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ABSTRACT 
We have found intense 2.6-mm line radiation from nine galactic sources which we attribute to carbon 

monoxide. 

We have detected intense line radiation from the direction of the Orion Nebula at a 
frequency of 115, 267.2 MHz (in the “local standard of rest” system) which we attribute 
to the transition J = 1 to / = 0 in carbon monoxide. The observed spectrum is domi- 
nated by a single line with a peak antenna temperature of about 40° K and a width of 
2.4 MHz (6.2 km sec-1).1 A spectrum measured with 2-MHz resolution is shown in 
Figure 1. This feature is most intense in a direction about 1 !2 northwest of the center of 
the continuum source, which corresponds closely to the direction of the OH emission, the 
IR star, and the IR nebula (cf. Fig. 2b of Schraml and Mezger 1969). A series of spectra 
taken at 1' intervals of right ascension (approximately the beam width of the antenna) 
aj a declination of •—5°24'21'/ (1950) clearly show line features out to at least 25' in each 
direction from the center. About one-twentieth of the peak antenna temperature was 
observed at these limits. The angular distribution is strongly peaked to the center, is 
asymmetrical, and decreases smoothly but not monotonically from the center (Fig. 2). 
The center frequency of the line changes only slightly with angle, while the width of the 
line generally decreases away from the center of the source. The full angular width at 
half-maximum is 5Í5. In contrast to this, the map of Ori A made in the 1.95-cm con- 
tinuum by Schraml and Mezger (1969) shows a width at one-twentieth of the peak 
temperature of only 10' and a half-power width of 4' with a monotonie decrease from the 
center of the source. 

The frequency of the transition / = 1 to / = 0 in 12C160 is given as 115, 271.201 
MHz in the NBS tables (Cord, Lojko, and Peterson 1968). Our observed center fre- 
quency thus corresponds to a velocity of 10.5 km sec-1 with respect to the “local standard 
of rest” with a full width at half-maximum of 6.2 km sec-1. This may be compared with 
OH velocities reported in the range —8 to +24 km sec-1 (Palmer and Zuckerman 1967), 
H20 velocities from —8 to +18 km sec-1 (Knowles, Mayer, and Sullivan 1969), and a 
109a recombination-line peak at —2.6 km sec-1 (Mezger and Höglund 1967). 

Preliminary measurements of a number of other galactic sources have shown the same 
spectral line in the direction of W3, Sgr A, Sgr B2, M17, W43, W44, W49, and W51. In 
each of these sources, the velocities of the most intense CO feature generally correspond 
well with published velocities in other lines. 

This work was done with a specially constructed line receiver mounted on the NRAO 
36' paraboloid. Schottky barrier diodes developed by C. A. Burrus of Bell Laboratories 
were used in Sharpless wafer units both in the signal mixer and in a harmonic mixer used 
to control the frequency of the local oscillator klystron. Calibration noise was provided 

1 These numbers come from a measurement using the National Radio Astronomy Observatory (oper- 
ated by Associated Universities, Inc., under contract with the National Science Foundation) fifty-channel 
spectral-line receiver (nominal 100-kHz resolution). The remainder of our measurements were made with 
thè NRAO forty-channel receiver (2-MHz measured resolution). 
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Figure 7
(a) L′

CO as a function of LFIR for all systems detected at z > 1 (colored points). L′
CO was calculated using the lowest available J

measurement and assuming the excitation correction tabulated in Table 2 (see table caption for details on different source populations).
The gray symbols represent z < 1 measurements: the 0.2 < z < 1 ultraluminous infrared galaxy (ULIRG) sample (Combes et al. 2011,
2013; crosses); low-z quasars from the Hamburg-ESO quasi-stellar object (QSO) survey (Bertram et al. 2007; diamonds); Palomar-Green
quasars (Evans et al. 2001, Scoville et al. 2003, Evans 2006; squares); low-z spirals, starburst galaxies, and ULIRGs (Gao & Solomon
2004a,b; downward and upward triangles); and the z < 0.2 IR QSO sample (Xia et al. 2012) and the 0.04 < z < 0.11 ULIRG sample
(Chung et al. 2009; open circles). The full line is a fit to all data points, which gives a slope of 1.35 ± 0.04. The dashed lines indicate the
best fits for the main sequence galaxies ( gray dashed line) and starburst galaxies (red dashed line) derived by Genzel et al. (2010) and Daddi
et al. (2010a). (b) The logarithmic ratio LFIR/L′

CO as a function of LFIR. LFIR/L′
CO is a measure for the star-formation efficiency in an

object, and under the assumption of a conversion factor is the inverse of the consumption time τconsumption. The consumption time is
plotted on the right-hand side of the panel for two different values of α, Galactic (blue labels) and ULIRG (red labels). The consumption
times for nearby galaxies and the color-selected star-forming galaxies (CSGs) are ∼1 Gyr, assuming a Galactic α. The consumption
times for the most actively star-forming systems are only a few ×107 years under the typical assumption of a ULIRG α. Abbreviations:
24-µm, 24-µm galaxy; LBG, Lyman-break galaxy; RG, radio galaxy; SFRG, star-forming radio galaxy.

processes. Krumholz, Dekel & McKee (2011) perform a similar analysis, but only using an estimate
of the local gas free-fall time, and conclude that all systems, from local molecular clouds to distant
galaxies (starburst and MS), fall on a single star-formation law in which the SFR is simply ∼1%
of the molecular gas mass per local free-fall time.

It should be kept in mind that there are significant selection effects that may contribute to
the apparent functional behavior in the star-formation law plot. For example, as essentially all
galaxies have been preselected based on their star-formation activity, it is conceivable that large
molecular gas reservoirs exist at low LFIR; they simply have not yet been looked at. We summarize
star-formation laws for high-redshift galaxies in the sidebar, Star-Formation Laws.

4.6. Imaging of the Molecular Gas in Early Galaxies
The past few years have seen tremendous progress in high-resolution imaging of the molecular
gas in high-redshift galaxies, mainly by the VLA and the IRAM PdBI. Imaging of CO emission
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CO as a function of LFIR for all systems detected at z > 1 (colored points). L′
CO was calculated using the lowest available J

measurement and assuming the excitation correction tabulated in Table 2 (see table caption for details on different source populations).
The gray symbols represent z < 1 measurements: the 0.2 < z < 1 ultraluminous infrared galaxy (ULIRG) sample (Combes et al. 2011,
2013; crosses); low-z quasars from the Hamburg-ESO quasi-stellar object (QSO) survey (Bertram et al. 2007; diamonds); Palomar-Green
quasars (Evans et al. 2001, Scoville et al. 2003, Evans 2006; squares); low-z spirals, starburst galaxies, and ULIRGs (Gao & Solomon
2004a,b; downward and upward triangles); and the z < 0.2 IR QSO sample (Xia et al. 2012) and the 0.04 < z < 0.11 ULIRG sample
(Chung et al. 2009; open circles). The full line is a fit to all data points, which gives a slope of 1.35 ± 0.04. The dashed lines indicate the
best fits for the main sequence galaxies ( gray dashed line) and starburst galaxies (red dashed line) derived by Genzel et al. (2010) and Daddi
et al. (2010a). (b) The logarithmic ratio LFIR/L′

CO as a function of LFIR. LFIR/L′
CO is a measure for the star-formation efficiency in an

object, and under the assumption of a conversion factor is the inverse of the consumption time τconsumption. The consumption time is
plotted on the right-hand side of the panel for two different values of α, Galactic (blue labels) and ULIRG (red labels). The consumption
times for nearby galaxies and the color-selected star-forming galaxies (CSGs) are ∼1 Gyr, assuming a Galactic α. The consumption
times for the most actively star-forming systems are only a few ×107 years under the typical assumption of a ULIRG α. Abbreviations:
24-µm, 24-µm galaxy; LBG, Lyman-break galaxy; RG, radio galaxy; SFRG, star-forming radio galaxy.

processes. Krumholz, Dekel & McKee (2011) perform a similar analysis, but only using an estimate
of the local gas free-fall time, and conclude that all systems, from local molecular clouds to distant
galaxies (starburst and MS), fall on a single star-formation law in which the SFR is simply ∼1%
of the molecular gas mass per local free-fall time.

It should be kept in mind that there are significant selection effects that may contribute to
the apparent functional behavior in the star-formation law plot. For example, as essentially all
galaxies have been preselected based on their star-formation activity, it is conceivable that large
molecular gas reservoirs exist at low LFIR; they simply have not yet been looked at. We summarize
star-formation laws for high-redshift galaxies in the sidebar, Star-Formation Laws.

4.6. Imaging of the Molecular Gas in Early Galaxies
The past few years have seen tremendous progress in high-resolution imaging of the molecular
gas in high-redshift galaxies, mainly by the VLA and the IRAM PdBI. Imaging of CO emission
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brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M⊙ year−1 Mpc−3. (15)
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Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.

www.annualreviews.org • Cosmic Star-Formation History 461

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

01
4.

52
:4

15
-4

86
. D

ow
nl

oa
de

d 
fro

m
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 C

al
ifo

rn
ia

 In
st

itu
te

 o
f T

ec
hn

ol
og

y 
on

 0
2/

05
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

AA52CH10-MadauARI4August201410:30

brighterlimit,whichmorecloselyrepresentsthesampleofgalaxiesactuallyobservedinthestudy,
issignificantlylargerthanfortheextrapolation—nearlytwotimeslargerfortheReddy&Steidel
(2009)samplesandbyalesserfactorforthemoredistantobjectsfromBouwensetal.(2012a).In
ouranalysisoftheSFRDs,wehaveadoptedthemeanextinctionfactorsinferredbyeachsurvey
tocorrectthecorrespondingFUVluminositydensities.

Adoptingadifferentapproach,Burgarellaetal.(2013)measuredtotalUVattenuationfrom
theratioofFIRtoobserved(uncorrected)FUVluminositydensities(Figure8)asafunctionof
redshift,usingFUVLFsfromCucciatietal.(2012)andHerschelFIRLFsfromGruppionietal.
(2013).Atz<2,theseestimatesagreereasonablywellwiththemeasurementsinferredfromthe
UVslopeorfromSEDfitting.Atz>2,theFIR/FUVestimateshavelargeuncertaintiesowingto
thesimilarlylargeuncertaintiesrequiredtoextrapolatetheobservedFIRLFstoatotalluminosity
density.ThevaluesarelargerthanthosefortheUV-selectedsurveys,particularlywhencompared
withtheUVvaluesextrapolatedtoveryfaintluminosities.AlthoughgalaxieswithlowerSFRsmay
havereducedextinction,purelyUV-selectedsamplesathighredshiftmayalsobebiasedagainst
dustystar-forminggalaxies.Aswenotedabove,arobustcensusforstar-forminggalaxiesatz≫2
selectedonthebasisofdustemissionalonedoesnotexist,owingtothesensitivitylimitsofpast
andpresentFIRandsubmillimeterobservatories.Accordingly,thetotalamountofstarformation
thatismissedfromUVsurveysatsuchhighredshiftsremainsuncertain.

Figure9showsthecosmicSFHfromUVandIRdatafollowingtheaboveprescriptionsas
wellasthebest-fittingfunction

ψ(z)=0.015
(1+z)2.7
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Figure9
Thehistoryofcosmicstarformationfrom(a)FUV,(b)IR,and(c)FUV+IRrest-framemeasurements.Thedatapointswithsymbols
aregiveninTable1.AllUVluminositieshavebeenconvertedtoinstantaneousSFRdensitiesusingthefactorKFUV=1.15×10−28

(seeEquation10),validforaSalpeterIMF.FIRluminosities(8–1,000µm)havebeenconvertedtoinstantaneousSFRsusingthefactor
KIR=4.5×10−44(seeEquation11),alsovalidforaSalpeterIMF.Thesolidcurveinthethreepanelsplotsthebest-fitSFRdensityin
Equation15.Abbreviations:FIR,far-infrared;FUV,far-UV;IMF,initialmassfunction;IR,infrared;SFR,star-formationrate.
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(a) L′

CO as a function of LFIR for all systems detected at z > 1 (colored points). L′
CO was calculated using the lowest available J

measurement and assuming the excitation correction tabulated in Table 2 (see table caption for details on different source populations).
The gray symbols represent z < 1 measurements: the 0.2 < z < 1 ultraluminous infrared galaxy (ULIRG) sample (Combes et al. 2011,
2013; crosses); low-z quasars from the Hamburg-ESO quasi-stellar object (QSO) survey (Bertram et al. 2007; diamonds); Palomar-Green
quasars (Evans et al. 2001, Scoville et al. 2003, Evans 2006; squares); low-z spirals, starburst galaxies, and ULIRGs (Gao & Solomon
2004a,b; downward and upward triangles); and the z < 0.2 IR QSO sample (Xia et al. 2012) and the 0.04 < z < 0.11 ULIRG sample
(Chung et al. 2009; open circles). The full line is a fit to all data points, which gives a slope of 1.35 ± 0.04. The dashed lines indicate the
best fits for the main sequence galaxies ( gray dashed line) and starburst galaxies (red dashed line) derived by Genzel et al. (2010) and Daddi
et al. (2010a). (b) The logarithmic ratio LFIR/L′

CO as a function of LFIR. LFIR/L′
CO is a measure for the star-formation efficiency in an

object, and under the assumption of a conversion factor is the inverse of the consumption time τconsumption. The consumption time is
plotted on the right-hand side of the panel for two different values of α, Galactic (blue labels) and ULIRG (red labels). The consumption
times for nearby galaxies and the color-selected star-forming galaxies (CSGs) are ∼1 Gyr, assuming a Galactic α. The consumption
times for the most actively star-forming systems are only a few ×107 years under the typical assumption of a ULIRG α. Abbreviations:
24-µm, 24-µm galaxy; LBG, Lyman-break galaxy; RG, radio galaxy; SFRG, star-forming radio galaxy.

processes. Krumholz, Dekel & McKee (2011) perform a similar analysis, but only using an estimate
of the local gas free-fall time, and conclude that all systems, from local molecular clouds to distant
galaxies (starburst and MS), fall on a single star-formation law in which the SFR is simply ∼1%
of the molecular gas mass per local free-fall time.

It should be kept in mind that there are significant selection effects that may contribute to
the apparent functional behavior in the star-formation law plot. For example, as essentially all
galaxies have been preselected based on their star-formation activity, it is conceivable that large
molecular gas reservoirs exist at low LFIR; they simply have not yet been looked at. We summarize
star-formation laws for high-redshift galaxies in the sidebar, Star-Formation Laws.

4.6. Imaging of the Molecular Gas in Early Galaxies
The past few years have seen tremendous progress in high-resolution imaging of the molecular
gas in high-redshift galaxies, mainly by the VLA and the IRAM PdBI. Imaging of CO emission

138 Carilli ·Walter

An
nu

. R
ev

. A
str

on
. A

str
op

hy
s. 

20
13

.5
1:

10
5-

16
1.

 D
ow

nl
oa

de
d 

fro
m

 w
ww

.an
nu

alr
ev

iew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 C
ali

fo
rn

ia 
In

sti
tu

te 
of

 T
ec

hn
ol

og
y 

on
 1

2/
02

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

log(L’CO) – proxy for M(H2)

lo
g(

L F
IR

) –
 p

ro
xy

 fo
r S

FR

• Traces dense gas, ‘fuel’ for star-formation
• Bright, even at high z
• Complementary to HI at EoR



Why CO?

• Traces dense gas, ‘fuel’ for star-formation
• Bright, even at high z
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• Emits in line ‘ladder’
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• cm to mm-wave observations

• accessible from ground
• Low RFI
• Low continuum foregrounds
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• Traces dense gas, ‘fuel’ for star-formation
• Bright, even at high z
• Complementary to HI at EoR
• Emits in line ‘ladder’
• cm to mm-wave observations
• Low continuum foregrounds
• Low non-CO interlopers
• Access z=4-10 without any line interlopers
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AIM-CO

Line Redshift

CO(3-2) 2.4-3.0

CO(2-1) 1.2-1.7

Ground-based (Mauna Loa)
Interferometer (Yuan-Tseh Lee Array)
86-102 GHz

Observations started 2017

Experiment decommissioned in 2021

Potential for upper limits from data



COPSS

Phase Line Redshift
Area
(sq. deg.)

K range 
(h Mpc-1)

COPSS I CO(1-0) 2.3-3.3 1.7 0.5-2.0

COPSS II CO(1-0) 2.3-3.3 0.7 0.5-10

Ground-based (Cedar Flat)
Interferometer (SZA/CARMA)
27-35 GHz

First constraints on CO(1-0) power spectrum at z~3
Inferred constraint on the molecular gas density

More molecular gas in galaxies seen by LIM 
compared with traditional galaxy surveys?

Keating at al. (2016)

Credit: P. Breysse
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The Millimeter Intensity Mapping Experiment (mmIME)
“It only looks like there’s nothing there”

Garrett K. Keating (PI; CfA/SAO)
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ASPECS Data
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SMA

• Successful detection of aggregate CO @ 3mm with 
ALMA + ACA data

• Large-scale SMA program complete, analysis moving 
toward completion 

• Looking at other archival datasets with VLA/ALMA

mmIME



A pathfinder to demonstrate the use of on-chip millimeter-
wave spectrometers for LIM measurements.

Targeting multiple CO lines from 0.5 < z < 2.5:
12x spatial dual-pol pixels, each feeding two R=200 
spectrometers from 120–180 GHz. 

The South Pole Telescope Shirokoff Line Intensity MapperSPT-SLIM



The South Pole Telescope Shirokoff Line Intensity MapperSPT-SLIM
Deployed to the South Pole in 
Jan. 2025, planning for a 
second season. 

Analysis ongoing - see Jessica 
Zebrowski’s talk for more details!

One filter bank: 
102 spectral 
channels 
spanning 115-
175 GHz

Filter-bank spectrometer



C O M A P  Pathfinder

Pathfinder frequency coverage: 26-34 GHz

Sensitive to: 

CO(1-0) at z = 2.4 – 3.4

CO(2-1) at z = 6 - 8 (<10% of signal)

Primary goal: Detect CO power spectrum at z ~ 3

Sensitive to bright and faint galaxies

No assumptions about dust obscuration
CO Galaxies CO Intensity Map CO Power Spectrum

10�1 100 101

k (Mpc�1)

P(
k)

clustering

shot noise

AA52CH10-Madau ARI 4 August 2014 10:30

brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M⊙ year−1 Mpc−3. (15)

Redshift
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Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.
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brighterlimit,whichmorecloselyrepresentsthesampleofgalaxiesactuallyobservedinthestudy,
issignificantlylargerthanfortheextrapolation—nearlytwotimeslargerfortheReddy&Steidel
(2009)samplesandbyalesserfactorforthemoredistantobjectsfromBouwensetal.(2012a).In
ouranalysisoftheSFRDs,wehaveadoptedthemeanextinctionfactorsinferredbyeachsurvey
tocorrectthecorrespondingFUVluminositydensities.

Adoptingadifferentapproach,Burgarellaetal.(2013)measuredtotalUVattenuationfrom
theratioofFIRtoobserved(uncorrected)FUVluminositydensities(Figure8)asafunctionof
redshift,usingFUVLFsfromCucciatietal.(2012)andHerschelFIRLFsfromGruppionietal.
(2013).Atz<2,theseestimatesagreereasonablywellwiththemeasurementsinferredfromthe
UVslopeorfromSEDfitting.Atz>2,theFIR/FUVestimateshavelargeuncertaintiesowingto
thesimilarlylargeuncertaintiesrequiredtoextrapolatetheobservedFIRLFstoatotalluminosity
density.ThevaluesarelargerthanthosefortheUV-selectedsurveys,particularlywhencompared
withtheUVvaluesextrapolatedtoveryfaintluminosities.AlthoughgalaxieswithlowerSFRsmay
havereducedextinction,purelyUV-selectedsamplesathighredshiftmayalsobebiasedagainst
dustystar-forminggalaxies.Aswenotedabove,arobustcensusforstar-forminggalaxiesatz≫2
selectedonthebasisofdustemissionalonedoesnotexist,owingtothesensitivitylimitsofpast
andpresentFIRandsubmillimeterobservatories.Accordingly,thetotalamountofstarformation
thatismissedfromUVsurveysatsuchhighredshiftsremainsuncertain.

Figure9showsthecosmicSFHfromUVandIRdatafollowingtheaboveprescriptionsas
wellasthebest-fittingfunction

ψ(z)=0.015
(1+z)2.7

1+[(1+z)/2.9]5.6M⊙year−1Mpc−3.(15)
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Figure9
Thehistoryofcosmicstarformationfrom(a)FUV,(b)IR,and(c)FUV+IRrest-framemeasurements.Thedatapointswithsymbols
aregiveninTable1.AllUVluminositieshavebeenconvertedtoinstantaneousSFRdensitiesusingthefactorKFUV=1.15×10−28

(seeEquation10),validforaSalpeterIMF.FIRluminosities(8–1,000µm)havebeenconvertedtoinstantaneousSFRsusingthefactor
KIR=4.5×10−44(seeEquation11),alsovalidforaSalpeterIMF.Thesolidcurveinthethreepanelsplotsthebest-fitSFRdensityin
Equation15.Abbreviations:FIR,far-infrared;FUV,far-UV;IMF,initialmassfunction;IR,infrared;SFR,star-formationrate.
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Pathfinder
mmIME
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CO(1-0)
z ~ 3
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CO(3-2)    z ~ 2-3

CO(4-3)    z ~ 3-5

CO(2-1)    z ~ 0.3 – 1
CO(3-2)    z ~ 1– 2

CO(4-3)    z ~ 2 – 3
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C O M A P  Pathfinder

Receiver chain for each feed is independent, except for 
shared LO within each “saddlebag” (DCM1)

Feeds:
3,8,9,10,11

Feeds:
1,4,5,12,13

Feeds:
6,14,15,16,17

Feeds:
2,7,18,19



Pathfinder Survey:

Multi-year observing campaign

Three fields: each ~4 sq. deg.

-Maximize observing efficiency

-Overlap with HETDEX 

Observed between 35-65 deg. elevation

Remainder on point sources & Galactic fields

Foss+2021
Pathfinder Survey fields

Fields overlap
 with HETDEX

LAE survey
z = 1-3

C O M A P  Pathfinder

Credit: Stuart Harper, U. Manchester



Pathfinder Survey:

Multi-year observing campaign

Three fields: each ~4 sq. deg.

-Maximize observing efficiency

-Overlap with HETDEX 

Observed between 35-65 deg. elevation

Remainder on point sources & Galactic fields

Foss+2021
Pathfinder Survey fieldsC O M A P  Pathfinder

Credit: Stuart Harper, U. Manchester

Delaney Dunne, Caltech
Three-Dimensional Stacking as a 
LIM Statistic
Wednesday, 16:00
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C O M A P  Pathfinder

COMAP S1 + S2 results out!



C O M A P  Pathfinder Observed
CO Power
spectrum

Clustering 
amplitude

Underlying 
matter 
power 

spectrum
Shot noise

PCO(k) = AclustPm + Pshot
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C O M A P  Pathfinder Observed
CO Power
spectrum
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COMAP S1 + S2 results papers

Nils-Ole Stutzer, University of Oslo
COMAP Pathfinder – Season 2 results
II. Updated constraints on the CO(1-0) power 
spectrum

arXiv: 2406.07511

Jonas Lunde, University of Oslo
COMAP Pathfinder – Season 2 results
I. Improved data selection and processing

arXiv: 2406.07510

Dongwoo Chung, Cornell University
COMAP Pathfinder – Season 2 results 
III. Implications for cosmic molecular gas 
content at ‘Cosmic Half-past Eleven’

arXiv: 2406.07512
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CO LIM Experiments

Epoch of 
Reionization

Epoch of 
Galaxy

Assembly

Credit: Delaney Dunne & José Luis Bernal



The Future of CO LIM

Short term:

Independent observing strategies

Detections of CO LIM signal

- auto-correlation

- cross-correlation with 

     - galaxy surveys

Science outputs: Constraints on:

Mean CO temperature

CO luminosity/Halo mass relation

Molecular gas density

CO luminosity function

Shot noise power



The Future of CO LIM
Medium term:

Characterization of galaxy populations

Evolution across redshift

Extension to z>3 and into EoR

Cross-correlation

-multi-transition CO LIM

-other LIM tracers

Science outputs: Constraints on:

Epoch of 
Reionization

Epoch of 
Galaxy

Assembly

COMAP-EoR

Mean CO temperature

CO luminosity/Halo mass relation

Molecular gas density

CO luminosity function

Kinetic temperature x column



The Future of CO LIM
Medium term:

Characterization of galaxy populations

Evolution across redshift

Extension to z>3 and into EoR

Cross-correlation

-multi-transition CO LIM

-other LIM tracers
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6. Design details 
The following sections will describe the mtex antenna design in detail. The description will be 
divided into the main components (Reflector System, Pedestal and Turnhead), as well as an 
additional section for Mechanical Equipment. 

 
Figure 8 Antenna Overview 

 
The antenna rear view shows the stiff Pedestal on its six-sided foundation with the Turnhead 
on top. The Main bolted Reflector Backup Structure (BUS) is connected to the Turnhead with a 
very stiff welded steel structure. CFRP tubes are used to hold the sub-reflector and the front-
end equipment in place. 
  

LO	Scheme

Receiver

2027-2028
ngVLA Antenna 

Available



The Future of CO LIM
Medium term:

Characterization of galaxy populations

Evolution across redshift

Extension to z>3 and into EoR

Cross-correlation

-multi-transition CO LIM

-other LIM tracers

Science outputs: Constraints on:

Epoch of 
Reionization

Epoch of 
Galaxy

Assembly

COMAP-EoR

Credit: Delaney Dunne & José Luis Bernal
Kinetic temperature x column

Mean CO temperature

CO luminosity/Halo mass relation

Molecular gas density

CO luminosity function

Shot noise power



COMAP
COPSS

mmIME

3mm SPT-sl
im

CO(1-0)
z ~ 3

CO(2-1)
z ~ 6-8

CO(2-1)    z ~ 1-2

CO(3-2)    z ~ 2-3

CO(4-3)    z ~ 3-5

CO(2-1)    z ~ 0.3 – 1
CO(3-2)    z ~ 1– 2

CO(4-3)    z ~ 2 – 3

CO(1-0)
z ~ 5-8

CO(2-1)
z ~ 3.5-5

CO(3-2)
z ~ 6-8

CO(1-0)
z ~ 1-2

Chung 2023
“Triple-deluxe”

CO(1-0) x CO(2-1) x CO(3-2)



The Future of CO LIM
Medium term:

Characterization of galaxy populations

Evolution across redshift

Extension to z>3 and into EoR

Cross-correlation

-multi-line CO LIM

-other LIM tracers

Science outputs: Constraints on:

Kinetic temperature x column

Mean CO temperature

CO luminosity/Halo mass relation

Molecular gas density

CO luminosity function

Shot noise power

Epoch of 
Reionization

Epoch of 
Galaxy

Assembly

COMAP-EoR

Credit: Delaney Dunne & José Luis Bernal



The Future of CO LIM: cross correlation of different LIM tracers
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The Future of CO LIM: cross correlation of different LIM tracers
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CO(1-0)
z ~ 3

CO(2-1)
z ~ 6-8

CO(2-1)    z ~ 1-2

CO(3-2)    z ~ 2-3

CO(4-3)    z ~ 3-5

CO(2-1)    z ~ 0.3 – 1

CO(3-2)    z ~ 1– 2

CO(4-3)    z ~ 2 – 3

CO(3-2)    z ~ 0.4– 0.8
CO(4-3)    z ~ 0.9 – 1.4
CO(5-4)    z ~ 1.4 – 2

LIM25

C O M A P - wide

COMAP Pathfinder
10-m antenna

COMAP-wide
10m- antenna

• Duplicate* 19-feed 26-34 GHz receiver

• Field on second 10-m antenna at OVRO



C O M A P - wide
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LO
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2-6 GHz
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ALSB AUSB BLSB BUSB

Largely a duplicate of Pathfinder receiver
Lower noise LNAs
- Tsys improved by 33%
RFSoC 4x2 not Roach2

*More sensitive LNAs

*RFSoC 4x2s instead of obsolete Roach2s



C O M A P - wide
• Duplicate 26-34 receiver

• On second 10-m antenna at OVRO

• Perform 400 sq. deg. survey

• x-correlate with LOFAR A12 (21cm) at z~7 and HETDEX (Lya) at z~3

CO(1-0)
z ~ 3

CO(2-1)
z ~ 6-8

CO(2-1)    z ~ 1-2

CO(3-2)    z ~ 2-3

CO(4-3)    z ~ 3-5

CO(2-1)    z ~ 0.3 – 1

CO(3-2)    z ~ 1– 2

CO(4-3)    z ~ 2 – 3

CO(3-2)    z ~ 0.4– 0.8
CO(4-3)    z ~ 0.9 – 1.4
CO(5-4)    z ~ 1.4 – 2

LIM25

x HETDEX Lya

x LOFAR 21cm



C O M A P - wide
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• COMAP-wide now funded by NSF

• Started September 2024

• Observing expected to start by September 2026
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C O M A P - wide
• Funded by NSF

• Started September 2024

• Observing expected to start by September 2026

Patrick Breysse, Southern Methodist 
University
Reionization Cross-Correlations with 
COMAP-Wide
Tuesday, COMAP talks

For more details on expectations for 
the cross-correlation signal, see 
Patrick’s talk later this morning.



CO Mapping Array Project

COMAP Pathfinder

C
O

M
A

P

COMAP-wide COMAP-EoR

CO(1-0) auto @ z=3
CO(1-0) x LAE @ z=3

CO(2-1) x 21cm @ z=7
CO(1-0) x LAE @ z=3

CO(1-0) auto @ z=5-9

Planned

CO(1-0) x CO(2-1) @ z=6-8



The Future of CO LIM

Epoch of 
Reionization

Epoch of 
Galaxy

Assembly

Long term:

Wider and deeper surveys: 

BAOs 

     e.g. Karkare et al. (2018)

Beyond LCDM

     e.g. Sabla et al. (2024)

Primordial magnetic fields

     e.g. Adi et al. (2023)

Ionization bubble scale at EoR, 

     e.g. Lidz et al. (2011)

Space-based observations

Evolution of 

- molecular gas 
abundance

-MH-LCO
-CO Luminosity 

function
- ISM excitation
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The Future of CO LIM

Epoch of 
Reionization

BAOs

21 cm
Reionization

Epoch of 
Galaxy

Assembly

Long term:

Wider and deeper surveys: 

BAOs 

     e.g. Karkare et al. (2018)

Beyond LCDM

     e.g. Sabla et al. (2024)

Primordial magnetic fields

     e.g. Adi et al. (2023)

Ionization bubble scale at EoR, 

     e.g. Lidz et al. (2011)

Space-based observations

Largest scales, widest redshift coverage

Primordial
magnetic

fields


