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Line-Intensity Mapping (LIM)
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I. Introduction

Line-intensity mapping (LIM) [1] measures the spatial fluctuations in the integrated emission
from spectral lines originating from many individually unresolved galaxies and the di↵use
IGM to track the growth and evolution of cosmic structure. Line fluctuations trace the un-
derlying large-scale structure of the Universe, while the frequency dependence can be used
to measure the redshift distribution of the line emission along the line of sight. Traditional
galaxy surveys probe discrete objects whose emission is bright enough to be imaged directly.
LIM is advantageous as it is sensitive to all sources of emission in the line and thus en-

ables the universal study of galaxy formation and evolution. As high angular resolution is
not required, LIM can cover large sky areas in a limited observing time, allowing various

tests of the standard cosmological model, and beyond it, across under-explored volumes of

the observable Universe. In addition, relaxed angular resolution requirements are an im-
portant attribute for space-borne instruments, where aperture drives cost, but low photon
backgrounds yield very high surface brightness sensitivity.

To illustrate the promise of LIM, consider as a figure-of-merit the numberNmodes of accessible
modes. As the uncertainty on any quantity we wish to measure roughly scales as 1/

p
Nmodes,

the goal is clearly to maximize this number. The cosmic microwave background (CMB),
which provides the farthest observable accessible to measurement, contains Nmodes ⇠ `2max ⇠
107 modes. Intensity mapping of a chosen line at a given frequency provides maps that
resemble the CMB, but with two important advantages: (i) there is no di↵usion (Silk)
damping, so small scale information can in principle be harvested down to the Jeans scale;
(ii) huge redshift volumes can be measured in tomography through hyperspectral mapping.
The total number of modes, NLIM

modes ⇠ `2max⇥Nz, can potentially reach as high as 1016(!) [2],
limited in reality by partial sky coverage and both di↵use and line foreground contamination.
Compared to galaxy surveys, LIM retains full spectral resolution probing higher redshifts.
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FIG. 1: Line-Intensity Mapping can access the uncharted &80% volume of the observable Universe.

Targets for LIM range from the 21-cm emission from neutral hydrogen in the IGM to line
emission from galaxies, including the 21-cm line, as well as rotational carbon-monoxide (CO)
transitions, the [CII] fine-structure line, the hydrogen Ly-↵ line, H-↵, H-�, [OII], [OIII], etc.
The vast range of targeted wavelengths necessitates the employment of di↵erent instruments.

This paper describes the various science goals achievable by pushing LIM to its next frontier.
As we will stress throughout, there is unique potential in using multi-line observations, which
motivates a coordinated e↵ort to plan the future generation of LIM experiments.

• Large redshift range z > 3 that is relatively unexplored: provides information on 
expansion history of universe, reionization, star-formation, ++


• LIM is efficient: we measure all sources and do not need to threshold on galaxies


• Multiple lines available across radio, millimeter, IR

Line-intensity mapping - 
Map total emission of a 
redshifted atomic/molecular 
line, e.g. CO and C[II] at mm-
wavelength

Epochs: Probes:
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LIM with Millimeter-Wavelength Tracers
• CMB community has invested decades 

in R&D on detectors, cryogenic optics, 
and survey design for observing in the 
20-300 GHz range


• The CII line and the CO rotational ladder 
over 1 < z < 10 redshift to the ground-
based CMB observing frequencies


• Transfer our CMB expertise to line-
intensity mapping 

• Many small experiments (TIME, COMAP, 
CONCERTO, EXCLAIM, TIM, …) trying 
this with extremely diverse approaches: 
coherent detectors vs. bolometers; 
grating spectrometers vs. fourier 
transform spectrometers vs. …

2.2 Intellectual Merit: Breakthrough Science with SPT-Spec

IM is a promising new probe of large-scale structure [1]. Low angular resolution observations of
an emission line trace the 3D matter distribution without resolving sources; IM therefore measures
cosmological modes more quickly and at higher redshift than galaxy surveys. SPT-Spec is sensitive
to far-IR emission lines from early galaxies. The CO rotational ladder and the [CII] ionized carbon
fine-structure line are bright in early galaxies [2], and at high z are redshifted into the mm band.
As shown in Fig. 2, this wideband spectroscopic receiver will detect galaxies from 0 < z < 9.
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Figure 2: SPT-Spec covering 80–310 GHz detects CO at intermediate redshifts and [CII] at high redshift.
Projected line strengths, redshifts, and atmospheric transmission are indicated. Figure: Garrett Keating.

IM power spectrum measurements with multiple lines and redshifts uniquely answer key astro-
physical and cosmological questions. The amplitude probes the line luminosity function. Unlike
galaxy surveys, IM detects all of the galaxies instead of just the brightest ones, providing a more
complete picture of the population. The shape is sensitive to cosmology: baryon acoustic oscil-
lations (BAO) are a standard ruler that measure the expansion history of the Universe, while
primordial non-Gaussianity probes multi-field inflation and imprints additional bias at large scales.

IM is especially powerful in conjunction with external measurements. During the Epoch of
Reionization, unknown sources ionized the intergalactic medium. Correlating SPT-Spec’s [CII]
maps at 5 < z < 9 with 21 cm neutral hydrogen maps will be a uniquely systematics-immune
probe of reionization physics [3]. At lower redshifts that overlap with galaxy surveys, IM provides
an independent measurement of the same cosmological modes but with a di↵erent bias.

Astrophysics projections: A single-year SPT-Spec survey would be an order of magnitude
more sensitive than existing IM experiments. Mid-redshift CO will be detected at extremely high
significance: 250� for CO(2-1) at z = 0.5, 320� for CO(3-2) at z = 1.5, and 140� for CO(3-2) at
z = 3. Solid detections of reionization-era galaxies at higher redshift with [CII] (12� at z = 6 and
6� at z = 7) will also be possible. Together these measurements will tightly constrain the detailed
shapes of the star formation rate density and molecular gas fractions as a function of z.

Cosmology projections: A multi-year, wide-area survey with a fully-populated focal plane
would constrain the BAO scale to sub-percent precision at z < 5 and at the 1–5% level from
5 < z < 9. Using the BAO phase, the e↵ective number of neutrino species could be measured
to �(Neff ) ⇠ 0.06 in combination with LSST and Planck. Primordial non-Gaussianity would be
measured at �(fNL) ⇠ 3 using SPT-Spec alone; with LSST, �(fNL) ⇠ 0.9 is possible.

In addition to IM, SPT-Spec will e�ciently measure redshifts of individual galaxies identified
in broad-band surveys such as SPT-3G. This will allow identification of the most interesting high-
redshift candidates for detailed followup with ALMA and optical observations.
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ground-based CMB observing frequencies

Figure: J. Vieira

C[II] line

CO rotational transitions

galaxy spectrum
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Noise Performance of SuperSpec On-Chip Spectrometers 3

Fig. 1 50-channel SuperSpec device 17. a: Mask overview with lens footprint/antenna at the top, and feedline
running vertically past the filters. b: Slot antenna. c: A mm-wave filter and KID. d: The l/2 mm-wave
resonator and KID inductor. e: The lower portion of the KID interdigitated capacitor (IDC), coupling IDC,
and readout line. f: Cross-section of device layers. (Color figure online.)

is then coupled to microstrip using a dual bow-tie slot antenna, which achieves the requisite
wide bandwidth. Traveling down the feedline, the mm-wave radiation is proximity coupled
to a series of tuned l/2 filters, decreasing in frequency. The currents in these filters couple
to the inductor of a TiN KID. Finally, the KID resonator circuit (with microwave frequencies
from 80–160 MHz) is coupled to the coplanar waveguide readout line using an interdigitated
capacitor. The tested device has been re-etched to separate 6 pairs of resonators that were
previously collided12 (separated by less than 5 linewidths). The typical Tc is ⇠ 0.93 K. The
device was held at a base temperature of 230 mK, achievable with a standard 4He-3He-3He
sorption refrigerator.

A swept coherent source was used to measure the millimeter-wave filter bank at high
spectral resolution. The 220–330 GHz source, consisting of a commercial amplifier/multiplier
chain, was coupled to a feed horn and radiated directly into the optical cryostat13. For noise
measurements, a low-loading environment was used to simulate observing at the LMT. Us-
ing historical precipitable water vapor values measured on-site14 we calculated the expected
loading incident on the device lens (using the zenith temperature predicted by the am atmo-
spheric model15, the measured mirror surface roughness, and other estimates of illumina-
tion efficiency). In typical conditions we will likely see ⇠ 0.7 pW of loading incident on
the lenslet, depending on the detector bandwidth. We therefore used a cryogenic blackbody
load, which filled the beam emerging from the lenslet. The load was coupled to the 4 K stage
of the pulse tube cooler, and had a temperature variable up to 60 K (⇠ 1.5 pW).

2.2 RF Chain and Readout

The device is read out with a ROACH2-based system using firmware that was originally
developed for the BLAST-TNG experiment16. A comb of resonant frequencies is used to
synthesize a waveform which is output from the ROACH2 FPGA to a MUSIC ADC/DAC
board. The baseband frequencies range from ±256 MHz. The DAC output is then mixed

On-Chip Spectroscopy
• Couple antenna to an RF filter-bank to 

achieve tunable narrow-band response, 
filling the atmospheric frequency “windows” 
used for ground-based observations


• Couple a microwave kinetic indutance 
detector (MKID) to each filter channel


• Readout with frequency-domain 
multiplexing with MUX factor O(~103)


• Demonstrated in few-pixel field tests, but 
not in monolithic arrays needed for future 
surveys


• Development of on-chip mm spectrometers 
for large-scale structure surveys endorsed 
by DOE Basic Research Needs Study on 
HEP Detector Research and Development 
(2020)

Measured Spectra

Wheeler et al. 2016

...can also move band around and tune the channel spacing 

Funded!  NASA APRA 2019-2022
R~1000 @ 300 GHz, R~300 @ 1 THz
Other lines possible, e.g. [OIII]
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Figure: K. Karkare, et al. 2002.04542
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SPT-SLIM Experimental Concept
SPT optics include mount point for optional receiver, used 
by Event Horizon Telescope (EHT) during 2017-present

SPT-SLIM - Replace EHT cryostat with on-chip 
spectrometers and observe for one summer season

Photo: A. Bender
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SPT-SLIM

Event Horizon Telescope / 
SPT-SLIM location

South Pole Telescope is 10-m CMB telescope 
observing at 90/150/220 GHz during both 
austral winter and summer (see Sobrin, Gualtieri 
talks this session)

Figure: J. Kim, et al. 1805.09346



Detectors
• Baseline 18 dual-pol pixels with R~300 = 8640 detectors


• Detectors are Al MKIDs, read out in the 1-2 GHz band, 
with MUX factor of ~1000


• Filter banks are much larger than 1 pixel, so array them 
around perimeter and read out MKIDs from perimeter

7Prototype detectors fabricated at Argonne
focal plane package concept (P. Barry)



SPT-SLIM Cryostat
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• Very compact design required to fit in SPT receiver cabin

• Use 2-stage ADR backed by PTC operated at 100mK—

design that requires strict control of thermal loading

880 mm



Next-Generation Microwave Readouts
• Adapting “ICE” platform developed by McGill 

for readout of TESs in SPT-3G and radio 
receivers in CHIME


• Digital feedback in TES firmware for 
linearizing SQUIDs is straightforward to adapt 
to tone-tracking


• Maintain legacy motherboards while 
swapping RF mezzanine based on the 
AD9082 chip:


• 4x DACs (12 GSPS) and 2x ADCs (6 GSPS) 
per board, supporting 2048x multiplexing at 
baseband


• Enables reuse of full software stack 
developed for SPT-3G TESs: major reduction 
in effort!

Hundreds of ICE boards deployed in 
the field (1608.06262)

ICE motherboard

Already used as our primary workhorse system 
for characterizing test detector devices at 

Fermilab

M. Rouble (McGill)
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RFSoC Readout Platform Xilinx ZCU111

ADC

DAC

overlapped 
polyphase filterbank 

deMUX

DDS

downsampler network + 
DAQ

tone tracker

X

X

DDS

2 MHz / tone target ~ 200 Hz

generate 1024 tones

• Xilinx UltraScale+ RFSoC ZCU111 demo board (now old) 
has 8x ADCs (DACs) at 4 (6) GSPS


• MKID firmware developed at Fermilab (G. Cancelo, L. 
Stefanazzi, ++) demonstrated 1024x MUX over 2GHz 
bandwidth with adequate noise performance (path to 8k 
channels / board)


• Tone-tracking capability in development; drastically 
improves detector linearity, which is important for ground-
based operations


• Key enabling technology for much larger MKID arrays in 
the future!
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Forecast and Experimental Outlook
• Conservatively expect 50-75% total 

observing efficiency for ~4 weeks, so 
>300 hours on-target time is realistic


• Raw sensitivity of SPT-SLIM should be 
sufficient to detect CO power spectra 
(0.5 < z < 3) with high significance in a 
single summer season
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2.2 Intellectual Merit: Breakthrough Science with SPT-Spec

IM is a promising new probe of large-scale structure [1]. Low angular resolution observations of
an emission line trace the 3D matter distribution without resolving sources; IM therefore measures
cosmological modes more quickly and at higher redshift than galaxy surveys. SPT-Spec is sensitive
to far-IR emission lines from early galaxies. The CO rotational ladder and the [CII] ionized carbon
fine-structure line are bright in early galaxies [2], and at high z are redshifted into the mm band.
As shown in Fig. 2, this wideband spectroscopic receiver will detect galaxies from 0 < z < 9.
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Figure 2: SPT-Spec covering 80–310 GHz detects CO at intermediate redshifts and [CII] at high redshift.
Projected line strengths, redshifts, and atmospheric transmission are indicated. Figure: Garrett Keating.

IM power spectrum measurements with multiple lines and redshifts uniquely answer key astro-
physical and cosmological questions. The amplitude probes the line luminosity function. Unlike
galaxy surveys, IM detects all of the galaxies instead of just the brightest ones, providing a more
complete picture of the population. The shape is sensitive to cosmology: baryon acoustic oscil-
lations (BAO) are a standard ruler that measure the expansion history of the Universe, while
primordial non-Gaussianity probes multi-field inflation and imprints additional bias at large scales.

IM is especially powerful in conjunction with external measurements. During the Epoch of
Reionization, unknown sources ionized the intergalactic medium. Correlating SPT-Spec’s [CII]
maps at 5 < z < 9 with 21 cm neutral hydrogen maps will be a uniquely systematics-immune
probe of reionization physics [3]. At lower redshifts that overlap with galaxy surveys, IM provides
an independent measurement of the same cosmological modes but with a di↵erent bias.

Astrophysics projections: A single-year SPT-Spec survey would be an order of magnitude
more sensitive than existing IM experiments. Mid-redshift CO will be detected at extremely high
significance: 250� for CO(2-1) at z = 0.5, 320� for CO(3-2) at z = 1.5, and 140� for CO(3-2) at
z = 3. Solid detections of reionization-era galaxies at higher redshift with [CII] (12� at z = 6 and
6� at z = 7) will also be possible. Together these measurements will tightly constrain the detailed
shapes of the star formation rate density and molecular gas fractions as a function of z.

Cosmology projections: A multi-year, wide-area survey with a fully-populated focal plane
would constrain the BAO scale to sub-percent precision at z < 5 and at the 1–5% level from
5 < z < 9. Using the BAO phase, the e↵ective number of neutrino species could be measured
to �(Neff ) ⇠ 0.06 in combination with LSST and Planck. Primordial non-Gaussianity would be
measured at �(fNL) ⇠ 3 using SPT-Spec alone; with LSST, �(fNL) ⇠ 0.9 is possible.

In addition to IM, SPT-Spec will e�ciently measure redshifts of individual galaxies identified
in broad-band surveys such as SPT-3G. This will allow identification of the most interesting high-
redshift candidates for detailed followup with ALMA and optical observations.
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Figure: K. Karkare, G. Keating



Conclusions
• SPT-SLIM is funded by internal Fermilab LDRD 

funds, and target deployment to South Pole is 
2022-2023 austral summer


• Demonstration of scaling up the on-chip 
spectrometer technology from single pixels to a full 
array


• High-significance detection of CO power spectrum 
is expected


