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ABSTRACT

Wehavestudiedhesubmillimetrg'submm)propertie®f thefollowing classesf nearinfrared-
selectedNIR-selectedjnassie galaxiesathigh redshifts:BzK-selectedtarforming galaxies
(BzKs); distantredgalaxie§ DRGs);andextremelyredobjects(EROs).We usedthe SCUBA
HAIf DegreeExtragalacticSurvey (SHADES), the largestuniform submmsuney to date.
Partial overlapof SIRIUS/NIRimagesandSHADESin SubaruXMM—Nevtondeepfield has
allowed us to identify four submm-brightNIR-selectedyalaxies,which are detectedn the
mid-IR, 24 um, andthe radio, 1.4GHz. We find thatall of our submm-brightNIR-selected
galaxiessatisfythe BzK selectioncriteria,i.e. BzZK= (z — K)ag — (B — 2)ag > —0.2,except
for onegalaxywhoseB — zandz — K coloursarehowever closeto the BzK colourboundary
Two of the submm-brightNIR-selectedyalaxiessatisfyall of the selectioncriteria we con-
sidered,i.e. they belongto the BzZK-DRG—ERD overlappingpopulation,or ‘extremelyred’
BzKs. Although theseextremelyred BzKs arerare (0.25arcmirr2), up to 20 per cent ofthis
populationcould be submmgalaxies.This fractionis significantlyhigherthanthatfound for
othergalaxypopulationsstudiedhere.Via astackinganalysis we have detectedhe 8504tm
flux of submm-&intBzKsandEROsin our SCUBA maps While thecontrikutionof z~ 2 BzKs
to the submmbackgrounds about10—-15percentandsimilar to thatfrom EROstypically at
z~ 1,BzKshave ahigherfraction(~30percent)of submmflux in resohedsourcesompared
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with EROs andsubmmsourcesasa whole. Fromthe spectralenegy distribution (SED) fit-
ting analysisfor both submm-brightatndsubmme-&int BzKs, we found no clearsignaturethat
submm-brightBzKs are experiencinga specfically luminousevolutionary phase compared
with submm-&intBzKs.An alternatve explanatiormightbethatsubmme-brighBzKsaremore

massve thansubmm-aintones.

Key words: dust,extinction— galaxies:evolution — galaxiessstarturst— infrared:galaxies—

submillimetre.

1 INTRODUCTION

Thefirst 3—4billion yearsin the history of the Universeappeargo
have beena very importantepochfor theformationof present-day
massve galaxiesin particularfor elliptical galaxiesandbulgeswith
massesfM > 10" M. Recentvide-fieldnearinfrared(NIR) sur
veys in conjunctionwith multibandopticalimagesor spectroscop
have resultedn aprofusionof samplef massie galaxiesathigh
redshiftye.g.Dickinsonetal. 2003;Fontanaetal. 2003;Franxetal.
2003;Cimatti etal. 2004; Daddiet al. 2004b;Fontanaet al. 2004;
Glazebrooletal. 2004;Juneatetal. 2005;Drory etal. 2005;Labbké
et al. 2005; Reddyet al. 2005; Kong et al. 2006; Papovich et al.
2006;Arnoutsetal. 2007;Daddiet al. 2007;Pozzettiet al. 2007).
At z ~ 2, the physicalpropertiesof massie galaxiesarevery dif-
ferentfrom thoseof present-daynes,i.e. a large fraction of them
areintensvely starforminggalaxieqe.g.Daddietal. 2005),rather
thanpassvely evolving, like nearbyones.A notablecharacteristic
of thesemassve starforming galaxieds that,in somecasesalarge
total stellarmass~10'" M, couldbeformedin thetime-scaleof a
singlestarturstevent,~0.1Gyr (Pérez-Gonalezetal. 2005;Caputi
etal. 2006;Paporvich etal. 2006).

Massve, intensiely starforming galaxieshave alsobeenfound
in submillimetre(submm)surneys (Smalil, lvison & Blain 1997;
Hughesetal. 1998;Ealesetal. 1999;Scottetal. 2002;Borysetal.
2003;Mortieretal.2005;Coppinetal. 2006). Thesesubmnygalaxies
turnoutto betypically starturstsor starturst/actve galacticnucleus
(AGN) compositesystemstz~ 2 (Alexanderetal. 2005;Chapman
etal. 2005,andreferencesherein),which are massve (Swinbank
etal. 2004;Greve etal. 2005).They arelikely to becomepassiely
evolving massve galaxiesatlower redshifts(e.g.Blain etal. 2004;
Smailetal. 2004; Takagi,Hanami& Arimoto 2004).The starfor-
mationrates(SFRs)of submme-brighgalaxiesareestimatedo be
extraordinarily high, ~16* M yr= (e.g. Alexanderet al. 2005;
Chapmaretal. 2005; Greve et al. 2005; Kovacset al. 2006; Pope
etal. 2006),enoughto producea massve elliptical galaxy(>3L*)
within ~1 Gyr. Determiningthe natureof thesestarforming galax-
iesathighredshiftsmaybethekey to understandinghe procesof
massve galaxyformation.

Efficientmethoddor selectingmassve starforming galaxiesat
high redshiftswith one or two optical/NIR colourshave playeda
significantrole in studyingthe propertiesof massive galaxy pop-
ulations. Theseinclude BzK-selectedgalaxies(selectedn B — z
andz — K colours),distantred galaxies(DRGs)(selectedvith J —
K colour),andextremelyred objects(EROs) (selectedvith R — K
or| — K colour).Hereafterwe call thesegalaxy populationsNIR-
selectedjalaxiesor NIRGs.

Daddiet al. (2004b)proposedan effective methodfor selecting
massve starforming galaxiesat 1.4 < z < 2.5alongwith the se-
lection of passvely evolving galaxiesat a similar redshiftrangein
acolourcolourdiagramof B — zversusz — K. It isexpectedo be

reddeningndependent,e. applicableto hearily obscuredjalaxies
like ultraluminousiR galaxie(ULIRGS). Their luminositiesat ul-

traviolet (UV) (reddeningcorrected) IR, X-ray andradioindicate
that BzK-selectedstarforming galaxies(BzKs) with K < 20 are
typically ULIRGs with SFRsof ~200M, yr~! andreddeningof

E(B — V) ~ 0.4 (Daddietal. 2004a,2005;Reddyetal. 2005;Kong
etal. 2006).

In analternatve approachfranxetal. (2003)emplo/edacolour
cutof (J — K)vega > 2.3toselecDRGs.Thiscolourcriterionselects
bothpassvely evolving andheavily obscuredstarforming galaxies
at2 < z < 4.5with strongBalmeror 4000A breaksRecentSpitzer
imagingat 24 um suggestgshat the bulk of DRGs are dusty star
forminggalaxieqPapovich etal. 2006;Webbetal. 2006).Similarto
BzK-selectedstarforming galaxiesDRGsarelikely to be ULIRGs
atz~ 2 (e.g.Knudseretal. 2005),but to alsoincludeasignificant
fraction of lessluminousdustystarforming galaxiesatl < z < 2
(Grazianetal. 2006).Submmgalaxies anothersampleof ULIRGs
atz ~ 2, could have alarge overlapwith BzKs or DRGs, but with
systematicallhigherSFRthantheaverage(e.g.Dannerbaueetal.
2006).

EROsddinedwith R — K or I — K colourshave receved par
ticular attentionas possibleopticakNIR counterpartof submm
galaxiege.g.Smailetal. 1999;Webbetal. 2003;Popeetal. 2005),
sincesubmmgalaxiesareexpectedto be heavily obscuredy dust
andthereforered. However, it turnsout that only 10-30per cent
of submmgalaxieswhoseoptical counterpartareidentified with
associatedadiosourcesareEROs (lvison etal. 2002;Webbet al.
2003;Borysetal. 2004;Smailetal. 2004).The medianredshiftof
EROswith Kyega < 19.2isz= 1.1+ 0.2(Cimattietal. 2002),and
thereforelower thanthatof resoled submm-brighalaxies BzKs
andDRGs. Neverthelessthereis certainly someoverlapbetween
their redshiftdistributions.

It is importantto understandhe physicalrelationshipsetween
thesehigh-z massve starforming galaxieswhich are selectedn
differentways(e.g.seeReddyet al. 2005). The surfacedensityof
BzKs, DRGsandEROsis similarto eachother aboutl—2arcmirr 2
with Kyega < 20 (Cimattietal. 2002;van Dokkumetal. 2003;Daddi
etal. 2004a).A similar surfacedensityhasbeenfoundfor submm
galaxieswith Sgso.m 2 1 mJy(e.g.Blain etal. 1999),althoughthe
surfacedensityof bright(Seso.m 2 8 mJy)submmgalaxiesn * blank
sky’ suneysisat leastanorderof magnitudesmallerUnderstanding
thephysicalorigin of theoverlapbetweersubmmgalaxiesandNIR-
selectedgalaxiesis not straightforvard, given the diverseoptical-
NIR propertiesof submmgalaxieswhich includethosesimilar to

1 Sincewe arestudyingcross-idenficationsbetweerBzK-selectedjalaxies
and submmgalaxies,starforming galaxiesselectedwith this methodare
simply referredto asBzK-selectedjalaxiesor BzKs.
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less-attenuatetdV-selectedyalaxiesas well as EROs (e.g. Smail
etal. 2002,2004).

Herewe studythe submmpropertiesof BzKs, DRGsandEROs
by usingthe SCUBA HAIf DegreeExtragalacticSuney (SHADES
—Mortier etal. 2005),providing alargersampleof submmgalaxies
for investigatingthe relationbetweersubmmgalaxiesandNIRGs
thanthe studyof Reddyet al. (2005)for galaxiesin the GOODS-
Northfield. SHADEShasmappedwo regionsin theLockmanHole
andin the SubaruXMM—Newtondeepfield (SXDF). In this study
wefocusona93arcmir? subrgyion of the SXDF field of SHADES,
in which both optical (BVRiZ) andNIR (JHKs) photometryare
alreadyavailable.We describehedatain Section2 andthesample
of NIR-selectedgalaxiesin Section3. In Section4, we identify
submm-brighNIR-selectedjalaxiesandassestheoverlapbetween
submngalaxiesandNIR-selectedjalaxiesln Sectiorb, we present
theresultsof a statisticaldetectionof NIR-selectedjalaxiesin the
SCUBA mapusingastackinganalysisin Section6, we analysehe
spectraknengy distributions(SEDs)of submm-brighiNIR-selected
galaxiesandalsoanaverageSEDof submm-&intNIRGs,in orderto
investigataheir physicalpropertiesSummaryof our studyis given
in Section7. Throughoutthis paper we adoptthe cosmologyof
Qm=0.3,Q, =0.7andHy = 70kms~! Mpc 1. All themagnitudes
aregiven inthe AB systemunlessotherwisenoted.

2 THE DATA

2.1 Optical/NIR data in the SXDF

We have usedthe opticalandNIR imagingdataof the SXDF cen-
tredat[2"18™0C°, —5°0000" (J2000)]publishedoy Miyazakietal.

(2003).TheNIR datawereobtainedwith the University of Hawaii

2.2mtelescopavith the Simultaneoushree-coloutnfraredimager
for UnbiasedSuney (SIRIUS; Nagayameet al. 2003). The final
imagecovers an areaof 114arcmir? in the H and Ks bands.For

the J band,we obtaineddataonly for 77arcmir?, sincea quarter
of thefield of view wasnot operationalThe 50 detectionlimits of

thefinal NIR imageareJ = 22.8 H = 22.5andKy = 22.1 mag,
througha 2 arcsediameterapertureFromthefinalimagein theKs

band,we have detectedl3080bjectshaving Ks < 22.1 magusing
SEXTRACTOR (Bertin & Arnouts 1996). Throughoutthis work we
usethe total magnitudesn the opticaHNIR bandsmeasuredvith

the MAG AUTO algorithmin SEXTRACTOR.

For theseKs-band-detectedbjects,we madea multibandcata-
logueusingopticalimagesf Subaru/Suprime-cafMiyazakietal.
2002)in B, V, R, I/, Z bands? The limiting magnitudeg5¢) of
our imagesareB = 27.1,V = 25.9,R = 26.3,i’ = 25.7,Z =
25.0magthrougha 2 arcsecdiameteraperture The full width at
half-maximum(FWHM) of thepointspreadunctionis 0.98arcsec
in boththe opticalandNIR images.Starswereidentified with the
colourcriterionof B — Kg < 1.5838 — i") — 0.5andFWHM < 1.2
arcsedMiyazakietal. 2003),andremoved from the analysis.

2.2 Submm/radio data from SHADES

Details of the surey designand observingstratgy with James
Clerk Maxwell Telescope(JCMT)/SCUBA are given in Mortier
et al. (2005). Here we describe the SHADES suney only
briefly. Using the SCUBA instrumenton the JCMT we have ob-
tained jiggle maps of the SXDF and also the Lockman Hole

2 Our datawereobtainedduring the commissioningohaseof the Suprime-
cam.

in grade2—3 weather(zcso [CaltechSubmillimeterObsenatory]
= 0.05- 0.1). The FWHM of the SCUBA beamis 14.7 and
7.8 arcsecat 850 and 450um, respectiely. The SHADES obser
vationswith SCUBA were continuedfrom 2002 Decembetto the
decommissioningf SCUBA in 2005June HereweusetheSCUBA
dataacquireduntil 2004Februaryl.

The SCUBA datahave beenreducedy four independengroups
in the SHADES consortium.Practicalmethodsof datareduction,
suchasflux calibration,extinction correctionandmapmakingde-
pendson the reductiongroupandaresummarizedn Coppinetal.
(2006). The extractedsourcesfrom four different SCUBA maps
have beencomparedandthencombinedto producethe SHADES
sourcecataloguewhich is expectedto be the mostreliablesource
catalogudrom SCUBA suneys. In our analysesye focuson two
particularSCUBA mapsoutof four, alongwith theSHADESsource
cataloguein orderto make the sampleof submm-brighNIRGsas
completeaspossible.

We have choserto useonly regionswith noiselessthan3 mJyat
850um. Thetotalareaof thisregionis ~250arcmirf. Thefieldcen-
tre for the SHADESmapof the SXDF, 02'17"575, —05°0018/5
(J2000),is offsetfrom that of the SIRIUS obserationsandhence
oursubmmmapsdo notcover thewholeregion coveredby theNIR
data.ln one of the four SCUBA maps(‘ReductionB’ in Coppin
etal.), this overlapis 93arcmir?, with mediannoiselevels of 2.0
and18.4mJyat850and450um, respectiely.

Wide-field 1.4-GHzradioimagesof SXDF wereobtainedusing
the VLA during 2003.Around 60 h d integrationwere sahaged,
followingaprolongedailureof thecorrelatorcomprisingdatafrom
the A, B andC corfigurationswith anapproximate9:3:1ratio of
recordedvisibilities, evenly distributedin threepointingsseparated
by 15arcmin.Thefinalimagesveremosaicledtogetheraftercor-
rectingfor the responsef the primary beam.The resultingnoise
level is around7 pJlybeant? in the bestregionsof the map(rather
highernearbright,comple radioemitters)wvith asynthesizetbeam
measuringl.87 x 1.65arcseé (FWHM), major axis 22° eastof
north. Thedataandtheir reductionaredescribedn detailin lvison
etal. (2007).

2.3 Spitzer data from SWIRE

The whole areaof our Ks-bandimageis coveredby the Spitzer
Wide-arealnfrared Extragalacticsurney (SWIRE; Lonsdaleet al.
2003).WeusedthelRAC + 24 um catalogudrom version2.0data
productgqreleasedh 2005summer)availablefromtheNASA/IPAC
Infrared ServiceArchive. We adoptedthe Kron fluxes, which are
MAG_AUTO fluxesfrom SEXTRACTOR, in orderto comparewith
theground-basedpticaHNIR photometryThis cataloguencludes
IRAC sourcesvhicharedetectedtboth3.6um (>100) and4.5um
(>50). Theastrometricerrorof the IRAC sourcess smallenough
to easilyidentify counterpartef NIRGswith theangularseparation
of <0.5arcsecin the SIRIUSK-bandregion, thefaintestsources
at24uminthecataloguénave aflux of ~300uJy. Cross-correlation
betweerthe SHADESsourcesandthe SWIRE sourcesn SXDF is
givenin Clementsetal. (in preparation).

3 SAMPLE OF NIR-SELECTED GALAXIES
AT HIGH REDSHIFTS

3.1 EROsand DRGs

Following Miyazaki et al. (2003),we define EROs asobjectswith
R — Ks > 3.35,which is equivalentto (R — K)vega 2 5, i.e. the

~

© 2007TheAuthors.Journalcompilation© 2007RAS, MNRAS 381,1154-1168



Figurel. J— KgversusR — K for Ks-band-detectedbjectsin theSIRIUS
J-bandareaTheselectiorcriteriafor EROsandDRGsareindicatedwith a
verticalline anda horizontalline, respectiely.

widely usedcriterionof EROs.In orderto obtainthe DRG sample,

weusethethresholdfJ— Ks > 1.32(i.e. 2>2.3in Vegamagnitudes).

Within theSHADESareawehavedetecte@01EROsand67DRGs
in total, amongwhich 39 objectssatisfybothR — Ks > 3.35and
J — Ks > 1.32.In Fig. 1, we shav a colourcolour plot with R —
Ks andJ — K, for Ks-band-detectedbjects alongwith theadopted
colourcriteria. The statisticsof NIRGsaresummarizedn Tablel.
We derived a surface density of 2.18 + 0.14 and 1.09 +
0.12arcmirr? (Poissoniarrrors)for EROsandDRGs respectiely.
By usingthe samedata,Miyazakietal. (2003)foundagoodagree-
mentin thesurfacedensityof EROswith thoseof theothersuneys
with areaf >50arcmirf (Thompsoretal. 1999;Daddietal. 2000;
Cimattietal. 2002).The surfacedensityof DRGsis coincidentally
very similar to thatderived by vanDokkumetal. (2003),although
the Ks-band-limiting magnitudein van Dokkum et al. (2003) is
~0.7 magdeepethanours.Thus,we find a highersurfacedensity
of K¢ < 20 DRGsthanin van Dokkum et al. (2003). This could
be partly becaus®f the contaminatiorof the sampleatKs > 21.5
wherethe detectiorof DRGsin J bandis possibleonly below 4o

3.2 BzK-selectedstar-forming galaxies

Daddietal. (2004a)proposedyjoint selectiorof starforminggalax-
iesandpassiely evolving galaxiedn theredshiftrangeof z= 1.4

Table 1. Statisticsof NIR-selectedjalaxies(NIRGS).

Population Ared® Number Surfacedensity
KsorJ (arcmirn2)
Ks-detectedbbject Ks 1308(992) 11.5
Star Ks 95(64) 0.83
NIRGs J 307(245) 3.14
ERO Ks 249(201) 2.18
DRG J 84(67) 1.09
ERO andnon-DRG J 105(84) 1.36
DRG andnon-EFO J 38(28) 0.49
ERO andDRG J 46 (39) 0.60
BzK Ks 168(132) 1.47
BzKandERO andnon-DRG J 17(14) 0.22
BzKandDRG andnon-ERO J 14(8) 0.18
BzKandERO andDRG J 19(16) 0.25

aImage(Ks- or J-bandarea)for which the numberof objectsare derived.
bTotal numberof objects with the numberwithin the SHADESareagiven
in parentheses.
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Figure 2. BzK colour versusKs magnitudefor Ks-band-detectedbjects.
HeretheZ — Kg andB — Z colourshave notbeencolourcorrectedn order
toshav theoriginalphotometrieerrors TheBzKselectiorcriterionproposed
by Daddi et al. (2004) correspondso (Z — Ks) — (B — Z) = 0.2 for the
adoptecdcolourcorrection(seetext).

2.5in thez — K versusB — z diagram(hereafter BzK diagram).

Following Daddi et al. (2004a),we chooseBzK-selectedgalaxies
with BzK > —0.2, whereBzK= (z — K) — (B — 2). In orderto

adjusttheselectionin our photometridbandgo thatof Daddietal.,

we comparedhe stellarsequencén the BzK diagramwith that of

Daddietal. (2004a).To matchthe stellarsequenceye appliedthe
following colour corrections:(B — 2)pagai = (B — Z) + 0.2 and
(z — K)pagdi = (Z — K) — 0.2. After this correction,we obtained
132BzK-selectedyalaxieswithin the SHADESarea.

We obtainedasurfacedensityof 1.1arcmirr? for Ks < 20(Vega).
This surfacedensityis consistenwith thatof Daddiet al. (2005),
who found 169 BzKs within 154 arcmir?, including X-ray detected
objectsjn theGOODS-Northregion. Thus,we assumehereareno
systematidifferencesetweerour sampleandthatof Daddietal.
(2005).In Fig. 2, weplottheraw BzKcolour(i.e.with nocolourcor
rections)of Ks-band-detectedbjects agaings magnitudeslong
with the photometricerrors.

4 IDENTIFICA TION OF SUBMM-BRIGHT
NIRGS

4.1 Method of identification

In ordernotto missary candidatesubmme-brighNIRGs,weutilized
two SCUBA 850-um mapswhichhavedifferentpixel sizeproduced
by independenteductionsand reportedin Coppinet al. (2006 —
ReductionB andD). The pixel sizesof the SCUBA 850+4tm map
from ReductionsB and D are 1 and 3 arcsec,respectiely. One
bendit of using SCUBA maps,ratherthanthe SHADES source
catalogueis thepossibilityof identifyingadditionalsubmmsources
which arejust below the limit of the SHADES catalogueThis is
areasonablapproachsincewe know the sky positionsof targets
beforehandandseeAppendixA for a statisticaldiscussion).

We adoptedhe thresholdof signal-to-noiseatio (S/N) > 3 for
the detectiof submmfluxesatthepositionsof NIRGs.In orderto
corfirmthe detectionf NIRGsin SCUBA mapsweneedoexclude
the possibility of: (1) chanceassociatiorwith a nearby SCUBA
sourceand (2) falsepositive detectionsSourcesn the SHADES
catalogueshouldbe quite reliable, sincethey are extractedusing
four independenteductions.If thereare no SHADES catalogue
sourcexcorrespondingdo detected\NIRGs, we needto pay special
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Table 2. Submmpropertiesof submm-brighNIR-selectedyalaxies.

Source  Map® SN 6% Ss0,um Sapum S14GHz SHADESID®
(arcsec) (mJy) (1dy) (1dy) (SXDF)
300 B,D 31 45 57+21  546+27 27.8+7.0 850.30
445 B 3.3 2.9 56+21 357+24  250.+7.4 850.27
912 B,D 41 2.1 44+18 511+27 145477 850.4
1390 B,D 3.4 1.8 4.0+£2.8  446+29  29.6+75 (850.62%
Uncorfirmeddetections
718 B,D 3.3 2.3 4.0+2.1 <450 <35 850.70
1133 D 3.0 6.6 3.0+2.1 <450 <40 850.77

Notes The upperlimits correspondo 5¢. 2SHADESmapin which NIRGs aredetected?S/N at the positionof
NIRGsin the SHADESmap.We adoptvaluesfrom the SHADESB mapif NIRGsaredetectedn bothB andD
maps ‘TheangularseparatiometweersubmmandNIR position.Submmpositionsaretakenfrom the SHADES
sourcecatalogueFor ID1390,we adoptthe submmpositionfrom the SHADESB map.¢Deboosted®50-.m flux
densitiefrom the SHADESsourcecatalogueusingthe algorithmof Coppinetal. (2005).6Sourcenamesn the
SHADESsourcecataloguef Sourcenamefrom a preliminarySHADESsourcecatalogue.

attentionto checkthereliability of the detectiorn theSCUBA map.
To overcomeheseproblemsweusetheSpitzeimagesat24umand
the VLA radioimagesat 1.4GHz asthey have proved to be useful
in previousstudieg(e.g.lvison etal. 2002;Egamietal. 2004).The

identificationof SHADES sourceshasbeenundertalen by lvison

etal. (2007).We corfirmedthatourresultsareconsistentvith their

identifications.For non-SHADESsourcesye requiredetectionat

24um or in the radio for secureidentfication of submme-bright
NIRGs.

We also obtained 450um images simultaneouslywith the
850-um images, although the weatherconditions allocated for
SHADESwerenot goodenoughto detecttypical 850-um sources
at450um in the sameintegrationtime. We have however usedthe
450-um mapto constrain thet50um flux for the detected850+4tm
sourcesThereductionof 4504um datais fully describedn Coppin
etal. (2006).

4.2 Results

Among307NIRGsin the SHADES/SIRIUSK-bandarea(245fall
in J-bandarea),we detectedive NIRGs at 850um as a resultof
photometryat the positionof NIRGsin the SHADESB map(i.e.
theSCUBA 850-um mapfrom ReductiorB). We alsodetectedive
NIRGsat 850pum in the SHADESD map,four of which arecom-
mon with thosedetectedn the SHADES B map. The resultsof
thesubmmdetectiongrom bothSHADESmapsaresummarizedn
Table2. All of thesubmm-detecteNIRGsexceptfor ID1390have
correspondingSHADES cataloguesources.Although a submm
sourcefor ID1390 (SXDF850.62)was includedin a preliminary
SHADESsourcecataloguethis sourcedid notsatisfythefinal sig-
nificancelimit adoptedfor the SHADES catalogue presentealy
Coppinet al. (2006).However, we found thatID1390is detected
bothat 24 um andin theradio,andthereforewe concludethatthis
is arealsubmmgalaxy(seealsoAppendixA). In the450-um map,
wefind nocorvincing detectionstthepositionsof NIRGs. Thisis
notunexpectedgiven the high noiselevel in the 4504um maps.
Three (ID300, 445, 912) out of six submm-detectedNIRGs
are identified as optical counterpartof correspondingSHADES
sourcesn lvison etal. (2007).Additionally, we find ID1390asan
opticakNIR counterparbf SXDF850.62anon-SHADESsource),
sincethisgalaxyis detecte@t24 umandin theradioasnotedabove.
In summarywe identify four submme-brightNIRGs. Fig. 3 shows
the850wm contourslottedover Ks-bandimagesof submm-bright

NIRGs. Fig. 3 alsoshaws the radio contoursover R-bandimages
of the sameNIRGs. The remainingtwo submm-detectetNIRGs
(ID718 and1133)aredetectedheitherin the radio nor at 24 um.
Suchchanceassociationsre expectedand the numberis consis-
tentwith the estimategiven in AppendixA. For a submmsource
associateavith ID1133, Ivison etal. (2007)foundanotherreliable
opticalcounterpanivith aradiodetectionConsideringheseresults,
we excludebothID718 and1133from furtheranalyses.

In orderto checkadditionalcandidategor optica-NIR coun-
terpartsof the SHADES cataloguesourceswe also searchedor
NIR-selectedgalaxieswithin 7 arcsecradiusof the SHADES po-
sitions.Althoughwe foundtwo additionalassociation§lD475 and
579),they arenotdetectectitherat24 umor intheradio.Therefore,
this alternatve methoddoesnot produceary furthersubmm-bright
NIRGsfor our sample.

4.3 Relation betweensubmm galaxiesand NIRGs

In Table3, wetahulatetheoptica-NIR propertieof submm-bright
NIRGs.Notethatall of thesubmm-brightNIRGsareBzK-selected
galaxiesexceptfor ID1390with BzK = —0.36,althoughit satidies
BzK> —0.2beforethecolourcorrectiononB — zandz — K. This
also meansthat no EROs and DRGs which are clearly non-BzK
galaxiesaredetectecat 850um. The distribution of submm-bright
NIRGsin theB — zversuz — K colourcolourdiagramis discussed
in detailin Section6.1.

Two galaxies,|ID300 and 445, satisfy all the colour selection
criteria we adopted,i.e. BzK > —-0.2,R — K > 3.35andJ —
K > 1.32.Hereafterwe referto this BzZK-DRG-ERO overlapping
populationasextremelyred BzK-selectedyalaxies We found only
16 extremely red BzKs in the combinedK, and SHADES areas,
correspondingdo a surfacedensityof only 0.25+ 0.05arcmirr?.
This meanghat12 + 8 percent(2/16) of extremelyred BzKs are
submmgalaxies Althoughthe samplds very small,neverthelesst
mayindicatethatthisrareNIR galaxypopulatiorhasamuchhigher
fraction of submmgalaxies,comparedvith the otheropticakNIR
selectedyalaxypopulationsalreadystudied.For example thefrac-
tions of submmgalaxieswhich are BzKs, EROs andDRGsin our

3 Theerrorson fractions,f, aregiven by /T(1 — )/n wheren is thetotal
numberof the sample.This gives a rough estimatebasedon the normal
approximatiorto the binomialdistribution.
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Figure 3. (Left-handcolumn)Contoursof SCUBA 850um for submm-brightNIR-selectedyalaxies The corresponding/N valuesat 850 um areindicated
ateachcontourline. TheunderlyingimagesareKs bandwith 20 arcsemn aside.Thenamef the sourcesareindicatedatthetop of eachimage.(Right-hand
column)Contourmapsof radio(1.4 GHz) on negativeimagesn R bandfor thesameregionsareshown in theleft-handpanels Contourlinesareshovn at —2,

2,3,4,...,10, 20,..., 100 . Positive (negative) contoursareindicatedwith solid (dashed)ines.

sampleare4/132(3 + 2 percent),3/201(1.5+ 1 percent)and3/67
(5 & 3 percent),respectiely.

We found that there are 20 (13) SHADES sourcesin the
SIRIUSK¢-band(J-band)areaamongwhichthreeareBzK-selected
andtwo satisfy both the ERO and DRG selection.The resulting
fractionsof BzKs, EROsandDRGsin our subsamplef SHADES
sourcesare15 + 8,10+ 7 and15 + 10 percent,respectiely. 13
SHADESsource®utof 20have arobustradioidentification(lvison
etal. 2007).If we corfineour attentionto SHADESsourceswith a
robustradioidentification,theabove fractionsof NIRGsarehigher
by afactorof ~1.5.

Ivison et al. (2002)found an ERO fraction of 33 percent(6/18)
in SCUBA sourceswith robustradioidentificationfrom the 8-mJy
suney, inwhichoneERO istoofaintto bedetectedtourdetection
limit in the Ks band.Reddyetal. (2005)studiedthe BzKandDRG
fraction of submmgalaxieswith Sgs0,.m 2 5mJyin the GOODS-
North field. Out of 11 radio-detectedubmmgalaxiesthey found
thatfive (45 + 15 percent)andthree(27 & 13 per cent) objects
satisfythe BzZK and DRG criteria, respectiely. For thesesubmm-
bright BzK and DRG samplestwo objectseachare too faint to
be detectedat our detectionlimits. SubtractingheseK-bandfaint

sourceswould give the BzK and DRG fractionsof 27 + 13 and
9 + 8 percent,respectiely. On theotherhand,Daddietal. (2005)
foundonly oneBzK-selectedyalaxyin thelist of submmsourcesn
Popeetal. (2005)in the GOODS-NortHfield. Theseresultsarenot
inconsistentvith ours,consideringhe large errors,dueto a small
samplesizeandcosmicvariance.

Sincethe redshiftdistribution of BzKs hasa large overlapwith
thatof submmgalaxiesandbothclasse®f objectarestarforming
galaxiespnecouldexpectalargefractionof BzKswithin thesubmm
galaxy population.We roughly estimatethe expectedfraction of
BzKs in submmgalaxysamplesasfollows, basedon the resultsof
theredshiftsuney of radio-detectedubmmgalaxiesby Chapman
etal. (2005).In their sampleof radio-detectedubmmgalaxiesthe
fractionof galaxiesatl.4 < z < 2.5isabout5percent.Thisfraction
shouldbe correctedfor the incompletenessf the samplemainly
dueto the redshiftdesertat 1.2 < z < 1.8. Given the 20 per cent
incompletenesatz~ 1.2-1.8estimatedy Chapmaretal. (2005),
thefractionof galaxiesat 1.4 < z < 2.5maybein therangeof 35—
45 percent.If BzKs areanalmostcompletesampleof starforming
galaxiesat1.4 < z < 2.5,includingheavily obscuredbjectsmost
of radio-detectedubmmgalaxiesat 1.4 < z < 2.5maybeselected
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Figure3 — continued

Table 3. Optical—NIR propertieof submm-brighNIR-selectedjalaxies.

Source RA Dec. Ks R-Ks J—-Ks B-7 Z — Kg Notes

(J2000) (J2000) (AB mag) BzK ERO DRG 24um Radio
300 21740.01 -050115.7 21.14 3.43 1.56 2.05 2.61 Y Y Y Y Y
445 21807.92 -050145.7 22.00 4.39 >1.40 1.75 3.21 Y Y Y Y Y
912 21738.67 —050339.4 21.64 2.59 - 1.20 2.05 Y N - Y Y
1390 21807.74 -050610.5 21.13 3.67 2.02 2.52 256 (N)? Y Y Y Y

Notes A ‘Y’ (* N') inthelastfive columnsindicatethatthegalaxyis (not) BzK-selectedjalaxy ERO, DRG, 24-um-detectedndradio-detected.
aAfter thecolourcorrectionon B — zandz — K, this sourcebecomes nonBzK-selectedjalaxy as shavn in Fig. 7. This correctionis adopted
to matchthe obseredcoloursequencef starsto thatof Daddietal. (2004a).

asBzKs.In our SHADES/SIRIUSield, therearel3radio-detected
SHADES cataloguesourcesTherefore,one may expectthat 4-6
of them are BzKs. From the K-band magnitudeof radio-detected
submmgalaxiesof Smailetal. (2004),we foundthat~65 percent
of radio-detectedsubmmgalaxiesare detectableat the detection
limit of our Ks-bandimage.Thus,we expectthatatmost~4 radio-
detectedsubmmgalaxieswvould be BzKsin our sampleThisrough
estimates consistenwith the resultsabore, sincewe foundthree
suchradio-detectedubmmgalaxies Althoughthe sampleis small,
this suggestshatthe BzK selectiontechniques effective evenfor
submmgalaxiesj.e. heavily obscuredjalaxieswvith extremelyhigh

SFR.Thus,submmgalaxiesatz ~ 2 may have the largestoverlap
with BzK-selectedjalaxieswhencomparedo EROsandDRGs.In
Section6.2.3,we discusgheimplicationsof this, usinga radiatve
transfermodelof starturstgalaxies.

Theresultspresentechereare hamperedy small samplesize,
partly dueto thelimited overlapbetweenour NIR imagesandthe
SHADESfield. Both of the SHADESfieldshave been coeredby
the UKIRT Infrared DeepSky Suney (UKIDSS; Lawrenceet al.
2007).In the nearfutureit will thereforebe possibleto studythe
submmpropertiesof a large sampleof NIRGs usingthe UKIDSS
data.
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5 STACKING ANALYSIS FOR SUBMM-FAINT
NIRGS

We cantry to extracta little more information aboutthe submm
galaxies/NIRGoverlap by looking at the statistical correlations
within the images.Here we estimatethe average850um flux of
submm-&int NIRGsandthe contritutionto the extragalacticback-
groundlight (EBL) from eachclassof objects.

We first eliminatedthe effectsof resolved submmsourcesn our
SCUBA maps.In the B map,we excludedregionswithin 7 arcsec
of the SHADEScataloguesourcesin the D map,all the SHADES
sourcesandtheir associatedegative off-beamswereremoved be-
fore measuringheflux. For this cleanedD map,we corfirmedthat
randompositionggive avariance-weighteedverageflux of zero.Al-
thoughanon-SHADESsourcefor ID1390is notremoved from the
mapsiits effectis negligible.

In Figs4-6, we shav the histogramof measuredlux at the po-
sition of NIRGs in the B map, comparedwith that of the mapas
a whole. The significanceof the differencebetweenthe distribu-
tions of the map andthe measuredluxeswas estimatedwith the
Kolmogoro—-Smirnor test.Theflux distributionsof BzKsandEROs
werefoundto bedifferentfromthatof themapasawhole,with asig-
nificanceof 2— 3 (seeTable4). For DRGs,we foundnosignificant
detectionfrom the Kolmogorao—Smirnor testusing56 objects.As
a comparisonKnudsenet al. (2005) detectedan averageflux of
0.74 + 0.24mJy for DRGs (excluding discretesources)with a
smallersampleof 30, but with a lower noiseSCUBA map.A pos-
sibly largecontaminatiorin our DRG sample pwing to theshallov
J-banddata,might causeno significantdetection.

FromtheB map,we obtainedanaverageflux of 0.524+ 0.19and
0.53+ 0.16mJyfor BzKsandEROs,respectiely. We measurethe
averageflux of databetweerthefirst andthethird quartilesof the
sample which is a robust measureagainstoutliers. The errorsare
given bythemedianabsolutedeviation. Table4 givesasummaryof
thestackinganalysisusingthe B map.Thenoise-weightedverage
flux of BzKs, EROs,andDRGsmeasuredn the D mapis 0.64 +
0.16,0.50 &+ 0.13 and 0.42 + 0.23 mJy, respectiely, which are
consistentwith the resultsfrom the B map. The derived average
fluxes of BzKs and EROs are consistentwith previous studiesin

1000~
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Figure 4. Histogramsof the 850-um flux at the positionof BzKs (shaded;
right-handaxis), comparedo the histogramgor the unmasled regions of
the SCUBA mapasawhole (open;left-handaxis).
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Figure 6. SameasFig. 4, but for DRGs.

other sky regions (Webb et al. 2004; Daddi et al. 2005)* In the
following discussionye usetheaverageflux of submm-&int BzKs
andEROsfrom the B map.

We next estimatehecontributionfrom eachclassof objectto the
EBL at 850um. Thetotal flux from individually detectedsources
is addedto the estimatedotal flux from undetectedbjects.The
valuesobtainedfor the EBL from BzKs andEROs are 3.8 + 1.2
and5.1+ 1.5Jydeg~?, respectiely. Themeasure®50-um EBL is
31Jydeg—2 in Pugetet al. (1996)and44Jydey 2 in Fixsenet al.
(1998),i.e. thereis a relatively large uncertaintyon the absolute
level. The contritution from BzKs and EROs are both 10—-15per
centeachdependingntheadoptedralueof theEBL. Thismodest
contributionis alsosuggestely acomparisorof thesurfacedensity
of objects For example thesurfacedensityof BzKs, ~1.5arcmir?
is a factorof ~5 smallerthanthat of >0.5mJy SCUBA sources,

4 NotethatDaddiet al. (2005)derived an averageflux of 1.0+ 0.2mJyfor
‘24-um-detectetl BzKs. Including 24-um-undetectebjects this average
become®.63+ 0.17mJyin the GOODS-Northfield.
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Table 4. Summaryof stackinganalysisat 850 um.

Class Numbef (Se50,m)® K — Sprobability Resoled fluxd EBL®
(mJy) (percent) (percent) (Jydeg—2)
BzKs 112 0.524+0.19 5.91 32+ 18 38+1.2
EROs 178 0.53+0.16 1.70 18+ 9 51+15
DRGs 56 0.30+0.28 45.91 - -

aThenumberof objectsusedfor the stackinganalysis PThe average850-um flux of non-detectedbjects which
are >7 arcsecaway from individual sources®The probability from the Kolmogorav—Smirnor testthatthe flux
distribution of objectsarederived from thesamesampledThefractionof theflux densityin individually detected
sources®Theextragalactidbackgroundight at 850 um from eachclassof objects.

~7arcmirr? (Blain et al. 1999; Cowie, Barger & Kneib 2002) at
which flux densitylevel thebackgrounds closeto complete.

We also estimatethe resoled fraction of the EBL originating
from a given galaxypopulationonly. The resohed fraction of the
EBL from BzKsis at least~30 percent,which couldbehigherthan
thatfoundin EROs.Thedetectedourcesn our samplecorrespond
to 23.5% sourcesvhenwe measurghe peakflux in the SCUBA
mapwith thenoiselevel of ~2mJy Fromthe 8-mJysurwey, which
hasasimilarnoiselevel, Scottetal. (2002)foundthat>3.50 sources
accounfor ~10percentof theEBL. Thus,thesubmmflux of BzKs
is apparentlybiasedhigh; i.e. alarge fraction of the submmfluxes
from BzKs arefoundin resohedbright sources.

RecentlyWang,Cowie & Barger(2006)suggestethatthemajor
ity of theEBL at850um originatesrom submm-undetecteghlax-
iesatz < 1.5.0Ontheotherhand,the majority of submm-detected
galaxiesj.e.resohedsourceslie atz > 1.5(Chapmaretal. 2005).
Thissuggestshatthe resoledfractionof the EBL variesasafunc-
tion of redshift.If we studytheEBL only from galaxypopulationsat
z2 1.5likeBzKs,thecontributionfrom submm-undetecteghlaxies
to the EBL would be significantly reduced This may explain why
the resoledfractionof theEBL from z~ 2 BzKsis higherthanthat
from EROstypically atz ~ 1.

6 SED ANALYSIS OF SUBMM-BRIGHT NIRGS

In this section,we investigatethe physicalpropertiesof submm-
bright NIRGs from the obsered SEDs. First, we examine the
distribution of submme-brightNIRGs in the B — z versusz — K
colourcolourplot, i.e. BzK diagram.Specfically, we comparethe
propertiesof submme-brightNIRGs with thoseof 24-um-detected
NIRGs. Secondly we apply an evolutionary SED model of star
burststo submm-brightNIRGs for a more detailedstudy of each
object.Also, we studythe propertiesof submm-&int NIRGs from
anaverageSED, which arecomparedwith thoseof submm-bright
NIRGs.

6.1 Submme-bright NIRGs in the BzK diagram

The fraction of BzKs in a galaxy populationwould dependon its
redshift distribution; i.e. low-z galaxy populationwould have a
small fraction of BzKs. Fig. 7 shaws the BzK diagramfor all the
Ks-detectedbjectsin the SXDF/SIRIUSfield. While NIRGshave
awiderangeof B — zi.e.0 < (B — 2) < 6, submm-brighNIRGs
favour the colourrangel < (B — 2) < 3, with BzZK> —0.2. This
is not the casefor general24-um-detectedobjects,which have
0.5< (B — 2) < 4andalargefractionof nonBzKs. Unlike 24-um-
detectedNIRGs, submm-brightNIRGs disfavour nonBzK EROs
andarebettermatchedo the B — z coloursof BzKs. Thisis consis-

tentwith theredshiftdistribution of radio-detectedubmmgalaxies,
having a medianof z ~ 2 (Chapmaret al. 2005),which overlaps
considerablyith thatof BzKs. Ontheotherhand,24-um-detected
objectdancludealargenumbeiof z < 1.5galaxiegRowvan-Robinson
etal. 2005),andhave asmallBzKfraction.

Note that 24-um-detectedNIRGs includefairly blue BzKs with
(B — 2) < 1, unlike submm-brightones.The correlationbetween
B — zandreddenindor BzK-selectedjalaxieds discussety Daddi
etal. (2004a),suggestinghatE(B — V) = 0.258 — z + 0.1) for
the Calzettiextinction law (Calzettiet al. 2000).Accordingto this
relation,(B — 2) < 1 correspond$o E(B — V) < 0.3.0Ontheother
hand,we derive E(B — V) ~ 0.5for submm-brighBzKson average
from (B — 20 = 2.1. Reddyet al. (2005) shav that UV-selected
‘BX/BM’ galaxiesoccupy aregion in the BzK diagramsimilar to
BzK-selectedjalaxieswith (B — 2) < 1. SincetheseUV-selected
galaxiesarelessobscuredy dustthansubmmgalaxieqe.g.Smail
etal.2004),it is expectedhatmostsubmm-brighNIRGsmayavoid
thecolourregionof (B — 2) < 1.

Theotherpossibilitiesfor blueB — zcolours includehepresence
of AGN. We performeda cross-correlatiorbetweenthe 24-um-
detectedBzK sampleandX-ray sourcesn the XMM serendipitous
sourcecatalogu€. As aresult,we foundthatthebluestfour 24-um-
detectedBzKswith (B — 2) < 1and(z— K) < 1 areassociatedvith
X-ray sourceswith anangulardistanceof 6 < 2 arcsecwhile the
submm-brightsamplehave no suchassociationsTherefore bluer
coloursof 24-um-detectedBzKs appeato be betterexplainedby a
contritution from AGN.

In summarythecoloursof submm-brighNIRGs,1 < (B—2) <
3, indicatethatthey areobscuredstarforming galaxiesatz > 1.4,
with no olvious contritution from AGN to the obsered optical-
NIR fluxes.Thenatureof submme-brightNIRGsis furtherdiscussed
belov usingmultiwavelengthdataandatheoreticalSED model.

6.2 Comparisonwith SED models

6.2.1 SEDfitting method

We analysethe SEDsof submm-brighNIRGs usingan evolution-
ary SEDmodelof starturstsof Takagi,Arimoto & Hanami(2003a)
which haspreviously beenappliedto submmgalaxiesin Takagi
etal. (2004).In this model, the equationsof radiative transferare
solved for a sphericalgeometrywith centrally concentratedstars
andhomogeneouslylistributeddust. We usethe samemodeltem-
platesasthoseusedn Takagietal. (2004).We hereaftereferto this

5 TheXMM-Newton SerendipitouSourceCatalogueyersion1.1.0, XMM—
Newton Surwey ScienceCentre Consortium,XMM-SSC, Leicester UK
(2004).
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Figure 7. The BzKdiagramfor Ks-detectedsourcesn the SXDF/SIRIUSfield. Solid circlesindicatesubmm-brightNIRGs. The photometricerrorsinclude
thoseof colourcorrectiononB — zandz — K. BothEROsandDRGsareindicatedwith smallcircles.Largethick/thincrossesrefor NIR-selected{s-detected
galaxieswhich aredetectedat 24 um with SWIRE. Smallplusesindicatestarsfrom Daddis catalogueWe depict theBzK-selectiorcriterionwith asolidline.
Dashedanddottedlinesareboundariedor selectingpassiely evolving galaxiesandstars respectiely.

modelastheStarBUrstRadiatve Transfe(SBURT) model Herewe
extendthewavelengthrangeof the SBURT modelto theradioby as-
sumingtheobsenredcorrelationbetweerfar-IR andradioemission
(Condon1992),with o = —0.75andq = 2.35,wherex is thespec-
tral index of radioemission(S, « v*) andq definestheluminosity
ratio of far-IR to radioemissionat 1.49GHz (seeCondon1992).
Thefitting parametersf the SBURT modelaretheredshift,star
burstageandcompactnessf astarlurstregion (®). Theevolution-
ary time-scaleof the starlurstst, is assumedo be 0.1Gyr, which
specfiesboththe gas-intlling rateandthe SFR.The compactness
of starturstsis definedby r = ® (M../10° M) (kpc), wherer
andM, arethe radiusandstellarmassof the starturst region, re-
spectvely. The dustmodelis chosenfrom the Milky Way (MW),
Large(LMC) or Small(SMC)MagellanicCloudmodelsakenfrom
Takagi, Vanseicius & Arimoto (2003b).Following the resultsof
Takagiet al. (2004), we adopta top-heay initial massfunction
(IMF) with a power-law index of x = 1.10 (the SalpetedMF has
x = 1.35)for submmgalaxieswhich is necessaryo reproducehe
colourmagnituderelation of present-dayelliptical galaxies.The
loweranduppemasdimits of theadoptedMF are0.1and60M ),
respectiely. This particularchoiceof the IMF doesnot affect the
following results.exceptfor thederived stellarmasses.
Thebestfitting SEDmodelis searchedor usinga x> minimiza-
tiontechniqudromthepreparedgetof SEDmodels We usedall the
availablefluxes,exceptfor 24 um andradio. Thisis becausein the
SBURT model:(1) the contritution from an AGN is nottakeninto
account(2) the24-um flux depend®enthedetailsof thedustmodel
and(3) theradioflux is separately calculatdaly usingthe empiri-
cal relation. The adopted350uum fluxesanderrorsare‘deboosted
values (i.e.accountingor theeffectsof flux boostingonalow S/N
thresholdsamplefakenfrom Coppinetal. (2006)or calculatedvith

the samedeboostingalgorithm.We adopteda minimumflux error
of 5 per cent,consideringthe systematiauncertaintyof photome-
try from the differenttype of instrumentscovering a wide rangeof
wavelength.The upperlimits on fluxes are taken into accountin
thefitting processi.e. modelsexceedinghe 5o upperlimits arere-
jected At rest-frameéJV wavelengthstheSEDsof heavily obscured
starlurstslike submmgalaxiescould dependon the inhomogene-
ity of interstellarmedium,sincethe effectsof photonleakagemay
dominatetheresultingSED (e.g.Takagietal. 2003a) Also, theab-
sorptionby theintergalacticmediumis importantin therestframe
belav 1216A, which dependson a particularline of sightto each
galaxy Consideringheseuncertaintiesywe quadraticallyaddedan
additional20 per centerrorfor dataat rest-framelJV wavelengths
belov 4000A.

6.2.2 Resultof SEDfitting

In Fig. 8, weshow thebestfitting modelsfor submm-brighNIRGs.
The original andradio-extendedSBURT modelsaredepictedwith
solid anddottedlines, respectiely. Thefitting andderived model
parameteraresummarizedn Table5.

For 1D912, we found that the value of minimum x2 reduced
drasticallywhenwe excludedH-banddatafrom thefitting analysis.
This may indicatethat the H-bandphotometrycould have alarge
systematicerror The upperlimit in the J bandsuggestghat this
galaxycould be very redin the obserned NIR colours.The noise
level intheH bandmaybetoohighto detecthisgalaxy Wechecled
theimagesf ID912 andfoundthatphotometryof thisgalaxycould
be affected by a nearbyobject. Hence,we adoptthe bestfitting
modelfor ID912 without H-banddata.
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Figure 8. Solid anddottedlines indicatethe bestfitting SBURT modelwithout andwith an extendedradio componenbf the SED, respectiely. The data
pointsusedfor the SEDfitting areshavn assolid circles.Arrows indicatethe 5o upperlimits. SeeSection6.2.1for thedefinition of thefitting parameters.

Table5. Summaryof the SEDfitting with the SBURT model.

Source  x%v?  zZonot Age® ©° Extinctiorf logMsar  logMgas  logLg, Ay log SFR M{, (CE=Y))
(Gyn) M) M) (Le) (mag) (Mpyr') (mag)  (mag)
300 0.91 2.8 0.2 2.0 SMC 10.8 10.7 12.7 1.3 2.7 —-20.1 1.3
445 1.47 2.1 0.5 1.0 LMC 10.9 10.0 12.1 2.3 2.0 -20.3 1.5
912 0.47 2.4 0.07 14 LMC 10.7 11.1 13.1 3.1 3.2 —-20.1 0.9
1390 2.45 2.4 0.4 1.4 LMC 11.1 10.4 12.5 1.5 2.4 -20.7 1.4
(BzKs)9 - 1.9 0.4 1.6 LMC 10.6 9.8 11.9 1.1 1.8 -19.4 1.4

ay2 divided by the degreeof freedomv. PStarlurstagewith the evolutionarytime-scaleof to = 0.1Gyr. °‘Compactnesparametenf starlurst
region. 9Extinction curve used.€Bolometricluminosity. f Predictedpresent-day-bandmagnitudeandU — V (Vega), assuminghe passve
evolution afterthe obseredepoch9Model parameterfor anaverageSED of submm-&intBzKswith 1.5 < (B — 2) < 2.5)" Assumingredshift

for the SEDfitting.

We find a significantunderestimatef 850-um flux for ID445
whichhasavery redz — K colour, althoughtheresultingy ? value
indicateghatthebestfitting modelis statisticallyacceptableSince
thepredictedadiofluxis alsowell belov theobseredflux, thebest-
fitting modelmight be rejectedwith moreaccuratemeasurements
in the submm.For this source ,we may particularly needa more
complicatedmulticomponenmodelof startursts,in which young
heavily obscurednolecularcloudsaretreatedseparatelye.g.Silva
etal. 1998).

The SEDfitting suggestshatsubmm-brighiNIRGs couldlie at
thetypicalredshiftrangeof submmgalaxiegChapmaretal. 2005).
In orderto shaw thefitting error on photometricredshiftszyno, we
shav contourplots of Ax? projectedon to the age-redshiftplane
in Fig. 9 for modelswith the bestdustmodelfor eachgalaxy We
notethatthe derived zyno andthe far-IR—radio relationreproduce
theobseredradioflux well, exceptfor ID445.

At 24um, we find thatthe obsened fluxes aretypically higher
thanthe modelpredictionswhile the modelflux of ID912 is con-

sistentwith the obsered 24-um flux. We regard the model flux
at 24um as the lower limit for the following reasons(1) lack of
AGN contritution in the modeland (2) the non-MW dustmodels
are preferentiallyselectedrom the featurelessSED at rest-frame
UV, which may have alower mid-infrared(MIR) emissvity than
actualdustgrainsin submmgalaxies Specfically, thelack of AGN
couldbeimportantfor submmgalaxiesjn which the AGN actiity
to someextentis alreadyknown (Alexanderetal. 2005).Recently
Daddietal. (2007)foundagalaxypopulatioratz~ 2 whichshavsa
distinctexcesof flux at24 um, comparedo thatexpectedrom the
SFRestimatecht otherwavelengthsThis MIR excessis attributed
to Compton-thickAGNSs, as a resultof stackinganalysisof deep
X-ray images Submme-brighNIRGsshaving a clearexcesof flux
at24um (ID300 and1390),might be suchMIR-excessgalaxies.
Submme-brightNIRGs arefound to be massve, with the stellar
masse®f 5 x 101°-10" M. The derived bolometricluminosity
of 3 x 10"-10L (excluding ID445) correspondso the SFR
of ~300-1000M ¢, yr—* for the adoptedtop-heay IMF. For the
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Figure 9. Contourmapsof A x? from the SEDfitting in a planeof starlurstage(with to = 0.1Gyr) andredshift. The contoursaredepictedat A 2 = 2.71,
6.63,having the probabilitiesof 90 and99 percentwhenprojectedon to eachaxis.We notethattherearenolocalminimaatz < 1 andz > 4.

SalpeterlMF, the stellar massandthe SFR could be even a few
timeshigherthanwe derived.

Following Takagietal. (2004),we predictthepresent-dagolours
andabsolutenagnitudesf submm-brightNIRGs.Sinceweassume
thatthe effectsof starformationafterthe obsenedepochareneg-
ligible, the derived present-dayoloursand luminositiesare both
lowerlimits. Thesdower limits couldbecloseto reasonablealues
for ID300and1390,which seemto bewell-evolvedstarhurstswith
tlto 2 2 andMgir > Mgas For thesegalaxieswe predictabsolute
V-bandmagnitudeof My = —20.7to —20.1, while submm-&int
BzKswouldhave My = —19.40naverage Sincewe useatop-heay
IMF, this magnitudeis ~1 magfainterthanthoseby the Salpeter
IMF. Wefindthatthepredictedest-frameJ — VandMy, areconsis-
tentwith the colourmagnituderelationof elliptical galaxies.This
is notthe casefor the SalpetedlMF (seealsoTakagietal. 2004).

6.2.3 Colour evolutionof the SBURT model

In Sectiord, wementionedhepossibilitythatsubmmgalaxieshave
amuchlarger overlapwith BzK-selectedyalaxies,comparedvith
EROsandDRGs.In Fig. 10, we shav theBzK R — K andJ — K
coloursasafunctionof starhurstageatz = 2, i.e. atypical redshift
for submmgalaxies.We choose® = 0.7-1.4, which resultsin a
good matchwith the obsened SED variation of submmgalaxies
for the SMC dustmodel(se€Takagi& Pearsor2005). The SBURT
modelssatisfy BzK > —0.2 for a wide rangeof model parame-
ters,i.e. starlurstageand compactnessf the starlurstregion (or

optical depth).On the otherhand,R — K > 3.35is only satidied
with old modelshaving t/t; = 3 for awide rangeof ©. Thisis also
true for DRGs, exceptfor a small fraction of models.Therefore,
in the SBURT model, SEDsof stellar populationsneedto be in-
trinsically red to reproducehe coloursof EROs andDRGs.Thus,
this model predictsthe largestoverlap betweenBzKs and submm
galaxiesamongNIRGs. If we assumehelimit on starlurstageof
t/to ~ 6 (Takagietal. 2004) we expectthenumberof BzKsin submm
galaxiesto beabouttwice thatof EROs, given thatthe selectionof
BzKsandEROsarenotsensitveto thecompactnes®. Thispredic-
tion could be corfirmedby usinglarger samplesof submm-bright
NIRGs.

6.2.4 Whyare someBzKsbright in submm?

In this study we found that only a handful of NIRGs are bright
in the submm.So, are submm-brightonesexperiencinga special
luminousevolutionaryphaseor simply moremassve thansubmm-
faintonesf theformeris thecasetheduty cycle of submm-bright
BzKs maybe estimatedrom thefractionof submm-brighNIRGs.
In thefollowing discussionwefocusonly onBzKs,sinceEROsand
DRGs could be contaminatedy passiely evolving galaxies.We
foundthatonly 3 percentof BzKsarebrightin submmThisindicates
that the duty cycle of submm-brightBzKs is only <10 per cent
of the starforming phasegvenif we considerthe incompleteness
of the SHADES suney (Coppinet al. 2006). Thus, we might be
observinga very sharppeakin the starformationactiity of BzKs
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BzK DRG andERO selectioncriteria. Model parametersor a givenline symbolareshavn in thelegendbox. Horizontallinesindicatethe colour boundary

for BzKs, DRGsandEROs.

(e.g.seealsoDannerbaueetal. 2006).If thisis thecasethe SEDs
of submme-brighBBzKs may be systematicallydifferentfrom those
of submm-&intones.

In orderto addresghis question,we derived the averageSED
of submm-&intBzKswith 1.5 < (B — 2) < 2.5,i.e. having similar
colourto submm-brighbnes.In Fig. 11, we shav theaverageSED
of 65 submm-&intBzKswith 1.5 < (B — 2) < 2.5. At 850pum, we
adoptedheaverag€lux of BzKsderived fromourstackinganalysis.
Theaveragdlux of submm-&intBzKsin theradiowerealsoderived
with a stackinganalysisandfoundto bef; 4on, = 5.7 £ 1.0udy.
A representatie modef for the averageSED was soughtwith the
samemethodusedfor individual submm-brightgalaxies.For the
flux errorat opticakNIR bandswe adoptedhe standardieviation
of the sampleat eachphotometrichand.Sincethis erroris rather
large, we fixed the redshiftto the averageredshiftof BzKs, (z) =
1.9(Daddietal. 2004b),in orderto constrain thgparametespace.
We shav themodelthusobtainedn Fig. 11. Themodelparameters
aregiven in Table5.

Althoughthe uncertaintyis large, the averageSED thusderived
is not very muchdifferentfrom thoseof submm-bright8zKs, and
reasonablyexplained by the the SBURT model, i.e. a starlurst
model,notmild evolutionarymodelsfor quiescentalaxiesThere-
fore, from the SED analysiswe found no clearsignatureghatthe
evolutionaryphaseof submm-brighBzKs is substantiallydifferent
from thatof submm-&int ones.Comparedo submm-brighgalax-
ies,adifferencein themodelparametersnaybefoundin themass

6 We call thismodelnotthe‘best but ‘representatie’, sincethevarianceof
theaverageSEDis toolargeto specifyoneparticularmodelasthebestone.
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Figure 11. AverageSED of BzKswith 1.5 < (B — Z) < 2.5andarepre-
sentatve SBURT modelfor the averageSED. Symbolsarethe sameasin
Fig. 8.

scale,i.e. submm-fint onesare lessmassve. Sincethe represen-
tative modelis an old modelof a starlurst, the estimatedmassis
closeto the upperlimit, owing to a highermass-to-lightatiocom-
paredwith youngemodels Fromanoldestmodelwhichreproduces
the averageSED, we derive the upperlimit on the stellarmassas
Mstar < 5 x 10'° M oy. Comparedo theoldestsubmm-brighNIRG
in our sample,ID1390 (excluding ID445), the stellar mass of
submm-&int BzKs could be lessthan half of 1D1390. This may
suggesthatsubmm-brighandfaint BzKs evolve into galaxieswith
differentstellarmassesiatherthanbeinggalaxiesof asimilar stel-
lar massbut in differentevolutionary stagesWe however caution
thatthe samplesize of submm-brighBzKs aretoo smallto derive
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firm conclusion®ntheiraveragephysicalpropertiessuchasstellar
massWe needalargersampleof submm-brighBzKs, andspectro-
scopicredshiftsfor moresecureanalysesAlso notethatthe mass
estimateof the SBURT modelmay suffer from systematieffects,
owing to theassumedimplestar/dusgeometry

7 SUMMARY

We have investigatedthe submm propertiesof the following
classe®f NIR-selectedjalaxies BzK-selectedstarforming galax-
ies, DRGs and EROs. We utilized a 93arcmir? subrgion of the
SHADES SXDF 850-um mapwhich hasalreadybeenimagedin
theNIR with the SIRIUS cameraonthe UH 2.2-mtelescope.

Usingtwo SCUBA 850-um maps(the SHADESB andD maps)
producedy two differentgroupswithin the SHADESconsortium,
we detectedsix NIRGsabove 30. Foursubmm-detecteNIRGsout
of six arealsodetectedothat24 um andin theradio.Thissuggests
thatthesefour submm-detectetlIRGs aregenuinesubmm-bright
galaxies.Thesesubmm-brightNIRGs are all BzK-selectedyalax-
ies, exceptfor ID1390 whoseBzK colour is however closeto the
selectionboundaryIn otherwords,no EROsandDRGsarefound
to besubmm-brightf they areclearlynonBzKs. We madearough
estimateof the numberof BzKs in radio-detectedubmmgalaxies,
assuminghatsubmmgalaxiesat1.4 < z < 2.5satisfytheselection
criteriaof BzKs. Althoughthe sampleis small, this estimatés con-
sistentwith our result.This mayindicatethatmostsubmmgalaxies
atl.4 <z < 2.5couldbeBzKs.

Two submm-detectelIRGs satisfyall the selectioncriteriawe
adoptedi.e.they areextremelyredBzK-selectedjalaxiesAlthough
theseextremelyred BzKs arerare,the fraction of submmgalaxies
in themcouldbehigh (up to 20 percent),comparedvith the other
colourselectedpticakNIR galaxypopulations.

We performedstackinganalysesvith our SCUBA 850-.m maps,
in orderto derive the averageflux of submm-&int NIRGs. We de-
rived 0.52+ 0.19(0.644+ 0.16)mJyand0.53+ 0.16(0.50+ 0.13)
mJy from the B map (D map) for BzKs and EROs, respectiely,
while we foundno significantsignalfrom DRGsin eithermap.The
contritution from BzKs and EROs to the EBL at 850um is about
10-15percent.Focusingonthe EBL only from BzKs,wefoundthat
230percentof theEBL from BzKsisresohedin our SCUBA map.
This is higherthanthatfor EROs andsubmmsourcesasa whole.
This might be expectedif the majority of the EBL originatesfrom
submm-undetecteghlaxiesatz < 1.5,assuggestedy Wangetal.
(2006).For galaxiesatz ~ 2, thefractionof submmfluxin resohed
sourcesouldbehigherthanthatin low-z galaxies.

We have also fitted SED modelsof starlurststo eachof the
submm-brightNIRG (mostly BzKs) and to an average SED of
submm-&int BzKs derived from galaxieswith 1.5 < (B — 2) <
2.5, 1.e. similar coloursto the submm-brightones. Submm-bright
NIRGs arefoundto lie at the typical redshiftsof submmgalaxies
andhave stellarmasse®f 5 x 10'°-10" M with a Salpetedlike,
but slightly top-heary IMF andbolometricluminosityof 3 x 10—
10" L . FromtheaverageSEDof submm-&intBzKs, we foundno
clearsignaturethat the evolutionary phaseof submm-brightBzKs
are substantiallydifferentfrom that of submme-&int ones,assug-
gestedby the small numberof submm-brightBzKs. On the other
hand,submm-&intBzKs arelik ely to belessmassie, with thestel-
lar massbelov ~5 x 10°M.

The resultspresentechereare clearly limited by small sample
size.Neverthelesspur study canstill be consideredusefulfor in-
vestigatingthe physical relationshipsbetweenNIR-selectedand
submm-selectemhassie galaxiesA largesampleof submm-bright
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NIRGsfrom currentlyongoingandfuturemultiwavelengthsuneys,
includingSHADESandUKIDSSwill playanimportantrole onthe
studyof massve galaxyformationandevolution.
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APPENDIX A: ESTIMATE ON THE NUMBER
OF CHANCE DETECTIONS IN OUR SCUBA
MAPS

Thelarge beamsizeof the JCMT (14.7arcsedHWM at 850.um)
could lead to somechancedetectionsof spurious>3c peaksat
the positionof NIR-selectedyalaxies We statisticallyevaluatethe
expectednumberof >30 chancedetectionsfor a given classof
galaxiesasfollows. The probability of randomlyfinding an object
at>30 in the850-um map maybegiven bytheratio of thenumber
of pixelswith > 3o to thetotal numberof pixelsin theregionunder
considerationFor the SHADES/SIRIUSKs-bandarea,we found
this probabilityasp(>3c) = 0.45 x 1072 for the SHADESB map
and0.85x 1072 for theD map! If werandomlydistributen objects
in the850+4tm map,thenumberof objectsspuriouslydetectedvith
> 30 wouldfollow aPoissordistributionwith theparameteof =
np(>30). For 307NIRGs,we derive u = 1.4and2.6for theB and
D mapsyespectiely, givingthemeamumberof > 3o detectiondy
chanceThis meanghatwe mustcorfirm whethersubmm-detected
NIRGs are genuinesubmmemittersor not by othermeansHere
we requirea detectionat 24 um or radioto identify submme-bright
NIRGs,alongwith the detectiorin the SCUBA map.For example,
only 15 NIRGs arefound to be detectedat 24 um. This resultsin
u=0.067and0.13for 24-um-detectedIRGsin theB andD maps,
respectiely. Thus,we expectno chancedetectiondgn the SCUBA
mapif NIRGsaredetectedat 24 um.

" The differencein p(>3¢) betweenthe mapsmay be explained by the
differencein theadoptedpixel size.

This paperhasbeentypesetrom a TEX/IATEX file preparedy the author
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