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HEP at the Cosmic Frontier

To make progress on key cosmic
frontier science questions...

e Dark energy
e |[nflation
e Light relativistic particles

...we need cosmic surveys over larger
volumes (better statistics) and higher
redshift (break degeneracies).

But our standard probes leave a huge
fraction of the universe unmeasured!

Probes:

LIM White paper 1903.04496
CMB
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HEP at the Cosmic Frontier

To make progress on key cosmic
frontier science questions...

e Dark energy
e |[nflation
e Light relativistic particles

...we need cosmic surveys over larger
volumes (better statistics) and higher
redshift (break degeneracies).

But our standard probes leave a huge
fraction of the universe unmeasured!

Probes:

Galaxy

Surveys
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Karkare+ 2203.07258

Line IntenSity Mapping (LIM) Snowmass white paper

P4 Integrate over individual
> sources while retaining
Obg large-scale cosmology.

Much more efficient than
object detection at high
redshift.

v : .t
\1‘?‘.';-‘,‘:

Choose a spectral line -
observed wavelength
corresponds to distance.

- Galaxies 2




Mean Line Brightness Temp (uK)

Millimeter-Wave LIM

High-redshift galaxies have strong thermal dust
emission (far-IR, ~100 pm), on top of which are strong
emission lines: the CO rotational ladder and [CII]
ionized carbon.

M82 Sub-mm to Far-IR Emission Spectrum
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Mean Line Brightness Temp (uK)

Millimeter-Wave LIM

High-redshift galaxies have strong thermal dust
emission (far-IR, ~100 pm), on top of which are strong
emission lines: the CO rotational ladder and [CII]
ionized carbon.
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Mean Line Brightness Temp (u:K)

M82 Sub-mm to Far-IR Emission Spectrum
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On-Chip Filter-Bank Spectrometers

Existing mm-wave spectrometers are relatively large and hard to scale up...

TIME grating:
32x23x1cm
~ 736 cm?®

' N\ Li+ 2018



On-Chip Filter-Bank Spectrometers

Existing mm-wave spectrometers are relatively large and hard to scale up...

TIME grating:
32x23x1cm
~ 736 cm?®

SuperSpec:
3.6 x 5.7 x 0.05 cm
~1cm?

Li+ 2018

By printing the spectrometer on a silicon wafer, we can efficiently deploy the
hundreds of pixels we need to do cosmology. To accommodate the large detector
counts (hundreds X equivalent CMB receivers), use kinetic inductance detectors.,



The SPT Shirokoff Line Intensity Mapper (SPT-SLIM)
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A Technology Demonstrator:

e Show that can we use on-chip spectrometers for
mm-wave LIM...

e ...by deploying the first multi-pixel on-chip mm-wave
spectrometer to the 10-m South Pole Telescope

e Funded by NSF ATl and Fermilab LDRD in 2021.

AAAAAAAAAAAAAAAAAA

& Fermilab




The SPT-SLIM Spectrometers Mm'wavitj”smiSSi"” e

On-chip mm-wave 1 o 2

integral field unit: Ce Kovacs &
. Zmuidzinas
9 dual-pol pixels, 2010

R~100,
110-170 GHz

Narrowband filter

Fabricated at ANL - >
see Tom Cecil’s talk 180 mm

Aluminum Kinetic
inductance detector
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SPT-SLIM Coming Together in 2024




January 2025

;\‘
Integrated SLIM cryostat + < 2 weeks on sky for commissioning
receiver, Iifteq;l into receiver cabin and preliminary source observations
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Paper 1: Cryostat WMatt Young

arxiv:2510.14219

Receiver Cryostat

IR filtering:
UHMWPE window

HD-30 foam stack (10x)
50K teflon + nylon,
4K nylon + metal mesh

| ™ Cryomech PT-407
FormFactor 2-stage ADR

E

E

18 coax lines (SS, CuNi, NbTi)
9 LNAs

G10 tube standoff (4K stage)

Multi-layer Insulation (MLI):
20 layers (50K)

Thermometry:
|3 diodes and 6 RTDs

Stage Modeled load Measured load
Conductive Wiring Radiative Optical Total Total
50K 2.65W 0.13 W 11.5W 025 W 145 W I5SW
4K 101 mW 136 mW 7 mW 321 mW 113 mW 110 mW
GGG 9.33 uW 5.30 uW 0.21 pW 0 uW 14.8 uW 17.0 uW
FAA 0.93 uW 0.28 uW 0.42 uW 0.01 pW 1.62 uW 220 uW




Paper 2: Spectrometers arxiv:2509.02245

Bandpasses From Direct Fourier Transform
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MKID fractional frequency shift (ppm)

Paper 3: Atmospheric Calibration
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What’s Next?
With SPT-SLIM we’ve demonstrated

e The first astronomical observations with a
multi-pixel on-chip mm-wave spectrometer!

e New in-lab and on-sky calibration techniques
relevant for LIM

e A working cryostat at the SPT that is ready for
future observations.

Now preparing for 2027 with new detectors:

e More compact layout increases fab
throughput/efficiency

e 30 nm Al process (previous baseline, but
descoped to 50 nm) — higher responsivity




Next round just funded by NSF ATI:

COLIMATE: COsmology Line Intensity Mapping
with Advanced Technology Experiment
(Pl Karkare, co-Pls Chang, Anderson)

Single 150 mm wafer Lower iayer
' 130 mm
>

Scale up SPT-SLIM: large-format IFU (48 spectrometers) with Eﬁ[ )
improved efficiency and spectral resolution. Will be the first ﬁﬂﬂ(

mm-LIM focal plane sensitive enough for cosmology!




What’s Next?

High-redshift cosmology
demands more.

e We are at 10s of spectrometers
- we need hundreds.

Dark Energy

Inflation

Present Ready This Ready Next Scientific
Generation Decade Decade Threshold
eBOSS/DES
LIGO/NVirgo/DES
0.7
Z1%DE ec-S5
&2 e Discover time evolution of dark
8 energy and test the
cosmological constant
Gwo 10 hypothesis.
SPO/SO
r 0.003
CMB-S4
0.0005 = Discover the natural models of
Planck 5 inflation.
CMB-S4
i 2
Spec-S5
Al e A « Discover the non-Gaussianity
signature of multi-field inflation.
Planck  0.01 cwmB-s4/pES!
\  0.002
Aiin

Spec-S5
0.0007 LiM Discover features in the

0.0002

\ ti~AnRaan

Snowmass 2021 white paper
calculating LIM sensitivity needed
to surpass galaxy surveys with
high-z data

primordial spectrum; explore a
significant portion of uncharted



What’s Next?

High-redshift cosmology
demands more.

e We are at 10s of spectrometers
- we need hundreds.

e The planar architecture shown
here is possibly scalable to the
levels needed (COLIMATE), but
R&D in more creative
architectures could be
game-changing.
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e The planar architecture shown
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levels needed (COLIMATE), but
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game-changing.

Waveguide spectrometers and similar architectures
could move the spectrometers out of the focal plane
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High-redshift cosmology
demands more.

e We are at 10s of spectrometers
- we need hundreds.
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