
 한국고에너지물리학회  2024 가을  학술대회  
11/30/2024

CO Intensity Mapping for Capturing the  
Star-formation History in the Early Universe 

김준한 Junhan Kim (junhan@kaist.ac.kr)
Department of Physics 
Korea Advanced Institute of Science and Technology (KAIST)

mailto:junhan@kaist.ac.kr


Credit & Copyright: Rogelio Bernal Andreo (https://apod.nasa.gov/apod/ap150804.html)

M87
Tumlinson, Peeples, Werk (2017)

Supermassive black holes

(Accretion: an acquisition 
of gas by the galaxy disk)

Circumgalactic/Intergalactic/Intracluster medium



Studying Baryonic Flow Across the Cosmic Scales Using  
Radio and Millimeter Wavelength Experiments

South Pole Telescope 
(South Pole Station, Antarctica)

COMAP (Owens Valley  
Radio Observatory, California)

Leighton Chajnantor Telescope 
(Mauna Kea, Hawaii → Atacama desert, Chile)

Event Horizon Telescope VLBI:  
Supermassive black holes

Line-intensity mapping with CO:  
Spatial distribution of galaxies

Sunyaev-Zel’dovich effect: 
Circumgalactic & intracluster media



Studying Baryonic Flow Across the Cosmic Scales Using  
Radio and Millimeter Wavelength Experiments

South Pole Telescope 
(South Pole Station, Antarctica)

COMAP (Owens Valley  
Radio Observatory, California)

Leighton Chajnantor Telescope 
(Mauna Kea, Hawaii → Atacama desert, Chile)

Event Horizon Telescope VLBI:  
Supermassive black holes

Line-intensity mapping with CO:  
Spatial distribution of galaxies

Sunyaev-Zel’dovich effect: 
Circumgalactic & intracluster media



https://map.gsfc.nasa.gov/media/060915/index.html 

https://map.gsfc.nasa.gov/media/060915/index.html


Cosmic Microwave 
Background (CMB)



Cosmic Microwave 
Background (CMB)



Cosmic Microwave 
Background (CMB)

Galaxy surveys 
z = 0-1+



Cosmic Microwave 
Background (CMB)

Galaxy surveys 
z = 0-1+



Cosmic Microwave 
Background (CMB)

?

Galaxy surveys 
z = 0-1+



Carbon Monoxide (CO)

Credit: ALMA (ESO/NAOJ/NRAO)/PHANGS, S. Dagnello (NRAO)

• Tracer of cold molecular gas, the fuel 
for star formation. 

• The second most abundant molecule 
in the gas phase. 

• Line emissions at multiples of ~115 GHz.



Kovetz et al. (2017), Cleary et al. (2022), Credit: Patrick Breysse & Dongwoo Chung

Line Intensity Mapping (LIM, ‘선�세기�매핑’)
• LIM is sensitive to the “aggregate line emission from all galaxies in the line of sight”.

CO(1-0) at z~3 (convolved with ~5 arcmin beam)

all of the photons!
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• LIM is sensitive to the “aggregate line emission from all galaxies in the line of sight”.
(convolved with ~5 arcmin beam)

all of the photons!

Fourier transform

Fourier transform

Line Intensity Mapping (LIM, ‘선�세기�매핑’)



Kovetz et al. (2017), Cleary et al. (2022), Credit: Patrick Breysse & Dongwoo Chung

• LIM is sensitive to the “aggregate line emission from all galaxies in the line of sight”.
(convolved with ~5 arcmin beam)

Fourier transform Clustering amplitude ×  
(Underlying matter  
power spectrum)

+=
shot noise
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Line Intensity Mapping (LIM, ‘선�세기�매핑’)



• Cosmological Redshift: 
The observed frequency 
of a specific spectral line 
corresponds to the 
redshift, which in turn 
indicates the age of the 
Universe!

CO(1-0): 115.27 GHz  
(2.6 mm)
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https://lambda.gsfc.nasa.gov/education/graphic_history/intensitymapping.html 

https://lambda.gsfc.nasa.gov/education/graphic_history/intensitymapping.html


Bernal & Kovetz (2022)

• Sub-mm: Rotational 
carbon-monoxide 
(CO) transitions  

• Far-IR: Bright fine-
structure lines such 
as [CII] 

• Optical/UV: 
Hydrogen Hα and 
Lyα lines

+ 
Radio: HI 21 cm line 
originating from the 

neutral hydrogen



https://www.jpl.nasa.gov/missions/spherex https://cosmology.caltech.edu/projects/TIME  

Credit: Ethan Tweedie https://hetdex.org   https://obscos.astro.illinois.edu/tim/ 

Karkare et al. (2021)

https://www.jpl.nasa.gov/missions/spherex
https://cosmology.caltech.edu/projects/TIME
https://hetdex.org
https://obscos.astro.illinois.edu/tim/


CO Mapping Array Project (COMAP)

https://comap.caltech.edu/team.html# 

https://comap.caltech.edu/team.html#


COMAP 
Pathfinder

COMAP Early Science Results



• Site: Owens Valley Radio Observatory (OVRO), CA 
• Telescope: “Leighton” dish (10.4 m) 
• Receiver: 26-34 GHz (z=2.4-3.4) 

• 19-pixel, single-polarization focal plane array 
• High electron mobility transistor (HEMT) amps 

• Backend digitization 
• 38 ROACH2 spectrometers, 2 MHz resolution

COMAP Pathfinder
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COMAP Pathfinder



• CO probes cold molecular gas, the fuel for star formation.

CO(2-1)  
at z=6-8

CO(1-0)  
at z=2.4-3.4

Cleary et al. (2022)
Madau & Dickinson (2014)

Peak of the  
Star-formation History

COMAP Pathfinder



COMAP Pathfinder: Instrument

Lamb et al. (2022)
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• 5-year observing campaign (started 2019) 
• Three observing fields (~4 deg2) 

• Distributed in R. A. to maximize observing efficiency 
• Overlap with Hobby-Eberly Telescope Dark Energy Experiment (HETDEX; Gebhardt 

et al. 2021, Hill et al. 2021)

Cleary et al. (2022)

COMAP Pathfinder: Observation
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COMAP Pathfinder: Calibration

Foss et al. (2022)
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Tsys = Treceiver + Tatmosphere + Tground + TCMB + Tforegrounds + TCO
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�T =
Tsysp
�⌫⌧

Radiometer Equation:



Cleary et al. (2022)

normalization
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Foss et al. (2022)

atmospheric 
template

low-order 
polynomial

PCA filter
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H2O (22.2 GHz) H2O (183 GHz)

Carilli & Holdaway (1999)



31.25 MHz frequency channel maps 
8 GHz / 31.25 MHz ~ 250 channels
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Lunde et al. (2024)



COMAP Pathfinder: Season 2 Results

• Season 1 (May 2019 - 
August 2020; 5,200 on-sky 
observation hours) 

• Season 2 (November 2020 - 
November 2023; 12,300 on-
sky observation hours)

Chung et al. (2024)
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COMAP Pathfinder: Season 2 Results

Chung et al. (2024)
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Clustering amplitude ×  
(Underlying matter  
power spectrum)

+
shot noise
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<latexit sha1_base64="xIM+Gw+15gs1BJzKrK1A0Nss++o=">AAAB+HicdVDJSgNBEO2JW4xLRj16aQyCp6EnTjS5BfTgMYJZIAmhp9NJmvQsdNeIcciXePGgiFc/xZt/Y2cRVPRBweO9Kqrq+bEUGgj5sDIrq2vrG9nN3Nb2zm7e3ttv6ChRjNdZJCPV8qnmUoS8DgIkb8WK08CXvOmPL2Z+85YrLaLwBiYx7wZ0GIqBYBSM1LPztV4H+B2oINWjCKY9u0CcSoV4XhkTp0SKRa9kCDktlssudh0yRwEtUevZ751+xJKAh8Ak1brtkhi6KVUgmOTTXCfRPKZsTIe8bWhIA6676fzwKT42Sh8PImUqBDxXv0+kNNB6EvimM6Aw0r+9mfiX105gUO6mIowT4CFbLBokEkOEZyngvlCcgZwYQpkS5lbMRlRRBiarnAnh61P8P2kUHffM8a69QvVyGUcWHaIjdIJcdI6q6ArVUB0xlKAH9ISerXvr0XqxXhetGWs5c4B+wHr7BPi4k/s=</latexit>

Pshot

<latexit sha1_base64="QC757H5cENWOZkvx6fBECA1HUZA=">AAACJ3icjVDLSgMxFM34rPVVdekmWISKUKZS1I1SqQt3VrAPaIchk6ZtaDIzJHfEMszfuPFX3Agqokv/xPSBLxQ8cOFwzrkk93ih4Bps+9Wamp6ZnZtPLaQXl5ZXVjNr6zUdRIqyKg1EoBoe0Uxwn1WBg2CNUDEiPcHqXr889OtXTGke+JcwCJkjSdfnHU4JGMnNHFfcFrBrUDIunyc419/BR/jkQ6Mi0pDgiitH1i7+jOteAImbyRby9gj4b5JFE1TczEOrHdBIMh+oIFo3C3YITkwUcCpYkm5FmoWE9kmXNQ31iWTaiUd3 JnjbKG3cCZQZH/BI/boRE6n1QHomKQn09E9vKP7mNSPoHDox98MImE/HD3UigSHAw9JwmytGQQwMIVRx81dMe0QRCqba9P9KqO3lC/v54kUxWzqd1JFCm2gL5VABHaASOkMVVEUU3aA79IierFvr3nq2XsbRKWuys4G+wXp7B982pWI=</latexit>

PCO(k) = AclustPm(k) + Pshot



https://iopscience.iop.org/journal/0004-637X/page/comap 

COMAP Pathfinder: Early Science Results (2022, 2024)

https://iopscience.iop.org/journal/0004-637X/page/comap


COMAP Pathfinder: Season 2 Results (2024)
Lunde et al. 2024 
(A&A, 691, A335)

Stutzer et al. 2024 
(A&A, 691, A336)

Chung et al. 2024 
(A&A, 691, A337)



Breysse et al. (2022) 



COMAP EoR: 12-20 GHz (Ku-band)
• Probing Epoch of Reionization: CO LIM @12-20 GHz (z=4.8-8.6) 
• Development of a prototype receiver at KAIST (NRF funded)

LNF-LNC6_20C Cryogenic LNA

RF over Fiber (20 GHz)

Taeduk Radio Astronomy 
Observatory (TRAO) 13.7 m





(Future) Telescope Idea: SKA-Mid

https://www.skao.int/en/explore/telescopes/ska-mid

• The first prototype dish of the (15 m) SKA-
Mid telescope constructed on site in South 
Africa has achieved first light. 

• Frequency range: 350 MHz - 15.4 GHz (with 
a goal of 24 GHz) 

• Focal plane array (~19 pixels) available 

• Off-axis design: Standing wave ↓, Sidelobe 
performance ↑ 

• Southern hemisphere: Cross-correlation 
with SKA observations (or the other galaxy 
surveys)

https://www.skao.int/en/explore/telescopes/ska-mid


https://www.roe.ac.uk/vdod2021/crawford-building/ska.html 
https://www.skao.int/en/news/512/ska-mid-prototype-dish-creates-first-light-image  

https://www.roe.ac.uk/vdod2021/crawford-building/ska.html
https://www.skao.int/en/news/512/ska-mid-prototype-dish-creates-first-light-image


Exploring the History of Star and Galaxy 
Formation in the Early Universe from z=2.4 to 8.6,  

Probing the 3D Large-Scale Structure

COMAP Pathfinder 
26-34 GHz (z=2.4 – 3.4) 

• Focal plane array 
• CO LIM using single-dish 

radio telescopes (e.g., 
ngVLA, SKA)

COMAP EoR 
12-20 GHz (z=4.8 – 8.6)

(2) Testing Signal Chain + Observation

(1) Ku-band Prototype Receiver Development



Cosmic Microwave 
Background (CMB)

!

Galaxy surveys 
z = 0-1+


