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What 1s Line Inten31ty Mapping?
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A o Reselveindividual-gataxies — use aggregate signal from many galaxies
¥ ‘_ o Optimize your instrument for SNR on cosmological scales
L IR . o Potentially cost effective for future surveys
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Typical context uses a few emission lines from galaxies
O

Neutral hydrogen: 21cm line intensity mapping (100-1400MHz)
CO/[CII]: Millimeter line intensity mapping (10-600 GHz)




SClence Tal'getS: Probe self-interactions; detection of

Snowmass #4: Understand Cosmic Acceleration equilateral without orthogonal is an
(dark energy + inflation) indication of the quantum origin of structure

—#&— Orthogonal —»— Equilateral

e Expansion history
e Inflation: Inflationary theories can
be described in terms of a few
parameters
o Spectroscopic surveys measure f,
o CMB-S4 measuresr
o In combination, explores the range e RS )
of single-field + multi-field Inflation Co ¥ S

Discover or rule out single/multi-field

inflation
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More statistics



How do we improve our statistics?

Higher redshift (further in the past)
O  Lots of volume (this is just expansion)

O  More linear (gravity hasn't complicated things)

Put SNR where its most useful

o  Most cosmological information comes from

scales that are ~the size of the moon

Compared to optical spectroscopic surveys:

o Cons:lose some modes, cannot slice & dice

the galaxy sample
o  Pros: can potentially sample individual

modes with much higher fidelity (shot noise
largely negligible), see aggregate emission
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We want fuzzy, ‘spectroscopic’ maps of the sky out to high redshift




Fuzzy ‘spectroscopic’ maps of the sky = radio wheelhouse
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.’ e Use emission lines from galaxies for ‘spectroscopy’ (redshift
X 1/ information):
i 4
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%

Neutral hydrogen (21cm emission)

o CO/Cll lines (millimeter)
4 e Fuzzy maps = natural regime for radio/millimeter

M o Resolution ~ 1/A: small (‘cheap’) dishes make good fuzzy maps of
&8 b the sky




Projections: Cosmic Frontier summary
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Inflation

Light Relics

Dark Energy

local
fNL

Present
Generation
SPO & SO
0.003
CMB-S4

Ready This
Decade

Planck
CMB-S4

Scientific
Threshold

Pathfinder and
Development

All values are 1 o uncertainties

Discover or rule out

<—— the natural
models of inflation

Discover or rule out
the predicted simple
multi-field inflationary
non-Gaussianity

Explore a signifcant portion of
uncharted discovery space

0.0002
Next Gen GW.

~—— v

Discover or rule out new
«—— lightrelics during and after
the QCD phase transition

Discover or rule out
any new light relic
to reheating

Test dark energy to 1% over
<— the dynamically-relevant
redshift range

Next Gen GW.

PUMA=21cm

table from
Snhowmass CF4
report

Technical challenges
are articulated in HEP
Instrumentation Basic
Research Needs
Report




2lcm LIM
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21cm Cosmology —~

Years after the Big Bang R / \ .
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Redshift + 1 . , galm‘ e :
Dark Ages Epoch of Reionization \ Low redshift .
20<z<150 6<z<20 \ z<6
A~430m J~1-4m \  Ax2lem-1m /
v ~ 10-70 MHz v ~ 70-200 MHz v ~200-1420 MHz -
Pristine primordial Astrophysics: First stars/galaxies \ Radio galaxy survey *
density field (non-DOE science) \ possible here
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% y
The galaxy is bright! - but
smooth!

Foregrounds
Example HI signal along typical LOS

Subtraction is possible, but
, only if the instrumental
s systematics are
| well-controlled /

well-characterized

Mean HI Signal
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2lcm current landscape

‘Traditional’ Radio telescopes

MeerKat

P5 Townhall - Line Intensity Mapping

Dedicated ongoing experiments
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Results! (0.3<z<2.5)

‘Traditional’ Radio telescopes

2009/2013
First detection at redshift
0.8 in cross-correlation w
optical surveys
Filtered large scales

2023
First detection without

MeerKat cross-correlation!!

P5 Townhall - Line Intensity Mapping

Dedicated ongoing experiments

Detection in
cross-correlation
| 6-110 at redshifts 0.8-1.2
Filtered large scales
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Results! (0.3

First detection without
MeerKat cross-correlation!!
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mm LIM
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Millimeter Line Intensity Mapping

S OGS

2S00

Atmospheric Transmission
Line redshift

e
=
S—
=
g
=
%)
w0
O
=]
=
=Y
=
aa]
<]
g
—
g
(%]
—
=]

Karkare et al, 2022 | | T |150 o l200|
2203.07259 Frequency (GHz)

e CO and Cll live in galaxies/dust and trace Large Scale Structure

e Redshifted emission in far-IR is observable from the ground in the millimeter

e Instruments covering ‘standard’ ground-based CMB frequencies (80-300 GHz) could detect CO and
[CI] from 0<z<10

‘Just’ need to add spectroscopy to CMB telescopes!
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Current status

Retrofit ‘Traditional’ mm-wave telescopes
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Dedicated experiments
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Current status

Retrofit ‘Traditional’ mm-wave telescopes Dedicated experiments

‘ e Preliminary detections of CO at small scales, and [ClI] in cross-correlation
e Many pathfinder experiments in progress, targeting a variety of redshifts and
scales are on the verge of detecting the high-redshift CO/[CII] power spectra,

COl but much more sensitive instruments are needed.
e Expect:
TIN o Higher significance detections in the near-term

o Resulting in refined models and projections

&

S —

P5 Townhall - Line Intensity Mapping

19



What's next?

P5 Townhall - Line Intensity Mapping
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What's next? - 21cm
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Packed Ultra-Wideband Mapping Array (PUMA)

packed ulfrc-wideband mapping array

/ ) A. EXPANSION HISTORY

irrent generation

. e DESI
EUCLID :
» WFIRST Z EUCLID
o]*  PUMA i - + WFIRST
"l Y

PUMA

]

PUMA is
e Packed: Dishes close together for maximum
sensitivity at scales of interest,
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e Ultrawide-band: Employing latest in RF D. INFLATIONARY FEATURES
technology advances driven by telecom I
industry, BE — IR o om

PUMAisnot: EEAEEEUES

e Shovel-ready.

e Technical challenges: calibration, stability,
and cost-effective manufacturing of
reflectors need to be developed

PHYSICS OF INFLATION
Ajin (95% excl.)

Planck  CMB-S4 SphereX Pet. PUMA Full PUMA

P5 Townhall - Line Intensity Mapping More here: 1810.09572 1 9(91 2559 2002.05072


https://arxiv.org/abs/1810.09572
https://arxiv.org/abs/1907.12559
https://arxiv.org/abs/2002.05072

Pathﬁndlng Development Decadal 2020 RFI outlined a clear development

plan with costing model

e Small-scale R&D development projects (~$1
mil):
o cost-effective, low-power electronics
o beam calibration methodology
o analysis and simulation
e Join existing projects as junior partner (~$S20M):
o DSA-2000, HIRAX, CHORD
o  work with existing data
o help with relevant instrument upgrades

Pathfinding phase

FULL PETITE

o Non-federal o

Years Federal Total (M)  Federal
($M)

5.0

($M) ($M)

Non-federal
($M)

Total (M) Full experiments:

Scientific Flagships

R&D

Final design and
site acquisition
Construction and

at $100M - $1B
(caveats: at the time, a particular
config.)

FY 25-26 8.0 2.0

FY 27-34 313.2
FY 34-38 89.0 9.9
FY 35-38 103.9 34.6 8 17.3

ToTT AR AN AN | AL L |
P5 Townhall- Line Intensity Mapping  COSting model details: 1810.09572 1907.12559 2002.05072

commissioning

23



https://arxiv.org/abs/1810.09572
https://arxiv.org/abs/1907.12559
https://arxiv.org/abs/2002.05072

What's next - mm LIM

Example

TIME, CCAT-p,
SPT-SLIM
TIME-EXT

SPT-like
1 tube
SPT-like
7 tubes
CMB-S4-like
85 tubes

P5 Townhall - Line Intensity Mapping

On-chip spectroscopy is an enabling technology -
SPT-SLIM and EXCLAIM will be the first
demonstrations in the next few years.

Deploying large-format on-chip spectrometer focal
planes at existing CMB facilities is a natural path
towards realizing the required sensitivity.

per-Specchip




Pathfinding

21cm

e Support R&D projects in DOE ecosystem to
develop (~S1mil grants):
o low-power, low cost radio electronics

synergistic with other fields

o calibration methodology and hardware

o analysis and simulation techniques

e Consider DOE involvement in existing
synergistic experiments (~ $20M)

o DSA-2000
o HIRAX
o CHORD

P5 Townhall - Line Intensity Mapping

Millimeter (CO/[CII])

Support pathfinder experiments
o Operate + analysis of small arrays on
existing telescopes (~few SM)
Develop:
o on-chip mm-wave spectrometers with

increased density and resolving power
o low-cost multiplexer readout electronics
o Calibration methodology and analysis

Consider DOE involvement in existing
synergistic experiments
o  Multi-year observations w full FOV
SPT-like pathfinder (~$10M)

25



Take-home message

Intensity mapping is a new way to think about galaxy surveys. Can enable amazing science at high redshift

27cm

Require dedicated experiments to push to
cosmological scales
o Technology benefits from
commoditization/ongoing instruments
o Calibration is primary challenge: can be
overcome with sufficient development
and testing
o Analysis benefits from synergies between
all 21cm arrays (low redshift, EoR, dark
ages)
Short term, opportunities for meaningful
advances at modest investments
Long-term, 21cm is a good match to DOE
institutional strengths

P5 Townhall - Line Intensity Mapping

Millimeter (CO/[CII])

Require dedicated experiments to push to
cosmological scales.
o  Current instruments are sensitivity
starved
o  High-density from On-chip spectroscopy
particular promising, using techniques
developed for CMB
Can re-use CMB telescopes
Foregrounds easier: interloper lines instead of
diffuse galaxy, but discrimination has not been
applied to real data
Development of the large-format on-chip
spectrometer focal planes builds on the CMB
detector & readout capabilities in the DOE-HEP
labs 26



Backup



Pathfinding Development

mm LIM

Spec- Time-
10°

g
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Pathﬁndlng Deve10pment Decadal 2020 RFI outlined a clear development

Name Description Purpose Timeline plan Wlth COStIng mOdeI

Perform the basic checks of the system, obtain
first fringes and auto-correlation transits
e Validate antenna design
A pair of 6m dishes on a o Independently measure and characterise the
~30m E-W baseline two beams
Measure beam stability as function of pointing,
temperature, humidity, etc

Pathfinding phase

e Measure dish cross-talk and shadowing
Six dishes in a packed e Measure dish-to-dish variations and manufac-
Q 7 ~ [ o s S—
cluster at PUMA configu turing tolerances

ration Validate pointing tolerances

Measure cross-talk and coupling between
dishes in the “continuum limit”
20 dishes in a packed clus- Continue measuring beam variations, toler-
ter at PUMA configuration ances with larger sample
- Validate final model for components that de-
scribe dish-to-dish beam variations

PUP-20 2023-2024

FULL PETITE
Us. Us.
Federal N°“('$f:n‘;e’a' Total ($M)  Federal
M) ($M)
5.0

Non-federal
($M)

Total ($M)

R&D

Final design and
site acquisition
Construction and

Full experiments:

FY 25-26

Smaller array (Petite)
Full array

FY 27-34 52.3
FY 34-38 14.9
FY 35-38 8

TOTAL FY 21-38

P5 Townhall - Line Intensity Mapping  More here: 1810.09572 1907.12559 2002.05072 29
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https://arxiv.org/abs/1810.09572
https://arxiv.org/abs/1907.12559
https://arxiv.org/abs/2002.05072

Pathfinding

21cm Millimeter (CO/[CII])
e Support pathfinder experiments (< S10M) e Support pathfinder experiments
o PUMA pathfinder experiments (PUP) o Operate + analysis of small arrays on
o Funding for analysis and upgrade for existing telescopes (~few SM)
BMX at BNL
e Consider DOE involvement in existing e Consider DOE involvement in existing
synergistic experiments (<S30M) synergistic experiments
o DSA-2000: NSF radio imager that o  Multi-year observations w full FOV
nominally reaches z~1, recommended SPT-like pathfinder (~S10M)
by Decadal
o HIRAX

P5 Townhall - Line Intensity Mapping
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Pathfinding Development

21cm Millimeter (CO/[CII])
e Development of low-power, low cost radio e Support pathfinder experiments
electronics synergistic with other fields o Operate + analysis of small arrays on

e Development of calibration methodology and existing telescopes (~few SM)

hardware

: : : e Consider DOE involvement in existing
e Development of analysis and simulation

synergistic experiments

techniques o  Multi-year observations w full FOV

e Development of on-chip mm-wave SPT-like pathfinder (~$10M)
spectrometers with increased density and
resolving power

e Development of low-cost multiplexer readout
electronics

P5 Townhall - Line Intensity Mapping
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Packed Ultra-Wideband Mapping Array (PUMA)

packed ulfrc-wideband mapping array

/ ) A. EXPANSION HISTORY

©  current generation

*  DESI DESI
EUCLID :

» WFIRST = EUCLID

*  PUMA i - + WFIRST

PUMA
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PUMA is

e Packed: Dishes close together for maximum
sensitivity at scales of interest,

e Ultrawide-band: Employing latest in RF D INFLETIONARY, FEATURES
technology advances driven by telecom = e
industry, o !

e Mapping: Maps large-scale structureinthe  REAEEEETN
Universe,

Ajin (95% excl.)

e Array: Asoftware/hardware radio telescope.

PHYSICS OF INFLATION

102 108
Planck  CMB-S4 SphereX Pet. PUMA Full PUMA Djin [Mpc]

P5 Townhall - Line Intensity Mapping More here: 1810.09572 1 9(91 2559 2002.05072



https://arxiv.org/abs/1810.09572
https://arxiv.org/abs/1907.12559
https://arxiv.org/abs/2002.05072

Packed Ultra-Wideband Mapping Array (PUMA)

packed ultre-wideband mapping arroy

o

21 cm intensity Mapping Small Demo

Facilities

Stage 3 CMB

21 cm intensity Mapping Full Scale

Direct Detect DE/ Primordial GW??

2020 2025 2030 2035 2040

PUMA pathfinding plan BRN report envisioned start of small demo
e PUMA is not shovel ready observations in 2030
e Technical challenges: calibration, stability, and
cost-effective manufacturing of reflectors need

PUMA Proto-collaboration:
to be developed

Tremendous Arrays Workshop (2018)

e Decadal 2020 RFI outlined a clear development Cosmic Visions 21cm Working group report (2018),
plan Astro 2020 Decadal Survey Submissions (2019),
e  Will benefit enormously from commodization of Snowmass 2021 Letters of Interest,

radio and compute technology (eg RFSocs) First (remote) collaboration meeting in Summer 2020,
e Working towards establishing seed funding from Will continue operating in semi-formal mode for the

. . foreseeable future.
agencies to follow this plan
P5 Townhall - Line Intensity Mapping




Pathfinding Development

27cm

e Costing model developed for
2019 Decadal Survey based on:
o cost data from existing
experiments
o trends in cost evolution for
commodity RF hardware
o problem size scaling
o assumptions about foreign
partners, etc
e Indicative of the cost of
cosmologically interesting
experiment: $100-S600 mil

P5 Townhall - Line Intensity Mapping

FULL

PETITE

R&D

u.s.
Years Federal
($M)

FY 21-24

Final design and

site acquisition

FY 25-26

Construction and

commissioning

FY 27-34
FY 34-38
FY 35-38
FY 21-38 529.1

PUMA FULL (CONSTRUCTION) $329.7M

MANAGEMENT AND
INSTALLATION AND | SYSTEMS ENGINEERING
COMMISSIONING ¥ SITE UPGRADE

9% 2%

CONTROL,
CALIBRATION,

1%
BACK-END
ELECTRONICS
FACILITY
5%

6%
DISH
21%
AND DATA
MANAGEMENT
9%
FRB/PULSAR pom
BACKEND —_—— — ™

ON-DISH
ELECTRONICS
25%

CORNER TURN
2%

TIMING
DISTRIBUTION
9%

CORRELATOR
9%

Non-federal Total ($M)

16.5
9.9
34.6
68.0 597.1

Federal

Us.

($M)

107.5

Non-federal

(M) Total ($M)

PUMA FULL (EXPERIMENT )

$597.1M

Science
23%

Operations
17%

R&D
3%

/

Final design and
site acquisition
2%

Construction and
commissioning
55%




Costing

PUMA-5K PUMA-32K
u.s. Non- u.s. Non-

Years Federal|federal| Total (M) Years Federal| federal |Total ($M)
($M) ($M) ($M) ($M)

R&D FY 21-24 : i l FY 21-25 26.3

Final design and
site acquisition FY 25-26

Construction and
commissioning FY 27-30 i i j FY 28-33 354.7

Operations FY 34-30 : FY 34-38 100.8
Science FY 31-35 : FY35-38 78.4

FY21-35 1146 183 133.0 ([FY21-38 568.2 66.8

Figure 15: Summary costs for PUMA-5K and PUMA-32K. PUMA-5K PUMA-32K

TOTAL $58.8M TOTAL $373.4M

MG":'V,S"NG- SITE UPGRADE
% 8%

INSTALL. AND COMM. G
9% SITE UPGRADE
INSTALL. AND COMM. 2%
9%

CONTROL, CAL, =N
oM CONTROL, CAL, DM 2
% 9% ANTHRCVR
39%
R— CENTRAL PROC

CENTRAL PROC
2% %
TIMING
TIMING AR DISTRIBUTION
DISTRIBUTION i 9%
10%

FRB/PULSAR
BACKEND

FRB/PULSAR
BACKEND
2%

CORRELATOR
13%
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Scientific possibilities

e Expansion history in
pre-acceleration era (dark

energy)

e Features in the primordial
power spectrum (inflation)

e Primordial non-Gaussianity
(inflation)

e (Geometric curvature
constraints

e General parameter
improvements



21-cm cosmology: why DOE HEP involvement?

=

DOE Cosmic Frontier does P5 science. Focus on fundamental
physics. Small signals and hard systematics require large
collaborations. Particle physics developed appropriate
collaborative culture. Traditional radio astronomy community is
focused on Pl-led astronomy projects.

DOE is capable of focused long-term development in
anticipation of future projects. Direct transfer of know-how from
accelerator experiments: RF| technology, massive data
throughputs.

Requires professional project management not available in
university settings. Semi-industrial production capabilities and
QA tracking crucial. 38

Beyond ATLAS/CMS instantaneous bandwidth. Require highly
sophisticated triggering for Fast Radio Burst Environment. Data
reduction will require HPC environment.

Signal to foreground radiation at 10 level.
Due to raw data volumes forcing real-time
reduction, cannot post-calibrate.

Need sub-percent level system understanding to achieve
science goals. Full system simulations and characterization well
beyond what is normally done is radio astronomy. Need
focused infrastructure staff doing “less glamorous” science.
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Slide with context in
current/future gal
surveys (in terms of
constraints?) - ‘justify’
out to redshift 6+
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Another intensity mapping candidate: Far-IR lines

* About half of the optical light in the Universe has been absorbed by dust

and re-radiated in the far-IR.
On top of the thermal emission, atomic and molecular lines are also excited

and can be used to trace LSS in 3D.

CO J—J-1 rotational ladder
[ClI] extremely bright;
observed in galaxies through
reionization (z~8)

ﬁ
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At high redshift, these lines can be
observed from the ground.

k? Brookhaven 100
National Laboratory
Joaquin Vieira




Redshift coverage Korkore+ 202
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Instruments covering standard ground-based CMB frequencies (80-300 GHz), could detect
[Cll] and CO over the entire range of 0 <z < 10!

Just need to add spectroscopy to existing CMB telescopes.
=% Brookhaven




Number of linear modes at z < Zyax

How do we improve our statistics? [ S =

Higher redshift (further in the past) o e LTI
o Lots of volume (this is just expansion) S
o  More linear (gravity hasn’'t complicated things)

Put SNR where its most useful —y—T—
o MOSt Cosmologlcal Inf 109 Iowmes 21cry Stage Nl p2esnustic foregrounds

== DESI|

scales that are ~the si TNt

Castorina et al 2017
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Science Targets:

Snowmass #4: Understand Cosmic Acceleration
(dark energy + inflation)

e Expansion history
e Inflation: Inflationary theories can
be described in terms of a few

parameters

o Spectroscopic surveys measure f

o CMB-S4 measuresr

o In combination, explores the range of
single-field + multi-field Inflation

e Inflation; features/defects/models

P5 Townhall - Line Intensity Mapping
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fine-tuning
required

single-field inflation

fine-tuning
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