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ABSTRACT

We present colours of sources detected with Hleeschel/SPIRE instrument in deep extragalactic surveys of the LockmareH8pitzer-FLS,
and GOODS-N fields in three photometric bands at 250, 350 80d:®. We compare these with expectations from the literatucediscuss
associated uncertainties and biases in the SPIRE data. agfyda 500um flux limited selection of sources from the HerMES point seur
catalogue that appears free from neighbouybitended sources in all three SPIRE bands. We compare thersoloth redshift tracks of various
contemporary models. Based on these spectral templatebometbat regions corresponding to specific population tygres redshifts can be
identified better in colour-flux space. The redshift tracksaeell as the colour-flux plots imply a majority of detectedeaits with redshifts at
1<z<3.5, somewhat depending on the group of model SEDs used. &0diatl that a population of ,5/Szs0 < 0.8 at fluxes above 50 mJy as
observed by SPIRE is not well represented by contemporade@nd could consist of a mix of cold and lensed galaxies.
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1. Introduction tral energy distribution (SED) from these galaxies is réftisth
. . . . into the SPIRE bands. Deep SPIRE surveys will thus provide a

Galaxy formation and evolution are major topics in cosmplog, o\ census of the energy budgerin 1 galaxies, especially for
and astrophysics. Recently, sophisticated computer afioas o energetic dust-rich objects. ’
based on hierar_chical formation (eg. (Springel et al. 2_1)95)1 In this paper we investigate SPIRE colours in three bands
deep cosmological surveys across the el_ectromagnetltrepec 250 um, 350 um, and 500um, of a sample of sources selected '
have transformed the field from a CO”?Ct'On of a few hyp(_)thetat 500;1,m in fou,r Science Démonstration Phase (SDP) fields of
cal models 1o a mature science that is profoundly shaping HE Herschel Multi-tired Extragalactic Survey (HerMi%ey
understanding of the universe. The Spectral and Photomejl e o+ (Gliver et all. 2010). Our goal is to constrain thelgtion
'mag'”g Receiver (SPIREL (Qﬂ” etal. 2010)), on board of 4 the |R SED of FIRsubmm galaxies (i.e. the SED vs. redshift
E.SAS Herschel observatory (Pilbratt et aa.I._2010), opens a neWeIation). In particular we want to examine whether thera is
window between 250 — 50@m for observations of heavily dust o, onylation of submm galaxies whose SEDs do not match
obscured high redshifz(~ 2 — 3) galaxies. The combination ofthe predictions of current models
sensitivity and high resolution provided by its 3.5m tetgse, '
the largest ever launched, allows large area confusiondimi
far-infrared and submillimeter (FJRubmm) surveys to reach
unprecedented depths, exploring previously undetectabiete
galaxy populations. Studies of the integrated cosmic backyd The HerMES key project is constructed in order to obtain a-com
light have shown that at least half the radiation from albg&s plete bolometric census of star-formation in the Univeltsgon-
lies in the FIRsubmm. In particular, galaxies at> 1 radiate sists of 6 tiers of survey fields with increasing depth ovealéen
mostly in this band Lagache et al. (2005). The peak of the-spegeas, covering most of the fields on the sky observed adress t
electromagnetic spectrum by state-of-the-art faciligks indi-

* Herschel is an ESA space observatory with science instrumenigdual selected clusters. A total of 4 HerMES fields were sur-
provided by European-led Principal Investigator consaatid with im-
portant participation from NASA. ! hermes.sussex.ac.uk

2. Observations and data processing
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veyed duringHerschel’s SDP and we have used the deep ob-
servations in GOODS-N, Lockman-North, FLS, and Lockman-
SWIRE for our analysis. The covered areas are 0.25, 0.34, 5.8
and 13.2 degrespectively with relative depths of 1.0, 0.23, 0.05,
0.033 that were calculated as the fraction of the number-of re
peats and scan speed, normalised to the deepest field GOODS-
N. More details of the observations are giveniby Oliver et al.
(2010).

Data processing based on the standard SPIRE Scan Map
Pipeline (Grifin et al.. 2008) yielded maps in the three SPIRE
bands, and source catalogues for each individual band were 250muy; ol 350mu
generated using the SUSSEXtractor software (Savage & i0live i .

2007) within HIPE 3.0[(Ott et al. 2006). The three shallowdrig- 1. Examples of single 50pm source detectionsdp and
maps were smoothed with point-source optimised filters avhiPottom panel, right) with multiple counterparts at 350m and

the deepest map was filtered with a delta function to find sssurc250xm (top panel, middle and left), and single 350 and 250n

and separately with a 8 3 pixel point source response funccounterpartsifottom panel, middie and left). Note that the up-
tion (PRF) to extract the fluxe’s (Oliver eflal. 2010). The Fbg a Per 500um source appears already double to the eye. The red
Lockman-SWIRE fields were Wiener filtered to redudieets Marked source position in each image is the one determined by
by diffuse Cirrus. For the source extraction a Gaussian PRF W88 algorithm at 50am. Each image measureséh each side.
assumed, with FWHM of 18/2 25.2’ and 36.3 for the SPIRE The yellow circles indicate the FWHM of the beams.

250, 350 & 500um bands, respectively. Details of the proce-
dure are given by Oliver et al. (2010) and Smith etlal. (2010). . . . )
They attained formal = point source uncertainties of 5.7, 7. ignal-to-total-noise (1) ratio of more than 3 in the 5Q@n fil-
and 7.8 mJy for GOODS-N, 7.0, 8.5 and 8.8 mJy for Lockma er. The formal average flux uncertainties at pi@derived from
North, 9.0, 10.3 and 10.6 mJy for FLS, and 11.1, 16.9 alji e source extractor resqlts are only 1.1,_2.1, 4.4, andrh;];_ﬁ
15.1 mJy fé)r dekman-SWIRE, respectivély. Thesé n,umbersi e c_onS|der_these to be instrumental noise, based on thieir ra
clude a contribution from source confusion of approxirr},&ltegms"stent wiih the 30, 7, 2, and 1 repetitions executed en th
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) ur fields, respectively, and the-lonfusion noise at 50@m of
Eb6ékZﬁA;nmgrt7ﬁ78méf ygfgr g?ronlgsf':r ELss 8;] dagdSSiSBrSJ)ié 9810.4 reported by Nguyen etlal. (2010). Thus the uncertainties
PR Y ! i é’fre completely dominated by extragalactic confusion feffitrst

for Lockman-SWIRE. For the two deepest fields Smith et af. ~ . g
(2010) attribute the dierences to the results bf Nguyen et aalt_wo fields and increased for FLS and Lockman-SWIRE. We cal-

(2010), and the dierences between the fields mainly to th%%lgt%tgrigl%\’gg%eﬁrzagteo?;laevr?;?%? Q:f);gm'féénﬁﬁ;gefs
source extraction method used. 9 .

Th tal ntain additional parameters to allow 723'4’ 26.4, 32.0, and 46.4 mJy for GOODS-N, Lockman-North,
e catalogues contain addiional parameters 0 allow 1[ g * 5 g | ockman-SWIRE respectively. The selection leaves
quality checking and source selection. These gré& formal

rror in the flux. m rement. or. ted throuah from th 4r8’ 61, 608, and 824 sources at 500 in the 4 bands respec-
erro € flux measurement, propagate ough fro € ﬁvely. This conservative threshold also minimises theaotpf

ror maps created by th_e _r_nap-maker, represe_nting a fairKim?mflux boosting on the derived colours of the sources.

of the instrumental noisei) A total error that is the quadratic "¢ o de-plend and cross-match. first. all 500
COTadd't'on of Instrument noise and average estimatedson sources without another 5@@n source within an 18radius are
NoISe over the majii) Two separate flux estimates for the SaMEe|acted. This radius was chosen to be similar to the beam siz
positions using two dierent halves of the data (hali-maps), SePgt 500um. Then for these remaining sources, the saniera8

arated in time, allowing for the detection and exclusionir dius is checked in the other two bands. Sources with more than
ous sources, mostly due to high energy particle hits. one source in a flierent band are discarded immediately. In case
only one source is found in the other band, it must be within a

o radius of & in order to be accepted as a cross identification,

3. Catalogue cross association otherwise the source is considered blended and discardhésl. T

. . L . radius was chosen to includes3ef the telescope pointing error

The starting point for the cross-association process BBt ;. e estimated PRF fit error of 8ach. We end up with a list

of individual SPIRE band catalogues. For the current woek ﬂbf potentially uncontaminated 5@0n sources that is then cross

emphasis is on the cre_ation ofa robg_st, un-_confused Samplerr%tched with the lists of the other two bands with a matchusdi
sources that has the highest probability for its coloursrigi-o

: , YEaling multiple counterparts at 25én. This sample is largely
pare fluxes separately derived from two independent haﬂg'na.free from contamination and should have reliable fluxesioaig

The ratio of the two flux estimates separates well into 3 dlﬁig from just one source, accurate at a 30 % level or better. Th

tributions. Spurious sources are removed by excludin®@salij, a1 matched source numbers for the four fields respectiedy
above 5 and below/b. For this work we have constructed 31 38 242 and 244.

500um band flux limited selection. It is justified in three ways:

i) The stronger negativ&-correction means selection in this

band favours higher redshift galaxies; i) This is a rekiv 4 Analysis
new band as yet only explored by much shallower BLAST sur-
veys (Devlin et al. 2009); iii) About 90% of 500um selected In Figure[2 we plot the 3-dimensional SPIRE flux-flux-flux pa-
sources are also detected in the other SPIRE bands. Weeeguiameter space for our band merged catalogue. The fluxes are
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four crosses on the left are in the same vertical order ag/the s
bols in the legend and represent the averaged uncertainties
the four fields. Diferent tick marks show instrumental and total
components. The four vertical lines indicate from left tght
the dfective flux limits of GOODS-N, Lockman-North, FLS,
and Lockman-SWIRE respectively. In both panels of Fidgure 4
the observed data are compared to mock catalogues of? deg
on the sky by Pearson et al. (200T&f{) and|Xu et al. [(2001)
(right) that were cut below thefkective flux limit of GOODS-
N. Again the most notable filerence is the larger spread of the
Xu et all. (2001) colours due to a larger number and diverdity o
SED models. In both models the bulk of objects are Starburst
Fig.2. The 3-dimensional flux parameter space for our ugalaxies, LIRGs and ULIRGs, that are grouped around a colour
blended band-merged catalogues in the SPIRE 250, 35008Sy5¢/Szs0 ~1.1.
500 um bands. The sources in GOODS-N appear in red, The high-redshift sources populate a specific area of the
Lockman-North in blue, FLS in grey, and Lockman-SWIRE igolour plane in both models, although the redshift distidns
green. Both diagrams show the same 3D plot from twiedént gre diferent. In thé Pearson et al. (2007) model the highest red-
aspect angles, the left one from within a plane fitted thrabgh shift objects, 23 occupy the parameter space corresponding to
data, the other from a perpendicular direction. Sr50/Sss0 colours <1.0 with Ssg0 <40mJy, while the Xu et al.

(2001) model locates the-3 region rather at $54/Sss0 <0.8 and

the same flux cut®, but with fewer objects and mixed with many
grouped around a relatively flat and thin surface in the @50 low redshift SEDs. Similar cuts can be made fo2zsources.
350um, 500um parameter space. The same even thinner surfdagver redshift sources may also be excluded by virtue of thei
is seen in similar plots of mock catalogue data that is dsedis higher $5¢/Szs0 colours.
later. Thus, although we have flux data in three SPIRE bands, The SPIRE data generally overlap fine a§S60, except for
in principle only two parameters are needed to describerthe tolours of $5¢/Sgso < 0.8. Especially thé Pearson ef al. (2007)
formation. This degeneracy follows from the fact that thecsp model shows no objects below this limit, while the same re-
tral energy distributions (SEDs) in the submm, which SPIR§ion is sparsely populated by the Xu et al. (2001) model SEDs.
observes, are dominated by dust emission that have very simboking at the model types, it turns out that those are mainly
lar shapes and result in fairly well defined flux ratios. Ththe, AGN, which are missing entirely in tHe _Pearson etfal. (2007)
main parameters determining the three SPIRE fluxes, arerratBED catalogue. Neither model coverdfstiently the increas-
wavelength of the emission peak and luminosity. ingly redder colours in this region that SPIRE observes tdwa
500um fluxes above 50 mJy. A comparison with another mock

] catalogue by Valiante etal. (2009) shows the same lack of red
4.1. Colour - colour parameter space and model comparison  ggurces.

In the Figurd the §¢/Saso - Ssso/Ssoo colour-colour diagrams A considerable fraction of submm bright sources are ex-
for SPIRE sources in the SDP survey fields are shown with tRgCted to be lensed by foreground galaxies (Negrelloet al.
colour tracks from the contemporary galaxy evolution medef007). Since lensing magn|f|ca_1t|on is V_vaV_eIe_ngth mt_jepepde
of [Pearson et all (2007), Dale & Heldu (2002), Xu etlal. (200Bch lensed sources appear in their intrinsic positionsén t
& Lagache et 81.[(2003) over-plotted on individual panelseT €olour-colour diagram, but their locations in the colowxfl
redshift of the tracks is shown in colour and ranges from 0 to £/&n€ would be fiset to brighter fluxes (towards the right side of

In general, all the models are consistent with the obtain%)g'[Z along the x-axis), while keeping colours the samengysi
SPIRE colours, except from individual subtleties of the eied the models of Negrello et al. (2.007) a'."d Negrello priv. coinm.
However, especially the SED templates of Pearson et aI.?QZO@ZOlO) we estimate that of all objects with fluxegg3> 100 mJy
and Lagache et 4. (2003) lack diversity in dust illumination- and redshift 2z<3, aimost all are lensed. For our 19.6 degfal
ditions to cover the spread of coloursfiiciently. All models SKY area, that would be2-3 out of the 24 bright 500m sources

agree: the colours imply that the SPIRE population is not L€ have identifieq, althoughthis_isalowerlimit, as our et
cedure may bias slightly against clustered and as suempo

cal but rather the bulk lies at redshifts between 1 and 3.5.
note that the Xu et al! (2001) and Dale & Helau (2002) modtally lensed sources. ) )
els tend to place the population at somewhat lower redshift FOr now we conclude that we see a population of red bright
than the other two. This implies that the Pearson ef al. (ROGERIECtS that may consist mostly of colder SEDs but with a-frac
and Lagache et &[.(2003) model SEDs contain generally warri@n Of distant lensed ones. Inclusion of other wavelengths

dust, which is confirmed by plots of the emission maxima of tH§10Wn by Rowan-Robinson et al. (2010) will be needed for fur-
SEDs. ther interpretation.
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