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Starting Point for LIM Cosmology

From the perspective of a cosmologist (DOE/HEP), fundamental science themes
are reasonably well-defined - see Snowmass Cosmic Frontier report 2211.09978

Dark energy: time variability, exotic models, modified gravity
Inflation: energy scale, non-Gaussianity/multi-field, shape of potential
Relativistic species: light relics, massive neutrinos
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e Dark matter: mass, self-interactions, interactions with radiation

LSST/DESI/SPHEREX and CMB-S4 are happening, some Stage 5 galaxy survey
also possible (at least DESI-II likely)

Why bother with LIM?


https://arxiv.org/pdf/2211.09978.pdf

So you want ultimate
precision...
with a limited budget

Fraction of observable Universe at z < zjax

0.30

0.25 A

0.20 A

0.15 A

0.10 A

0.05 A

zmax

Why high redshift?

More modes

Alleviate parameter degeneracies (different
fractions of DE, DM, etc...)

More linear at higher redshift

Ferraro+ Experi- Concept Redshift
Snowmass WP ment Range
type
DESI spectro 5000 robotic fiber fed 0.7<2<20
spectrograph on 4m
Mayall telescope
Rubin LSST photo ugrizy wide FoV 0<2<3
imaging on a 6.5m
effective diameter
dedicated telescope
SPHEREXx narrow- Variable Linear Filter 0<z<4
band imaging on 0.25m
aperture from space
MSE+T spectro up to 16,000 robotic 1.6<2<4
fiber fed spectrograph (ELG+LBG
on 11.25 m telescope samples)
MegaMapper spectro 20,000 robotic fiber 2<z2<5
fed spectrograph on
6m Magellan clone
SpecTel’ spectro 20,000-60,000 1<z2<6
robotic fiber fed
spectrograph on a
dedicated 10m+ class
telescope
PUMA 21cm 5000-32000 dish 03<2z<6
array focused on
intensity 21 cm
intensity mapping
mm-wave LIM mi- 500-30000 on-chip 0<2<10
concept crowave spectrometers on
LIM existing 5-10m

telescopes,
80-300 GHz with
R~300-1000

Cost
estimate

>$200M

>$600M

>$600M
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How much sensitivity do we need?

We forecast the sensitivity required for mm-wave LIM to constrain key Cosmic Frontier
science targets as a function of spectrometer-hours (measure of survey depth).

80-300 GHz, ground-based, R=300
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How much sensitivity do we need?

Spec-hrs

Timescale

Example

Neutrino masses | oM ) [eV]

Dark energy o(w,) incl. z>3

Inflation Primordial FoM Effective number of modes (x10°°) correlated with
the initial conditions (Azadeh Moradinezhad)




How much sensitivity do we need?

Neutrino masses
Dark energy

Inflation

Spec-hrs <10°
Timescale 2023
Example TIME,

SPT-SLIM
o(M) [eV]

o(w,) incl. z>3

Primordial FoM

10s of spectrometers,
limited deployments



How much sensitivity do we need?

Spec-hrs <10° 10°
Timescale 2023 2026
Example A | e Dedicated facilities
Neutrino masses | (M) [eV] 0.047
Dark energy a(w,) incl. z>3 0.03
Inflation Primordial FoM 0.1




How much sensitivity do we need?

Neutrino masses

Dark energy

Inflation

Spec-hrs <10° 10° 107
Timescale 2023 2026 2028
Example TIME, TIME-Ext SPT-3G+
SPT-SLIM one tube
oM ) [eV] 0.047 0.028
o(w,) incl. z>3 0.03 0.013
Primordial FOM 0.1 1

Focal plane with

~hundred
spectrometers
<$10M

DESI: FoM ~ 1



How much sensitivity do we need?

Neutrino masses

Dark energy

Inflation

Spec-hrs <10° 106 107 108
Timescale 2023 2026 2028 2031
Example TIME, TIME-Ext SPT-3G+ SPT-3G+
SPT-SLIM one tube 7 tubes
o(M,) [eV] 0.047 0.028 0.013
o(w,) incl. z>3 0.038 0.013 0.005
Primordial FOM 0.1 1 10

Several
$10s of M

MegaMapper:
FoM ~ 10



How much sensitivity do we need?

Neutrino masses

Dark energy

Inflation

~few $100M?

Spec-hrs <10° 106 107 108 10°
Timescale 2023 2026 2028 2031 2037
Example TIME, TIME-Ext SPT-3G+ SPT-3G+ CMB-S4

SPT-SLIM one tube 7 tubes 85 tubes
o(M) [eV] 0.047 0.028 0.013 0.007
o(w,) incl. z>3 0.03 0.013 0.005 0.003
Primordial FOM 0.1 1 10 100




How do we get there?

To achieve cosmological relevance*, we need surveys with >3 orders of
magnitude improvement in sensitivity.

e Dedicated wide-field platforms at excellent sites and multi-year observations
e Detector arrays that are as sensitive as possible, with enough spectral

resolution to extract all of the cosmological information
o Presumably this means on-chip spectrometers...

e Readout to accommodate overwhelmingly-large detector counts

*fortunately not true for astrophysical relevance



Wide-field Submm-quality Platforms

CCAT-p (2025+)
SPT (2027+)
SO (2030+)

CMB-S4:
SP-LAT (2038+)
CH-LAT (2038+)

Mapping diffuse, extended, low
surface brightness emission
over 1000s of sq deg:
Unobstructed optics is key!




Mapping diffuse, extended, low
surface brightness emission

Wide-field Submm-quality Platforms . 1000s of sq deq:

Unobstructed optics is key!

gl Next Generation CMB Experiment §
7 = S il

Can we use small-aperture
telescopes (BAO/fNL)?
Cheaper, more efficient to
integrate/calibrate/mass
produce

BICEP/CMB-S4 SATSs:
~15 arcmin FWHM @95 GHz




Cheng Zhang

Detector Packing Density
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36, spectrometer cards spectrometer card

432 spectrometers 120 Channel

Spectrometers
(12 per card)

1440 channels
- two MUX units

Pete Barry
Jeff McMahon

WG to MS
transition
(12 per card) eadout SPMs

exploded rear view

Feed Horn array

Interface wafer stack



Spectral Resolution
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For microstrip implementation, loss in dielectric limits resolution (and optical efficiency!)
Promising low-loss candidates pursued by many groups.
White paper forecasts for R=300.



Readout

We are probably forced into GHz frequency-domain multiplexing: a
1000-spectrometer, R=300 array has similar detector count to CMB-54!

Current gen: ROACH, ICE, SMuRF, etc. O(1000) channels/line

Can RFSoCs get us to O(10000)/line at ~$1/channel?
How many coax lines can we accommodate cryogenically?

Can we get the required Qs and frequency placement?



Parting Thoughts

We've got a long way to go before we get to mm-wave LIM cosmology - but luckily
we’re not starting from scratch.

Hardware challenges seem tractable — with ~few $M efforts, should be able to
make excellent progress, then re-use infrastructure of CMB experiments to deploy
at scale.

The analysis challenges (astrophysical systematics, instrumental systematics,
modeling systematics) will necessarily be matched to the sensitivity of the
experiments.

...S0 let’s get to work!



