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Why CO?

« Traces dense gas, 'fuel’ for star-formation
« Bright, even at high z

T T
1000 Q.810 can 14'_ & Low-z spiral /]
= AL 1D PR aprne/ A I & Low-zQso /]
. o ¢ Low-z ULIRG A 7/ //-
& A4 +0.2<z<1ULIRG B ﬁ;‘/ ]
[ I {’
L |
w <0
jan} X ok .
= o I
| .
2 [
X | L ® QSO ]
— + SMG
4 Co(3-2) e ® 24-ym ]
] = : o 1BG ]
i i Qo of (/A / 0 CSG ]
S | %/ v SFRG
€o(1-0) L °,( * RG
10 1 T | ! 1 ! | 1 1 | PR 9-. ./I....I....I....I...-
0 2 4 6 - , - o o 12
Redshift log(L'co) — proxy for M(H,)




Why CO?

« Traces dense gas, 'fuel’ for star-formation

Bright, even at high z
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Why CO?

« Traces dense gas, 'fuel’ for star-formation

« Bright, even at high z
« Complementary to Hi at EoR
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Why CO?
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« Traces dense gas, 'fuel’ for star-formation | \\\\
« Bright, even at high z _

« Complementary to Hi at EoR 6 Epoch of Re|on|zat|on\
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Why CO?

« Traces dense gas, 'fuel’ for star-formation
« Bright, even at high z

« Complementary to Hi at EoR

* Emitsin 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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Theory
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CO Experimental Landscape

AIM-CO
TIME \ COPSS CO Target
EXCLAIM mmIME
_—
Concerto
 SPT-SLIM
C* Target CCAT-p :
CO Interloper COMAP
(Covered in talk by TIFUUN

Guilaine Lagache: LIM with [CII]
and CONCERTO)



AIM-CO

Ground-based (Mauna Loa) FEr—
Interferometer (Yuan-Tseh Lee Array) e
86-102 GHz =y

CO(3-2) 2.4-3.0
CO(2-1) 1.2-1.7

Observations started 2017
Experiment decommissioned in 2021

Potential for upper limits from data



COPSS

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

A?(k) (uK?)

Keating at al. (2016)

—v— COPSS | Noise Limit
—¥— Estimated Noise (COPSS II)
H e Measured

= = Model A
= = =Model B

== Minimum Estimate

Wavenumber & (h Mpc ™)

10

Li+2016—Keating+2020
Yang+2022

COPSS

14 Direct CO Detections HH COMAP S2

Phase Line Redshift
COPSSI  CO(1-0) 2.3-3.3 1.7 0.5-2.0
COPSSII  CO(1-0) 2333 07 0.5-10 ’
>
2
O 4
©
First constraints on CO(1-0) power spectrum at z~3 o
Inferred constraint on the molecular gas density 5
=5 10
More molecular gas in galaxies seen by LIM =
compared with traditional galaxy surveys? =

Redshift

Credit: P. Breysse




mmIME

The Millimeter Intensity Mapping Experiment (mmIME)
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SPT-SLIM The South Pole Telescope Shirokoff Line Intensity Mapper

A pathfinder to demonstrate the use of on-chip millimeter-
wave spectrometers for LIM measurements.
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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.
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SPT-SLIM The South Pole Telescope Shirokoff Line Intensity Mapper

CPW Readout (3 channels per module) Deployed to the South POIe in
RN .

‘ Jan. 2025, planning for a

second season.

Module Outline

150mm Diameter

{, Horn array
pixels

Beam Focus

Analysis ongoing - see Jessica
Zebrowski’s talk for more details!
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C OM AP Pathfinder

Pathfinder frequency coverage: 26-34 GHz
Sensitive to:

CO(1-0)atz=2.4-34

CO(2-1) atz = 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
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C O M AP Pathfinder

Front-end

Receiver chain for each feed is independent, except for
shared LO within each “saddlebag” (DCM1)
2-10 GHz
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COMAP Pathﬂnder o Pathfinder Survey fields

Foss+2021
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Multi-year observing campaign Sl i 500
Three fields: each ~4 sqg. deg. Right Ascension (J2000) Right Ascension (J2000)

-Maximize observing efficiency Field |
ields overlap

-Overlap with HETDEX with HETDEX
Observed between 35-65 deg. elevation LAE survey
z=1-3

Remainder on point sources & Galactic fields

COMAP GPS: 20° </ < 45°

Galactic Latitude
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Foss+2021

COMAP Pathﬂnder Pathfinder Survey fields

7 PR 500
§ § o o 250
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Pathfinder Survey: £ £,
2 g < —250
Multi-year observing campaign [onh ‘ 500
30° 20° 10°
Three fields: each ~4 sqg. deg. Right Ascension (j2000)
-Maximize observing efficiency Delaney Dunne, Caltech N
-Overlap with HETDEX Three-Dimensional Stacking as a
. LIM Statistic
Observed between 35-65 deg. elevation Wednesday, 16:00
Remainder on point sources & Galactic fields .
COMAP GPS: 20° </ < 45°
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Credit: Stuart Harper, U. Manchester
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(& 2019-2022
Pathfinder Observing

&

2022-2025
Operations

& Survey Science

Pathfinderisurvey

COM AP Pathfinder

COMAP S1 + S2 results out!

Pathfinder i
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COM AP Pathfinder Oborved Underlying

Clustering matter
CO Power = amplitude oower +
spectrum spectrum

PCO(k) — Aclusth + Pshot



C OM AP Pathfinder

k P(k) (HK? Mpc?)

Observed
CO Power =
spectrum

Pco(k) =

CO(1-0) Power Spectrum at z~3

Clustering
amplitude

Underlying
matter

power +

spectrum

Aclusth + Pshot

Chung+2022
Li+2016-Keating+2020
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C O M AP Pathfinder Obcorve Underlying

Clustering X matter
CO Power = amplitude power +
spectrum spectrum

PCO(k) — Aclusth + Pshot

Decomposition of Clustering
and Shot Noise

200 100
Models:
v
1.75 - Season 1 Padmanabhan2018, fy,y = 1
50 Pullen+2013, Model B

Li+2016—Keating+2020

°
1.25 4—— Chung+2022, UM+COLDz+COPSS
100 - Li+2016
¢ Padmanabhan2018, fy,y = 0.1
0.75 = Yang+22 empirical fit
Constraints:
0.50 -

—— COMAP S2 analysis
0.25 \ —— COPSS re-analysis
p.e —— COMAP S2 + COPSS joint analysis
0.00 | I I I I
0

50 100 150 200 250 300
Clustering Amplitude (uK?)




C O M AP Pathfinder Obcorve Underlying

Clustering X matter
CO Power = amplitude power +
spectrum spectrum

PCO(k) — Aclusth + Pshot

Decomposition of Clustering
and Shot Noise

2,00 10"
Models:
1.75 - ! Season 2 Padmanabhan2018, fy,y = 1
150 — Pullen+2013, Model B
Li+2016—Keating+2020
1.25 — Chung+2022, UM+COLDz+COPSS
100 - Li+2016
¢ Padmanabhan2018, fy,y = 0.1
0.75 - . . Yang+22 empirical fit
S50 Li+2016-Keating+2020 Constraints:
—— COMAP S2 analysis
0.25 —— COPSS re-analysis
—— COMAP S2 + COPSS joint analysis
0.00 = I I I I I
0 50 100 150 200 250 300

Clustering Amplitude (uK?)



COMAP S1 + S2 results papers

£ Jonas Lunde, University of Oslo
| COMAP Pathfinder — Season 2 results
E |. Improved data selection and processing

& 2019-2022
Pathfinder Observing
Begins

arXiv: 2406.07510

i@f}rZOZZ-ZOZS
Operations
& Survey Science

Nils-Ole Stutzer, University of Oslo

COMAP Pathfinder — Season 2 results

8 |l. Updated constraints on the CO(1-0) power
., spectrum

) 2015-2019 Pathfinderisurvey

Construcion & arXiv: 2406.07511
Commi;sioning . E i
§ Seasc:)n ) § - Dongwoo Chung, Cornell University
o o COMAP Pathfinder — Season 2 results
» h B |ll. Implications for cosmic molecular gas
8 content at ‘Cosmic Half-past Eleven’
2019 2024" L arXiv: 2406.07512




CO LIM Experiments
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CO LIM Experiments

1 SPT-SLIM
0 mmIME 3mm
I COPSS

0 COMAP

10t
k [Mpc™

Epoch of
Reionization

Epoch of
Galaxy
Assembly

B 0

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:

(Tcob)? Mean CO temperature
Pitoss Shot noise power
Lco (Mh) CO luminosity/Halo mass relation
®co CO luminosity function
PH- Molecular gas density




The Future of CO LIM

Medium term: [ SPT-SLIM
Characterization of galaxy populations %] 8 mmIME 3mm [ Epoch of
Evoluti dshif 1 COPSS Reionization
volution across redsnitt 7 - B COMAP
Extension to z>3 and into EoR 1 COMAP-EoR
6_ ______________________________
Cross-correlation
i tion CO LIM 5 Epoch of
-multi-transition . Galaxy
-other LIM tracers Al Assembly
Science outputs: Constraints on:
3_
(Tco b) Mean CO temperature
2_
Lco (Mh) CO luminosity/Halo mass relation
®co CO luminosity function H
PH, Molecular gas density 0

—1
Tk nH, Kinetic temperature x column k [Mpc™]



The Future of CO LIM

Medium term: SPT-SLIM
Characterization of galaxy populations 5 mmlIME 3mm [ Epoch of
Evoluti dshif COPSS Reionization
volution across redsnitt 7- COMAP
Extension to z>3 and into EoR COMAP-EoR
6__ _________________
Cross-correlation
" o GO LIM - Epoch of
-multi-transition . Galaxy
-other LIM tracers n Assembly
Science outputs: Constraints on:
3_
(Tco b) Mean CO temperature
2_
Lco (Mh) CO luminosity/Halo mass relation
P00 CO luminosity function H
PH, Molecular gas density PP e " e
~1
Tk nH, Kinetic temperature x column k [Mpc™]

Credit: Delaney Dunne & José Luis Bernal



CO LIM Experiments
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COMAP-EOR

Molecular gas density

CO(1-0)

. CO(2-1
auto-correlation 256_8)
atz=5-9
B
g
CO(1-0) x CO(2-1) = 4| —
cross-correlation B CO(1-0)
atz=6-8 O 273
0, 50
10 Li+2016—Keating+2020 COPSS [ COMAP-EOR (Li+2016-Keating+2020)
...... Yang+2022 i COMAPS2  —— COMAP-EOR (Yang+2022)

-+ Direct CO Detections

. —

6
105 3 2 5 6

Redshift Bre

8
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COMAP-EOR

& 2027-2028 CO(1-0)
ngVLA Antenna ) . CO(2-1)
Available auto-correlation S~ og
atz=5-9
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Pathfinder Observing 3 L
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The Future of CO LIM

Medium term: SPT-SLIM
Characterization of galaxy populations ®] mmIME 3mm | Epoch of
‘ . COPSS Reionization
Evolution across redshift 7 COMAP
Extension to z>3 and into EoR ; COMAP-EoR
Cross-correlation
Epoch of
_ . - 5
multi-transition CO LIM 5 Galaxy
-other LIM tracers n Assembly
Science outputs: Constraints on:
3_
(Tcob)? Mean CO temperature
2_
Pass Shot noise power
Lco (Mh) CO luminosity/Halo mass relation 1
®co CO luminosity function .
1n-L 100 YS! 2
PH, Molecular gas density 10 " [113[ = 10 10
pc
Tk nH, Kinetic temperature x column

Credit: Delaney Dunne & José Luis Bernal
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The Future of CO LIM

Medium term: SPT-SLIM
Characterization of galaxy populations ®] mmIME 3mm | Epoch of
‘ . COPSS Reionization
Evolution across redshift 7 COMAP
Extension to z>3 and into EoR ; COMAP-EoR
Cross-correlation
Epoch of
_ ._ . 5_
multi-line CO LIM 5 Galaxy
-other LIM tracers n Assembly
Science outputs: Constraints on:
3_
(Tcob)? Mean CO temperature
2_
Pass Shot noise power
Lco (Mh) CO luminosity/Halo mass relatio 14
®co CO luminosity function .
1n-L 100 YS! 2
PH, Molecular gas density 10 " [113[ = 10 10
pc
Tk nH, Kinetic temperature x column

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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The Future of CO LIM: cross correlation of different LIM tracers
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The Future of CO LIM:
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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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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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* Duplicate* 19-feed 26-34 GHz receiver
* Field on second 10-m antenna at OVRO
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*More sensitive LNAs

C O M A P - Wlde *RFSoC 4x2s instead of obsolete Roach2s
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* Duplicate 26-34 receiver

C O M A P - Wlde * 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

10 |
8
N | — CO(2-1)
~ “METDEIG L | — z~6-8
S A Spithg Field . '; - 6 ——
S o g T ‘ . 2 B x LOFAR 21cm
= <
c 3 — \
= 2 =
= 41—
=) —
o - CO(1-0)
B z~3
_ 2 x HETDEX Lya ™
240° 210° 180° | \
Right Ascension (J2000) — |
0 | | |




& 2019-2022
Pathfinder Observing
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« COMAP-wide now funded by NSF
* Started September 2024
* Observing expected to start by September 2026
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The Future of CO LIM

Long term: Evolution of
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Space-based observations
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The Future of CO LIM
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