample sefectio 221 XMM-LSS

teria and in Sedfl3 we describe the observations and datatied The XMM-LSS centred o = 02"21™20°, § = -04°30™0C° covers
method. We present the main results in $éct.4 and discussithe 9.1 ded. Optical photometry is available for 6.97 degf XMM-

The SWIRE surveyl(Lonsdale etlal. 2003, 2004) is one of the
largestSpitzerlegacy programmes covering 49 ddg six differ-

ent fields with both the IRAC and MIPS instruments. Typical 5
sensitivities are 3.7, 5.3, 48 and 37.Jy in the IRAC 3.6, 4.5, 5.8
and 8um bands. For MIPS thedslimits are 23@:.Jy, 20 mJy, and
120 mJy at 24, 70 and 16am (Surace et al. 2005). The IRAC and
MIPS data were processed by tBpitzerScience Centre (SSC)
and sources extracted using SExtractor (Bertin & Arnout36)9
Full details of the SWIRE data release can be found in Sureak: e
(2005).

The final data product consists of a bandmerged IRAC and
MIPS 24 um catalog and single-band catalogs at 24, 70 and 160
pum. The IRAC and MIPS 24,m catalog consists of sources de-
tected with a signal-to-noise ratio (S/N)5 in one or more IRAC
bands and their 24m associations with a S/i¥ 3. The MIPS
70 and 160um sources single-band catalogs were matched to the
IRAC and MIPS 24:m bandmerged catalogs to produce a SWIRE
IRAC and MIPS 7-band catalog. Thus, almost all of the 70 ar@il 16
um sources are also detected ay.24.

Optical photometry is available far 70% of the SWIRE area in at
least three of thaJ, g’, ', i’ andZ photometric bands. Spitzer-

plications in Sedtl5. Throughout this paper, we assuméBM LSS, which was observed as part of the Canda-France-Haelai T
cosmology withHy = 70kms *Mpc™!, Q4 = 0.7, andQw = 0.3. scope Legacy Survey (CFHTLS)inth&, ¢/, ', i/, andz* bands to
All magnitudes are in the AB system unless otherwise stated. magnitude (Vega, & for a point like object) limits of: 24.9, 26.4,

25.5, 24.9 and 23.4 respecti\ElyThe photometry was obtained
from|Pierre et al.| (2007).

2.2.2 LH-ROSAT

2 THE DATA The LH-ROSAT field is smaller part of the larger LH region cen-
In this paper we have used data from the latest release of thetréd ona = 10}15211\43' 9= +57d28m48$_ and covers 0.25 dég
SWIRE photometric redshift catalogue [of Rowan-Robinscailet ~ OPtical photometry in theJ, g, r* andi® bands were obtained
(2008). The catalogue contains photometric redshifts far d using the MOSAIC camera on the 4m-Mayall Telescope at Kitt
million IR sources, estimated by combining the optical aRAC Peak National Observatory (KPNO). The miting magnitudes
3.6 and 4.5um photometry to fit the observed SEDs with a (Vega)are 24.1, 25.1, 24.4, and 23.7 in the four bands fartitie
combination of galaxy and AGN templatés (Babbedge lét ald200 —Sourcesi(Berta et al. 2007).

Rowan-Robinson et &l. 2005). Specifically, we make use ofimul

wavelength data from XMM-LSS and LH-ROSAT regions of the

SWIRE survey. 1 See hitp://www.cfht.hawaii.edu/Science/CFHTLS/
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2.3 Sample selection lines. A summary of the observation log and spectroscoistié

We selected 7Qum sources withr < 22 mag, $ > 9mJy and success s given in Tatfig 3.

SNR> 5 at 70um for the spectroscopic follow-up. We found 1553
70 um sources in XMM-LSS satisfying the selection criteria, of
which 22 had a measured spectroscopic redshift. In LH-ROSAT 4 RESULTS

58 sources were found, 13 of which also had measured spectro- b q [ of in th
scopic redshift. Thus, our final sample contained 1553 and®5 We o ssrve a lotal (;_ ?(177 mdl sources(;n the SW|RE_ XMM'h_f
4um sources in XMM-LSS and LH-ROSAT respectively. LSS and LH-ROSAT fields and measured spectroscopic resdshift

for 293 sources (280 in XMM-LSS and 13 in LH-ROSAT), giving

a success rate of 61%. The first observation run was severely
2.4 Fibre configuration affected by high humidity which resulted in poor quality sjpa for
the first two fields which explains the low redshift success (&
36%). For the second observing run, we have a measured ftedshi
success rate of 71%. Redshifts for some objects could not be
measured due to sky subtraction residuals resulting froon @&1
emission line subtraction in the wavelength regio@000 - 9500h..
Atable of our spectroscopic redshift catalogue is proviaednline
material.

For each measured redshift, we have assigned a redshift qual
ity flag. The flag has values between 0-3, with classificatefok
lows: zflag = 0, highly reliable redshift with three or moresspal
features; zflag = 1: redshift with at least two emission ljrekag
= 2, redshift from one emission line and consistent with thetp-

z estimate; zflag = 3, redshift from absorption features @migl

consistent with photo-z estimate. Our sample contains bgects
3 OBSERVATIONS AND DATA REDUCTION with zflag = 0, 21 with zflag = 1, 59 with zflag = 2 and 19 with

The targets were observed using the Wide Field Fibre Ofipat- zflag = 3. The redshn‘t dlstrlbutlon and the magnitude qmm:)n
trograph (WYFFOS) and the robot positioner Autofib2 at the Ob of the_sou_rce_s In our spectroscopic S?mp'e are showr_1 |E|iget
servatorio del Rogue de los Muchachos, using the 4.2m Willia redshift distribution peak_s a:t_N 0.3 with a hlgh-reds_hlft tail ou_t
Herschel Telescope (WHT). We carried out the observatioes o to z = 3.389. We S,hOW in Fig.2 and Figl3 a selection of optical
2 runs totalling 6 nights between November 2008-2009 ugieg t spectra for a selection of 70 and 2 sources.

small fibre bundles (fibre diameter 1.6 arcsec) and the R31éR g

ing covering the spectral range 4000-950(h and a spectral res-

olution of 8.1A. Each fibre configuration was observed for 3 hours 4.1 Photometric redshift comparison

giving a S/N of ~ 50 per resolution element for sources with h d ic redshifts with th
r = 22 mag. Bias, and dark frames were obtained at the start and We ave compared our spectroscopic redshifts with the pietto

end of the night. Dome flats and arc lamps (helium and neorg wer e redshift estimates using the ImpZ code (Babbedge/ 0GP

obtained at the start and end of each observed field. Stastiasd in_the photome_trp_redshlft catalogue _Of Rowgn-Roblnsomi et
were also observed at the start and end of the night for flukreal (2008)' Thg reliability of the photometric redshifts arqumed
tion. via the fractional erroiz/(1 + z) for each source, examining the
The spectra were reduced and calibrated using standard IRAFMEaN error_Az/(1_+ z), the_ total rms scatt(_adrz and the rate of
routines and the WYEEOS/AE?2 reduction tool made available o ‘catestrophic’ outliersy), defined as the fraction of the full sample
line. The tool is based on triofibre package which was used to ~ hathasaz/(1+2)|>0.1. . .
remove cosmic-rays, subtract the bias and dark framedfjeflelt- We  show th? comparison . of spe_ctroscoplc redshift
and wavelength calibrate, producing 1D spectra. The skg<ife- (log (1 + zs)) against photometric redshift log (1 + zpn))
ferred to as sky spectra) used for the sky correction praeagare in Fig[4 for objects which h2ave a reliable photometric reftish
median combined to create a master sky spectrum. A correctio that IS objects with reducesf (Xf_cd) < 10 in ’the photometric
factor was then manually determined by comparing the beight redshift catalogue ('_f Roqu-Roblnso_n &t bl. (2008). Thelmjm
sky lines (the OI 5578 or the NaD 5898 atmospheric emission ~ 'ePresent the redshift quality flag while the QSOs (blumgies)
lines) in the target and sky spectra. The sky subtractedttagec- are separated as the photometric redshlft solutions amecteghto
tra (referred to as object spectra) were determined by actiig be less accurate for AGNs than galaxies. For the.id sample
the master sky spectrum corrected for the factor from thgetar (right panel Fig#), the total rms scatter, was 0'1_4’ the mean
spectra. All object spectra were examined visually to \aédhe error was 0.035, and the rate of catastrophlc OUt_mS 5'7%'_
sky subtraction accuracy. Standard star frames were rddigiag We find in our 70um sample 14 ca_Ltastrophlc _outll_ers, 6 of which
the same method and the object spectra calibrated usingRf | are QSOs and.the rest haye a reliable redshift with zflag = 8. Th
standard andcalibrate packages and atmospheric extinction cor- 24 um sample is characterised by = 0.13, the mean error = 0.42
rected for the La Palma site. Redshifts were measured ubing t andn = 25.8%. For QSOs as stated,_the photometric COd_eS are
IRAF packagevsao and by visual inspection of the sky subtracted expected to perform less reliably possibly because of phetuc

and calibrated 1D spectra by identifying emission and atior variability. For the other outliers the causes may be podicalp
photometry or photometric redshift aliasing, but overak tow

catastrophic outlier rate is encouraging for use of photdme
2 Seé http://www.ing.iac.es/Astronomy/instrumentsfedfiguration.htr]l redshifts in future analysis.

Fibre configuration was carried out using mléz_configureﬁ pro-
gramme. In total there are 150 science fibres and 10 fiducial fi-
bres which are used to field acquisition and guiding. On a@eera
fibres were placed or 70 primary targets (7@m sources) and at
least 4 standard stars per mask. In addition 10-20 fibres usze
for simultaneous sky observations which are referred tdgdis
bres. Spare fibres were placed on@4 sources in particular high
redshift ¢,, > 3) candidates in the XMM-LSS and LH-ROSAT
fields, the results of which will be presented in a future pdplgde
etal. in prep). Note that due to fibre collision, it was notgibke to
utilise all the science fibres.
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Figure 1. Left: Spectroscopic redshift distributioRight: r magnitude distribution.
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Figure 2. Selected example optical spectra of il sources observed at WHT using AF2/WYFFOS.
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Fibre configuration ~ Observation Date « (J2000) 4 (J2000) Sources observed  Redshift measured
24pym  70pm  24pum 70pm

XMM-LSS_1 23/11/08 0b18m445  -05156m243 12 80 5 23
XMM-LSS_2 23/11/08-24/11/08 G21™m26°  -05137™m48° 9 69 4 25
XMM-LSS_3 24//11/08 0024m26°  -05124m00° 11 74 3 46
XMM-LSS_4 24/11/08-18/11/09 (2709  -05115m50 9 77 4 52
XMM-LSS_5 18/11/09 0b22m31s  -04950m24° 13 76 6 46
XMM-LSS_6 18/11/09-19/11/09  0218m48  -05d42mQ0° 14 72 7 45
XMM-LSS_7 19/11/09 0b22m34s 04408256 6 74 4 44
LH-ROSAT.1 18/11/09-19/11/09  ¥®2m43F  +57d25m1% 3 24 2 13

Table 1. Summary of the observation log. The RA and DEC are the cefieaah mask. Column 5 lists the number of /i sources targeted and column 6
is the number of successful spectroscopic redshift medsareach pointing.
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Figure 3. Selected example optical spectra of@4 sources observed at WHT using AF2/WYFFOS.
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Figure 4. Comparison of spectroscopic against photometric red&irifbbjects Withxfe 4 < 10 from the catalogue of Rowan-Robinson et @008) for 24
(left panel) and 7Qum (right panel) sources. The two solid lines are the 10% dyoundary inlog(1 + z). The data are plotted according to the redshift
quality flag, (zflag; see text in Sddt.4), where red crosseshjects with zflag = 0, magenta pluses are objects with zfthgoarple crosses are objects with
zflag = 2 and green circles are objects with zflag = 3. Blue gtsare the QSOs identified from spectra.

4.2 Emission line diagnostic

We have classified narrow emission line galaxies and deteani
the dominant power sources using emission line diagnostiB®T
(Baldwin et al/ 1981) diagrams. The diagrams are based dn opt
cal emission line ratios such as [OllI]AH [NI]/H «, [SII}/Ha and
[Ol)/H a. We have used a combination of [OlI]AH [NII}/H o and
[SH)/H « emission line ratios as these ratios are insensitive to red-
dening because they are close in wavele
derive a new theoretical ‘maximum starburst line’ on the BRT
agram to separate AGNs and star forming galaxies, with gadax
lying above the line likely to be AGN dominatéd. Kauffmanraét
) modified thOl) scheme by including a
other line which includes objects whose spectra contaih B&N
and star formation. Here we use the classification schensepied 0.0 0.1 0.2 0.3 0.4
inKewley et al.|(2006) to classify objects in our spectrgscsam- Zsp
ple.

To produce the BPT diagrams we have measured fluxes for the Figure 6. Spectroscopic redshift distribution for 91 objects usetbiper-
HB, [OIN], [NI], H « and [SII] emission lines for 91 objects which ~ form emission line diagnostic.
have good quality spectra. We show the redshift distriloufar
these sources in Fig.6, which are mostly low redshifts<( 0.4).

Number

The emission line fluxes were measured using it routine Using the emission line diagnostic we found in our sample:
in IRAF by interactively fitting a Gaussian function to eadtel 1 Seyfert Il galaxy, 34 star forming galaxies, 30 compositag-
The BPT diagrams, [N}/l versus [Olll}/H3 and [SII]/Ha ver- ies, 5 LINERs and 21 ambiguous galaxies. In addition 13 QSOs o

sus [OIl}/HB are shown in Figl5. The blue line is the pure star Seyfert | (Type | AGN) were identified from their broad lineesp
formation curve of Kauffmann etal, (2003) and the red lines a  tra. We find a large number of ambiguous sources which is most
the extreme starburst Iines @001). Objedixh likely due to weak [SII] emission line.

lie below the blue curve in the [NII]/H versus [OlIll]/H3 and the
red curve in the [SII])/kk versus [OlII}/H3 are star forming or HII-
region galaxies. Composite galaxies lie in the AGN-HII mixire-
gion between the blue and the red curve in the [NIf}/Mersus
[OlN)/H 8 diagram. The black line in the [SlI)/ddversus [Ol)/H3 We use the SWIRE data with the AF2/WYFFOS spectroscopy to
diagram is the Seyfert-LINER separation curve of Kewleyleta reproduce the Lacy etlal. (2004) IRAC colour-colour diagraihis
). Objects which lie above the black and red curveslase ¢ diagnostic requires the sources to have detections inadllRAC
sified as Seyfert and objects that lie above the red curve alogvb bands, 3.6, 4.5, 5.8, andu8n. We show in Fif]7 the IRAC colour-
the black line are LINERs. Ambiguous galaxies are those i colour plot for 233 sources in our sample with detectiondlitha
above the extreme star forming line in one diagram and lievbel  IRAC bands. Objects that lie within the black wedge are etquec

in the other diagram. to be AGN dominated as suggestedmmmmy We also

4.3 Colour diagrams
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Figure 5. Left: [NII]/H « versus [Oll}/H3 diagnostic diagram. The blue line is the Kauffmann et al0@Qoure star formation line and the blue line is the
Kewley et al. (2001) extreme starburst lirRight: [SII]/H « versus [Oll}/HB diagnostic diagram. Red line is the extreme starburst ofl&ewet al. (2001)

is used to separate the star forming Seyfert galaxies. Tdek ldlolid line is the Seyfert/LINER separation from Kewléak (2006). In both the panels the
red triangles are pure star forming galaxies, blue circtescamposite galaxies, green squares are Seyferts, ortargeaee LINERSs and purple asterisks are
objects classified as ambiguous. The dashed lines repitbgdo et al.l(1997) classification scheme. A typical errari®ahown on the top right hand corner.
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Figure 7.IRAC colour-colour ploti(Lacy et al. 2004) for 233 70n sources
with detection in all IRAC bands. Cyan diamonds are QSOs{niadgles
are star forming galaxies, blue circles are composite gedagreen squares
are Seyferts, orange stars are LINERs, pink asterisks aoggaous galax-
ies and grey plus signs are galaxies without a spectrosatgssification.
The black wedge is the AGN region as defined by Lacy et al. (OO
also plot the colour tracks between= 0 — 4 using the template SEDs of
Chary & Elbaz |(2001) for different types of IR galaxies. THadk circles
represent = 0. Typical error bar is shown at the bottom right corner.

plot the colour tracks between= 0 — 4 using the template SEDs
of[Chary & Elbaz|(2001).

As expected we find that most of the broad-line objects (10/12
lie within the AGN wedge but we also find that 2 of the broad line

ies. This is consistent with their IR SEDs which show thatdtze-
burst component is the dominant process in the IR. The star-fo
ing galaxies occupy the top-left above the AGN wedge which is
in agreement with previous work (Donley etlal. 2008; Trichgal.
2009, 2010). The narrow-line AGN lie within the AGN wedge €Th
majority of the LINERs, composite and ambiguous galaxies oc
cupy the same region as the star forming galaxies which @apli
that these objects are most likely starburst dominatedaNtiR.

In the left panel of Fifl8, we plot the ratios of MIPS 24 and
70 um flux densities as a function of redshift for all sources in ou
spectroscopic sample and colour tracks using the SED téespé
Rowan-Robinson et al. (2004) (The SED models are described i
more detail in Sedt.4l4). The;8S,4 ratio can be used to distin-
guish between star forming galaxies and AGN dominated ssurc
except for sources with strong PAH emission features réeshi
into the 24, m band (e.g. M82 at ~ 2) and for AGNs with
strong silicate absorption featureszatv 1.5 (Frayer et all 2006;
Clements et al. 2010a). In this diagnostic, the star forngialgxies
are expected to have highd®S;4 ratio, whereas AGN dominated
sources are expected to have low/S,, ratio. The majority of the
sources in our sample have observed ratios within the raingsd-o
ues between the Arp220 starburst and cirrus tracks whidbatess
that a mixture of starburst and cirrus or a pure starbursirousc
component dominates the FIR emission.

More recentlyl Mullaney et al. (2010) analyse FIR propsrtie
of X-ray sources using ultradeep 70 and24 Spitzerobservations
to show that the 70/24m flux ratio can discriminate an AGN or
starburst dominated IR SED for a given AGN. In our sample dnly
of the 13 QSOs appear to have flux ratios similar to AGN dusistor
with rest of the QSOs having ratios similar to the starbuoshc
ponent, suggesting that the IR SED is starburst dominate® S
models (see Sett.4.4) of our QSOs shows that most of themehave
starburst dominated IR SED.

We show in the right panel of FId.8, the observed 70 and 160
pm flux ratios for 83 sources with 160m detection, which are

AGNs occupy the same parameter space as the star forming gala a rough estimate of the dust temperature for the FIR peak-emis
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Figure 8. Left: Observed 24 and 70m flux ratios as a function of redshift for all 76m sources. Cyan diamonds are QSOs, red triangles are stanépr
galaxies, blue circles are composite galaxies, green sgage Seyferts, orange triangles are LINERs and grey fgas are galaxies without a spectroscopic
classification. Colour tracks using Rowan-Robinson ei24104) SED templatefight: Observed 70 and 160m flux ratios as a function of redshift for 83
70 um sources. Purple diamonds are QSOs, red triangles areostainf galaxies, blue circles are composite galaxies,rgsegiares are Seyferts, orange
triangles are LINERs and grey plus signs are galaxies with@pectroscopic classification. Colour tracks using ReRahinson et al! (2004) SED templates.
Note that the AGN dust torus colour track in the right pares below the origin and therefore it is not shown. Typicabebars are shown at the bottom right.

sion. The $60/S7o ratio remains roughly constant across the red-
shift range and is consistent with being cirrus or starbdeshi-
nated. S09 and Kartaltepe et al. (2010) compare thejir@Gam-
ple with local sources in the1&/S;o — z plot and find a large
fraction of galaxioes that are colder than their local eglgimt. In-
deed our analysis in Sdct.Z.b.1 shows that these sourceavdo h
dust temperatures that are colder than local IR galaxy paipal

4.4 Spectral energy distribution

We model the SEDs for our 294 sources following the method de-
scribed in Rowan-Robinson et al. (2005, 2008) used for théREBN
photometric redshift catalogue. We have for each sourcéopiio
etry in at least 3 of the 5 opticadl, g, r, i andZ bands and IR
photometry fromSpitzerlRAC 3.6 - 8um and MIPS 24 - 16Gum
bands. The SED fitting follows a two-stage approach, by fitst fi
ting the optical to near-IR (U to 4,6m) SED using the six galaxy
and three AGN templates used by Rowan-Robinson/et al. |(2008)
We then calculate the IR excess by subtracting the galaxyemod
fit from the 4.5 to 24um data. We then fit the IR excess, 70 and
160 pum (for 83 70 um sources) data points with the IR template
of IRowan-Robinson et all (2004, 2005, 2008). The IR template
are derived from radiative transfer models dependent @rstel-

lar dust grains, the geometry and the density distributibdust.
The IR templates are: 1.) IR 'cirrus’: optically thin emissifrom
interstellar dust illuminated by the interstellar radiatfield; 2.) an
M82 starburst; 3.) a more extreme Arp220-like starburstéapdn
AGN dust torus. We also allow the sources to be fit by a mixtfire o
1.) M82 starburst and cirrus, 2.) M82 starburst and AGN durstst
and 3.) Arp220 and AGN dust torus to properly represent thexiR
cess |(Rowan-Robinson & Crawford 1989; Rowan-Robinson!et al
2005).

We show example SED fits for some of our sources ifFig.9.
The IR SED fits suggest that 77 sources require the cold cirrus
component, with only 7 fit with a pure cirrus template while628
sources in our sample require a starburst component. 32esour
require an AGN dust torus component, with only 1 fit with a pure
AGN dust torus template, 28 of which occupy the AGN parame-
ter space in Fifl7 including 10 spectroscopically iderdiffGNs
(9 QSOs and 1 Seyfert). The SED fits imply that energetically,
the 70 um sources are powered by star formation and the AGN
dust torus makes very little contribution to the IR emissibor
sources fit with an AGN dust torus and an M82 starburst mixture
the MIR emission is AGN dominated with the FIR emission pow-
ered by the starburst component. This finding is to be expexde
our selection at 7Qum directly implies that the FIR emission is
dominated by star formation as opposed to AGN which peak at
much shorter wavelengths (NIR/MIR) and are weak FIR engtter
(Alonso-Herrero et al. 2006).

For the 14 AGNSs (13 QSOs and 1 Seyfert) in our sample we
find 7 (6 QSOs and 1 Seyfert) are fit by a mixture of AGN dust torus
and M82 starburst, 2 QSOs fit with a mixture of Arp220 starburs
and AGN dust torus, 1 QSO fit by pure AGN dust torus, 2 QSOs
fit with M82 starburst template and 2 QSOs are fit with an Arp220
starburst SED i.e. no AGN dust torus. The AGN dust torus com-
ponent in these sources typically contribute40 - 100% to the
total IR emissions. All galaxies classified as LINERs are fihw
the M82 starburst template. Only 1 of the composite galarées
quires the AGN dust torus component, while the rest are fh wit
pure starburst or a mixture of M82 and cirrus. Of the 21 amiirgu
galaxies, 2 are fit with a mixture of AGN dust torus and M82-star
burst whilst the rest are fit with a pure starburst or M82 stesb
and cirrus mixture. 3 of the galaxies identified as star fagrirom
the BPT diagrams require an AGN dust torus component, while
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Figure 9. SED for a sample of 8 sources at a variety of luminosities. Alaek lines are the best-fit template SEDs, dashed greerislifie M82 starburst,
dot-dash blue line is cirrus and orange dot-dash line is A@st tbrus component of the IR SED. All photometry has beeshifiecorrected to: = 0. The

errors bars are smaller than the size of the red points.

only 1 is Arp220 like starburst with the rest fit with a pure M82
starburst or M82 and cirrus mixture. 12 of the unclassifiagces
require the AGN dust torus component to model the IR emission

We also have in our sample 83 7@ sources that have a 160
um detection, with IR luminosities in the range10®° - 10'3-7 L,
and redshift range 0.021-1.369. Of these sources 49 aretfitavi
cool cirrus component and have typical luminosities-df0'* L.
This shows that a large fraction of the fnh sources with 16(xm
detection have significant cold dust that contribute40 - 100% to
the total IR luminosity. Using SED fitting S09 found that thejor-
ity of the 70um sources in their sample peak at longer wavelengths
(A > 90 um) which they interpret as evidence for evolution in the
cold cirrus component from ~ 0 to higher redshifts. However, at

high redshift the 16@um data point probes shorter wavelength (80
um atz = 1) and therefore the peak of the emission is not well con-
strained and a wide range of SED templates can fit the datéspoin
In order to properly understand the role of cold dust we nequi
observations across a wider range of FIR and submm wavéengt
which the Herschel Space Observatory (Pilbratt &t al. 2&1@kIl
placed to do. In fact Rowan-Robinson et al. (2010) have shben
need for cirrus templates with colder (T = 10 - 20K) dust to elod
the SEDs ofHerschelsources. In Se€t.4.5, we fit single tempera-
ture modified blackbody SEDs to these sources and study ie mor
detail the link between 70m sources and SMGs.

We summarise the results of the SED fitting in Tdbld 4.4 and
show in Fid: 10 the histogram of the total IR luminosity (caited
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Optical Classification

IR SED type

Arp220 M82 Cirrus AGNDT M82andCirrus  M82and AGN DT Arp220BAGN DT
QSOs 2 2 - 1 - 6 2
Seyferts - - - - - 1 -
Star-forming 1 15 1 - 13 3 -
Composite 5 12 2 - 10 1 -
LINERs - 5 - - - - -
Ambiguous 5 7 2 - 7 - -
None 44 86 4 - 40 15 1
Table 2. Summary of the number of objects fit with the 7 IR SEDs sepdrbajeoptical classification.
by integrating the SED models from 8 to 100) separated by the 50 T T LAARAANAA EAAAARAAN
best fitting IR template. Overalk- 96% of the sample requires a F Arp220
starburst component, witkk 76% represented by M82 and 20% F Ewm82
by Arp220-like respectively. The M82 starburst templatakseat 40 F Cirrus
a shorter wavelength in the FIR and has a less prominenatilic F AGN DT
absorption feature indicating less extreme obscuratioards the F — M82 + cirrus
starburst region. The Arp220-like template on the otherdhian L 30 E M82 + AGN DT
characterised by a more prominent silicate absorptionfeatue to g E I Arp220 + AGN DT
the higher optical depth resulting in larger obscuratiordbver, & s
the emission peaks at longer wavelengths because an addlitio g 205_
cold cirrus component is needed to match the submm emissions s
As noted above, significant fraction of 7én sources with 16@m E
detections are fit with the cirrus template (either as a méxtr E
pure) which is needed to account for the IR emission longvadrd 10 - f‘z’%f{
100 pm. Our results suggests that in general the IR emissions in F ff;}/
the 70 m population is largely powered by star formation, with F g?/;; /%§¢ —
the cold cirrus component making a significant contribution O b Wb s = i
We show in the left panel of Flg.l1;k against redshift colour 8 9 10 11 12 13 14 15
coded by the best fitting IR template. Our sample consistsnhofi7 Lr (Lo)

mal galaxies defined as# < 10'° L, 93 starburst galaxies {k
=10 - 10" L), 151 LIRGs, 33 ULIRGs and 10 HLIRGs. We
find that the fraction of sources requiring an AGN dust torais€
ponent in the SED models increases with the total IR lumtgiosi
from 1.1% at kg < 10'° to 10% for LIRGs, 27.3% at ULIRGs
and 70% at HLIRGs. This trend is also seen with the spectmsco
ically identified AGNs where we find 2 LIRGs, 5 ULIRGs and 7
HLIRGs. This finding is consistent with the study of Veilleeial.
(1995) and Veilleux et al. (1999), whose study of IRAS seldct
galaxies shows that the AGN fraction increases with.LOur re-
sults are in agreement with Kartaltepe €etlal. (2010) who firtdeir
sample of 7Qum sources that the AGN fraction increases from 2%
for Lir < 10'° L, to 10% for LIRGS, 51% for ULIRGs and 97%
for HLIRGs. Similarly. Symeonidis et al. (2010) find in the® Zm
sample, AGN fractions of 0% fordz < 10'° L, 11% for LIRGs
and 23% for ULIRGs, being consistent with our results.

In the right panel of Fif.d1, we show the distribution of tota

IR luminosity as a function of redshift coded by optical dpaic
type determined in Sett.4.2. Star forming and compositexigs
span a range of IR luminosities; 10° - 10'? L, with most clas-
sified as starburst (g = 10'° - 10'"* L) or LIRGs. Ambiguous
galaxies also span a wide range of IR luminosities]0®-> - 102

L. Most of the LINERs are seen near the starburst and LIRG clas-
sification line. The only Seyfert 1l object is a LIRG while Tep

AGNs are the most luminous sources in the sample and are typi-

cally ULIRGs and HLIRGs. Our results are consistent withvpre
ous studies, which suggests AGNs are more likely to be foand i
the most luminous of the IR galaxy population. We note that th
source at z = 3.374, which has an extreme IR luminosity (£

Figure 10. Histogram of g separated by the best fit IR template. Red =
m82 starburst only, cyan = M82 and cirrus mixture and blackGNAdust
torus only100, green = cirrus only, blue = Arp220 starburdy,corange =
M82 and AGN dust torus mixture and purple Arp220 and AGN dasig
mixture.

14.6 Ly) is consistent with the source being a QSO. However, the
derived IR luminosity may be unreliable as the FIR SED of this
source is not well constrained since at z = 3.374, thesT0band
corresponds te- 15 um in the rest frame. We will be able to obtain

a better estimate ofig for this and other sources by constructing
full SEDs from the optical to submm using observations fréwe t
Herschel Multi-tiered Extragalactic Survey (HerMES) praigme
(Oliver et al in prep.).

4.5 Dust properties

In this section we select the 70n sources with 16@m detection
atz < 1.2 (to ensure we are still sampling the peak of the FIR SED,
which atz = 1.2 160 um corresponds te 73 um) to model the
FIR SED for 81 objects by a standard single temperature neadifi
blackbody given by:

(V7 Td) (l)

whereT, is the dust temperature artis the dust emissivity, cor-
responding to the slope of the Rayleigh-Jeans tail. Thisahisca
simple approach as the parameters that define the SED do-not ac

F, = Z/BBV
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count for the detailed geometrical mix of dust grains ateddht
temperatures in the interstellar medium (ISM). Neverthelsev-
eral studies/ (Hildebrand 1983; Dunne et al. 2000; Dunne &&al
2001; [Klaas et all 2001; Bendo ef al. 2003; Blain etlal. 2003;
Vlahakis et al. 2005; Clements et lal. 2010b) have used thikade

to fit the FIR to submm SED.

We use the same method used for the study of SCUBA Lo-
cal Universe Galaxy Survey (SLUGS) sources (Dunnelét ald200
Vlahakis et all. 2005) and local ULIRGs (Clements et al. 2)18b
calculating the dust temperature usingaminimisation method
and fixing the emissivity parametet.to 1.5 (Chapman et al. 2005;
Frayer et al. 2006; Kovacs et/al. 2006; Coppin €t al. 200&) also
calculate the dust masses in these objects using:

Si60D3

Ma = ra(V)B(v, Ta)

@)

where S¢o is the observed 16Qm flux, Dy, is the luminosity dis-
tance to the object and; is the dust opacity coefficient. The value
of kq is 1.139 ¥ kg~! at 160 um is interpolated from_Draine
(2003). Note that our derived dust masses are crude estrhate
cause of the uncertainties ity () and the dust temperatures, re-
sulting from the complexity of the properties of intersaelbust
(see review by Draine 2003).

Vlahakis et al| 2005) have shown that the FIR-submm SED may
be better represented by two dust component fits. This maatel ¢
sists of dust at two different temperatures, a colg & 25K) and
a warm component (> 30K) and the emissivity parameter fixed
at 2. However these studies have been carried out on locatesou
for which they have observations across a wide spectrakriiog
FIR (IRAS, ISO andspitzerphotometry) to submm (SCUBA pho-
tometry). For our sources however, the MIPS 160 provides the
longest data point and therefore it's not possible to fit aticwm-
ponent dust SED to our sources. Even constraining the dust em
sivity parameter, which varies between 1-2, is not possbl¢his
requires data points across a range of wavelengths fromlEhéoF
submm.

By fixing 8 = 2, our sample is characterised by ¥ 30+ 6
K, so increasing the emissivity results in slightly lowerstitem-
peratures. Recent study by Planck Collaboration (201 Blafick
sources has been crucial in resolving the degeneracy befthaed
T4 for nearby galaxies. Their results confirm cold dust is seen i
Plancksources, which have median ¥ 26.3 K with temperatures
ranging from 15 - 50 K an@ = 1.2./Amblard et &l (2010) find for
HerschelATLAS sources3 = 1.4+ 0.1 which is consistent with
= 1.3 for SLUGS sources$ (Dunne etlal. 2000). Thushieeschel
Space ObservatonHgrsche) and thePlanck Surveyor will play
a crucial role in accurately determining the Rayleigh-3e@il of

Our sample of 82 sources is characterised with mean and stan+he dust SED. The SWIRE XMM-LSS and LH fields have been

dard deviation for the best fitting dust temperatures=132.7
6.7K and dust mass range,qM- 10°.7 - 10°.8 M, for 8 = 1.5.
Our dust temperature and dust mass distribution shown iEZig
are consistent with previous studies. Frayer et al. (2086jnate
dust temperatures, T~ 30 + 5 K for 70 and 160um detected
sources from théSpitzerextragalactic First Look Survey (XFLS)
for 8 = 1.5./Dunne et al. (2000) SLUGS sample is characterised
by dust temperatures,;T= 35.6+ 4.9 and dust mass range M

10° - 10° M. |Dunne et &l/(2000) also fit the emissivity parameter
finding 8 = 1.3+ 0.2. If we adopt3 = 1.3, we determine slightly
warmer dust temperatures; ¥ 33.9+ 7K.

observed as part of the HerMES programme, which will allow us
to accurately determine the shape of the Rayleigh-Jedrnsf thie
dust SED and provide an insight into the role of cold dust.

45.1 Linkto SMGs

In this section we plot our 82 7@m sources on the luminosity-
temperature (L-T) diagram of Yang et al. (2007) to test thk bie-
tween local and intermediate redshift galaxies to the hegishift
SMGs. The luminosities are estimated by integratind Eq.1 be

In our analysis we have assumed the dust emissivity to be tween 40 and 100Qum which we define as fyr. The two

1.5 but other studies (Dunne & Eales 2001; Klaas et al. 12001;

galaxy populations appear to lie in different parts of th& plane
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Figure 12. Left: Dust temperature distribution estimated usind ERight: Dust mass distribution estimated from Hq.2.

such that the SMGs appear to have colder dust temperatudes an TrrrrTTTTTT T T Tt Tt
. . . . . . + SLUGS sources Vz < 1.2 S09 70um sources

higher dust masses which is seen as evidence for evolution in 70 F Jayce 7 < 1.2 SWIRE 70um sources O

the dust properties of galaxies. In Eig.13 we plot the posgiof A SMGs

our 70 um sources alongside SMGs frdm Chapman bt al. (2005); 60 o Moderate 2 ULIRGS

Coppin et al.[(2008) and Kovacs et al. (2006) as well as naider

z ULIRGs froml.m‘ﬂ), more normal SLUGS sources

from [Dunne et al. [(2000), local ULIRGs from_Clements étal. 50

). We also plot the 78m sample of SO9 selectedak 1.2, <

S70 > 9mJy and S0 > 50mJy by estimating 4 and Lrir using ‘; 40

our method. The main difference between the twq.A0samples

is that our work is restricted to sources with spectroscogiishifts

while some of the sources in the S09 sample have photomettic r 350

shift estimates. Furthermore, only 62% of the S09 sample-has

detection at 16@m. Thus the error estimates for the S09 sample in

T4 and Lrir are expected to be larger.

We find that our 7Qum sources (red stars) in Higl13 lie sys- 10 .
tematically below the plane of the SLUGS sources (plus sagua) T
local and moderate-ULIRGs (crosses and filled circles) in the L- 9
T diagram. Our 7Qum sources span a range of temperaturez4
- 60 K with ~ 30% having T, < 30 K, whereas only~ 6% of
the SLUGS sample and none of the moderate and local ULIRGS Eigyre 13. Temperature-luminosity diagram comparing ULIRGs (cresse
have T; < 30 K. This implies that our 7@m sources are notice-  |yang etal.[ 2007; filled circles: Clements etlal. 2010b), SM&guares:
ably cooler than what has been observed previously in thal loc [Chapman et 4. 2005; trianglés: Kovacs ét al. 2006), noBhalGS galax-
to intermediate IR luminous sources. The @ sample of S09is ies [Dunne et al. 2000) and S09 jzth sample based on single temperature

20

characterised by dust temperaturg 3 34.3+ 7.45 K, where~ dust SED fits, with3 = 1.5. Lrir is derived by integrating Hg.1 between
31% have T, < 30K, which implies that the dust properties of the = 40 - 1000um. Diagram adapted from Clements etlal. (2010b). Typicalrerr
two 70 m samples are similar. Thus it appears that theQpop- bars are shown at the bottom right.

ulation is beginning to fill the gap between the cold higgMGs
and the warmer local to moderatdR galaxies.

The detection of cooler dust can be interpreted as thegrniO
sources representing a missing link between the two pdpuolat at T < 20K with a variable emissivity and therefore reducing
galaxies(Symeonidis etlal. 2009) or as a result of seleetffett the distinction between the two populations. TRkanck sources
(Yang et all 2007). The studies of the local to moderatB-galax- overlap with the SLUGS galaxies but extend to colder tentpeza
ies are based on IRAS §dm derived samples and therefore these with temperatures ranging from 15 - 50K. Studies carriedut
studies may have been biased to warmer dust temperaturesashe |Amplard et al.[(2010) usingierschelobservations have also begun
the highz SMGs are may be biased towards cold dust tempera- to fill in the gap between local IRAS galaxies and higlSMGs.
tures. Thus using observations at the longer.fi® band, we are  |Planck Collaboration (2011) conclude that cold dust isificant

most likely observing galaxies that have cooler dust teatpees and remains an unexplored component in many nearby galaxies
when compared to the IRAS selected sample and thereforgiligid  As mentioned in the previous section we will be able to furthe
the separation between the higtsMGs and local sources. understand the nature of the 70n sources using observations

Results from a Planck study of nearby galaxies from Hersche] which will provide data points across wide range

(Planck Collaboratiori_2011) has found evidence for coldtdus of wavelengths from 70 - 500m.




5 SUMMARY AND CONCLUSIONS

We present spectroscopic follow-up observations qgf#0selected
sources in the SWIRE XMM-LSS and LH-ROSAT regions using
the multi-object fibre spectrograph AF2/WYFFOS on WHT. We
measured new spectroscopic redshifts for 293uf® and 35 24
um sources. The redshift distribution for the it sources peaks
atz ~ 0.3 and has a high redshift tail out to~ 3.5. The majority

of the 24um selected QSOs are at typically> 1. The spectro-
scopic redshifts of our sample were compared with the phetom
redshift estimates which show a good agreement for galaide

some QSOs have poorer agreement which we attribute to bptica

variability or photometric redshift aliasing.

We carry out emission line diagnostic for 91 zfn sources
with [OIll], H 3, [NII], H o and [SII] emission lines present to clas-
sify the galaxies into star-forming, Seyfert, compositd BINERS.
We find in our sample 34 star-forming, 30 composite, 1 Seyfert

LINERs and 21 ambiguous galaxies and 13 QSOs identified from

their broad emission line spectra.

We then modelled the SEDs for each source from optical to the

FIR using the method described|in Rowan-Robinson et al.5200
2008) and SED templates from Rowan-Robinson et al. (2008) . O
major finding is that the IR emission in the Zfn sources are pow-
ered by star formation, with the AGN dust torus component-mak
ing a small contribution for non QSOs. Symeonidis etlal. ()01
examine the AGN content of a sample of IR luminousff se-
lected galaxies by modelling the panchromatic SEDs fromay-r
to IR and find for most of their sources, the AGN contributess le
than 10% to the IR budget. Moreover, they find all sourceséir th
sample are primarily powered by star-formation. Our resale
also consistent with the findings lof Trichas et al. (2009) vihd
their X-ray selected sample with 70n detection are strongly star-
forming and require a starburst SED to fit the /it and 160um
(if available) photometry. For 9 QSOs and the 1 Seyfert gathe
AGN dust torus dominates in the NIR and MIR regimes produc-
ing from 40 to 100% of the total IR luminosity. Of the 83 7
sources in our sample with 16dm detections, 49 require the cir-
rus component which implies the presence of large amouruts|of
dust at T, ~ 25 K. By integrating the SEDs from 8 - 10Q0n, we
find our 70um sample is dominated by starbursts and LIRGs. We
also find that the AGN fraction increases witkrLwith almost all
(7/10) HLIRGs being optically identified as QSOs.

Finally, we fit single temperature modified blackbodies to 82
70 um sources with 16@um fluxes atz < 1.2 with g fixed at 1.5.
Our sample has a mean and standard deviation dust tempsatur
T4 =32.74 6.7 K and dust mass range M 10° - 10° M and
even increasing? to 2 results in slightly lower temperaturesy T
=30+ 6 K. In general we find that a8 increases J decreases.
Examining our sources in the L-T diagram shows that the.i@0

sources with 16@m detection have dust temperatures that are sys-

tematically lower than the local IR luminous galaxielerscheland
Planckwill play a vital role in characterising the IR galaxy popu-
lation, as well as breaking the degeneracy betwgemd T; by
providing data points across range of FIR/submm wavelength
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