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Madau and Dickinson, 2014
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Our knowledge of the star-formation history of the Universe 
has grown dramatically in the last two decades…

Exploring the Early Universe



Exploring the Early Universe

Kulesa, C. 2011, Bolatto et al., 2013
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Most high-
redshift data 
comes from 
the warmer, 
more diffuse 
regions of 
galaxies……but we’d like 

to know more 
about the 
colder, denser 
gas that feeds 
star-formation.



Lines in the (sub-)mm window
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The New Frontier of Cold Gas

Current instruments have yielded 
dozens of high-redshift CO and [CII] detections…

…but what are the prospects for wide-field, wideband surveys 
to measure emission arising from millions or billions of galaxies?

Walter et al. 2014

Genzel et al. 2015

Tacconi et al. 2013 Walter et al. 2016 Capak et al. 2015

Lentati et al. 2015
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Why Large Volume Surveys?

Im
ag

e 
Cr

ed
it:

 A
lb

er
to

 B
ol

at
to

Understanding the complexity 
of molecular gas

A wealth of existing and 
upcoming high-redshift 
extragalactic data

Cosmological applications 
at high redshift
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Constraining Cosmology
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Moradinezhad Dizgah & Keating, 2019

Karkare & Bird, 2018



Direct Detection

Stacking

Intensity Mapping

Waste no photon!



What’s in a name?
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Intensity Mapping

Making Maps of Intensity 
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The CO Power Spectrum

Li et al., 2016
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The Luminosity Function 
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Shot Power

Direct Detection



Think Big, Go Small!

Geoff Bower (ASIAA)
John Carlstrom (Chicago)
Tzu-Ching Chang (ASIAA)
Dave Deboer (Berkeley)
Chris Greer (Arizona) 
Carl Heiles (Berkeley) 
James Lamb (CalTech)

Erik Leitch (CalTech)
Dan Marrone (Arizona)
Amber Miller (Columbia)
Stephan Muchovej (CalTech)
Dick Plambeck (Berkeley)
David Woody (CalTech)

The CO Power Spectrum Survey 
(COPSS)

SZA Dishes COPSS Collaborators:

Garrett ‘Karto’ Keating (PI;  formerly Berkeley/UCPD)
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Primary Survey Results
CO Power Spectrum

Keating et al., 2016

CO Redshift Evolution

First (tentative) detection! !CO = 3.0().*+).*×10* .K0 Mpc/ℎ *

Weak evidence (∼ 17) of increasing power with decreasing redshift.
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The CO Luminosity Function
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Keating et al., 2016



Cosmic Molecular Gas

Keating et al., 2016
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Millimeter Intensity Mapping

VLA, ACA and SMA have similar primary beam sizes 
and UV-coverage – well-suited for cross-correlation!

VLA @ 1cm ACA (ALMA) @ 3mm SMA @ 1mm
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Millimeter Intensity Mapping
The Millimeter Intensity Mapping Experiment (mmIME):

“It only looks like there’s nothing there”

Geoff Bower (ASIAA)
Tzu-Ching Chang (ASIAA)
Anastasia Fialkov (CfA)
Attila Kovacs (CfA)

Avi Loeb (CfA)
Natalie Mashian (CfA)
Dan Marrone (Arizona)
Wei-Hao Wang (ASIAA)

Garret ‘Karto’ Keating (PI; CfA)
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mmIME Survey Targets
Stage I:
- Appx. 600 hours

- 5 target regions
(SXDS, COSMOS, 
AEGIS, VIPERS, 
DEEP2)

- 192-242 GHz*

- 50 sq. arcmin

- ∼ 0.5 mJy cont

- ∼ 3 Jy km/sec line

- Power sensitivity of 
6×10* +K* Hz sr
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Recent Progress with mmIME
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Intensity Map
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Recent Progress with mmIME
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Recent Progress with mmIME

Charting Molecular Gas Across Cosmic Time

PRE
LIM

INA
RY

PRELIMINARY



Recent Progress with mmIME
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Cross-Correlation Studies

Charting Molecular Gas Across Cosmic Time

Keenan, Marrone, and Keating., 2019 (in prep)



Making use of the SMA Archive
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Yin and Keating (in prep)



Looking towards the future…
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Better frequency coverage means:
• Better continuum sensitivity (wideband + dual band)
• More instantaneous spectral lines

Lots of applicability with potential expansions
• Widefield mapping capabilities (multi-pixel + OTF)
• “Filling the IF hole” -> better redshift coverage
• Lots to be done w/ either lower or higher freq guest instrument



Comments and Questions

garrett.keating@cfa.harvard.edu

Concluding points:
• The cold gas of typical high-redshift galaxies a critical piece of 

the star-formation puzzle of the early Universe

• Intensity mapping of CO/[CII] offers an inexpensive way to probe 
cold gas, that would otherwise be difficult to detect directly

• 1st generation of experiments and instruments are coming online 
now, next decade will be a boom time for IM-related science
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