
Options for an L-class Microwave 
Spectroscopy Space Mission

Jacques Delabrouille
Centre Pierre Binétruy, CNRS/IN2P3, Berkeley

APC , CNRS/IN2P3, Paris & IRFU/DAP, CEA-Saclay



The most sensitive CMB space mission to date, PLANCK, has been extraordinarily successful. It 
is hard to find a cosmology paper which does not, in a way or another, use PLANCK results!

But PLANCK is still far from having fully exploited the richness of the microwave sky !

There has been no progress on the CMB frequency spectrum since COBE-FIRAS (1990s)

PLANCK is not sensitive enough to fully exploit CMB polarization. We still have to
• reach cosmic variance limit on tau and hence Smn (including constraints from B-modes !?) 
• detect / map B-modes with high significance (high S/N ratio)
• map the (dark) mass with CMB lensing to cosmic variance limit
• test further extensions to standard 6+1 parameter LCDM

The number of frequency channels in current observations is insufficient to separate and fully 
characterize foreground emissions (say, with S/N >1 over the full sky)

Rationale for yet another CMB space mission



CMB fluctuations
at z≈1000

CMB interactions at z<10

NEW

NEW

CMB spectral distortions
0 < z < 2,000,000

NEW

Map the entire Universe in the Microwave

Atoms, molecules, dust at z<10
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1- Most of the radiation in the 
Universe is in the microwaves!

2- The most distant objects 
emit in the microwaves

3- Complement planned observations in the 2030+ time frame 
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Why from space?

Atmospheric
Transmission

and
Emission !

VOYAGE 2050



Spectral distortions
Jens Chluba et al.

CMB Backlight
Kaustuv Basu et al.

High redshift structures
Marta Silva et al.

Microwave survey
Jacques Delabrouille et al.

A coordinated microwave observation programme

3 SYNERGISTIC DESIGN-DRIVING SCIENCE CASESL-CLASS MISSION



White papers submitted by…

(Long-term community effort, join any time)



1. A broad-band, multi-frequency polarised imager
• Reference model: PICO instrument at the focus of 3.5m cold telescope
• 21 bands from ~20 to ~800 GHz

2. A sensitive spectrometer with R ≈ 300
• Reference model: Extended Deshima at the focus of the same telescope
• Frequency range ~100-1000 GHz (goal 50-2000 GHz)

3. An absolutely calibrated FTS
• Reference model: a three-module version of PIXIE / PRISTINE
• Frequency range ~10-2000 GHz

PICO focal plane

Deshima

PIXIE FTS

(S. H
anany

et al. 2019) 
(A

. Endo et al. 2019)
(A

. Kogutet al. 2019)

CONTINUUM POLARIZED EMISSION

LINE EMISSION

INTEGRATED EMISSION

A large space mission with three instruments ?
(This is what was originally proposed, and must now be revisited and developed)



• Large cold telescope (req. 2.8m, baseline 3.5m, ~8 Kelvin) ⟺ L-class 
mission 

• Three cryogenic instruments
• Two at the focus of the large telescope

• One separate (could be on another platform)

• Three possible modes of observation for a ~6-year mission
• Survey 1 – full sky, ~2 years Go Broad !
• Survey 2 – deep patches, ~2 years Go Deep !
• Observatory – open time, ~2 years Be Flexible !

+

A large space mission with three instruments ?
(This is what was originally proposed, and must now be revisited and developed)



1. A broad-band, multi-frequency polarised imager
• Reference model: PICO instrument at the focus of 3.5m cold telescope
• 21 bands from ~20 to ~800 GHz

2. A sensitive spectrometer with R ≈ 300
• Reference model: Extended Deshima at the focus of the same telescope
• Frequency range ~100-1000 GHz (goal 50-2000 GHz)
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• Reference model: a three-module version of PIXIE / PRISTINE
• Frequency range ~10-2000 GHz
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CONTINUUM POLARIZED EMISSION

LINE EMISSION

INTEGRATED EMISSION

A large space mission with three instruments ?

CMB polarization science, Inflation
• (lensing potential; primordial GW;  probing extensions of the LCDM model)
• Reionization optical depth, lift degeneracies for Smn

Cluster science and Cosmology
• Thermal, kinematic SZ effects; relativistic corrections
• ~1 million clusters detected (complete census)
• Cluster masses from lensing (with polarization)
• Polarized SZ effect (transverse motion)



1. A broad-band, multi-frequency polarised imager
• Reference model: PICO instrument at the focus of 3.5m cold telescope
• 21 bands from ~20 to ~800 GHz

2. A sensitive spectrometer with R ≈ 300
• Reference model: Extended Deshima at the focus of the same telescope
• Frequency range ~100-1000 GHz (goal 50-2000 GHz)

3. An absolutely calibrated FTS
• Reference model: a three-module version of PIXIE / PRISTINE
• Frequency range ~10-2000 GHz

LINE EMISSION

INTEGRATED EMISSION

A large space mission with three instruments ?

Line intensity mapping
• Map the 3D distribution of metals in the Hubble volume (CO, C+, …)
• CIB tomography

High redshift sources
• High redshift protoclucters
• Strongly lensed sources
• More than 1 million sources at z>4

Deshima (A
. Endo et al. 2019)

LINE EMISSION

Negrello et al., 2020



Requirements



- Model emission for main 
atomic and molecular lines. 

- Instrumental sensitivity for an 
instrument of 64 
spectrometers with photon-
noise limited performance in 
bands n/dn = 300 and with 
30% efficiency. We assumed an 
8K telescope with Planck-type 
emissivity.

- About 70,000 channels total

Sensitivity for mapping lines
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Individual sources / halos
with redshift information!

100s of millions
of sources

10s of thousands
of sources

Mostly

un-blended !!

High redshift sources

Spectroscopy offers the 
means to de-blend even
with a 3-4m class telescope

millions of sources



2. A sensitive spectrometer with R 300
• Reference model: Extended Deshima at the focus of the same telescope
• Frequency range ~100-1000 GHz (goal 50-2000 GHz)

3. An absolutely calibrated FTS
• Reference model: a three-module version of PIXIE / PRISTINE
• Frequency range ~10-2000 GHz

LINE EMISSION

INTEGRATED EMISSION

A large space mission with three instruments ?

CMB spectral distortions
• Inflation; Universe at hugh redshift
• Dark matter
• Intensity mapping

Foreground science
• Galactic (Thermal dust and other ISM emissions …)
• Extra-galactic (CIB, LIM, …)

PIXIE FTS

(A. Kogutet al. 2019)

INTEGRATED EMISSION



One or more small Fourier Transform Spectrometers modules
- For zero-level of intensity maps and CMB spectral distortions
- The multi-module options allows for better sensitivity at low and high frequency, and 

for different band widths in the three instruments…
- Is it the best solution?

Absolute spectrometry : instrument(s)



Sensitivity

The sensitivity target to reach the most interesting 
cosmological signals is of the order of 0.1 to 1 Jy/sr
(integrated)

Corresponding sensitivity of 20 to 200 Jy/sr per degree-
size pixel

Can be reached with three PIXIE-type FTS 
spectrometers observing for 6 years

Foregrounds will be a big challenge at the level of 
sensitivity that is envisioned!

It might be the foregrounds that will set the angular 
resolution requirement…

1 Jy/sr = 2.5 nKCMB at 150 GHz



The sensitivity target to reach the most interesting 
cosmological signals is of the order of 0.1 to 1 Jy/sr
(integrated)

Corresponding sensitivity of 20 to 200 Jy/sr per degree-
size pixel

Can be reached with three PIXIE-type FTS 
spectrometers observing for 6 years

Foregrounds will be a big challenge at the level of 
sensitivity that is envisioned!

It might be the foregrounds that will set the angular 
resolution requirement…

Sensitivity

Continuum

1 deg.

-- Can we do absolute spectroscopy at the focus of a large telescope? --



ESA report
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Decadal survey report

CMB-S4 strongly endorsed
- Opens the path for NSF participation

Space missions
- Large Flagship in IR/O/UV ("small" version of LUVOIR, 

budget 11 B$)

- Smaller Flagship (3-5 B$) and Probe-class (1.5 B$) in FIR 
(SPICA mentioned explicitly) or X-rays

- Possible next probe-class for CMB polarization explicitly 
mentioned for the next decade

- No mention of LiteBIRD, not even in the list of related 
missions operating or in development

CMB mentioned 234 times, CMB-S4 65 times, PICO 1 time



Decadal survey report



1. A broad-band, multi-frequency polarised imager
• Reference model: PICO instrument at the focus of 3.5m cold telescope
• 21 bands from ~20 to ~800 GHz

2. A sensitive spectrometer with R ≈ 300
• Reference model: Extended Deshima at the focus of the same telescope
• Frequency range ~100-1000 GHz (goal 50-2000 GHz)

• Could also do some of the cluster science

3. An absolutely calibrated FTS
• Reference model: a three-module version of PIXIE / PRISTINE
• Frequency range ~10-2000 GHz

Deshima

PIXIE FTS

(A
. Endo et al. 2019)

(A
. Kogutet al. 2019)

LINE EMISSION

INTEGRATED EMISSION

A large space mission with three instruments ?
two (?)

Other options?



Summary

There will be opportunities for CMB space missions in Europe and in the US

- At ESA / in Europe 

- From Voyage 2050, better perspectives for microwave spectroscopy than for polarization.

- Prepare for proposing a feasible L-class mission capable of detecting µ spectral distortions and 

CMB recombination lines.

- Time frame: 2035-2050…

- Foreground separation will set angular resolution requirements for CMB science. Opportunity for 

great foreground science (ISM, extragalactic astrophysics and cosmology)

- 2 instruments? Can we do absolute spectroscopy at the focus of a large telescope?

- At NASA / in the US

- Possible next probe-class (<1.5 B$) for CMB polarization post 2030 (next decade)

- Preparatory work could begin immediately (with a budget of 100 M$ over 10 years)



Thank you
for your attention
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Structure tomography

Galaxy surveys

• Matter power spectra; 
• Knots in the cosmic web, from protoclusters to clusters; 
• Different gas phases in structures;
• History of star formation, molecular gas, dust in structures



>9 orders of 
magnitude

6 orders of 
magnitude

Cosmic Variance Limit

(figure from Eleonora di Valentino)

• DT & DP CMB sensitivity
≈ 5000 × Planck
≈ 10 × CMB-S4 (polar.)

• Impressive constraints 
(with CMB alone!)

LCDM under scrutiny 
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Inflation
Voyage 2050

New constraints!Tensions?
⇕

New Physics?
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<latexit sha1_base64="m4jSCKOXgJ6HT+GkR9uar1OJ3iI=">AAACB3icbZDLSgMxFIbP1Futt1GXggSLUDdlRkRdFt24kgr2Ap2hZNJMG5rMDElGKEN3bnwVNy4UcesruPNtTNtZaOuBkI//P4fk/EHCmdKO820VlpZXVteK66WNza3tHXt3r6niVBLaIDGPZTvAinIW0YZmmtN2IikWAaetYHg98VsPVCoWR/d6lFBf4H7EQkawNlLXPvQU6wtcue1mnhSIhuH4BBlNIKfquOddu2zuaaFFcHMoQ171rv3l9WKSChppwrFSHddJtJ9hqRnhdFzyUkUTTIa4TzsGIyyo8rPpHmN0bJQeCmNpTqTRVP09kWGh1EgEplNgPVDz3kT8z+ukOrz0MxYlqaYRmT0UphzpGE1CQT0mKdF8ZAATycxfERlgiYk20ZVMCO78yovQPK26hu/OyrWrPI4iHMARVMCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+FPW5w9NB5eg</latexit><latexit sha1_base64="m4jSCKOXgJ6HT+GkR9uar1OJ3iI=">AAACB3icbZDLSgMxFIbP1Futt1GXggSLUDdlRkRdFt24kgr2Ap2hZNJMG5rMDElGKEN3bnwVNy4UcesruPNtTNtZaOuBkI//P4fk/EHCmdKO820VlpZXVteK66WNza3tHXt3r6niVBLaIDGPZTvAinIW0YZmmtN2IikWAaetYHg98VsPVCoWR/d6lFBf4H7EQkawNlLXPvQU6wtcue1mnhSIhuH4BBlNIKfquOddu2zuaaFFcHMoQ171rv3l9WKSChppwrFSHddJtJ9hqRnhdFzyUkUTTIa4TzsGIyyo8rPpHmN0bJQeCmNpTqTRVP09kWGh1EgEplNgPVDz3kT8z+ukOrz0MxYlqaYRmT0UphzpGE1CQT0mKdF8ZAATycxfERlgiYk20ZVMCO78yovQPK26hu/OyrWrPI4iHMARVMCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+FPW5w9NB5eg</latexit><latexit sha1_base64="m4jSCKOXgJ6HT+GkR9uar1OJ3iI=">AAACB3icbZDLSgMxFIbP1Futt1GXggSLUDdlRkRdFt24kgr2Ap2hZNJMG5rMDElGKEN3bnwVNy4UcesruPNtTNtZaOuBkI//P4fk/EHCmdKO820VlpZXVteK66WNza3tHXt3r6niVBLaIDGPZTvAinIW0YZmmtN2IikWAaetYHg98VsPVCoWR/d6lFBf4H7EQkawNlLXPvQU6wtcue1mnhSIhuH4BBlNIKfquOddu2zuaaFFcHMoQ171rv3l9WKSChppwrFSHddJtJ9hqRnhdFzyUkUTTIa4TzsGIyyo8rPpHmN0bJQeCmNpTqTRVP09kWGh1EgEplNgPVDz3kT8z+ukOrz0MxYlqaYRmT0UphzpGE1CQT0mKdF8ZAATycxfERlgiYk20ZVMCO78yovQPK26hu/OyrWrPI4iHMARVMCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+FPW5w9NB5eg</latexit><latexit sha1_base64="m4jSCKOXgJ6HT+GkR9uar1OJ3iI=">AAACB3icbZDLSgMxFIbP1Futt1GXggSLUDdlRkRdFt24kgr2Ap2hZNJMG5rMDElGKEN3bnwVNy4UcesruPNtTNtZaOuBkI//P4fk/EHCmdKO820VlpZXVteK66WNza3tHXt3r6niVBLaIDGPZTvAinIW0YZmmtN2IikWAaetYHg98VsPVCoWR/d6lFBf4H7EQkawNlLXPvQU6wtcue1mnhSIhuH4BBlNIKfquOddu2zuaaFFcHMoQ171rv3l9WKSChppwrFSHddJtJ9hqRnhdFzyUkUTTIa4TzsGIyyo8rPpHmN0bJQeCmNpTqTRVP09kWGh1EgEplNgPVDz3kT8z+ukOrz0MxYlqaYRmT0UphzpGE1CQT0mKdF8ZAATycxfERlgiYk20ZVMCO78yovQPK26hu/OyrWrPI4iHMARVMCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+FPW5w9NB5eg</latexit>

Neutrinos


