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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 Zm,, (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 ACDM

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)



Map the entire Universe in the Microwave A

% Atoms, molecules, dust at z<10

CMB fluctuations
at z=1000

CMB spectral distortions
0<z<2,000,000 CMB interactions at z<10
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1- Most of the radiation in the 2- The most distant objects
Universe is in the microwaves! emit in the microwaves
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3- Complement planned observations in the 2030+ time frame



Why from space?
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New Horizons in Cosmology

M]CROWAVE §PECTRO-}SOLARIMETRY 7

ESA Voyage 2050 Science White Paper ESA Voyage-2050 White Paper with Spectral Distortions of the
OF MAT_TER AND RAD'AT[ON A Space Mission to Map the Entire Observable Mapping Large-Scale-Structure Evolution over Cosmie Times Cosmic Microwave Background
ACROSS SPACE AND TIME Universe using the CMB as a Backlight
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Microwave survey CMB Backlight High redshift structures Spectral distortions
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White papers submitted by...

(Long-term community effort, join any time)
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(This is what was originally proposed, and must now be revisited and developed)
T
1. A broad-band, multi-frequency polarised imager 3
* Reference model: PICO instrument at the focus of 3.5m cold telescope §
* 21 bands from ~20 to ~800 GHz "
CONTINUUM POLARIZED EMISSION =2
78 cm B —
- Deshimq’ = . =
2. A sensitive spectrometer with R = 300 i 2
* Reference model: Extended Deshima at the focus of the same telescope g 2 < e §
* Frequency range ~100-1000 GHz (goal 50-2000 GHz) i ‘i
LINE EMISSION |5

3. An absolutely calibrated FTS e

» Reference model: a three-module version of PIXIE / PRISTINE
* Frequency range ~10-2000 GHz

(6TOZ '|e 3@ 180y 'y)

INTEGRATED EMISSION Al
PIXIEFTS
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(This is what was originally proposed, and must now be revisited and developed)

* Large cold telescope (reqg. 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
e Survey 1 — full sky, ~2 years Go Broad !
e Survey 2 — deep patches, ~2 years Go Deep !
e Observatory —open time, ~2 years Be Flexible !
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1. A broad-band, multi-frequency polarised imager PICO focal plane

* Reference model: PICO instrument at the focus of 3.5m cold telescope
e 21 bands from ~20 to ~800 GHz
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CONTINUUM POLARIZED EMISSION

CMB polarization science, Inflation Svst
* (lensing potential; primordial GW; probing extensions of the ACDM model) e
* Reionization optical depth, lift degeneracies for Zm,, T

R

Machurs Reomars dics (Mo b sher prognras! rimng cmrdmans |
Jean Rageste Metin (IRFU Saxlay)

Cluster science and Cosmology

 Thermal, kinematic SZ effects; relativistic corrections
e ~1 million clusters detected (complete census)

e Cluster masses from lensing (with polarization)

* Polarized SZ effect (transverse motion)
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et . Deshima , » feocooa

2. A sensitive spectrometer with R = 300 Fiter t i runcy >

* Reference model: Extended Deshima at the focus of the same telescope o §

* Frequency range ~100-1000 GHz (goal 50-2000 GHz) NS e

LINE EMISSION S Y 3

Silicon lens 2 na 3
Line intensity mapping e
 Map the 3D distribution of metals in the Hubble volume (CO, C+, ...) 5
 CIB tomography E—> "‘a

High redshift sources

* High redshift protoclucters

e Strongly lensed sources

* More than 1 million sources at z>4 Negrello et al., 2020




Requirements

. Probing the EoR with [CII] line tomography (Reionization, protoclusters,

metal and dust enrichment at high-z). Requires sensitive [CII] observations in the
6 to 8 redshift range plus removal of interloping lines in map space. Survey requirements:
spectral coverage over the 200 - 400 GHz frequency range: spectral resolution of R=300

(or higher); angular resolution of 1’ (ideal) to 6’ (minimum); sky coverage of 100 deg?.

. Cosmology with statistical tomography of [CII] and FIR lines. Survey require-

ments: minimum sky coverage of 1000 deg? but ideally 10000 deg?; spectral resolution

of R=300 (minimum); spectral coverage over the 200 - 2000 GHz frequency range; sky

survey sensitivity (minimum). Going even higher in frequency would make it possible to
detect more FIR lines.

. Tracing the SFRD history and CIB tomography with [CII]. Survey requirements:

spectral resolution of R=200-400; spectral coverage over the 200 - 2000 GHz frequency

range; sky coverage of minimum 100 deg?; sky survey sensitivity.

. Measuring the molecular gas content up to high-z with CO. Also, includes

constraining the CO SLED up to z~ 8 and probing the redshift evolution of galaxies ISM.
Survey requirements: spectral coverage over the 50(minimum 100) - 400 GHz frequency
range; spectral resolution of R=300 (minimum); sky coverage of 100 deg?; deep survey
sensitivity; angular resolution of 1’ (ideal) to 6’ (minimum).

. ISM and CGM of galaxies at z=2 with FIR lines plus AGN at high-z. FIR lines

can probe the ISM in galaxies and the CGM during the peak of star formation activity.
The [OIII] line is a powerful tool to quantify the number density and distribution of
AGN. Survey requirements: spectral resolution of R=200-400, spectral coverage over the
300 - 2000(3000) GHz frequency range; minimum sky coverage of 100 deg?, deep survey

sensitivity or higher.

. Cross-correlation and synergies with other surveys. Survey requirements: wide

frequency coverage, spectral resolution of R=200-400 (minimum); deep survey location

should overlap with at least one HI 21-cm line field and preferably with several other
galaxy /LIM surveys.
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- About 70,000 channels total
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-3 with a 3-4m class telescope
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Individual sources / halos
with redshift information!




A large space mission with three instruments ?

3. An absolutely calibrated FTS

» Reference model: a three-module version of PIXIE / PRISTINE

* Frequency range ~10-2000 GHz

INTEGRATED EMISSION

PIXIE FTS

CMB spectral distortions
* Inflation; Universe at hugh redshift
e Dark matter E—)

Intensity mapping

Foreground science
Galactic (Thermal dust and other ISM emissions ...)

Extra-galactic (CIB, LIM, ...)
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New Horizons in Cosmology
with Spectral Distortions of the
Cosmi k
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Absolute spectrometry : instrument(s)
One or more small Fourier Transform Spectrometers modules e .-
- For zero-level of intensity maps and CMB spectral distortions < j =

- 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?

Table II: Multi-module absolute spectrometer; The mission sensitivity in the last column assumes 70% useful

data and a 6-year mission.

Module Vmin (GHz) Vmax (GHz) Av (GHz) Sensitivity (Jy./s) Mission sens. (Jy sr“l)
LEM 9.6 38.4 2.4 1435 0.12
MFM 20 600 20 6200 0.54
HFM 406 2000 58 2520 0.22




Sensitivity

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

(integrated)
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Spectral distortions and foreground emission
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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...
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-- Can we do absolute spectroscopy at the focus of a large telescope? --
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2.3.1 New Opportunities for Exploring the Early Universe

Missions exploiting new probes, such as measuring the detailed spectrum of the CMB or observing GWs with

high precision or in a new spectral window, can each answer many of these questions. Considerable
advances have been, and are being, made in microwave instrumentation, enabling Fourier Transform
Spectroscopy (FTS) to probe any injection of energy in the early Universe at z > 103, up to 100 000 times
better than the FIRAS spectrograph on board NASA’s COBE satellite. The improvement by such a large factor
promises a huge space for discovery. This science requires absolutely calibrated spectrographs, and cannot
be done by the relatively calibrated radiometers of NASA’s WMAP or bolometers of ESA’s Planck satellite.

Such a mission would not only detect the guaranteed signals of the standard paradigm of cosmology (thus

providing an important test for our current understanding), but would also offer a discovery space for

evidence of axion-like particles, annihilating dark matter particles, primordial magnetic fields as the origin of

magnetic fields in the Universe, and primordial black holes. Considerable advances have also been made in

GW laser interferometry and in gravity reference sensors. On the ground, this is attested to by the

remarkable precision achieved by the L/GO and Virgo detectors in the deca-to-kilohertz GW bands, and in
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2.3.4 Recommendation

The Senior Committee recommend that ESA should develop a Large mission capable of deploying new

instrumental techniques such as gravitational wave detectors or precision microwave spectrometers to

explore the early Universe (say z > 8). Such a mission would shed light on outstanding questions in

fundamental physics and astrophysics, such as how inflation occurred and the Universe became hot and
then transparent, how the initial cosmic structures grew, how the first black holes formed and how

supermassive black holes came to exist less than a billion years after the Big Bang.

While the focus of this Large mission is on the early Universe and the exciting new insights into the physics
and astrophysics of that era, it is expected that the space observatories proposed to meet these objectives

will also accomplish significant science at lower redshifts by the nature of their survey and new

spectroscopic capabilities.
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Report of the Panel on Electromagnetic Observations from Space 2

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

EXECUTIVE SUMMARY

-

3. Early Universe Cosmology: A mission designed to provide high-precision measurements of
the polarization of the cosmic microwave background at a range of frequencies. This would

. . complement major ground-based facilities in exploring several of the greatest mysteries of
S p ace missions fundamental physics—inflation. dark matter, dark energy. and neutrino mass. as well as the

growth of structure with cosmic time.
- Large Flagship in IR/O/UV ("small" version of LUVOIR, = ) t
budget 11 BS)

The history of the CMB field is that of continuously improving ground and sub-orbital
experiments, punctuated by comprehensive measurements from satellite missions (COBE. WMAP, and
Planck). This trend will continue into the next decade. CMB observations will ultimately be limited by
the accuracy with which emission from all other astronomical sources in the universe can be separated

- Smaller Fla gS hi P (3'5 B S) and Probe-class ( 1.5 BS) in FIR out, and by systematic errors. Ground and space measurements are complementary. From the ground.

( S Pl C A ment i on ed exp | |C|t | y) or X- rays CMB polarization observations offer better angular resolution, using large aperture telescopes that would
be expensive to fly in space, combined with excellent performance in a handful of atmospheric windows.

Space, with its unrestricted access to all frequencies over the whole sky, its capability for uniquely
accurate absolute calibration using the orbital motion of the spacecraft around the barycenter of the Solar
. . . P system, and its freedom from atmospheric and other interfering signals, offers the lowest systematic errors
- POSSI b | e next p ro bE'Cl ass fO r C MB pO | arization eXp l IC Itly and foreground residuals. Important progress in the next decade ci be made by ambitious observations
mentioned for the next decade from the ground on angular scales of roughly ten degrees and smaller. Space observations will
unquestionably be needed for the best foreground separation and lowest systematic errors on all angular
scales, and especially on angular scales of greater than about ten degrees.
A future dedicated CMB space mission. with a goal of measuring the polarized signal to the

- No mention of LiteBIRD, not even in the list of related 6 (2 itgtove AT A&DACH G T Bttt ysuts . et e A Gotling; CMBADAE,
missions operating or in development o S

limited detectors, low-noise stable readouts, low-noise cryogenics): (2) enhance the ability to simulate
and separate foreground emission from the CMB;: (3) simulate and mitigate the effects of systematic
errors: and (4) use this knowledge to optimize the design of a flight system. This preparatory work could
begin immediately. eventually resulting in a Probe-class mission. with a final design based on a targeted

CM B me ntio n Ed 234 t| mes, CM B'S4 65 t| mes, Pl CO 1 tl me competition, selected near the end of the decade. The appropriate investment in technology development

in advance of that selection is estimated by the panel to be ~$100 million, spent over the decade.
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7.5.3.5 An Early Universe Cosmology and Fundamental Physics Probe

As detailed in the report of the Panel on Cosmology. studies of the cosmic microwave
background continue to provide data that address profound and fundamental questions about the universe
on the largest scales and during its earliest moments. As noted by the EOS-2 panel report, “space
observations will unquestionably be needed for the best foreground separation and the lowest systematic
errors on all angular scales, and especially on angular scales of greater than about ten degrees.” With
investment in technologies this decade, combined with ground-measurements, cosmic microwave
background (CMB) probe mission could potentially be a compelling candidate for the future probe call in
the 2030’s, complementing the survey’s ground-based CMB-S4 recommendation.
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* Frequency range ~100-1000 GHz (goal 50-2000 GHz)
* Could also do some of the cluster science

3. An absolutely calibrated FTS

2. A sensitive spectrometer with R = 300

e Reference model: Extended Deshima at the focus of the same telescope

LINE EMISSION

» Reference model: a three-module version of PIXIE / PRISTINE

* Frequency range ~10-2000 GHz

INTEGRATED EMISSION

Other options?

Filter at line frequency
Aluminium absorber
MKID

NbTIN ground plane - v

(6T0T ‘|8 32 0pUT 'Y)

(6TOZ '|e 3@ 180y 'y)

it
<5

PIXIE FTS
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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 u 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 BS) for CMB polarization post 2030 (next decade)
- Preparatory work could begin immediately (with a budget of 100 MS over 10 years)



Thank you
for your attention
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| 3 P 26
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Structure tomography

EPOCHS Recombination PROBES Cosmic Microwave Background
Dark Ages '
Cosmic Dawn = . . . , 0y
Line Intensity Mapping e
Reionization By
Growth of (100  Galaxy surveys & 1100
Structure 200 <200
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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




ACDM under scrutiny

AT & AP CMB sensitivity
~ 5000 X Planck
~ 10 X CMB-54 (polar.)

Impressive constraints
(with CMB alone!)
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