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ABSTRACT
Wehavestudiedthesubmillimetre(submm)propertiesof thefollowingclassesof near-infrared-
selected(NIR-selected)massivegalaxiesathighredshifts:BzK-selectedstar-forminggalaxies
(BzKs);distantredgalaxies(DRGs);andextremelyredobjects(EROs).WeusedtheSCUBA
HAlf DegreeExtragalacticSurvey (SHADES), the largestuniform submmsurvey to date.
Partial overlapof SIRIUS/NIRimagesandSHADESin Subaru/XMM–Newtondeepfield has
allowed us to identify four submm-brightNIR-selectedgalaxies,which aredetectedin the
mid-IR, 24µm, andthe radio,1.4GHz. We find that all of our submm-brightNIR-selected
galaxiessatisfytheBzKselectioncriteria,i.e. BzK≡ (z− K)AB − (B − z)AB � −0.2,except
for onegalaxywhoseB − zandz− K coloursarehowever closeto theBzKcolourboundary.
Two of the submm-brightNIR-selectedgalaxiessatisfyall of the selectioncriteria we con-
sidered,i.e. they belongto the BzK–DRG–ERO overlappingpopulation,or ‘extremelyred’
BzKs. Although theseextremelyredBzKs arerare(0.25arcmin−2), up to 20 percent ofthis
populationcouldbesubmmgalaxies.This fractionis significantlyhigherthanthat foundfor
othergalaxypopulationsstudiedhere.Via astackinganalysis,we have detectedthe850-µm
flux of submm-faintBzKsandEROsin ourSCUBA maps.While thecontributionof z∼ 2BzKs
to thesubmmbackgroundis about10–15percentandsimilar to thatfrom EROstypically at
z∼ 1,BzKshave ahigherfraction(∼30percent)of submmflux in resolvedsourcescompared
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with EROsandsubmmsourcesasa whole.Fromthespectralenergy distribution (SED)fit-
ting analysisfor bothsubmm-brightandsubmm-faint BzKs,we foundno clearsignaturethat
submm-brightBzKs areexperiencinga specifically luminousevolutionaryphase,compared
with submm-faintBzKs.An alternative explanationmightbethatsubmm-brightBzKsaremore
massive thansubmm-faintones.

Key words: dust,extinction – galaxies:evolution – galaxies:starburst– infrared:galaxies–
submillimetre.

1 INTR ODUCTION

Thefirst 3–4billion yearsin thehistoryof theUniverseappearsto
have beena very importantepochfor theformationof present-day
massivegalaxies,in particularfor ellipticalgalaxiesandbulgeswith
massesof M � 1011 M⊙. Recentwide-fieldnear-infrared(NIR) sur-
veys in conjunctionwith multibandopticalimagesor spectroscopy
have resultedin aprofusionof samplesof massivegalaxiesathigh
redshifts(e.g.Dickinsonetal.2003;Fontanaetal.2003;Franxetal.
2003;Cimatti et al. 2004;Daddiet al. 2004b;Fontanaet al. 2004;
Glazebrooketal.2004;Juneauetal.2005;Drory etal.2005;Labb́e
et al. 2005;Reddyet al. 2005;Kong et al. 2006;Papovich et al.
2006;Arnoutset al. 2007;Daddiet al. 2007;Pozzettiet al. 2007).
At z ∼ 2, thephysicalpropertiesof massive galaxiesarevery dif-
ferentfrom thoseof present-dayones,i.e. a largefractionof them
areintensively star-forminggalaxies(e.g.Daddietal. 2005),rather
thanpassively evolving, like nearbyones.A notablecharacteristic
of thesemassivestar-forminggalaxiesis that,in somecases,alarge
totalstellarmass∼1011 M⊙ couldbeformedin thetime-scaleof a
singlestarburstevent,∼0.1Gyr (Pérez-Gonźalezetal.2005;Caputi
et al. 2006;Papovich etal. 2006).

Massive, intensively star-forming galaxieshave alsobeenfound
in submillimetre(submm)surveys (Smail, Ivison & Blain 1997;
Hughesetal. 1998;Ealesetal. 1999;Scottetal. 2002;Borysetal.
2003;Mortieretal.2005;Coppinetal.2006).Thesesubmmgalaxies
turnouttobetypicallystarburstsorstarburst/activegalacticnucleus
(AGN)compositesystemsatz∼ 2(Alexanderetal.2005;Chapman
et al. 2005,andreferencestherein),which aremassive (Swinbank
etal. 2004;Greveetal. 2005).They arelikely to becomepassively
evolving massivegalaxiesat lower redshifts(e.g.Blain etal. 2004;
Smailet al. 2004;Takagi,Hanami& Arimoto 2004).Thestarfor-
mationrates(SFRs)of submm-brightgalaxiesareestimatedto be
extraordinarily high, ∼103 M⊙ yr−1 (e.g. Alexanderet al. 2005;
Chapmanet al. 2005;Greve et al. 2005;Kovácset al. 2006;Pope
et al. 2006),enoughto producea massive elliptical galaxy(>3L∗)
within ∼1 Gyr. Determiningthenatureof thesestar-forminggalax-
iesathighredshiftsmaybethekey to understandingtheprocessof
massivegalaxyformation.

Efficientmethodsfor selectingmassive star-forming galaxiesat
high redshiftswith oneor two optical/NIR colourshave playeda
significantrole in studyingthe propertiesof massive galaxypop-
ulations.Theseinclude BzK-selectedgalaxies(selectedin B − z
andz− K colours),distantredgalaxies(DRGs)(selectedwith J −
K colour),andextremelyredobjects(EROs)(selectedwith R − K
or I − K colour).Hereafterwe call thesegalaxypopulationsNIR-
selectedgalaxiesor NIRGs.

Daddiet al. (2004b)proposedaneffective methodfor selecting
massive star-forming galaxiesat 1.4 � z � 2.5 alongwith these-
lectionof passively evolving galaxiesat a similar redshiftrangein
acolour–colourdiagramof B − zversusz− K. It isexpectedto be

reddeningindependent,i.e.applicableto heavily obscuredgalaxies
like ultraluminousIR galaxies(ULIRGs).Their luminositiesat ul-
traviolet (UV) (reddeningcorrected),IR, X-ray andradio indicate
that BzK-selectedstar-forming galaxies(BzKs)1 with K < 20 are
typically ULIRGs with SFRsof ∼200M⊙ yr−1 andreddeningof
E(B − V) ∼ 0.4(Daddietal. 2004a,2005;Reddyetal. 2005;Kong
etal. 2006).

In analternativeapproach,Franxetal. (2003)employedacolour
cutof (J− Ks)Vega > 2.3toselectDRGs.Thiscolourcriterionselects
bothpassively evolving andheavily obscuredstar-forminggalaxies
at2 < z< 4.5with strongBalmeror 4000-Å breaks.RecentSpitzer
imagingat 24µm suggeststhat the bulk of DRGsaredustystar-
forminggalaxies(Papovichetal.2006;Webbetal.2006).Similarto
BzK-selectedstar-forminggalaxies,DRGsarelikely to beULIRGs
atz∼ 2 (e.g.Knudsenetal. 2005),but to alsoincludeasignificant
fractionof lessluminousdustystar-forming galaxiesat 1 < z < 2
(Grazianetal. 2006).Submmgalaxies,anothersampleof ULIRGs
at z ∼ 2, couldhave alargeoverlapwith BzKs or DRGs,but with
systematicallyhigherSFRthantheaverage(e.g.Dannerbaueretal.
2006).

EROs definedwith R − K or I − K colourshave received par-
ticular attentionas possibleoptical–NIR counterpartsof submm
galaxies(e.g.Smailetal.1999;Webbetal.2003;Popeetal.2005),
sincesubmmgalaxiesareexpectedto beheavily obscuredby dust
andthereforered. However, it turnsout that only 10–30per cent
of submmgalaxies,whoseopticalcounterpartsareidentifiedwith
associatedradiosources,areEROs(Ivison et al. 2002;Webbet al.
2003;Boryset al. 2004;Smailet al. 2004).Themedianredshiftof
EROswith KVega < 19.2is z= 1.1± 0.2(Cimatti et al. 2002),and
thereforelower thanthatof resolvedsubmm-brightgalaxies,BzKs
andDRGs.Nevertheless,thereis certainlysomeoverlapbetween
their redshiftdistributions.

It is importantto understandthephysicalrelationshipsbetween
thesehigh-z massive star-forming galaxieswhich are selectedin
differentways(e.g.seeReddyet al. 2005).Thesurfacedensityof
BzKs,DRGsandEROsis similar to eachother, about1–2arcmin−2

with KVega � 20(Cimattietal.2002;vanDokkumetal.2003;Daddi
et al. 2004a).A similar surfacedensityhasbeenfoundfor submm
galaxieswith S850µm � 1mJy(e.g.Blain et al. 1999),althoughthe
surfacedensityof bright(S850µm � 8mJy)submmgalaxiesin ‘blank
sky’ surveysisat leastanorderof magnitudesmaller.Understanding
thephysicaloriginof theoverlapbetweensubmmgalaxiesandNIR-
selectedgalaxiesis not straightforward,given thediverseoptical–
NIR propertiesof submmgalaxies,which includethosesimilar to

1 Sincewearestudyingcross-identificationsbetweenBzK-selectedgalaxies
andsubmmgalaxies,star-forming galaxiesselectedwith this methodare
simply referredto asBzK-selectedgalaxiesor BzKs.
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less-attenuatedUV-selectedgalaxiesaswell asEROs (e.g.Smail
et al. 2002,2004).

Herewe studythesubmmpropertiesof BzKs, DRGsandEROs
by usingtheSCUBA HAlf DegreeExtragalacticSurvey (SHADES
– Mortier etal.2005),providing alargersampleof submmgalaxies
for investigatingtherelationbetweensubmmgalaxiesandNIRGs
thanthestudyof Reddyet al. (2005)for galaxiesin theGOODS-
Northfield.SHADEShasmappedtworegionsin theLockmanHole
andin theSubaru/XMM–Newtondeepfield (SXDF). In this study,
wefocusona93arcmin2 subregionof theSXDFfieldof SHADES,
in which both optical (BVRi′z′) and NIR (JHKs) photometryare
alreadyavailable.Wedescribethedatain Section2 andthesample
of NIR-selectedgalaxiesin Section3. In Section4, we identify
submm-brightNIR-selectedgalaxiesandassesstheoverlapbetween
submmgalaxiesandNIR-selectedgalaxies.In Section5,wepresent
theresultsof a statisticaldetectionof NIR-selectedgalaxiesin the
SCUBA mapusingastackinganalysis.In Section6,weanalysethe
spectralenergydistributions(SEDs)of submm-brightNIR-selected
galaxiesandalsoanaverageSEDof submm-faintNIRGs,in orderto
investigatetheirphysicalproperties.Summaryof ourstudyis given
in Section7. Throughoutthis paper, we adoptthe cosmologyof
�m = 0.3,�� = 0.7andH0 = 70kms−1 Mpc−1. All themagnitudes
aregiven in theAB system,unlessotherwisenoted.

2 THE DATA

2.1 Optical/NIR data in the SXDF

We have usedtheopticalandNIR imagingdataof theSXDF cen-
tredat [2h18m00s, −5◦00′00′′ (J2000)]publishedby Miyazakietal.
(2003).TheNIR datawereobtainedwith theUniversityof Hawaii
2.2m telescopewith theSimultaneousthree-colourInfraredImager
for UnbiasedSurvey (SIRIUS; Nagayamaet al. 2003).The final
imagecoversan areaof 114arcmin2 in the H andKs bands.For
the J band,we obtaineddataonly for 77arcmin2, sincea quarter
of thefieldof view wasnotoperational.The5σ detectionlimits of
the final NIR imageareJ = 22.8,H = 22.5andKs = 22.1mag,
througha2 arcsecdiameteraperture.Fromthefinal imagein theKs

band,we have detected1308objectshaving Ks < 22.1magusing
SEXTRACTOR (Bertin & Arnouts1996).Throughoutthis work we
usethe total magnitudesin the optical–NIR bandsmeasuredwith
theMAG˙AUTO algorithmin SEXTRACTOR.

For theseKs-band-detectedobjects,we madea multibandcata-
logueusingopticalimagesof Subaru/Suprime-cam(Miyazakietal.
2002) in B, V, R, i ′, z′ bands.2 The limiting magnitudes(5σ ) of
our imagesare B = 27.1, V = 25.9, R = 26.3, i ′ = 25.7, z′ =
25.0magthrougha 2 arcsecdiameteraperture.The full width at
half-maximum(FWHM) of thepointspreadfunctionis 0.98arcsec
in both theopticalandNIR images.Starswereidentifiedwith the
colourcriterionof B − Ks < 1.583(B − i ′) − 0.5andFWHM � 1.2
arcsec(Miyazakietal. 2003),andremoved from theanalysis.

2.2 Submm/radio data fr om SHADES

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

2 Our datawereobtainedduringthecommissioningphaseof theSuprime-
cam.

in grade2–3 weather(τCSO [CaltechSubmillimeterObservatory]
= 0.05– 0.1). The FWHM of the SCUBA beam is 14.7 and
7.8 arcsecat 850 and450µm, respectively. The SHADESobser-
vationswith SCUBA werecontinuedfrom 2002Decemberto the
decommissioningof SCUBA in 2005June.HereweusetheSCUBA
dataacquireduntil 2004February1.

TheSCUBA datahavebeenreducedby four independentgroups
in the SHADESconsortium.Practicalmethodsof datareduction,
suchasflux calibration,extinctioncorrection,andmapmakingde-
pendson thereductiongroupandaresummarizedin Coppinet al.
(2006).The extractedsourcesfrom four different SCUBA maps
have beencomparedandthencombinedto producetheSHADES
sourcecatalogue,which is expectedto bethemostreliablesource
cataloguefrom SCUBA surveys. In our analyses,we focuson two
particularSCUBA mapsoutof four, alongwith theSHADESsource
catalogue,in orderto make thesampleof submm-brightNIRGsas
completeaspossible.

Wehavechosento useonly regionswith noiselessthan3mJyat
850µm.Thetotalareaof thisregionis∼250arcmin2. Thefieldcen-
tre for theSHADESmapof theSXDF, 02h17m57.s5, −05◦00′18.′′5
(J2000),is offset from thatof theSIRIUSobservationsandhence
oursubmmmapsdonotcover thewholeregioncoveredby theNIR
data.In oneof the four SCUBA maps(‘ReductionB’ in Coppin
et al.), this overlapis 93arcmin2, with mediannoiselevels of 2.0
and18.4mJyat850and450µm, respectively.

Wide-field 1.4-GHzradioimagesof SXDF wereobtainedusing
the VLA during 2003.Around 60 h of integrationweresalvaged,
followingaprolongedfailureof thecorrelator, comprisingdatafrom
theA, B andC configurations,with anapproximate9:3:1 ratio of
recordedvisibilities, evenlydistributedin threepointingsseparated
by 15arcmin.Thefinal imagesweremosaickedtogether, aftercor-
rectingfor the responseof the primary beam.The resultingnoise
level is around7µJybeam−1 in thebestregionsof themap(rather
highernearbright,complex radioemitters)with asynthesizedbeam
measuring1.87 × 1.65arcsec2 (FWHM), major axis 22◦ eastof
north.Thedataandtheir reductionaredescribedin detail in Ivison
etal. (2007).

2.3 Spitzer data fr om SWIRE

The whole areaof our Ks-bandimageis coveredby the Spitzer
Wide-areaInfraredExtragalacticsurvey (SWIRE; Lonsdaleet al.
2003).WeusedtheIRAC + 24µm cataloguefrom version2.0data
products(releasedin 2005summer),availablefromtheNASA/IPAC
InfraredServiceArchive. We adoptedthe Kron fluxes,which are
MAG AUTO fluxes from SEXTRACTOR, in order to comparewith
theground-basedoptical–NIR photometry. Thiscatalogueincludes
IRACsourceswhicharedetectedatboth3.6µm (>10σ ) and4.5µm
(>5σ ). Theastrometricerrorof theIRAC sourcesis smallenough
toeasilyidentifycounterpartsof NIRGswith theangularseparation
of �0.5arcsec.In theSIRIUS/Ks-bandregion, thefaintestsources
at24µminthecataloguehave afluxof ∼300µJy. Cross-correlation
betweentheSHADESsourcesandtheSWIREsourcesin SXDF is
given in Clementsetal. (in preparation).

3 SAMPLE OF NIR-SELECTED GALAXIES
AT HIGH REDSHIFTS

3.1 EROs and DRGs

Following Miyazaki et al. (2003),we defineEROsasobjectswith
R − Ks > 3.35,which is equivalent to (R − K)Vega � 5, i.e. the
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Figure1. J− Ks versusR− Ks for Ks-band-detectedobjectsin theSIRIUS
J-bandarea.Theselectioncriteriafor EROsandDRGsareindicatedwith a
verticalline andahorizontalline, respectively.

widely usedcriterionof EROs.In orderto obtaintheDRGsample,
weusethethresholdof J−Ks >1.32(i.e.�2.3in Vegamagnitudes).
Within theSHADESarea,wehavedetected201EROsand67DRGs
in total, amongwhich 39 objectssatisfyboth R − Ks > 3.35and
J − Ks > 1.32.In Fig. 1, we show a colour–colourplot with R −
Ks andJ − Ks for Ks-band-detectedobjects,alongwith theadopted
colourcriteria.Thestatisticsof NIRGsaresummarizedin Table1.

We derived a surface density of 2.18 ± 0.14 and 1.09 ±
0.12arcmin−2 (Poissonianerrors)for EROsandDRGs,respectively.
By usingthesamedata,Miyazakietal. (2003)foundagoodagree-
mentin thesurfacedensityof EROswith thoseof theothersurveys
with areasof >50arcmin2 (Thompsonetal.1999;Daddietal.2000;
Cimatti etal. 2002).Thesurfacedensityof DRGsis coincidentally
very similar to thatderived by vanDokkumet al. (2003),although
the Ks-band-limiting magnitudein van Dokkum et al. (2003) is
∼0.7magdeeperthanours.Thus,we find a highersurfacedensity
of Ks � 20 DRGsthan in van Dokkum et al. (2003).This could
bepartly becauseof thecontaminationof thesampleat Ks > 21.5
wherethe detectionof DRGsin J bandis possibleonly below 4σ .

3.2 BzK-selectedstar-forming galaxies

Daddietal.(2004a)proposedajoint selectionof star-forminggalax-
iesandpassively evolving galaxiesin theredshiftrangeof z= 1.4–

Table1. Statisticsof NIR-selectedgalaxies(NIRGs).

Population Areaa Number Surfacedensity
Ks or J (arcmin−2)

Ks-detectedobject Ks 1308(992)b 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
DRGandnon-ERO 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
BzKandDRGandnon-ERO J 14 (8) 0.18
BzKandERO andDRG J 19 (16) 0.25

aImage(Ks- or J-bandarea)for which the numberof objectsarederived.
bTotal numberof objects,with thenumberwithin theSHADESareagiven
in parentheses.
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Figure 2. BzK colour versusKs magnitudefor Ks-band-detectedobjects.
Herethez′ − Ks andB − z′ colourshavenotbeencolour-correctedin order
toshow theoriginalphotometricerrors.TheBzKselectioncriterionproposed
by Daddi et al. (2004)correspondsto (z′ − Ks) − (B − z′) = 0.2 for the
adoptedcolourcorrection(seetext).

2.5 in thez − K versusB − z diagram(hereafter‘BzKdiagram’).
Following Daddi et al. (2004a),we chooseBzK-selectedgalaxies
with BzK � −0.2, whereBzK ≡ (z − K) − (B − z). In order to
adjusttheselectionin ourphotometricbandsto thatof Daddietal.,
we comparedthestellarsequencein theBzKdiagramwith thatof
Daddiet al. (2004a).To matchthestellarsequence,we appliedthe
following colour corrections:(B − z)Daddi = (B − z′) + 0.2 and
(z − K)Daddi = (z′ − K) − 0.2. After this correction,we obtained
132BzK-selectedgalaxieswithin theSHADESarea.

Weobtainedasurfacedensityof 1.1arcmin−2 for Ks < 20(Vega).
This surfacedensityis consistentwith thatof Daddiet al. (2005),
who found169BzKswithin 154arcmin2, includingX-ray detected
objects,in theGOODS-Northregion.Thus,weassumethereareno
systematicdifferencesbetweenour sampleandthatof Daddiet al.
(2005).In Fig.2,weplot theraw BzKcolour(i.e.with nocolourcor-
rections)of Ks-band-detectedobjects againstKs magnitudesalong
with thephotometricerrors.

4 IDENTIF ICA TION OF SUBMM-BRIGHT
NIRGS

4.1 Method of identification

In ordernottomissany candidatesubmm-brightNIRGs,weutilized
twoSCUBA 850-µmmapswhichhavedifferentpixelsizeproduced
by independentreductionsand reportedin Coppinet al. (2006–
ReductionsB andD). Thepixel sizesof theSCUBA 850-µm map
from ReductionsB and D are 1 and 3 arcsec,respectively. One
benefit of using SCUBA maps,rather than the SHADES source
catalogue,is thepossibilityof identifyingadditionalsubmmsources
which arejust below the limit of the SHADEScatalogue.This is
a reasonableapproach,sincewe know thesky positionsof targets
beforehand(andseeAppendixA for astatisticaldiscussion).

We adoptedthe thresholdof signal-to-noiseratio (S/N) > 3 for
the detectionof submmfluxesatthepositionsof NIRGs.In orderto
confirmthe detectionof NIRGsin SCUBA maps,weneedtoexclude
the possibility of: (1) chanceassociationwith a nearbySCUBA
sourceand(2) falsepositive detections.Sourcesin the SHADES
catalogueshouldbe quite reliable,sincethey areextractedusing
four independentreductions.If thereare no SHADES catalogue
sourcescorrespondingto detectedNIRGs,we needto payspecial
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Table2. Submmpropertiesof submm-brightNIR-selectedgalaxies.

Source Mapa S/Nb θc
850µm Sd

850µm S24µm S1.4GHz SHADESIDe

(arcsec) (mJy) (µJy) (µJy) (SXDF)

300 B, D 3.1 4.5 5.7± 2.1 546± 27 27.8± 7.0 850.30
445 B 3.3 2.9 5.6± 2.1 357± 24 250.± 7.4 850.27
912 B, D 4.1 2.1 4.4± 1.8 511± 27 145.± 7.7 850.4
1390 B, D 3.4 1.8 4.0± 2.8 446± 29 29.6± 7.5 (850.62)f

Unconfirmeddetections
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: Theupperlimits correspondto 5σ . aSHADESmapin which NIRGsaredetected.bS/N at thepositionof
NIRGsin theSHADESmap.We adoptvaluesfrom theSHADESB mapif NIRGsaredetectedin bothB andD
maps.cTheangularseparationbetweensubmmandNIR position.Submmpositionsaretakenfrom theSHADES
sourcecatalogue.For ID1390,weadoptthesubmmpositionfrom theSHADESB map.dDeboosted850-µm flux
densitiesfrom theSHADESsourcecatalogue,usingthealgorithmof Coppinet al. (2005).eSourcenamesin the
SHADESsourcecatalogue.f Sourcenamefrom apreliminarySHADESsourcecatalogue.

attentiontocheckthereliability of the detectionin theSCUBA map.
To overcometheseproblems,weusetheSpitzerimagesat24µmand
theVLA radioimagesat 1.4GHz asthey have proved to be useful
in previousstudies(e.g.Ivisonetal. 2002;Egamietal. 2004).The
identificationof SHADESsourceshasbeenundertaken by Ivison
etal. (2007).Weconfirmedthatourresultsareconsistentwith their
identifications.For non-SHADESsources,we requiredetectionat
24µm or in the radio for secureidentification of submm-bright
NIRGs.

We also obtained 450-µm images simultaneouslywith the
850-µm images,although the weatherconditions allocatedfor
SHADESwerenot goodenoughto detecttypical 850-µm sources
at 450µm in thesameintegrationtime.We have however usedthe
450-µm mapto constrain the450-µm flux for thedetected850-µm
sources.Thereductionof 450-µm datais fully describedin Coppin
etal. (2006).

4.2 Results

Among307NIRGsin theSHADES/SIRIUSKs-bandarea(245fall
in J-bandarea),we detectedfive NIRGs at 850µm as a resultof
photometryat the positionof NIRGs in the SHADESB map(i.e.
theSCUBA 850-µm mapfrom ReductionB). Wealsodetectedfive
NIRGsat 850µm in theSHADESD map,four of which arecom-
mon with thosedetectedin the SHADES B map.The resultsof
thesubmmdetectionsfrom bothSHADESmapsaresummarizedin
Table2. All of thesubmm-detectedNIRGsexceptfor ID1390have
correspondingSHADES cataloguesources.Although a submm
sourcefor ID1390 (SXDF850.62)was includedin a preliminary
SHADESsourcecatalogue,thissourcedid notsatisfythefinalsig-
nificancelimit adoptedfor the SHADES catalogue presentedby
Coppinet al. (2006).However, we found that ID1390 is detected
bothat 24µm andin theradio,andthereforewe concludethatthis
is arealsubmmgalaxy(seealsoAppendixA). In the450-µm map,
wefind noconvincingdetectionsat thepositionsof NIRGs.This is
notunexpectedgiven thehighnoiselevel in the450-µm maps.

Three (ID300, 445, 912) out of six submm-detectedNIRGs
are identified as optical counterpartsof correspondingSHADES
sourcesin Ivison et al. (2007).Additionally, we find ID1390asan
optical–NIR counterpartof SXDF850.62(anon-SHADESsource),
sincethisgalaxyisdetectedat24µmandin theradioasnotedabove.
In summary, we identify four submm-brightNIRGs.Fig. 3 shows
the850-µm contoursplottedover Ks-bandimagesof submm-bright

NIRGs.Fig. 3 alsoshows the radio contoursover R-bandimages
of the sameNIRGs. The remainingtwo submm-detectedNIRGs
(ID718 and1133)aredetectedneitherin the radio nor at 24µm.
Suchchanceassociationsareexpectedandthe numberis consis-
tent with the estimategiven in AppendixA. For a submmsource
associatedwith ID1133,Ivison et al. (2007)foundanotherreliable
opticalcounterpartwith aradiodetection.Consideringtheseresults,
weexcludebothID718and1133from furtheranalyses.

In order to checkadditionalcandidatesfor optical–NIR coun-
terpartsof the SHADEScataloguesources,we alsosearchedfor
NIR-selectedgalaxieswithin 7 arcsecradiusof the SHADESpo-
sitions.Althoughwefoundtwo additionalassociations(ID475 and
579),they arenotdetectedeitherat24µmor in theradio.Therefore,
thisalternativemethoddoesnotproduceany furthersubmm-bright
NIRGsfor oursample.

4.3 Relation betweensubmmgalaxiesand NIRGs

In Table3,wetabulatetheoptical–NIR propertiesof submm-bright
NIRGs.Notethatall of thesubmm-brightNIRGsareBzK-selected
galaxies,exceptfor ID1390with BzK= −0.36,althoughit satisfies
BzK� −0.2beforethecolourcorrectiononB − zandz− K. This
also meansthat no EROs and DRGs which are clearly non-BzK
galaxiesaredetectedat 850µm. Thedistribution of submm-bright
NIRGsin theB− zversusz− K colour–colourdiagramisdiscussed
in detail in Section6.1.

Two galaxies,ID300 and 445, satisfy all the colour selection
criteria we adopted,i.e. BzK � −0.2, R − K > 3.35 and J −
K > 1.32.Hereafter, we refer to this BzK–DRG–ERO overlapping
populationasextremelyredBzK-selectedgalaxies.We foundonly
16 extremely red BzKs in the combinedKs and SHADES areas,
correspondingto a surfacedensityof only 0.25± 0.05arcmin−2.
This meansthat12± 8 percent(2/16)3 of extremelyredBzKs are
submmgalaxies.Althoughthesampleis verysmall,neverthelessit
mayindicatethatthisrareNIR galaxypopulationhasamuchhigher
fractionof submmgalaxies,comparedwith theotheroptical–NIR
selectedgalaxypopulationsalreadystudied.For example,thefrac-
tionsof submmgalaxieswhich areBzKs, EROsandDRGsin our

3 Theerrorson fractions,f, aregiven by
√

f (1 − f )/n wheren is thetotal
numberof the sample.This gives a rough estimatebasedon the normal
approximationto thebinomialdistribution.
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Figure 3. (Left-handcolumn)Contoursof SCUBA 850µm for submm-brightNIR-selectedgalaxies.ThecorrespondingS/N valuesat 850µm areindicated
ateachcontourline. TheunderlyingimagesareKs bandwith 20arcseconaside.Thenamesof thesourcesareindicatedat thetopof eachimage.(Right-hand
column)Contourmapsof radio(1.4GHz)onnegative imagesin Rbandfor thesameregionsareshown in theleft-handpanels.Contourlinesareshown at−2,
2, 3, 4,. . . , 10, 20,. . . , 100σ . Positive (negative) contoursareindicatedwith solid (dashed)lines.

sampleare4/132(3± 2 percent),3/201(1.5± 1 percent)and3/67
(5 ± 3 percent),respectively.

We found that there are 20 (13) SHADES sourcesin the
SIRIUS/Ks-band(J-band)area,amongwhichthreeareBzK-selected
and two satisfy both the ERO and DRG selection.The resulting
fractionsof BzKs,EROsandDRGsin our subsampleof SHADES
sourcesare15 ± 8, 10 ± 7 and15 ± 10 percent,respectively. 13
SHADESsourcesoutof 20have arobustradioidentification(Ivison
etal. 2007).If weconfineourattentionto SHADESsourceswith a
robustradioidentification,theabovefractionsof NIRGsarehigher
by a factorof ∼1.5.

Ivison et al. (2002)foundanERO fractionof 33 percent(6/18)
in SCUBA sourceswith robustradioidentificationfrom the8-mJy
survey, in whichoneERO istoofaintto bedetectedatourdetection
limit in theKs band.Reddyet al. (2005)studiedtheBzKandDRG
fraction of submmgalaxieswith S850µm � 5mJy in the GOODS-
North field. Out of 11 radio-detectedsubmmgalaxies,they found
that five (45 ± 15 per cent)andthree(27 ± 13 per cent)objects
satisfythe BzK andDRG criteria, respectively. For thesesubmm-
bright BzK and DRG samples,two objectseachare too faint to
bedetectedat our detectionlimits. SubtractingtheseK-bandfaint

sourceswould give the BzK and DRG fractionsof 27 ± 13 and
9 ± 8 percent,respectively. On theotherhand,Daddietal. (2005)
foundonly oneBzK-selectedgalaxyin thelist of submmsourcesin
Popeetal. (2005)in theGOODS-Northfield.Theseresultsarenot
inconsistentwith ours,consideringthe largeerrors,dueto a small
samplesizeandcosmicvariance.

Sincethe redshiftdistribution of BzKs hasa large overlapwith
thatof submmgalaxies,andbothclassesof objectarestar-forming
galaxies,onecouldexpectalargefractionof BzKswithin thesubmm
galaxy population.We roughly estimatethe expectedfraction of
BzKs in submmgalaxysamplesasfollows,basedon theresultsof
theredshiftsurvey of radio-detectedsubmmgalaxiesby Chapman
etal. (2005).In theirsampleof radio-detectedsubmmgalaxies,the
fractionof galaxiesat1.4< z< 2.5isabout45percent.Thisfraction
shouldbe correctedfor the incompletenessof the sample,mainly
dueto the redshiftdesertat 1.2 < z < 1.8. Given the 20 per cent
incompletenessatz≃ 1.2– 1.8estimatedby Chapmanetal. (2005),
thefractionof galaxiesat1.4< z< 2.5maybein therangeof 35–
45percent.If BzKsareanalmostcompletesampleof star-forming
galaxiesat1.4< z< 2.5,includingheavily obscuredobjects,most
of radio-detectedsubmmgalaxiesat1.4< z< 2.5maybeselected
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Figure3 – continued

Table3. Optical– NIR propertiesof submm-brightNIR-selectedgalaxies.

Source RA Dec. Ks R− Ks J − Ks B − z′ z′ − Ks Notes
(J2000) (J2000) (AB mag) BzK ERO DRG 24µm Radio

300 2 1740.01 −05 0115.7 21.14 3.43 1.56 2.05 2.61 Y Y Y Y Y
445 2 1807.92 −05 0145.7 22.00 4.39 >1.40 1.75 3.21 Y Y Y Y Y
912 2 1738.67 −05 0339.4 21.64 2.59 – 1.20 2.05 Y N – Y Y
1390 2 1807.74 −05 0610.5 21.13 3.67 2.02 2.52 2.56 (N)a Y Y Y Y

Notes: A ‘Y’ (‘ N’) in thelastfivecolumnsindicatethatthegalaxyis (not)BzK-selectedgalaxy, ERO, DRG,24-µm-detectedandradio-detected.
aAfter thecolourcorrectiononB − zandz− K, thissourcebecomesanon-BzK-selectedgalaxy, asshown in Fig. 7. Thiscorrectionis adopted
to matchtheobservedcoloursequenceof starsto thatof Daddietal. (2004a).

asBzKs.In ourSHADES/SIRIUSfield,thereare13radio-detected
SHADEScataloguesources.Therefore,onemay expect that 4–6
of themareBzKs. From the K-bandmagnitudeof radio-detected
submmgalaxiesof Smailetal. (2004),we foundthat∼65percent
of radio-detectedsubmmgalaxiesare detectableat the detection
limit of ourKs-bandimage.Thus,weexpectthatatmost∼4 radio-
detectedsubmmgalaxieswouldbeBzKs in oursample.This rough
estimateis consistentwith theresultsabove, sincewe foundthree
suchradio-detectedsubmmgalaxies.Althoughthesampleis small,
this suggeststhat theBzKselectiontechniqueis effective evenfor
submmgalaxies,i.e.heavily obscuredgalaxieswith extremelyhigh

SFR.Thus,submmgalaxiesat z ∼ 2 mayhave the largestoverlap
with BzK-selectedgalaxies,whencomparedto EROsandDRGs.In
Section6.2.3,we discusstheimplicationsof this,usinga radiative
transfermodelof starburstgalaxies.

The resultspresentedherearehamperedby small samplesize,
partly dueto the limited overlapbetweenour NIR imagesandthe
SHADESfield. Both of theSHADESfieldshave been coveredby
the UKIRT InfraredDeepSky Survey (UKIDSS; Lawrenceet al.
2007).In the nearfuture it will thereforebe possibleto studythe
submmpropertiesof a largesampleof NIRGsusingtheUKIDSS
data.

C© 2007TheAuthors.Journalcompilation C© 2007RAS,MNRAS 381,1154–1168



Submmpropertiesof NIR-selectedgalaxies 1161

5 STACKING AN AL YSIS FOR SUBMM-F AINT
NIRGS

We can try to extract a little more informationaboutthe submm
galaxies/NIRGoverlap by looking at the statisticalcorrelations
within the images.Herewe estimatethe average850-µm flux of
submm-faintNIRGsandthecontribution to theextragalacticback-
groundlight (EBL) from eachclassof objects.

Wefirsteliminatedtheeffectsof resolvedsubmmsourcesin our
SCUBA maps.In theB map,we excludedregionswithin 7 arcsec
of theSHADEScataloguesources.In theD map,all theSHADES
sourcesandtheir associatednegative off-beamswereremoved be-
foremeasuringtheflux. For thiscleanedD map,weconfirmedthat
randompositionsgive avariance-weightedaveragefluxof zero.Al-
thoughanon-SHADESsourcefor ID1390is not removed from the
maps,its effect is negligible.

In Figs4–6, we show thehistogramof measuredflux at thepo-
sition of NIRGs in the B map,comparedwith that of the mapas
a whole. The significanceof the differencebetweenthe distribu-
tions of the mapandthe measuredfluxeswas estimatedwith the
Kolmogorov–Smirnov test.Thefluxdistributionsof BzKsandEROs
werefoundtobedifferentfromthatof themapasawhole,with asig-
nificanceof 2– 3σ (seeTable4).For DRGs,wefoundnosignificant
detectionfrom theKolmogorov–Smirnov testusing56 objects.As
a comparison,Knudsenet 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 largecontaminationin ourDRGsample,owing to theshallow
J-banddata,might causenosignificantdetection.

FromtheB map,weobtainedanaverageflux of 0.52± 0.19and
0.53± 0.16mJyfor BzKsandEROs,respectively. Wemeasuredthe
averageflux of databetweenthefirst andthethird quartilesof the
sample,which is a robustmeasureagainstoutliers.Theerrorsare
given bythemedianabsolutedeviation.Table4 givesasummaryof
thestackinganalysisusingtheB map.Thenoise-weightedaverage
flux of BzKs, EROs,andDRGsmeasuredin theD mapis 0.64±
0.16,0.50 ± 0.13 and 0.42 ± 0.23 mJy, respectively, which are
consistentwith the resultsfrom the B map.The derived average
fluxes of BzKs and EROs are consistentwith previous studiesin
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Figure 4. Histogramsof the850-µm flux at thepositionof BzKs (shaded;
right-handaxis),comparedto the histogramsfor the unmasked regionsof
theSCUBA mapasawhole(open;left-handaxis).
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Figure5. SameasFig. 4, but for EROs.
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Figure6. SameasFig. 4, but for DRGs.

other sky regions (Webb et al. 2004; Daddi et al. 2005).4 In the
following discussion,weusetheaverageflux of submm-faintBzKs
andEROsfrom theB map.

Wenext estimatethecontributionfrom eachclassof objectto the
EBL at 850µm. The total flux from individually detectedsources
is addedto the estimatedtotal flux from undetectedobjects.The
valuesobtainedfor the EBL from BzKs andEROs are3.8 ± 1.2
and5.1± 1.5Jydeg−2, respectively. Themeasured850-µm EBL is
31Jydeg−2 in Pugetet al. (1996)and44Jydeg−2 in Fixsenet al.
(1998), i.e. thereis a relatively large uncertaintyon the absolute
level. The contribution from BzKs andEROs areboth 10–15per
centeach,dependingontheadoptedvalueof theEBL. Thismodest
contributionisalsosuggestedbyacomparisonof thesurfacedensity
of objects.For example,thesurfacedensityof BzKs,∼1.5arcmin−2

is a factorof ∼5 smallerthanthat of >0.5mJy SCUBA sources,

4 NotethatDaddietal. (2005)derived an averageflux of 1.0± 0.2mJyfor
‘24-µm-detected’ BzKs. Including24-µm-undetectedobjects,this average
becomes0.63± 0.17mJyin theGOODS-Northfield.
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Table4. Summaryof stackinganalysisat850µm.

Class Numbera 〈S850µm〉b K − Sprobabilityc Resolvedfluxd EBLe

(mJy) (percent) (percent) (Jydeg−2)

BzKs 112 0.52± 0.19 5.91 32± 18 3.8± 1.2
EROs 178 0.53± 0.16 1.70 18± 9 5.1± 1.5
DRGs 56 0.30± 0.28 45.91 – –

aThenumberof objectsusedfor thestackinganalysis.bTheaverage850-µm flux of non-detectedobjects,which
are>7 arcsecaway from individual sources.cTheprobability from theKolmogorov–Smirnov testthat theflux
distributionof objectsarederived from thesamesample.dThefractionof theflux densityin individually detected
sources.eTheextragalacticbackgroundlight at850µm from eachclassof objects.

∼7arcmin−2 (Blain et al. 1999;Cowie, Barger & Kneib 2002)at
whichflux densitylevel thebackgroundis closeto complete.

We also estimatethe resolved fraction of the EBL originating
from a given galaxypopulationonly. The resolved fraction of the
EBL from BzKsisat least∼30percent,whichcouldbehigherthan
thatfoundin EROs.Thedetectedsourcesin oursamplecorrespond
to �3.5σ sourceswhenwe measurethe peakflux in the SCUBA
mapwith thenoiselevel of ∼2mJy. Fromthe8-mJysurvey, which
hasasimilarnoiselevel,Scottetal.(2002)foundthat�3.5σ sources
accountfor ≃10percentof theEBL. Thus,thesubmmflux of BzKs
is apparentlybiasedhigh; i.e. a largefractionof thesubmmfluxes
from BzKs arefoundin resolvedbright sources.

Recently,Wang,Cowie& Barger(2006)suggestedthatthemajor-
ity of theEBL at850µm originatesfrom submm-undetectedgalax-
iesat z � 1.5.On theotherhand,themajority of submm-detected
galaxies,i.e. resolvedsources,lie atz� 1.5(Chapmanetal. 2005).
Thissuggeststhatthe resolvedfractionof theEBL variesasafunc-
tionof redshift.If westudytheEBL only fromgalaxypopulationsat
z� 1.5likeBzKs,thecontributionfromsubmm-undetectedgalaxies
to theEBL would besignificantly reduced.This mayexplain why
the resolvedfractionof theEBL from z∼ 2BzKsishigherthanthat
from EROstypically atz∼ 1.

6 SED AN AL YSIS OF SUBMM-BRIGHT NIRGS

In this section,we investigatethe physicalpropertiesof submm-
bright NIRGs from the observed SEDs. First, we examine the
distribution of submm-brightNIRGs in the B − z versusz − K
colour–colourplot, i.e. BzKdiagram.Specifically, we comparethe
propertiesof submm-brightNIRGs with thoseof 24-µm-detected
NIRGs. Secondly, we apply an evolutionary SED model of star-
burststo submm-brightNIRGs for a moredetailedstudyof each
object.Also, we studythepropertiesof submm-faint NIRGsfrom
anaverageSED,which arecomparedwith thoseof submm-bright
NIRGs.

6.1 Submm-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 shows the BzK diagramfor all the
Ks-detectedobjectsin theSXDF/SIRIUSfield.While NIRGshave
a wide rangeof B − z, i.e. 0 � (B − z) � 6, submm-brightNIRGs
favour thecolour range1 � (B − z) � 3, with BzK� −0.2.This
is not the casefor general24-µm-detectedobjects,which have
0.5� (B − z) � 4 andalargefractionof non-BzKs.Unlike24-µm-
detectedNIRGs, submm-brightNIRGs disfavour non-BzK EROs
andarebettermatchedto theB − zcoloursof BzKs.This is consis-

tentwith theredshiftdistributionof radio-detectedsubmmgalaxies,
having a medianof z ∼ 2 (Chapmanet al. 2005),which overlaps
considerablywith thatof BzKs.Ontheotherhand,24-µm-detected
objectsincludealargenumberof z� 1.5galaxies(Rowan-Robinson
etal. 2005),andhave asmallBzKfraction.

Note that24-µm-detectedNIRGs includefairly blueBzKs with
(B − z) � 1, unlike submm-brightones.The correlationbetween
B− zandreddeningfor BzK-selectedgalaxiesisdiscussedbyDaddi
et al. (2004a),suggestingthat E(B − V) = 0.25(B − z + 0.1) for
theCalzettiextinction law (Calzettiet al. 2000).Accordingto this
relation,(B − z) � 1 correspondsto E(B − V) � 0.3.On theother
hand,wederiveE(B − V) ≃ 0.5for submm-brightBzKsonaverage
from 〈B − z〉 = 2.1. Reddyet al. (2005) show that UV-selected
‘BX/BM’ galaxiesoccupy a region in the BzK diagramsimilar to
BzK-selectedgalaxieswith (B − z) � 1. SincetheseUV-selected
galaxiesarelessobscuredby dustthansubmmgalaxies(e.g.Smail
etal.2004),it isexpectedthatmostsubmm-brightNIRGsmayavoid
thecolourregionof (B − z) � 1.

Theotherpossibilitiesfor blueB− zcolours includethepresence
of AGN. We performeda cross-correlationbetweenthe 24-µm-
detectedBzKsampleandX-ray sourcesin theXMM serendipitous
sourcecatalogue.5 As aresult,wefoundthatthebluestfour 24-µm-
detectedBzKswith (B − z) � 1 and(z− K) � 1 areassociatedwith
X-ray sourceswith anangulardistanceof θ < 2 arcsec,while the
submm-brightsamplehave no suchassociations.Therefore,bluer
coloursof 24-µm-detectedBzKsappearto bebetterexplainedby a
contribution from AGN.

In summary, thecoloursof submm-brightNIRGs,1 � (B − z) �

3, indicatethat they areobscuredstar-forming galaxiesat z � 1.4,
with no obvious contribution from AGN to the observed optical–
NIR fluxes.Thenatureof submm-brightNIRGsis furtherdiscussed
below usingmultiwavelengthdataanda theoreticalSEDmodel.

6.2 Comparisonwith SEDmodels

6.2.1 SEDfitting method

We analysetheSEDsof submm-brightNIRGsusinganevolution-
arySEDmodelof starburstsof Takagi,Arimoto & Hanami(2003a)
which haspreviously beenappliedto submmgalaxiesin Takagi
et al. (2004).In this model,the equationsof radiative transferare
solved for a sphericalgeometrywith centrallyconcentratedstars
andhomogeneouslydistributeddust.We usethesamemodeltem-
platesasthoseusedin Takagietal. (2004).Wehereafterreferto this

5 TheXMM–NewtonSerendipitousSourceCatalogue,version1.1.0,XMM–
Newton Survey ScienceCentreConsortium,XMM-SSC, Leicester, UK
(2004).
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Figure 7. TheBzKdiagramfor Ks-detectedsourcesin theSXDF/SIRIUSfield.Solid circlesindicatesubmm-brightNIRGs.Thephotometricerrorsinclude
thoseof colourcorrectionsonB− zandz− K. BothEROsandDRGsareindicatedwith smallcircles.Largethick/thincrossesarefor NIR-selected/Ks-detected
galaxieswhicharedetectedat24µm with SWIRE.Smallplusesindicatestarsfrom Daddi’scatalogue.Wedepict theBzK-selectioncriterionwith asolid line.
Dashedanddottedlinesareboundariesfor selectingpassively evolving galaxiesandstars,respectively.

modelastheStarBUrstRadiativeTransfer(SBURT) model.Herewe
extendthewavelengthrangeof theSBURT modelto theradiobyas-
sumingtheobservedcorrelationbetweenfar-IR andradioemission
(Condon1992),with α = −0.75andq = 2.35,whereα is thespec-
tral index of radioemission(Sν ∝ να) andq definestheluminosity
ratioof far-IR to radioemissionat1.49GHz(seeCondon1992).

Thefitting parametersof theSBURT modelaretheredshift,star-
burstageandcompactnessof astarburstregion(�). Theevolution-
ary time-scaleof thestarburstst0 is assumedto be0.1Gyr, which
specifiesboththegas-infalling rateandtheSFR.Thecompactness
of starburstsis definedby r = � (M∗/109 M⊙)1/2 (kpc), wherer
andM∗ arethe radiusandstellarmassof the starburst region, re-
spectively. The dustmodelis chosenfrom the Milk y Way (MW),
Large(LMC) orSmall(SMC)MagellanicCloudmodelstakenfrom
Takagi,Vansevicius & Arimoto (2003b).Following the resultsof
Takagi et al. (2004),we adopta top-heavy initial massfunction
(IMF) with a power-law index of x = 1.10(the SalpeterIMF has
x = 1.35)for submmgalaxies,which is necessaryto reproducethe
colour–magnituderelation of present-dayelliptical galaxies.The
loweranduppermasslimits of theadoptedIMF are0.1and60M⊙,
respectively. This particularchoiceof the IMF doesnot affect the
following results,exceptfor thederived stellarmasses.

Thebest-fitting SEDmodelis searchedfor usingaχ2 minimiza-
tion techniquefromthepreparedsetof SEDmodels.Weusedall the
availablefluxes,exceptfor 24µm andradio.This is because,in the
SBURT model:(1) thecontribution from anAGN is not takeninto
account;(2) the24-µmfluxdependsonthedetailsof thedustmodel
and(3) theradioflux is separately calculatedby usingtheempiri-
cal relation.Theadopted850-µm fluxesanderrorsare‘deboosted
values’ (i.e.accountingfor theeffectsof flux boostingonalow S/N
thresholdsample)takenfromCoppinetal.(2006)orcalculatedwith

thesamedeboostingalgorithm.We adopteda minimumflux error
of 5 per cent,consideringthe systematicuncertaintyof photome-
try from thedifferenttypeof instrumentscoveringa wide rangeof
wavelength.The upperlimits on fluxesare taken into accountin
thefitting process,i.e.modelsexceedingthe5σ upperlimits arere-
jected.At rest-frameUV wavelengths,theSEDsof heavily obscured
starburstslike submmgalaxiescould dependon the inhomogene-
ity of interstellarmedium,sincetheeffectsof photonleakagemay
dominatetheresultingSED(e.g.Takagietal. 2003a).Also, theab-
sorptionby theintergalacticmediumis importantin therestframe
below 1216Å, which dependson a particularline of sight to each
galaxy. Consideringtheseuncertainties,we quadraticallyaddedan
additional20 percenterror for dataat rest-frameUV wavelengths
below 4000Å.

6.2.2 Resultsof SEDfitting

In Fig.8,weshow thebest-fittingmodelsfor submm-brightNIRGs.
Theoriginal andradio-extendedSBURT modelsaredepictedwith
solid anddottedlines, respectively. The fitting andderived model
parametersaresummarizedin Table5.

For ID912, we found that the value of minimum χ2 reduced
drasticallywhenweexcludedH-banddatafrom thefitting analysis.
This may indicatethat the H-bandphotometrycould have alarge
systematicerror. The upperlimit in the J bandsuggeststhat this
galaxycould be very redin the observed NIR colours.The noise
level in theH bandmaybetoohightodetectthisgalaxy. Wechecked
theimagesof ID912andfoundthatphotometryof thisgalaxycould
be affectedby a nearbyobject. Hence,we adopt the best-fitting
modelfor ID912withoutH-banddata.
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Figure 8. Solid anddottedlines indicatethe best-fitting SBURT modelwithout andwith an extendedradio componentof the SED,respectively. The data
pointsusedfor theSEDfitting areshown assolidcircles.Arrows indicatethe5σ upperlimits. SeeSection6.2.1for thedefinition of thefitting parameters.

Table5. Summaryof theSEDfitting with theSBURT model.

Source χ2/νa zphot Ageb �c Extinctiond logMstar logMgas logLe
bol AV logSFR Mf

V (U − V)f

(Gyr) (M⊙) (M⊙) (L⊙) (mag) (M⊙ yr−1) (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 1.4 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〉g – 1.9h 0.4 1.6 LMC 10.6 9.8 11.9 1.1 1.8 −19.4 1.4

aχ2 dividedby thedegreeof freedomν. bStarburstagewith theevolutionarytime-scaleof t0 = 0.1Gyr. cCompactnessparameterof starburst
region. dExtinction curve used.eBolometric luminosity. f Predictedpresent-dayV-bandmagnitudeandU − V (Vega), assumingthe passive
evolutionaftertheobservedepoch.gModelparametersfor anaverageSEDof submm-faintBzKswith 1.5< (B − z) < 2.5)h Assumingredshift
for theSEDfitting.

We find a significantunderestimateof 850-µm flux for ID445
whichhasavery redz′ − Ks colour, althoughtheresultingχ2 value
indicatesthatthebest-fitting modelis statisticallyacceptable.Since
thepredictedradiofluxisalsowell below theobservedflux,thebest-
fitting modelmight be rejectedwith moreaccuratemeasurements
in the submm.For this source,we may particularlyneeda more
complicatedmulticomponentmodelof starbursts,in which young
heavily obscuredmolecularcloudsaretreatedseparately(e.g.Silva
etal. 1998).

TheSEDfitting suggeststhatsubmm-brightNIRGscould lie at
thetypicalredshiftrangeof submmgalaxies(Chapmanetal.2005).
In orderto show thefitting erroron photometricredshiftszphot, we
show contourplotsof �χ2 projectedon to theage–redshiftplane
in Fig. 9 for modelswith thebestdustmodelfor eachgalaxy. We
notethat the derived zphot andthe far-IR–radio relationreproduce
theobservedradioflux well, exceptfor ID445.

At 24µm, we find that the observed fluxesaretypically higher
thanthemodelpredictions,while themodelflux of ID912 is con-

sistentwith the observed 24-µm flux. We regard the model flux
at 24µm as the lower limit for the following reasons:(1) lack of
AGN contribution in the modeland(2) the non-MW dustmodels
arepreferentiallyselectedfrom the featurelessSED at rest-frame
UV, which may have alower mid-infrared(MIR) emissivity than
actualdustgrainsin submmgalaxies.Specifically, thelackof AGN
couldbeimportantfor submmgalaxies,in which theAGN activity
to someextentis alreadyknown (Alexanderet al. 2005).Recently,
Daddietal.(2007)foundagalaxypopulationatz∼ 2whichshowsa
distinctexcessof flux at24µm,comparedto thatexpectedfrom the
SFRestimatedat otherwavelengths.This MIR excessis attributed
to Compton-thickAGNs, asa resultof stackinganalysisof deep
X-ray images.Submm-brightNIRGsshowing aclearexcessof flux
at24µm (ID300 and1390),mightbesuchMIR-excessgalaxies.

Submm-brightNIRGs arefound to be massive, with the stellar
massesof 5 × 1010–1011 M⊙. The derived bolometricluminosity
of 3 × 1012–1013 L⊙ (excluding ID445) correspondsto the SFR
of ∼300–1000M⊙ yr−1 for the adoptedtop-heavy IMF. For the
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Figure 9. Contourmapsof �χ2 from theSEDfitting in a planeof starburstage(with t0 = 0.1Gyr) andredshift.Thecontoursaredepictedat �χ2 = 2.71,
6.63,having theprobabilitiesof 90and99percentwhenprojectedon to eachaxis.Wenotethatthereareno localminimaatz< 1 andz> 4.

SalpeterIMF, the stellar massand the SFR could be even a few
timeshigherthanwederived.

FollowingTakagietal.(2004),wepredictthepresent-daycolours
andabsolutemagnitudesof submm-brightNIRGs.Sinceweassume
that theeffectsof starformationafter theobservedepochareneg-
ligible, the derived present-daycoloursand luminositiesareboth
lower limits. Theselower limits couldbecloseto reasonablevalues
for ID300and1390,whichseemto bewell-evolvedstarburstswith
t/t0 � 2 andMstar > Mgas. For thesegalaxies,we predictabsolute
V-bandmagnitudesof MV = −20.7to −20.1,while submm-faint
BzKswouldhaveMV = −19.4onaverage.Sinceweuseatop-heavy
IMF, this magnitudeis ∼1 magfainterthanthoseby the Salpeter
IMF. Wefindthatthepredictedrest-frameU − VandMV areconsis-
tentwith thecolour–magnituderelationof elliptical galaxies.This
is not thecasefor theSalpeterIMF (seealsoTakagietal. 2004).

6.2.3 Colourevolutionof theSBURTmodel

In Section4,wementionedthepossibilitythatsubmmgalaxieshave
a muchlarger overlapwith BzK-selectedgalaxies,comparedwith
EROsandDRGs.In Fig. 10, we show theBzK, R − K andJ − K
coloursasa functionof starburstageatz= 2, i.e.a typical redshift
for submmgalaxies.We choose� = 0.7–1.4, which resultsin a
goodmatchwith the observed SED variationof submmgalaxies
for theSMCdustmodel(seeTakagi& Pearson2005).TheSBURT
modelssatisfy BzK � −0.2 for a wide rangeof model parame-
ters,i.e. starburst ageandcompactnessof the starburst region (or

optical depth).On the otherhand,R − K > 3.35 is only satisfied
with old modelshaving t/t0 � 3 for a wide rangeof �. This is also
true for DRGs,except for a small fraction of models.Therefore,
in the SBURT model,SEDsof stellarpopulationsneedto be in-
trinsically redto reproducethecoloursof EROs andDRGs.Thus,
this modelpredictsthe largestoverlapbetweenBzKs andsubmm
galaxies,amongNIRGs.If we assumethelimit on starburstageof
t/t0 ∼ 6(Takagietal.2004),weexpectthenumberof BzKsinsubmm
galaxiesto beabouttwice thatof EROs,given thattheselectionof
BzKsandEROsarenotsensitiveto thecompactness�. Thispredic-
tion couldbeconfirmedby usinglargersamplesof submm-bright
NIRGs.

6.2.4 WhyaresomeBzKsbright in submm?

In this study, we found that only a handful of NIRGs are bright
in the submm.So, aresubmm-brightonesexperiencinga special
luminousevolutionaryphaseor simplymoremassive thansubmm-
faintones?If theformeris thecase,thedutycycleof submm-bright
BzKs maybeestimatedfrom thefractionof submm-brightNIRGs.
In thefollowingdiscussion,wefocusonlyonBzKs,sinceEROsand
DRGscould be contaminatedby passively evolving galaxies.We
foundthatonly3percentofBzKsarebrightinsubmm.Thisindicates
that the duty cycle of submm-brightBzKs is only <10 per cent
of thestar-forming phase,even if we considerthe incompleteness
of the SHADESsurvey (Coppinet al. 2006).Thus,we might be
observinga very sharppeakin thestarformationactivity of BzKs
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(e.g.seealsoDannerbaueretal. 2006).If this is thecase,theSEDs
of submm-brightBzKs maybesystematicallydifferentfrom those
of submm-faintones.

In order to addressthis question,we derived the averageSED
of submm-faint BzKs with 1.5< (B − z) < 2.5, i.e. having similar
colourto submm-brightones.In Fig. 11,weshow theaverageSED
of 65 submm-faint BzKs with 1.5< (B − z) < 2.5.At 850µm, we
adoptedtheaveragefluxof BzKsderivedfromourstackinganalysis.
Theaveragefluxof submm-faintBzKsin theradiowerealsoderived
with a stackinganalysis,andfoundto be f 1.4GHz = 5.7± 1.0µJy.
A representative model6 for theaverageSEDwas soughtwith the
samemethodusedfor individual submm-brightgalaxies.For the
flux errorat optical–NIR bands,we adoptedthestandarddeviation
of the sampleat eachphotometricband.Sincethis error is rather
large,we fixed the redshift to the averageredshiftof BzKs, 〈z〉 =
1.9(Daddiet al. 2004b),in orderto constrain theparameterspace.
Weshow themodelthusobtainedin Fig.11.Themodelparameters
aregiven in Table5.

Althoughtheuncertaintyis large,theaverageSEDthusderived
is not very muchdifferentfrom thoseof submm-brightBzKs, and
reasonablyexplained by the theSBURT model, i.e. a starburst
model,notmild evolutionarymodelsfor quiescentgalaxies.There-
fore, from theSEDanalysis,we foundno clearsignaturesthat the
evolutionaryphaseof submm-brightBzKs issubstantiallydifferent
from thatof submm-faint ones.Comparedto submm-brightgalax-
ies,adifferencein themodelparametersmaybefoundin themass

6 Wecall thismodelnot the‘best’ but ‘ representative’ , sincethevarianceof
theaverageSEDis toolargeto specifyoneparticularmodelasthebestone.
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Figure 11. AverageSEDof BzKs with 1.5 < (B − z′) < 2.5 anda repre-
sentative SBURT modelfor theaverageSED.Symbolsarethesameasin
Fig. 8.

scale,i.e. submm-faint onesarelessmassive. Sincethe represen-
tative model is an old modelof a starburst, the estimatedmassis
closeto theupperlimit, owing to a highermass-to-lightratio com-
paredwith youngermodels.Fromanoldestmodelwhichreproduces
the averageSED,we derive the upperlimit on the stellarmassas
Mstar� 5 × 1010 M⊙. Comparedto theoldestsubmm-brightNIRG
in our sample,ID1390 (excluding ID445), the stellar massof
submm-faint BzKs could be lessthan half of ID1390. This may
suggestthatsubmm-brightandfaintBzKsevolveinto galaxieswith
differentstellarmasses,ratherthanbeinggalaxiesof asimilarstel-
lar massbut in differentevolutionarystages.We however caution
that thesamplesizeof submm-brightBzKs aretoo small to derive
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firmconclusionsontheiraveragephysicalproperties,suchasstellar
mass.Weneedalargersampleof submm-brightBzKs,andspectro-
scopicredshiftsfor moresecureanalyses.Also notethat themass
estimateof theSBURT modelmaysuffer from systematiceffects,
owing to theassumedsimplestar/dustgeometry.

7 SUMMAR Y

We have investigatedthe submm propertiesof the following
classesof NIR-selectedgalaxies:BzK-selectedstar-forming galax-
ies, DRGs and EROs. We utilized a 93arcmin2 subregion of the
SHADESSXDF 850-µm mapwhich hasalreadybeenimagedin
theNIR with theSIRIUScameraon theUH 2.2-mtelescope.

Usingtwo SCUBA 850-µm maps(theSHADESB andD maps)
producedby two differentgroupswithin theSHADESconsortium,
wedetectedsix NIRGsabove3σ . Foursubmm-detectedNIRGsout
of sixarealsodetectedbothat24µmandin theradio.Thissuggests
that thesefour submm-detectedNIRGsaregenuinesubmm-bright
galaxies.Thesesubmm-brightNIRGs areall BzK-selectedgalax-
ies,except for ID1390 whoseBzK colour is however closeto the
selectionboundary. In otherwords,no EROsandDRGsarefound
to besubmm-brightif they areclearlynon-BzKs.Wemadearough
estimateof thenumberof BzKs in radio-detectedsubmmgalaxies,
assumingthatsubmmgalaxiesat1.4< z< 2.5satisfytheselection
criteriaof BzKs.Althoughthesampleis small,thisestimateis con-
sistentwith ourresult.Thismayindicatethatmostsubmmgalaxies
at1.4< z< 2.5couldbeBzKs.

Two submm-detectedNIRGssatisfyall theselectioncriteriawe
adopted,i.e.they areextremelyredBzK-selectedgalaxies.Although
theseextremelyredBzKs arerare,the fractionof submmgalaxies
in themcouldbehigh (up to 20 percent),comparedwith theother
colour-selectedoptical–NIR galaxypopulations.

Weperformedstackinganalyseswith ourSCUBA 850-µmmaps,
in orderto derive theaverageflux of submm-faint NIRGs.We de-
rived 0.52± 0.19(0.64± 0.16)mJyand0.53± 0.16(0.50± 0.13)
mJy from the B map (D map) for BzKs and EROs, respectively,
while wefoundnosignificantsignalfrom DRGsin eithermap.The
contribution from BzKs andEROs to the EBL at 850µm is about
10–15percent.FocusingontheEBL only fromBzKs,wefoundthat
�30percentof theEBL from BzKsisresolvedin ourSCUBA map.
This is higherthanthat for EROsandsubmmsourcesasa whole.
This might beexpectedif themajority of theEBL originatesfrom
submm-undetectedgalaxiesatz< 1.5,assuggestedby Wangetal.
(2006).For galaxiesatz∼ 2, thefractionof submmflux in resolved
sourcescouldbehigherthanthatin low-z galaxies.

We have also fitted SED modelsof starbursts to eachof the
submm-brightNIRG (mostly BzKs) and to an averageSED of
submm-faint BzKs derived from galaxieswith 1.5 < (B − z) <

2.5, i.e. similar coloursto the submm-brightones. Submm-bright
NIRGsarefound to lie at the typical redshiftsof submmgalaxies
andhave stellarmassesof 5 × 1010–1011 M⊙ with a Salpeter-like,
but slightly top-heavy IMF andbolometricluminosityof 3 × 1012–
1013 L⊙. FromtheaverageSEDof submm-faintBzKs,wefoundno
clearsignaturethat the evolutionaryphaseof submm-brightBzKs
aresubstantiallydifferent from that of submm-faint ones,assug-
gestedby the small numberof submm-brightBzKs. On the other
hand,submm-faintBzKsarelikely to belessmassive, with thestel-
lar massbelow ∼5 × 1010 M⊙.

The resultspresentedhereareclearly limited by small sample
size.Nevertheless,our studycanstill be consideredusefulfor in-
vestigatingthe physical relationshipsbetweenNIR-selectedand
submm-selectedmassivegalaxies.A largesampleof submm-bright

NIRGsfromcurrentlyongoingandfuturemultiwavelengthsurveys,
includingSHADESandUKIDSSwill playanimportantroleonthe
studyof massivegalaxyformationandevolution.

ACKNO WLEDGMENTS

We thank all the membersof the SHADES consortium,and ac-
knowledgecontinuoussupportfrom thestaff of theJCMT. Wealso
thankall the membersof the SIRIUS teamandacknowledgethe
SWIREprojectteam.We thankE. Daddifor usefuldiscussionson
the BzK-selectiontechnique.TT acknowledgesthe JapanSociety
for thePromotionof Science(JSPS– PDfellow, No. 18·7747).TT
andSSacknowledgesupportby theParticlePhysicsandAstronomy
ResearchCouncil undergrantnumberPPA/G/S/2001/00120/2.IS
acknowledgessupportfrom theRoyal Society. This work is partly
supportedbyaGrant-in-Aidfor ScientificResearch(No.14540220)
by the JapaneseMinistry of Education,Culture, Sports,Science
and Technology. KC and AP acknowledgethe National Science
and EngineeringResearchCouncil of Canada(NSERC).IA and
DHH acknowledgepartial supportfrom Conacyt grants39548-F
and39953-F. TheJCMT is operatedby theJointAstronomyCen-
tre on behalfof theUK ParticlePhysicsandAstronomyResearch
Council, theCanadianNationalResearchCouncilandtheNether-
landsOrganizationfor Scientific Research.

REFERENCES

AlexanderD. M., BauerF. E.,ChapmanS.C.,SmailI., Blain A. W., Brandt
W. N., IvisonR. J.,2005,ApJ,632,736

ArnoutsS.etal., 2007,A&A, submitted(arXiv:20705.2438)
BertinE.,ArnoutsS.,1996,A&AS, 117,393
Blain A. W., KneibJ.-P., IvisonR. J.,SmailI., 1999,ApJ,512,L87
Blain A. W., ChapmanS.C., SmailI., IvisonR., 2004,ApJ,611,725
BorysC., ChapmanS.,HalpernM., ScottD., 2003,MNRAS, 344,385
Borys C., ScottD., ChapmanS., HalpernM., NandraK., PopeA., 2004,

MNRAS, 355,485
CalzettiD., ArmusL., Bohlin R. C., Kinney A. L., KoornneefJ.,Storchi-

BergmannT., 2000,ApJ,533,682
CaputiK. I. et al., 2006,ApJ,637,727
ChapmanS.C., Blain A. W., SmailI., IvisonR. J.,2005,ApJ,622,772
Cimatti A. etal., 2002,A&A, 381,L68
Cimatti A. etal., 2004,Nat,430,184
CondonJ.J.,1992,ARA&A, 30,575
CoppinK., HalpernM., ScottD., Borys C., ChapmanS., 2005,MNRAS,

357,1022
CoppinK. etal., 2006,MNRAS, 372,1621
Cowie L. L., BargerA. J.,KneibJ.-P., 2002,AJ, 123,2197
DaddiE.,CimattiA., PozzettiL., HoekstraH., RöttgeringH. J.A., Renzini
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APPENDIX A: ESTIMA TE ON THE NUMBER
OF CHANCE DETECTIONS IN OUR SCUBA
MAPS

Thelargebeamsizeof theJCMT (14.7arcsecFHWM at 850µm)
could lead to somechancedetectionsof spurious>3σ peaksat
thepositionof NIR-selectedgalaxies.We statisticallyevaluatethe
expectednumberof >3σ chancedetectionsfor a given classof
galaxiesasfollows. Theprobabilityof randomlyfindinganobject
at>3σ in the850-µm map maybegiven bytheratioof thenumber
of pixelswith >3σ to thetotalnumberof pixelsin theregionunder
consideration.For the SHADES/SIRIUSKs-bandarea,we found
thisprobabilityasp(>3σ ) = 0.45× 10−2 for theSHADESB map
and0.85× 10−2 for theD map.7 If werandomlydistributen objects
in the850-µm map,thenumberof objectsspuriouslydetectedwith
>3σ wouldfollow aPoissondistributionwith theparameterof µ =
np(>3σ ). For 307NIRGs,wederiveµ = 1.4and2.6for theB and
D maps,respectively, giving themeannumberof >3σ detectionsby
chance.Thismeansthatwemustconfirm whethersubmm-detected
NIRGs aregenuinesubmmemittersor not by othermeans.Here
we requirea detectionat 24µm or radio to identify submm-bright
NIRGs,alongwith the detectionin theSCUBA map.For example,
only 15 NIRGs arefound to be detectedat 24µm. This resultsin
µ= 0.067and0.13for 24-µm-detectedNIRGsin theB andD maps,
respectively. Thus,we expectno chancedetectionsin theSCUBA
mapif NIRGsaredetectedat24µm.

7 The differencein p(>3σ ) betweenthe mapsmay be explainedby the
differencein theadoptedpixel size.

Thispaperhasbeentypesetfrom aTEX/LATEX file preparedby theauthor.
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