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CO Intensity Mapping for Capturing the
Star-formation History in the Early Universe
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Studying Baryonic Flow Across the Cosmic Scales Using
Radlio and Millimeter Wavelength Experiments

Event Horizon Telescope VLBI: Line-intensity mapping with CO: Sunyaev-Zel’dovich effect:
Supermassive black holes Spatial distribution of galaxies Circumgalactic & intracluster media

South Pole Telescope Leighton Chajnantor Telescope
(South Pole Station, Antarctica) Radio Observatory, California) (Mauna Kea, Hawaii = Atacama desert, Chile)



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

Line-intensity mapping with CO:
Spatial distribution of galaxies

Radio Observatory, California)
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 Tracer of cold molecular gas, the fuel

for star formation.

e The second most abundant molecule

INn the gas phase.

* Line emissions at multiples of ~115 GHz.

lBClﬁO

Carbon Monoxide (CO)

. 4‘ i L.

NGC 6300

L & 3-
. tr«»?v“'

< *.A
<

NGC 1385

NGC 4321

N '.
b b e
3 : wl &4
el 7 B
3 , o § 18 jr LSy
' . g . ' : A -y N t. - \}
N “ 0 =™ . -.:'.\r‘ A”.
NGC 2997 NGC 1097 NGC 1566 NGC 2903

NGC 3351

bt
oy S

. " ¥ . :in;‘

-t
s

L Aweay Wi

#

:"
Y
i w iy -
PRAST W .5
- ,l‘i;-‘— R

» " . “JT v. ~1‘ »
4 ,}, Ao

: el
- 4

P

o uy. ]
. ! >

“a

NGC 3621

NGC 2775

0

i RN ' 3"’&
>y el s B
t
l ' [ ‘\ { 4
\ - ) LY "r' '
) e ¥
P g ki
v - .‘“ I ;"
Y . ‘,'-
NGC 2566 NGC 4535 NGC 3627
0 i . . "
e B Tk Nata
$han ¥ 5
’ i
NGC 4781 NGC 5530 NGC 5643

NGC 4579 NGC 4254 NCC 3521

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



Line Intensity Mapping (LIM, ‘A Aj[7]| O4ZL’)

 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)

. . CO Power Spectrum
CO Galaxies CO Intensity Map

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



Line Intensity Mapping (LIM, ‘A Aj[7]| O4ZL’)

 LIM is sensitive to the “aggregate line emission from all galaxies in the line of sight”.

(convolved with ~5 arcmin beam)

CO Intensity Map

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



Line Intensity Mapping (LIM, ‘A Aj[7]| O4ZL’)

 LIM is sensitive to the “aggregate line emission from all galaxies in the line of sight”.

(convolved with ~5 arcmin beam)

CO Intensity Map

CO Power Spectrum

Fourier transform Clustering amplitude %
(Underlying matter
power spectrum)

+

PCO(k) — - Pshot
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Kovetz et al. (2017), Cleary et al. (2022), Credit: Patrick Breysse & Dongwoo Chung



« Cosmological Redshift:
The observed frequency
of a specific spectral line
corresponds to the
redshift, which in turn
Indicates the age of the
Universe!
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CO(1-0): 115.27 GHz
(2.6 mm)

Age of the Universe [Gyr]

Vobs = 115.27 GHz/(1 + 2)
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Line Intensity Mapping (LIM)
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https://lambda.gsfc.nasa.gov/education/graphic_history/intensitymapping.html
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Bank of 16 Grating Spectrometers
(Single Polarization, 1 of 2)

16x Curved Diffraction
Gratings (R ~ 170)

16x Split Block Feedhorn
Mount Fositions

Detector Module
Mount Position (1 of 6)
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COMAP Early Science Results
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COMAP Pathfinder

« 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 ROACHZ2 spectrometers, 2 MHz resolution

Sierra National

Oakhurst
Forest

Q
Owens Valley Radio

Observatory (OVRO) ix

Kings Canyon

Hume «National Park

Fresno Independence
Long\Pine

Sequoia
Three Rivers National Park
Hanford Visalia

moor .
Lemoore Tulare

Porterville
man City Sequoia

National Forest

Bonnie Claire

Amargosa
Valley

Death Valley

National Park

Shoshone

[ecopa

Delano Kernville Searles Valley

, Inyokern
Lost Hills Wasco Lake Isabella N l
idgecres

Shafter

Buttonwillow Bakersfield

lehachapi

243 miles

Lancaster

Palmdale

Santa Barbara A |
0 Angeles

e NationaljEbrest

260 miles Nationaljgores

Ventura <00 mile

o Burbank {
Oxnard (101) \ Cahill'Center for
Astronomy'and...

Fort Irwin

(¢ o)

)
274 miles

(@)
Victorville

Hesperia

San
Bernardino

Santa Monica = ... Riverside© National Forest

Anabeim

Long Beacho |
lrvlglne

Palm Springs
Palm Desert

La Quintao Indio

Map data ©2022 Google United States Terms Privacy Sendf




COMAP Pathfinder

« 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

« CO probes cold molecular gas, the fuel for star formation. Peak of the
Star-formation History
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Cleary et al. (2022)



COMAP Pathfinder: Instrument
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COMAP Pathfinder: Observation

e 5-year observing campaign (started 2019)
 Three observing fields (~4 deg?)
 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)
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COMAP Pathfinder: Observation

e 5-year observing campaign (started 2019)
 Three observing fields (~4 deg?)
 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)

..“ -5"‘ ’. . - . - ,:l —y B S - 2 < 3 .-d I ‘n:
-'f}\ o, oV P .“-‘:‘i %l T A
‘A - - s " , ; ..: g}’l\ : l.n : ,::4 £|",»3v l 80
) £ Tl

~ o N
60
40

20

> |

a4 X

3
- d
‘78

--20

20°
Cleary et al. (2022)




COMAP Pathfinder: Calibration

Tsys = lreceiver T Tatmosphere - Tground =+ TCMB - Tforegrounds - TCO
(~10-30K) (~1525K) (~5-6K) (2.7K)  (~1mK) |O(1 uK)

Tsys Constant elevation scan , Lissajous scan
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to dry air (O, and other trace gases).
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COMAP Pathfinder: Season 2 Results

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

e Season 2 (November 2020 -
November 2023: 12,300 on-
sky observation hours)

Models: Li+2016—Keating+2020 LIM observations:
Padmanabhan2018, fq,y = 1 Chung+2022, UM+COLDz+COPSS (CO(1-0), z ~ 2.8, 95% UL /10 ClI)
Pullen+2013, Model B Li+2016 COPSS

Keating+2020 clustering UL Padmanabhan2018, fq,ty = 0.1 COMAP Season 1

Keating+2020 Pgyo: estimate Yang+22 empirical fit Hd COMAP Season 2 (this work)

10~ 10°

k (Mpc™1)

Chung et al. (2024)



COMAP Pathfinder: Season 2 Results

aco = 3.6Mo(K km s~ pe2) ™1
(Tco) = 0.727550uK

pr2 = 5.0757 x 10" Mo Mpc™?

(mean CO temperature) (molecular gas abundance)

ASPECS/PHIBBS2 #+« COMAP Early Science UL
COLDz This work:
COPSS COMAP Season 2 UL

o
mmIME ¥ UM+COLDz+COPSS+COMAP S2
Garratt+21 fit

CO Power Spectrum

Clustering amplitude %
(Underlying matter
power spectrum)

+

PCO(k) — =+ Pshot

1.0 1.5 2.0 2.5 3.0 3.5 4.0
redshift

Chung et al. (2024)



COMAP Pathfinder: Early Science Results (2022,2024)
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ASSTERACT

The CO Mappiag Ammay Projoct (COMAP) Fahiinder is performing Hine Intenshiy napplag of CO enisslor 1 race the Jisciduthor
of unresolved galaties a: sedshift 2 ~ 3. We present an immoved version of the COMAP dam processing pipeline and spply it t
19¢ first two Seasoas of observacions. Thes asadysis improves on the COMAF Eardy Scieace (ES) resulis in severad bey aspeos Or
the chiervational side_all second season soans wese made s constant.elevat.on mode, afier noting that the prmuica: Lissajous somm
ware associated wih iscroased systomeuis carary those scaas sccounted for 3079 o7 dw wosal Scason | disa volume. [n & diden, al
e ohervstiane were reciritad 1 an ¢levatine rnge of 3548 dagrves i memevee adelobe ground pickop D the daea procesiang
e, e effevtive data demang in Dotk e e and msp Josan allowol o W elining dl dota-diives powe pact an-busae
ans Thiginereses the aversil data reteation ard red sees the sk of S grsl ahracton had However, dhae inthe incaeaced oncitivity
o iew puiskingsuniclatod syslconatin coos ave casrgod, and we istanduesd © pew mapJdusan PCA Le o suppreas e
erms. Sutracting oaly five oue of 255 PUA mades, we fod tha the standard devaion of the cleanad maps dacreases by 67%
va luge angular scakes, and dter applying thes Glter, the meeps apprar consstent wh nstrumenial sose. Combunng all of tese
impeovements, we find that ench hour of riw Senson ? abgervatsans il s oo merage 7 7 Emes maee cleaned dats compared 1o the ES
analysis Connrining (s wita he mrzese oraw vbecrvatosal hours, U elfzative spount of dats availaoks for sigh-Jeve: anal ysis is
s factor |l-1-_.4".",!'.‘|'rlh:n nthe FS asslysr The wanlting maps haowe seached an nacrnsinty of 2480 K e vouel p'u\.d.n_- W

i the srvoges! sonstisints sn venoagial CO lix auisia pdokshal o dee
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mdio incs: galx o

1. Introduction unresclived galaxies 1s mappad in 30 as 1 tracer of the cosmclog-
wal lage-scale stuctie (6.5, Korete o al 2017, 2019). ltrep-
resznte 3 dromising and complementary ccamological pecbe to,
say, galaxy sarveys and cosmic microwave background (CMEB)
obscryations. [n particular, LIM offcrs the potontial lo survey
* Coeresponding suhor; § .g. 5. lurdefastro.uio . ro vast coarological volumes at Bizh redshift in & manrer that

Lircintensity mappicg (LIM) iz an cncaging observational tech
nique in which the inmeg-ated saeciral line emisiida ‘rom many
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Il. Updated consiraints on the CO(1-0) power spectrum
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ABSTRACT

We presen: ypdated coastruants cn the cosmo ogisal SD power spectrum of carbon ncoomce CLX 1-0) eression 1 he edshit nrge
24 3.4, The constraints are cerived Fren the o first sossens of Carbos menOixide Mapp nz Array Prejeo: (COMAP, Pathandee line
1RSI Y MAdpIng DL VALONS MM yg 0 Lrace star formahoa Junng (he epoch of g2laxy assembly. Thes? resu s urprove on e pre
viows Kardy Scionce resubs threwgk bBoth increased daca volurw ind an improved data processing methodalogy, On the methodologaad
S A2, WE NOW PerTm Cross-Cormelations betwem grougs of eecton 1"Teed groups |, 48 00posal 10 Crass-corrzhitons beween single
feeds, and thix rew feed group peeaco power spectrun (FGFXS) % comtructac 1 be more rosusl aguast systeralic ¢ffects. n terne
of &aa wlame, the sffective mapping speed is signifcandy lacreased due [0 an mproved cbservar 0l stregy a5 vell a8 a bermer data
selection netbodology. The updated spherszally and fizld-averaged FGPXS, C(h), i consistent with 220, 3t 2 probabdity.to-exseed
of amund 3%, win ar excess of 2.7 ¢ Ir the mos seas tive b, Our power specirum estinaie 15 about an order of migninie mere
sonsitive in our six deepest bins asres: 0,00 Mpe™ ! < } < 0,73 Mps™ |, compared to the feed feed peeude power spectrum (FPXS) of
COMAP ES. Zach of these DIys 1Gvidualy coasiraies the CO Xwet speciram 0 APproll) < 28204900 u X Mpc' a1 95% cori
dorce, To momor patential scovam nation from residead cystomatic sffects, we analyzed 3 set cf 312 dEfference map mall taedx and
fourd that these are consisaent with the instrumental noise predicuion. In sum, thes: resulis rovioe the swonges! dirct constraiys on
the commologeed 3D COY1-L) somer spectrurs sbashed 1o date.

Key woeds. meticds: data analyds -~ mahods obseranonal - galaxies: high-redshifi - diffuse adlacion -~ adio lises: galaxies

1. Imtroduction bright and Gaat Rre mtensty maoping (LIM) ams to map he
Univers: from arge to small scales in three dimensions (sec
By wllectiag the conrbined redshi‘t-dzpendent line enession Moy ot o 1007 Batye ot ol 2004 Patarsar et al 2006: Looh
from all soaces, both diffusely emitting gas and all galuies, & Wylthe 2008: kovez et al. 2D 7. 2019, and referencas thersin
for detals on LIM) Scveral emiss on lines of imteres: heve deen
' Corroponchng asther; n. 0. etutzer@astre uic.no proposed, among them 21 cm, cuboa moacxide (CO), sorized
AZ36, pape 1 of 1D

Coon Acooms artcie, pubashox b FOF Sowmces, sadder 0w domm of the OnatveCsmmoss Amrosaos Licinee § . tivwonmons aplciaasthhyi()

whinch dcerds 2 e dotabetion ard rovodudion B sy modun, srovsce the sl vork o peepe vy cued
Thae ancle iupahindy % " Sherby w0 Cpen noded Sabecnby e AR\ D wpoort opmn oo palbacation

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

AKA, 671, A33T [A24)

hetps:/ldoi.ceg/10.105 1 D004-636 1202451122 M_
© The Authots 2024 AstrothSics

COMAP Pathfinder — Season 2 results

Ill. Implications for cosmic molecular gas contentatz - 3
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ABSTRACT

Ihe Uardan moaUnade Mappng Aray Froect (COMAF) Faithinder suracy conbisees © demonstrals the fcasitality of line-miensty
mapping using Figh recahift sarkor monoxide (COY Ene emiscicn traced at cosmological coales The laest COMAP Pathfinder power
SOOCTUm analvs S8 Basad o cheervalons Tooagh e ead of Seaun Z, covenng 1he Iirsd thn vears of Falhir der oxerilions, We use
our lates: costraints o the CO(1-0) Bre intensity prwer cpoctrum ¥ 2 ~ } 0 updae cormespondirg corstrairts on the coemologaad
Clusternz of CO e arision and tas the Cosmic malocalar gas CONMznt ot a key 2poch of galaxy assembly. We firs: mirm: the
COMAP Early Soence interpeetation, cossadening how Seanda 1 sewults taaslate to hmts ca the kot rose power of CO floduwion:
and e s of CO arission as a racer of e upder'ynz dar< mauer dlsribuiber. The COMAFP Scawon 2 resilis place the mos
strngeat Lenits o tye OO wacer bias 0 date, M {T8) < A8 K, ahich translates 10 a molesular zas densiny vpper hnd of oy < 1.6 ¥
10" A Mpe ¥ 2~ 3 given addidonal moXl asscmpdons, These dmits namow the modzl space sign ficanddy compared 1o previous
CC line ‘mensty mapping results whils maivtaining consicency with small velume interferometric rurveys of resolved line card dates
Ihe coulls 2ls0 exXpr2ss a Wik prderence 1D LU emiss Ol mwodels usad to e rdxial loreciss Irom CUMAYK Eaty xunse,
including our data-crven priers. We ake coander dirsctly conitraining a mvechel of th halo-C0 senaectaon, and chow quakitative hats
of capring the el conribytion of rziat COemimes throagh the improved seas tvity of COMAFP dae. With coninued cosernavions
anc sutching smproversenvs i soalysis, the COMAD Pathfinder remame oa tack for o deiectos of coemcleg eal clustering > CO
cmission

Koy woeds. golmcies: sighoredshift — diffuse ndiation < rmdio lines: golaocies

1. Intreduction through diterete resolved tracer sources. Rather LIM surveys
achieve 1iis through erresolved zmissior n specific spectral
linzs, indudirg Bros associated with differont paascs of the
siar-foeming isterst>llae madiom (ISM) such as carboa monox.
e 1COY and the '[C ) line from singly fonizexd carton (see

Line-imtersity muapping (LIND) surveys mrap the large-scalz stue
ture of the Universe in lurge coarological velumes, but not

' Lerreqonchng aule: dongwdocicarnell &du

A page lof 4

Coon Acooms artcie, pubashes b HOIF Sowmces, sacher 0w e of the OnatveCsmmoss Amrowaos Licime Bops tivocnmons aplciaasthhyi()
whinch scmmls swesricted ve ¢« ] rovodudicn B sy modun, srovsce the sl vork o peepe vy cue
Thie anticle bupehidind n opea acoes o b o Cpen nodeld Sabacnie te AR\ B wpport open oo pebicatien




- —— CO(1-0)
26-34 GHz
12-20 GHz

N
=
=
(@p]
s
o7

| = Flducial aco
- MW dco

—-= ULIRG dco
Yang+2022

Age of the Universe |Gyr]

20 25 30 35 40 45 50
Observed Frequency [GHZ]
Breysse et al. (2022)




Taeduk Radio Astronom
co MAP EO R: 12'20 G HZ (Ku - band) bsertory (TR,tAO) 13.7ym

* Probing Epoch of Reionization: CO LIM @12-20 GHz (z=4.8-8.6) r -

 Development of a prototype receiver at KAIST (NRF funded)
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RF over Fiber (20 GHz)
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(Future) Telescope Idea: SKA-Mid

 The first prototype dish of the (15 m) SKA-

Mid telescope constructed on site in South S“;;fﬂi;‘m Main Reflector
Africa has achieved first light. St cHiia Feed Arm

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

 Focal plane array (~19 pixels) available AR O\ Structure
AX / =4 ) '
 Off-axis design: Standing wave !, Sidelobe RN —_— / \ |, .
performance 1 NV AT Elevation Axis
: : | Elevation Actuator
« Southern hemisphere: Cross-correlation S ;
. . ront-en naexer
with SKA observations (or the other galaxy Sl attor : e
surveys) | Foundation

https://www.skao.int/en/explore/telescopes/ska-mid
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SKA-Mid prototype dish creates first
ight image

How will SKA1 be better

The first prototype dish of the SKA-Mid telescope constructed on site in South Africa

than today's best radio telescopes?

Astronomers assess a telescope's performance by locking at LOFAR JVLA The Square Kilometre Array (SKA) will be the world's largest

three factors - resolution, sensitivity, and survey speed. \With Natherlands Karl G. Jansky radio telescope. It will be built in two phases - SKA1 and SKA2 -

its sheer size and large number of antennas, the SKA will provide | e JYeryLange Array. USA starting in 2018, with SKA1 representing a fraction of the full e

a giant leap in all three compared to existing radio telescopes, SKA. SKA1 will include two instruments - SKA1 MID and A

enabling it to revolutionise our understanding of the Universe. SKA1 LOW --observing the Universe at different frequencies. . fg.:
- N

3 —v/
N

'; ;A .‘,.—

» -
L2 N
A S
.‘ o

—

A

WITH THE SXA WITH CURRENT RADIO TELESOOPES

WITH THE SKA WITH CURRENT RADIO TELESCOFES
SKA1 LOW SKA1 MID
Australia

South Africa

ska1 Low X1.2 ... ska1 Low X135.... SKA1 LOW X8 ...

ska1 MiD X4 ... ska1 vio X60 SKA1 MID XD ...
Thanks to its size, the SKA will see Thanks to its sensitivity and ability to see a Thanks to its many antennas, the SKA
smaller details, making radio images larger area of the sky at once, the SKA will will see fainter details, like a
less blurry, like reading glasses help be able to observe more of the sky in a long-exposure photograph at night
distinguish smaller letters. given time and so map the sky faster. reveals details the eye can't see.
www.skatelescope.org [ Square Kilometre Array [ @SKA telescope 3§ Yl The Square Kilometre Array As the SKA isnt operational yet, we use an optical image of the Milky Way to illustrate the concepts of increased sensiivity and resolution.

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
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COMAP Pathfinder /- | ~
26-34 GHz (z=24 - 34) (1) Ku-band Prototype Receiver Development

VCU128

Xilinx

s MY

COMAPEOR
12-20 GHz (z=4.8 - 8.6)

 Focal plane array

e CO LIM using single-dish
radio telescopes (e.g.,
ngVLA, SKA)

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
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