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HighHigh--zz CO CO ObservationsObservations

TypicallyTypically observedobserved at at 
highhigh--zz: CO(3: CO(3--2) and 2) and higherhigher

ButBut: : 
These These obsobs wouldwould miss a miss a 
lowlow excitationexcitation ‘‘coldcold‘‘
componentcomponent likelike e.ge.g. . foundfound
in in thethe MilkyMilky WayWay

onlyonly CO(1CO(1--0) 0) tracestraces
fullfull MM(H(H22))

high-z

Milky Way

Weiss ea. (2005)



100m 100m SingleSingle--dishdish telescopestelescopes

Effelsberg

CO(1-0) observations in high-z QSOs are possible in K band

Comparison to Comparison to VLAVLA: : 50 MHz bandwidth50 MHz bandwidth
•• 600 km/s @22GHz (600 km/s @22GHz (ΔΔz/zz/z=0.003=0.003 @z=4.2)@z=4.2)

⇒⇒ EVLAEVLA –– up to 8 GHz up to 8 GHz bandwidthbandwidth per pol.per pol.

GBT:GBT: 1.6 GHz bandwidth1.6 GHz bandwidth (dual polarization)(dual polarization)

•• 22000 km/s @22GHz  (22000 km/s @22GHz  (ΔΔz/zz/z=0.09=0.09 @z=4.2)@z=4.2)

•• Future: Future: ZpectrometerZpectrometer, 14 GHz bandwidth , 14 GHz bandwidth 
@26@26--40 GHz40 GHz

GBT

22 GHz: CO(122 GHz: CO(1--0) @z=4.20) @z=4.2
⇒⇒ accurateaccurate redshiftredshift of QSO host not known fromof QSO host not known from

optical/IR, but bandwidth large enough tooptical/IR, but bandwidth large enough to
account for difference to CO account for difference to CO redshiftredshift

EffelsbergEffelsberg:: 500 MHz bandwidth500 MHz bandwidth (dual (dual polpol.).)

•• 6000 km/s @22GHz (6000 km/s @22GHz (ΔΔz/zz/z=0.03=0.03 @z=4.2)@z=4.2)



Sample Sample SelectionSelection::
HighHigh--zz CO CO DetectionsDetections

SMMJ02396SMMJ02396--01340134 1.0621.062 SMMSMM
Q0957+561Q0957+561 1.4141.414 RLQRLQ
HR10HR10 1.4391.439 EROERO
IRAS10214+4724IRAS10214+4724 2.2862.286 QSOQSO
SMMJ16371+4053SMMJ16371+4053 2.380 2.380 SMMSMM
SMMJ16368+4057SMMJ16368+4057 2.3852.385 SMMSMM
53W00253W002 2.3942.394 RGRG
SMMJ16366+4105SMMJ16366+4105 2.4502.450 SMMSMM
SMMJ04431+0210SMMJ04431+0210 2.5092.509 SMMSMM
SMMJ16359+6612SMMJ16359+6612 2.5172.517 SMMSMM
CloverleafCloverleaf 2.5582.558 QSOQSO
SMMJ14011+0252SMMJ14011+0252 2.5652.565 SMMSMM
VCVJ1409+5628VCVJ1409+5628 2.5832.583 QSOQSO
MG0414MG0414--05340534 2.6392.639 RLQRLQ
MS1512MS1512--cB58cB58 2.7272.727 LBQLBQ
LBQS1230+1627BLBQS1230+1627B 2.7412.741 QSOQSO
RXJ0911+0551RXJ0911+0551 2.7962.796 RQQRQQ
SMMJ02399SMMJ02399--01360136 2.8082.808 SMMSMM

SMMJ04135+10277SMMJ04135+10277 2.8462.846 QSOQSO
B3J2330+3927B3J2330+3927 3.0943.094 RGRG
SMMJ22174+0015SMMJ22174+0015 3.0993.099 SMMSMM
MG0751+2716MG0751+2716 3.2003.200 RLQRLQ
SMMJ09431+4700SMMJ09431+4700 3.3463.346 SMMSMM
SMMJ13120+4242SMMJ13120+4242 3.4083.408 SMMSMM
TNJ0121+1320TNJ0121+1320 3.5203.520 RGRG
6C1909+7226C1909+722 3.5323.532 RGRG
4C60.074C60.07 3.7913.791 RGRG
4C41.174C41.17 3.7963.796 RGRG
APM08279+5255APM08279+5255 3.9113.911 RQQRQQ
PSSJ2322+1944PSSJ2322+1944 4.1194.119 QSOQSO
BRI1335BRI1335--04170417 4.4074.407 QSOQSO
BRI0952BRI0952--01150115 4.4344.434 QSOQSO
BR1202BR1202--07250725 4.6934.693 QSOQSO
TNJ0924TNJ0924--22012201 5.2025.202 RGRG
SDSSJ1148+5251SDSSJ1148+5251 6.4196.419 QSOQSO

PdBI
-- List of all List of all detectionsdetections (1991(1991--2005)2005)

-- 1 1 –– 3 mm, 3 mm, mostlymostly CO(3CO(3--2), CO(42), CO(4--3) and 3) and higherhigher

seesee e.ge.g. Solomon & . Solomon & VandenVanden BoutBout (2005)(2005)



--
Q0957+561Q0957+561 1.4141.414 RLQRLQ
--
IRAS10214+4724IRAS10214+4724 2.2862.286 QSOQSO
--
--
--
--
--
--
CloverleafCloverleaf 2.5582.558 QSOQSO
--
VCVJ1409+5628VCVJ1409+5628 2.5832.583 QSOQSO
MG0414MG0414--05340534 2.6392.639 RLQRLQ
MS1512MS1512--cB58cB58 2.7272.727 LBQLBQ
LBQS1230+1627BLBQS1230+1627B 2.7412.741 QSOQSO
RXJ0911+0551RXJ0911+0551 2.7962.796 RQQRQQ
--

SMMJ04135+10277SMMJ04135+10277 2.8462.846 QSOQSO
--
--
MG0751+2716MG0751+2716 3.2003.200 RLQRLQ
--
--
--
--
--
--
APM08279+5255APM08279+5255 3.9113.911 RQQRQQ
PSSJ2322+1944PSSJ2322+1944 4.1194.119 QSOQSO
BRI1335BRI1335--04170417 4.4074.407 QSOQSO
BRI0952BRI0952--01150115 4.4344.434 QSOQSO
BR1202BR1202--07250725 4.6934.693 QSOQSO
--
SDSSJ1148+5251SDSSJ1148+5251 6.4196.419 QSOQSO

QSOs only!

Sample Sample SelectionSelection::
HighHigh--zz CO CO DetectionsDetections



Sample Sample SelectionSelection::
HighHigh--zz CO CO DetectionsDetections

--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

--
--
--
--
--
--
--
--
--
--
APM08279+5255APM08279+5255 3.9113.911 RQQRQQ
PSSJ2322+1944PSSJ2322+1944 4.1194.119 QSOQSO
BRI1335BRI1335--04170417 4.4074.407 QSOQSO
BRI0952BRI0952--01150115 4.4344.434 QSOQSO
BR1202BR1202--07250725 4.6934.693 QSOQSO
--
--

N

QSOs, CO(1-0) in K band



GBT: GBT: DataData QualityQuality AssessmentAssessment

90 90 hourshours, 3 , 3 QSOsQSOs in K bandin K band
Position Position SwitchedSwitched Dual Dual BeamBeam
observationsobservations
MostlyMostly excellentexcellent winterwinter
weatherweather in in DecemberDecember 2004: 2004: 
TTsyssys = 20= 20--25 K25 K



GBT: GBT: DataData QualityQuality AssessmentAssessment

Gain: 1.5K/Jy

90 s integration, Tsys = 22 K, 1.6 GHz, LL/RR polarization



GBT: GBT: DataData QualityQuality AssessmentAssessment

Gain: 1.5K/Jy

90 s integration, Tsys = 22 K, 1.6 GHz, LL/RR polarization

Zoomed in



GBT: GBT: DataData QualityQuality AssessmentAssessment

Gain: 1.5K/Jy

90 s integration, Tsys = 22 K, 0.8 GHz, LL/RR polarization

Zoomed in, IF1,

Boxcar 20 ch



GBT: GBT: DataData QualityQuality AssessmentAssessment

Gain: 1.5K/Jy

90 s integration, Tsys = 22 K, 0.8 GHz, (LL+RR) polarization

Zoomed in, IF1,

Box20, avg. pol.



GBT GBT DataData: : TheThe DarkDark SideSide

Gain: 1.5K/Jy

90 s integration, Tsys = 40 K, 1.6 GHz, LL/RR polarization

Weather



GBT GBT DataData: : TheThe DarkDark SideSide

Resonance
Features

90 s integration, Tsys = 40 K, 1.6 GHz, LL/RR polarization

Gain: 1.5K/Jy



GBT GBT DataData: : TheThe DarkDark SideSide

Gain: 1.5K/Jy

Birdies

30 s integration, Tsys = 60 K, 0.8 GHz, LL/RR polarization



GBT GBT DataData: : TheThe DarkDark SideSide

Gain: 1.5K/Jy

Military Satellite

20x90 s integration, 0.8 GHz, LL/RR polarization

CO(1-0) frequency, ~10-4K



FixableFixable:: SatelliteSatellite ((spectralspectral baselinesbaselines
remainremain stablestable))

FlaggableFlaggable:: WeatherWeather, , ResonancesResonances

‘‘DeadlyDeadly‘‘:: BirdiesBirdies

GBT GBT DataData: : TheThe DarkDark SideSide



GBT: GBT: DataData ReductionReduction

aipsaips++++ IDLIDL

•• standardstandard calibcalib ((latelate 2004)2004)

•• standardstandard calibcalib ((earlyearly 2005)2005)

•• Bob Bob GarwoodGarwood‘‘ss calibcalib

•• Ron Ron MaddalenaMaddalena‘‘ss calibcalib

•• Glen Glen LangstonLangston‘‘ss routinesroutines

•• GBTIDL GBTIDL 

•• VandenVanden BoutBout, Solomon & , Solomon & MaddalenaMaddalena (2004) (2004) schemescheme

[[HCN(1HCN(1--0) in IRAS F10214+4724 (z=2.3)]0) in IRAS F10214+4724 (z=2.3)]

DetectionDetection of CO(1of CO(1--0) @z>4!0) @z>4!



CO(1CO(1--0): 0): SpectraSpectra

GBTGBT

• 35 hours total

• 22 hours on src

• 280 µJy peak

• 560 km/s FWHM

2nd order polynomial fit to spectral baseline subtracted

APM 08279+5255,GBT

• rms: 80 µJy
• 75 km/s res (sm)

APM 08279+5255 (z=3.91)



CO(1CO(1--0): 0): SpectraSpectra

GBT E‘berg

PSS J2322+1944 (z=4.12)

GBTGBT

• 23 hours total

• 15 hours on src

• rms: 160 µJy

• 52 km/s res (sm)

EffelsbergEffelsberg

• 20 hours total

• 8 hours on src

• rms: 460 µJy

• 40 km/s res (sm)

• 720 µJy peak

• 202 km/s FWHM

linear fits to spectral baseline subtracted



CO(1CO(1--0): 0): SpectraSpectra

GBT E‘berg

BR 1202-0725 (z=4.69)

GBTGBT

• 32 hours total

• 20 hours on src

• rms: 70 µJy

• 58 km/s res (sm)

EffelsbergEffelsberg

• 20 hours total

• 8 hours on src

• rms: 160 µJy

• 141 km/s res (sm)

• 360 µJy peak

• 329 km/s FWHM

order 2/1 fit to spec. baseline subtracted



ExcitationExcitation ConditionsConditions

BR1202-0725 (z=4.7)
Large Velocity Gradient (LVG) 
modeling (1 component) on 
higher-J transitions

- Tkin = 60 K, 

- n(H2) = 104.1cm-3

- all CO(1-0) flux recovered

⇒ almost fully thermalized

(ICO∼ν2) up to CO(4-3) 

⇒ traces as much gas 

as CO(1-0)



SummarySummary

FirstFirst--time detection of CO @z>4 with 100m singletime detection of CO @z>4 with 100m single--dish telescopesdish telescopes

caveat: spectral baselines still limit the caveat: spectral baselines still limit the detectabilitydetectability
⇒⇒ detection of CO in new, possibly fainter sources very difficultdetection of CO in new, possibly fainter sources very difficult
⇒⇒ requirement for success of observations: the very best weatherrequirement for success of observations: the very best weather

massive reservoirs of molecular gas: massive reservoirs of molecular gas: 
((MM(H(H22)~10)~101010 MM00))

no evidence for additional massive, no evidence for additional massive, 
cold CO(1cold CO(1--0) components which are 0) components which are 
not visible at highnot visible at high--JJ CO transitionsCO transitions
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