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What is Line-Intensity Mapping? 

Intensity mapping: 3D mapping of the specific intensity due to line emission.

LIMFAST©  
Simulation

• Left: in ~4500 hours, VLA can detect ~1% of the total number of CO-emitting galaxies. 

• Right: in ~1500 hours, COMAP will map CO intensity fluctuations throughout the field.

(Kovetz et al., 
arXiv:1709.09066)
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(Astro2020: Kovetz et al., arXiv:1903.04496) 
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Science Goals of Line-Intensity Mapping 

Tests of ΛCDM Cosmology (and beyond):

• Inflation (running, primordial non-gaussianity, power spectrum oscillations)

• Dark matter (decaying, annihilating, interacting)

• Optical depth to reionization (improve CMB estimate)  

• Baryon acoustic oscillations (up to high redshift) 

• Neutrino masses (in synergy with galaxies, CMB) 

• Dark energy (constrain equation of state)

• Modified Gravity (Chameleon, Hordenski)

. 

. 

.
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Credit: Bowman et al. 2018 

Led by Bowman (ASU), Rogers (MIT):

• Located in western Australia (low RFI) 

• Cheap instrument (roughly $2M price tag)

• “High” and “Low” (50-100 MHz) bands

• Operating since 2015 (O(100) hours analyzed) 

• Two identical instruments, placed 150m apart
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• Effect governed by the plasma frequency (= effective SM-photon mass):
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• Hidden photons couple to the standard model electric current:

• Effect governed by the plasma frequency (= effective SM-photon mass):

• Oscillating HPDM electric field induces motion of electrons and ions in the plasma.
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• Hidden photons couple to the standard model electric current:

• Effect governed by the plasma frequency (= effective SM-photon mass):

• Oscillating HPDM electric field induces motion of electrons and ions in the plasma.
• Collisional friction dissipates the oscillations, and heats the plasma:
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• Hidden photons couple to the standard model electric current:

• Effect governed by the plasma frequency (= effective SM-photon mass):

• Oscillating HPDM electric field induces motion of electrons and ions in the plasma.
• Collisional friction dissipates the oscillations, and heats the plasma:

• The baryon temperature is then:
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Inferred bounds from assuming EDGES supports strong or maximal absorption:
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- Suppresses 21cm fluctuations

Fuzzy Dark Matter: Small-Scale Suppression 

Jones et al., Apj 2021
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Effects on 21cm signal:

- Shifts global signal


Fuzzy Dark Matter: Small-Scale Suppression 

Sarkar and EDK, in progressImportant to take into account:

- DM-baryon relative velocities


- Lyα feedback on star formation


- Lyα- and CMB-induced heating


- Astro/Cosmo degeneracies
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Cosmic Dawn 21cm: Observational Outlook 

• 21cm global signal: LEDA, PRIZM, SARAS2...

Earliest results could show up before the end of 2018!

• 21 power spectrum: HERA, SKA....

If EDGES is correct, power spectrum signal should be x10 higher than expected.
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How fast is the 
current expansion 
of the Universe?  


    (what is     ?)

Almost a Centennial for this Core Question: 
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A Growing H0 Tension 

Credit: Perivolaropoulos and Skara, 2021
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The sound horizon is imprinted in the statistics of galaxy locations:

Credit: D. Eisenstein
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BARYON ACOUSTIC OSCILLATIONS

bump implies an excess in the number of pairs of galaxies cor-
responding to the BAO scale.

As the redshi! drops, the clarity with which the BAO bump
can be seen decreases. Note, though, that the growth of struc-
ture in the expanding universe acts mainly to smear out the
scale rather than to shi! its location. Nevertheless, the smear-
ing is pernicious, in that it degrades the fidelity with which the
BAOs can be measured. Removing it from observations is an
area of research that I will discuss later.

The radiation freed from the baryons at recombination is
measured today as the cosmic microwave background (CMB).
The signature of the BAOs is imprinted on both the CMB and
the ma"er distribution. In fact, the signal-to-noise ratio is 
significantly higher for the CMB, as recently observed by the
Planck satellite mission.3 Two factors contribute to the relative
degradation of the BAO signal in ma"er. First, a!er recombi-
nation, the dark ma"er at the center of the acoustic wave and
the baryonic ma"er at the periphery had to come together
under the action of gravity. Then subsequent growth of struc-
ture further compromised the signal. The key strength of
galaxy surveys is not to tell us about the pre-recombination
universe but rather to realize the BAO scale as a standard ruler
to measure the geometry of the universe at lower redshi!s.
And that information, in combination with CMB features, can
be used to test cosmological models, including the nature of
dark energy.

The universe in the large
To observe BAO, we astrophysicists need surveys of galaxies
that cover volumes of many cubic gigaparsecs and include
many hundreds of thousands of galaxies. The angular posi-
tions of galaxies are relatively straightforward to obtain, 
but turning angular positions into a three-dimensional map 
is more difficult. We obtain the radial information from the 
redshi! in the light from the distant galaxies. It is possible to
obtain an approximate measurement of the redshi! from the
broadband color of a galaxy, but to obtain an accurate redshi!,

we need a spectrum from which emission and absorption fea-
tures with known rest-frame wavelengths can be accurately
measured.

Given a cosmological model, we can translate from redshi!
to comoving distance and make a 3D map. But the map is only
as valid as the model used to create it: How do we know it’s
okay? The key is that galaxy surveys observe the BAO feature
at multiple redshi!s, as shown in figure 2. If the model is wrong,
the comoving size of the BAO feature, as determined by the
cosmological model, will not match at one or more wave-
lengths. In particular, the size of the BAO feature will appear
to be inconsistent if the nature of dark energy is significantly
different from cosmologists’ expectation.

In many fields in science, improvement in experimental
measurement is driven by improvement in apparatus. For
spectroscopic galaxy surveys, the key innovation was the mul-
tiobject spectrograph (MOS), which enables the simultaneous
measurement of spectra, and hence redshi!s, for multiple
galaxies. The development and operation of two instruments
led to the first observations of BAOs in galaxy surveys: the 
two-degree Field MOS on the 3.9 m Anglo–Australian Tele-
scope, which was used for the two-degree Field Galaxy 
Redshi! Survey (2dFGRS),4 and the MOS on the Sloan 
Foundation 2.5 m Telescope, which was used for the Sloan Dig-
ital Sky Survey (SDSS).5 As with many experiments during
which the data build up slowly over time, it is not possible 
to pinpoint the instant when the evidence for BAOs first ar-
rived. In 2001, as a young postdoc fortunate to be part of the
2dFGRS team, I analyzed the clustering of the galaxies in the
survey when it was approximately two-thirds complete. There,
I found the first evidence that baryonic effects in the early uni-
verse were needed to explain the observed galaxy distribution.6

As the data improved, the BAO signal became clearer in 
the 2dFGRS data,7 and it was also convincingly seen by the
SDSS team.8

More recent surveys have improved significantly on those
early detections. The largest of those is the Baryon Oscillation
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FIGURE 1. THE CORRELATION FUNCTION ξ(r) relates the 
density of matter at two points separated by a distance r. In this
plot, created with the routine RegPT,13 r is a comoving coordinate;
points with fixed r flow with the expansion of the cosmos. To
make large separations clearer, the correlation function has been
multiplied by r2. Each pair of curves, one dotted and one solid,
represents a different redshift z, whose value is zero today and 
increases in older slices of the cosmos. Reading the curves from
top to bottom, z increases from 0 to 3.0 in increments of 0.5. The
baryon acoustic oscillations (BAOs) feature—the bump at an r
of about 150 megaparsecs (Mpc)—can be seen clearly at all 
redshifts. The dotted lines show the expected evolution as if 
bulk motions had not damped the BAO signal, whereas the solid
lines show the expected signal after damping. On small scales,
clustering increases with cosmological evolution and is evidently
strongest at the present day. Also, as expected, the damping 
increases as the age of the universe increases and z decreases. 
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The sound horizon is imprinted in the statistics of galaxy locations:

Galaxy correlation function

Plot: Excess probability to find a pair of galaxies separated by  
a given comoving distance, relative to a Poisson distribution
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ture further compromised the signal. The key strength of
galaxy surveys is not to tell us about the pre-recombination
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led to the first observations of BAOs in galaxy surveys: the 
two-degree Field MOS on the 3.9 m Anglo–Australian Tele-
scope, which was used for the two-degree Field Galaxy 
Redshi! Survey (2dFGRS),4 and the MOS on the Sloan 
Foundation 2.5 m Telescope, which was used for the Sloan Dig-
ital Sky Survey (SDSS).5 As with many experiments during
which the data build up slowly over time, it is not possible 
to pinpoint the instant when the evidence for BAOs first ar-
rived. In 2001, as a young postdoc fortunate to be part of the
2dFGRS team, I analyzed the clustering of the galaxies in the
survey when it was approximately two-thirds complete. There,
I found the first evidence that baryonic effects in the early uni-
verse were needed to explain the observed galaxy distribution.6

As the data improved, the BAO signal became clearer in 
the 2dFGRS data,7 and it was also convincingly seen by the
SDSS team.8

More recent surveys have improved significantly on those
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density of matter at two points separated by a distance r. In this
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points with fixed r flow with the expansion of the cosmos. To
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represents a different redshift z, whose value is zero today and 
increases in older slices of the cosmos. Reading the curves from
top to bottom, z increases from 0 to 3.0 in increments of 0.5. The
baryon acoustic oscillations (BAOs) feature—the bump at an r
of about 150 megaparsecs (Mpc)—can be seen clearly at all 
redshifts. The dotted lines show the expected evolution as if 
bulk motions had not damped the BAO signal, whereas the solid
lines show the expected signal after damping. On small scales,
clustering increases with cosmological evolution and is evidently
strongest at the present day. Also, as expected, the damping 
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The sound horizon is imprinted in the statistics of galaxy locations:

Galaxy spatial distribution (illustration)

Credit: Z. Rostomian, LBNL

Credit: W. Percival

Credit: ESA

LIM will also show this feature!
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Credit: J. Bock, SPHEREx

Underlying density fluctuations

Structure: stars, ISM, galaxies, IGM, clusters

How can LIM weigh in on Hubble Tension?
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Challenges:

Conclusions and Outlook 

Opportunities:

• Synergy with other datasets: biases, systematics, galaxy evolution,... 

• Foregrounds?!

• Epoch of Reionization: bubble sizes, ionized fraction, duration,....

• Cosmology: Inflation, dark matter, dark energy, modified gravity...

• Astrophysics: star-formation, galaxy assembly, metallicity history,....

• Optimal observables/estimators

• Modeling: how to interpret a measurement?

• Simulations
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