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Abstract. IoutlinesomeresultsfromtheZ-SpecinstrumentattheCSOand
presentaconceptforCCATsurveyspectrometer.

1 Introduction

ItisapleasuretopresentsomerecentworkatthissymposiuminhonorofTom.
OneofthehallmarksofTom’sdirectorshipoftheCSOhasbeenhissupportfor
developingandfieldingnewinstrumentsbuiltinuniversity-styleresearchefforts.
Thereisnoguaranteeofasuccessfuloutcomeintheseendeavors,andinstrument
commissioningtakestimefromwhatcouldotherwisebeproductiveobservations
withexistinginstruments,butitisthroughnewmeasurementsthatthefieldis
advanced.The(sub)millimeterisparticularlyexcitingsinceithasbeenandre-
mainsatechnicalfrontier.Tomwasoneoftheearlypioneersinmillimeter-wave
spectroscopyintheearly1970s,andwearestillfarfromthelimitofcoupling
allavailabletelescopethroughput(AΩ)withbackground-limitedsensitivityover
thefullatmosphericbandswithusefulspectralresolution. Untilthatlimitis
reached,substantialscientificgainscanbemadewithinstrumentationadvances
offeringancombinationofimprovedsensitivity,widerfieldsand/orwiderband-
widths.Inparticular,widebandspectroscopyinthe(sub)millimeterhasbeen
almostcompletelyunexplored. Thereareseveralastrophysicaldiagnosticsof
thegas-phaseISMavailableinthesebands(seeFigure1),buttheirobservation
hasbeenlimitedtoonetransitionatatime.

2 Z-Spec

Z-Specoffersanadvanceinbandwidthbyusingatechniquenotgenerallyem-
ployedinthemillimeter:adiffractiongrating. Theinstrumentwasdeveloped
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Figure1. Modelspectralenergydistribution(SED)fromAndrewBlain,
withimportantfar-IR/submillimeter/millimeterdiagnosticslabeled.Red-
shiftrangescorrespondingtotheatmosphericwindowson MaunaKeaare
indicatedabove.

inacollaborationbetweenourgroupatCaltech/JPL(JamieBock, Matt
Bradford,BretNaylor,HienNguyen,JonasZmuidzinas),JasonGlenn’sgroup
atUniversityofColorado(withLiekoEarle,JamesAguirre(nowanAssistant
ProfessoratU.Penn),andPhil Maloney),andHideo MatsuharaandHanae
InamiatIASA/JAXAinJapan.Z-Specisasingle-beamspectrometerwhich
dispersesthe190–308GHzbandacrossanlineararrayof160bolometers.Tra-
ditionalgratingspectrometersaretoolargewhenscaledtothemillimeter,soa
newapproachwasrequiredforZ-Spec.Itusesacurvedgratinginaparallelplate
waveguidewhichisfedbyasingle-modecorrugatedfeedhorn(Figure2).Details
ofthegratingdesignandtestingcanbefoundinNayloretal.(2003);Bradford
etal.(2004);Earleetal.(2006);Inamietal.(2008).Theresolutionofthein-
strumentismodest:limitedbypracticalconstraintsofthesizeofacryostat,as
wellasdetectorformatsavailableatthetimeofitsdesign.Thedetectorspac-
ingincreasesfrom∼1partin400atthelow-frequencyend(∆ν=500MHz),
to∼1partin250atthehigh-frequencyendoftheband(∆ν=1200 MHz),
whilethespectrometerresolvingpowerrunsfrom∼1partin300atlowfre-
quenciesto∼1partin250atthehighfrequencyendoftheband. Thusthe
systemismarginallyunder-sampled,especiallyatthehigh-frequencies.Spec-
tralbandpassesforallchannelshavebeenmeasuredwithaFourier-Transform
spectrometer(FTS)inthelaboratoryandsmalladjustmentsaremadebasedon
observationsIRC10216,amulti-linespectralstandard. Wemeasureandend-
to-endinstrumentefficiencyfromoutsidethecryostatthroughtoabsorptionin
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Figure2. Z-Specwaveguidegratingshownedgeon(left)andassembledin
thecryostatwithdetectorsandthefeedhorn/inputwaveguide(right)

thedetectorsof20–30%(inthesingle-polarization)withabsoluteDCbolometer
measurements(load-curves).

Theentirestructureiscooledwithanadiabaticdemagnetizationrefriger-
atorandoperatesattemperaturesbetween60and85mKtofacilitatephoton-
background-limiteddetection. AthermalguardatT∼0.5Kisrequired,and
thiscoolingisprovidedbyacustom3He/4HerefrigeratorprovidedbyLionel
DubandatCEA-SBT,Grenoble,France. Thebolometersweredevelopedat
theJPLMicrodevicesLaboratory;theyareindividually-mountedsilicon-nitride
micro-meshabsorberswithquarter-wavebackshorts,read-outwithneutron-
transmutation-dopedGermaniumthermistors. Detectorbackgroundsfordis-
persivespectroscopyinthemillimeteraresmallerthanpreviousapplications.
Withanoperationalopticalloadingis ∼1−3×10−13W,andphononNEPsof
4×10−18WHz−1/2,Z-Spec’sdetectorsarethemost-sensitive,lowest-background
bolometersfieldedtodateforastrophysics.

Theinstrumentmountsattheright-handNasmythplatform,fedthrough
theelevationbearingwitharelaythatde-magnifiesthef/12telescopefocusto
f/3tomatchtoZ-Spec’sinputfeed(Figure3).Theinstrumentcouplingtothe
CSOtelescopeiswell-approximatedwithaGaussian-beamapproach,andwe
measurebeamsizesandinstrumentefficiencies(viaDCloadcurvesonJupiter)
thatareconsistentwiththis.
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Figure3. Z-SpecattheCSOintheearlycommissioningphasewith(then)
graduatestudentsBretNaylorandLiekoEarle.

Z-Specobservesinatraditionalchop-and-nodmode,withthesecondary
choppingbetween1and2Hz,andanodperiodof20seconds. Becauseitis
notpossibletomodulatethespectralresponseoftheinstrumentrelativetothe
bolometerarray,andthespectralresolutionelementsarenotoversampled,itis
criticaltobothinsureexcellentarrayyield,andcarefullycalibrateeachdetec-
tor’sresponse.Toaddressthis,wehavebuiltalibraryofplanetaryobservations
invaryingconditions,andwefitthedependenceofeachbolometer’sresponse
onitsoperatingvoltage,aproxyforthecombinationofbathtemperatureand
opticalloading.Thisrelationshipprovidesacalibrationcorrectionwhichisused
tobridgeintervalsbetweenastronomicalcalibrationobservations.Basedonthe
self-consistencyobtainedwiththisschemeonplanetsandquasarcalibrators,we
estimatethatthechannel-to-channelcalibrationuncertaintiesarelessthan10%,
exceptatthelowestfrequencieswhicharedegradedbythewingofthe186GHz
atmosphericwaterline.

3 Z-SpecObservationalPrograms

TheZ-Specteamiscarryingoutobservationalprogramsinthelocaluniverse
andathighredshift.InthelocalUniverse,the195–305GHzbandhostslow-
to mid-J(J=2→ 1toJ=5→ 4)rotationaltransitionsofseveral molecular
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speciesincludingCOanditsisotopes,andthewell-knowndensitytracersHCN,
CN,HNC,HCO+,andCS.Takenasanensembleandwiththeir100GHz
counterparts,thesuiteoflinesmeasuresmass,density,temperature,andUVor
X-rayilluminationofthemoleculargas.Thesemm-wavetracersareespecially
usefulfortheextremelydustygalaxieswhichhavesubstantialextinctionand
lineopacitycorrectionseveninthemid-tofar-IR.Themm-wavelinessuffer
nodustextinction,and(otherthan12CO)aretypicallyopticallythin,sothey
areguaranteedtoprobethefullbulkofagalaxy’smoleculargas. Wehave
observedontheorderofadozengalaxies,rangingfromthelocalstarburststo
ULIRGS,withintegrationtimesupto12hours.Severalarticlesareinthefinal
stagesofpreparation. Wewillnotpresentthedatahere,sincetheyarenotyet
published,butrefertointerestedreadertoarticlesonindividualsourcesledby
Z-SpecgraduatestudentsNayloretal.(M82),Earleetal.(NGC253),and
Kamenetskyetal.(NGC1068),whichwillbeinpressbythetimethisvolume
ispublished. Wealsohavemeasurementsofmoreluminoussystems(Arp220,
NGC6240,Mrk273,Mrk231)whicharebeingpreparedforpublication.

Z-Specwasconceivedandbuiltwithhigh-redshiftobservationsinmind.
Aswiththesubmillimeterandmillimeter-wavecontinuummeasurements,ob-
servationsofhigh-zmolecularlinesbenefitfromanegativeK-correction:the
spectrallinesgenerallycarry morepowerathigherfrequency.Inparticular
forcarbonmonoxide,therunoftheCOlineluminositywithJtypicallyin-
creasesuptothemid-Jtransitions(J∼5–10)foractivelystarforminggalaxies.
TheCOrotationalspectrumwhenmeasuredinenergyunitsthuspeaksinthe
(rest-frame)200–500micronrangeforsuchsources,andisshiftedintoZ-Spec’s
bandforredshiftsofz∼1–4. WhilethedetectabilityoftheCOlinesdepends
ontheexcitation,aruleofthumbisthat,ingoodweatherconditions,Z-Spec
hasthesensitivitytomeasureCOlinesfromsourcesLfar−IR∼3×10

13L ina
night’sintegration. Weareobservingbothsourceswithknownredshifts(typi-
callylensed)andcontinuum-selectedsourceswithunknownredshiftsinorderto
conductthefirstaprioriredshiftmeasurement.Theverybrightand/orlensed
objectsarerare,andmanynightsofdataarerequiredforstudyofmoretypical
sources,andtheuncertaintiesgenerallytointegratedownovermultiplenights.
Wepresentheresomedetailsofourfirstresult,astudyofthez=2.56Clover-
leafQuasar,whichisinpressattheApJ(astro-ph0908.1818).(Pleasereferto
theApJarticleratherthantheseproceedings.) TeammemberJamesAguirre
isworkingonredshiftextractionalgorithmsandweanticipatesuccesswitha
redshiftmeasurementsoon.

4 Z-SpecCloverleafObservations

Figure??showstheZ-SpecspectrumoftheCloverleafsystem.Thetotalinte-
grationtimeis7.9hours,splitequallyover2nights,onewithexcellentweather
(τ225∼0.4−0.6)andonewithmoderateweather(τ225∼0.15−0.2). Toex-
tractlinefluxes,weperformasimultaneousfittoasinglecomponentpower-law
continuumandthemultiplelines. Eachchannel’smeasuredspectralresponse
profileisusedinthefittingsincethespectrometerisnotcriticallysampled.
FourCOlinesareclearlydetected,thoughtheCIJ=2→1(νobs=227.5GHz)
andtheCOJ=7→6 (νobs=226.7GHz)transitionsareseparatedbyonly
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Figure4. Z-SpecSpectrumtowardthez=2.56CloverleafQuasar.Afitto
thecontinuumandsixspectrallinesisoverlaidwithalightredcurve. Red
squareswitherrorbarsandspectralwidthsdenotecontinuummeasurements
from MAMBOandPlateaudeBure. Thindot-dashlinesmarktransitions
frequenciesforwhichupperlimitsareextracted. TheJ=7→6,J=8→7,
andJ=9→813COfrequenciesaremarkedingreenwith13,7,13,8,and
13,9;theseupperlimitsareusedinouranalysis.Frequenciesofthetwowater
transitionswithEupper<140Kinthebandaremarkedincyan. TheLiH
andCH+frequenciesandatentativeabsorptionfeaturearearemarkedwith
magenta;theseupperlimitscanbefoundintheApJarticle.

1000kms−1,oraboutoneZ-Specchannel,soblendingisaproblem.TheCO
J=6→5,J=8→7,andJ=9→8measurementsarethefirst,andnowprovide
thehighest-JCOinformationinthissource,astheCOSEDinFigure5shows.
WecomparetheCOlineratios(includingthe 13COupperlimits)toagridof
RADEXradiativetransfermodelstocomputelikelihoodsforthephysicalcon-
ditions:gastemperature,density,andcolumndensitypervelocityinterval. We
findalargemass(2–50×109M )ofhighly-excitedgaswiththermalpressure
nT>106Kcm−3.

Itisnotimmediatelyobviouswhatisheatingthemoleculargasaroundthe
Cloverleaf. TheCOcoolingrelativetothefar-IRdustemissionexceedsthat
inthelocalstarburstgalaxiesandevenULIRGsourcesbyfactorsofafew,
suggestingthatthegasisnotoriginatinginphoto-dissociationregionsaround
massivestars. ThehardX-raycontinuumoftheactivenucleusitselfcould
powertheobservedCOemission.Hard(E>1keV)X-rayscanpenetratealarge
gascolumn(NH >10

22cm−2)forminganX-rayDissociationRegion(XDR:
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Figure5. CloverleafCOspectrumusingallavailabletransitions. The
mainplotisinbolometricenergyunits,theinsetisinbrightnesstemper-
atureunits,referredtotheVS03sourcesizeassumingm =11. Wehave
adopeda20%systematicuncertaintyforthemeasurementsotherthanthose
fromZ-Spec,showninthetemperatureplot. A modelcorrespondingto
conditionsnearthepeakinthelikelihoodbasedonthelineratioanalysis
(T=56K,nH2=2.8×10

4,cm−3,NCO/dv=1.6×10
6cm−2km−1s,normal-

izedtomatchtheobservedJ=8→7flux)isoverplottedasasolidlinein
bothscales. Dashedlinesinthetemperaturescaleshowthemalizedblack-
bodyemissionfortemperaturesof25,50and100K(higherTisshallower
slope),arbitrarilynormalizedto39KatJ=6→5,.Toproduce78%ofthe
totalobservedintensities(thefractionbelievedtocomefromtheVS03disk),
theareafillingfactorsrelativetothediskwouldhavetobe3.3,1.1,and0.46,
respectively.

Maloneyetal.(1996)). HowmuchX-raypowerisavailabletoheatthegas?
AtthebolometricluminosityestimatedfortheCloverleafAGN(Lbol≈7×
1013L (Lutzetal.2007)),the1−20keVX-raystypicallycarry∼5%of
Lbol(Mushotzkyetal.1993)(thoughwithascatterofafactorof∼3inthis
relation).ThisimpliesthatLx≈3×10

12L;extrapolatingto100keVwitha
typicalν−0.7AGNspectrumwouldraisethisbyafactorof1.6.Thusthehard
X-rayluminosityisapproachingthe40–120-µmfar-infraredluminosity,and

LCO
LX
≈10−3.
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ThelargecolumndensitiesderivedintheCO-lineanalysismeanthatmuchof
thishardX-rayemissionwillbeabsorbed.UnlikeinaPDR,theX-raysinput
amuchgreaterfractiontheirenergy(∼0.1–1)intothegasthanthedust,and
sincetheCOlineswillbeanimportantcoolant,thisratioimmediatelyindicates
thattheAGNcouldreadilypowertheCOemissionweobserve. Adetailed
XDRmodeldevelopedbyPhilMaloneyforthisanalysiscalculatesthetotalCO
coolingfromX-rayirradiatedclouds. Whenappliedtothesourcesizemeasured
withthePlateaudeBure(∼650pc)(Venturini&Solomon2003),wefindthat
thecoolingisgoodmatchtotheobservedlinefluxes.

X-raysareabulkheatingmechanismandiftheyareresponsibleforthe
heatingofthegas,thenthepropertiesofthestarformationislikelytobevery
differentthaninaUV-heatedscenarioinwhichshieldedcloudcorescancool
muchmorethantheirradiatedouterregions.Neglectingtheeffectsofmagnetic
fieldsandrotation,themassrequiredforgravitationalcollapseisgivenby

MBE=
CBEv

4
T

P1/2G3/2
∝
T3/2

n1/2
∝
T2

P1/2
, (1)

whereT,n,andParetemperature,numberdensity,andthermalpressure,re-
spectivelyoftheenvironmentfromwhichthestarsmustform,andCBE isa
numericalconstant.Aplausibleassertionisthattherelevanttemperature(per-
hapsaminimumtemperatureTmin)scalesasthetypicaltemperaturederived
fromfitstoCOlineratios:atleast∼50KperouranalysisoftheCloverleaf
fluxes,comparedwith∼22KintheinnerGalaxypertheCOBEFIRASmea-
surements(Fixsenetal.1999). ThissimplescalingwouldsuggestthatM∗in
theCloverleafstarburstis4–15timesthe0.5M Galacticvalue:some2–5M .
AsLarson(1988)andothershavepointedout,suchatop-heavyIMFconverts
agivenmassofgasintoagreatertotalstellar(andthusfar-IR)luminositythan
withtheSalpeterIMF.Thisistheleadingscenarioproposedtoexplainthe
factorof∼3–5discrepancybetweentheobservedstellarmassbuildupandthe
star-formationhistoryinthe4<z<1era(Ṕerez-Gonźalezetal.2008;Dav́e
2008;Hopkins&Beacom2006).

5 SpectroscopywithCCAT

Z-Specoperateswithphoton-noiselimitedsensitivityattheCSO.Onlymodest
improvementsarepossiblewithoptimizationsuchasamoreefficientinstrument,
increasedresolvingpower,and/orasecondspectrometertoserveasaskyrefer-
ence.Perhapsafactorof2intotalmightbeachievedwithasecond-generation
instrument. Thefactisthatspectroscopyinthemillimeterfroma10-meter
telescopecanonlyaccessthemostluminoushigh-redshiftobjects. Thesitua-
tionisslightlyimprovedintheshortsubmillimeter,asdemonstratedwiththe
ZEUSspectrometeroperatingat350µm(Staceyetal.2007).Heretheobserved
linesarethepowerfulfine-structurelines(namely[CII],[OI],[OIII])whichare
typicallyanorderofmagnitudemoreluminousthantheCOlines. Thus,in
spiteoftheincreasedbackground,theshortsubmillimetercanbeveryfruitful
bandforspectroscopyatz∼1–2ingoodMaunaKeaweather.TheZEUSteamis
reportingseveraldetectionsofC+aroundz∼1.2ontheCSOinhyperluminous
(L>1013L)sources.
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Whiletheso-called‘negativeK-correction’insuresthatdetectabiltyinthe
(sub)millimeteristofirstorderindependentofredshfit,a10-metertelescopeonly
probestheverybrightestsourcesandnotatypicalhigh-redshiftgalaxy. What
wouldbea meaningfulsampleforthehigh-redshiftUniverse? Resultsfrom
Spitzeraswellasextrapolationsandfollow-upofthedeepcontinuumsurveys
around1mm(e.g.ChapmanredshiftsofSCUBAgalaxies)suggestapicturein
whichdust-enshroudedenergyreleasepeakedbetweenredshift2and3,wasstill
veryvigorousatz∼1(thehalfwaypointintheUniverse’shistory),andthatthe
typicaldustygalaxyatthesetimeshadL∼3×1011L.Thedensityofthese
sourcesontheskyisapproximately0.5–1×105persquaredegree,constrained
bythetotalbackground.

Accessingthesepopulationsinthesubmillimeterrequiresasubstantialad-
vanceinthefundamentalsensitivitiesoftheobservingplatform,setbytheeffec-
tivecollectingareaandthesite.ALMAisofcoursedesignedforthis,andwillbe
capableofmeasuringspectrallinesintypicalhigh-zgalaxies.ALMA,however,
isnotnotparticularlyefficientatsurveying. The8–16GHzofinstantaneous
bandwidthismuchsmallerthanthe∼100GHzatmosphericwindows. Moreover,
theskycoverageissmall:asingleprimarybeamof6–20arcsecondscouples∼
1FIRgalaxyexceptincaseswheretheyarehighlyclustered.Ahigh-efficiency
25-meter-classsingle-dishtelescopeatahighsite(CCAT)enablesapowerful
complementtoALMA:awidebandmulti-objectsurveyspectrometer. Whilea
CCATgratingspectrometerisafactorofafewlesssensitivethanALMAtoa
givenspectrallineinasinglesource,thebandwidthaffordedbythegratingcan
makeupthedifferenceforaspectralsurveyexperiment,foreithermeasuring
multiplelinesorsearchingforanunknownredshift.

Inparticular,the158µmC+transitionisapromisingredshiftprobe,and,
whencomparedwiththetotalfar-IRcontinuum,canconstrainttheproperties
ofthestarburst(gasdensity,spatialextent).Thetelluricwindowsdonotoffer
completeredshiftcoverageinC+ butthe350and450µmwindowsprovide
coveragefromz=1–1.4and1.6–2.2,respectively. Evolutionmodels(andthe
Chapmanetalredshiftdistribution)suggestthatthesetwowindowstogether
willlikelyaccountfortheaboutonethirdofalltheLIRG-classdustygalaxies.
OfcoursetheC+ coverageincreasesathigherredshiftsasthewindowsopen
up.TheC+fractionalluminosityasbeenasourceofsomequestion,asmany
ofthelocal-universeULIRGSdoshowareducedfCIIrelativetothecanonical
localgalaxies,wellbelow10−3.Ofcourse,asthesourcesaremoreluminous,a
smallerfractionallineluminositycanstillrepresentalargelineflux.Inthelocal
universe,themeasurementssuggestaC+‘saturation’atalineluminosityof5×
108L (correspondingtoafractionalluminosityof10−3ina5×1011L source).
However,thereisincreasingevidencethatahighredshift,theC+ fractional
luminosityeveninpowerfulsourcesmaybehigher,perhapscomparabletothat
inthelocalstarburstgalaxies. Maiolinoetal.(2009)isagoodrecentreference—
theirFigure2suggestafractionalluminosityof1.3×10−3inULIRG-classsources
athighredshift.TheZEUSteamisalsoreportingratioshigherthanthelocal
ULIRGSintheirz∼1.2measurements.
TherealpotentialforCCATisinamulti-band,multi-objectspectrometer.

Figure6illustratesthecapabilityofsuchaninstrumentonCCAT. WhileC+is
typicallytheeasiesttransitiontodetect(intheappropriateredshiftwindows),
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theCOlinesarealsodetectableinthelonger-wavelengthbandsformoderate
redshifts. Forhigherredshifts,theotherpowerfulfar-IRlinescomeintothe
shortsubmillimeterbands.Thisfullbandcouldbecoveredwithasuiteof3–4
Z-Spec-likegratings,fedsimultaneouslythroughpolarizinganddichroicsplit-
ters.Theresultingpackagewouldthenbequasi-2-dimensionalwithathickness
ofafewcm,offeringthepotentialtostackmultiplespectrometersuitesintoa
single(albeitlarge)cryostat.Theexpecteddensityofsourcesontheskyabout
oneevery10CCAT400-µmbeams,isaperfectmatchtoafew-tens-of-object
MOS.Awarmsteerableforeopticsarrangementalongthelinesofthatoutlined
inGoldsmith&Seiffert(2009)couldenablecouplingofthespectrometersto
thegalaxieswithgoodefficiency,solongastheyareapproximatelyuniformly
distributed.SinceevenasingleobjectspectrometerrivalsALMA’ssurveyca-
pability,a10–100element multi-objectsystemonCCATcreatesapowerful
follow-upmachine.Itwouldprovidewidebandspectraoftensofsourcesper
night,revealingredshiftsandphysicalconditionsthroughtherest-framefar-IR
andsubmillimeterspectra,potentiallyfindinginterestingobjectsand/ortransi-
tionsfordetailedstudywithALMA.

Acknowledgments. WethankthedirectorandstaffoftheCaltechSubmil-
limeterObservatoryfortheirongoinghelpwithZ-Spec.Theresearchdescribed
inthis(publicationorpaper)wascarriedoutattheJetPropulsionLaboratory,
CaliforniaInstituteofTechnology,underacontractwiththeNationalAeronau-
ticsandSpaceAdministration.
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Figure6. MultibandSpectroscopywithCCAT.Above:heavyblackcurves
showthe1σsensitivityofabackground-limitedspectrometeronCCATas-
suminga10-hourintegration(choppingincluded)withfluxscalereferringto
a1partin1000bandwidth. Theforwardefficiencyisassumedtobe92%
andthetaperefficiencyisassumedtobe88%,andaRuzeefficiencyisin-
cludedassumingsurfaceRMSof10µm. Thezenithangleistakentobe
0,and700µmofprecipitablewatervaporistheapproximatemedian. The
instrumentefficiencyisassumedtobe25%inasinglepolarization,(asper
Z-Spec).Coloredcurvesshowamodeldust+linespectrumscaledtovarious
luminosities(Lfar−IR),withfine-structurelinefractionalluminositiesrang-
ingupto2.2×10−3(for[CII]).TheZ-Specspectralcoverage,aswellasa
secondfiducialbandhigherfrequency(µ-Spec)areindicatedwithhorizontal
bars.Athirdbandcouldcoverboththe650and850-GHzwindows.Below:
signal-to-noiseratioforthespectrallinescorrespondingtotheabovemodel
spectra.


