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o ACDM 6 parameter model: excellent fit to data!

o Per cent accuracy on all base parameters, but tau.

o CDM detected at 1000.
o Sound horizon 0.03%.
o nNg is 80 away from scale-invariance (ng=1).

o Joint fit to Planck temperature, polarisation and
lensing data.

(Planck Collaboration I & VI, 2020)

Planck alone
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Primordial gravitational waves and B-

modes
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l (from http://cosmology.berkeley.edu/~yuki/CMBpol/CMBpol.htm’

Current upper limits: r < 0.032 at 95% C.L
(BICEP2/Keck + Planck PR4. Tristram et al. 2022)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.083524

The polarized Galactic emission contaminates the microwave observations.
At least, two physical mechanisms: thermal dust emission (dust grains) and
synchrotron (cosmic rays) = Galactic Magnetic Field

Planck
(thermal dust)




Sky emission in polarization at degree scales
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https://www.aanda.org/component/article?access=doi&doi=10.1051/0004-6361/202244953
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/0 The QUIJOTE experlment e

(Q-U-I JOint Tenerife Experiment, http://research.iac.es/project/quijote

QT-1 and QT-2: Crossed-Dragone telescopes, 2.25m primary, 1.9m secondary.

QT-1. Instruments: MFI. MFI2 QT-2. Instruments: TGl & FGI
: R . 30 and 40 GHz. Av =10GHz
11, 13, 17, 19 GHz. Av=2GHz. : P
FWH:|3V| 0. 932 (();650 aeCh . : FWHM=0.37°-0.28°
Commissioning 2018.
Observations re-started 20

NGI: 90GHZ'camera:
0[0]0 detectors (KIDs)



http://research.iac.es/project/quijote

Smoothed 1 deg maps FOREGROUNDS

(Rubino-Martin et al. 2023)
(Data release Jan 12t 2023: https://research.iac.es/proyecto/quijote. First six papers)

QUIJOTE 11GHz QUIJOTE 13GHz QUIJOTE 17GHz QUIJOTE 19GHz

Approx. 29,000 deg?. About 10,000 h of observations. Sensitivities in polarization (Q,U):
~35-40 pK/deg = equivalent to 2.4 uK.arcmin @ 100GHz with B=-3.


https://research.iac.es/proyecto/quijote

Wide survey with the QUIJOTE MFI (10-20 GHz)

Final maps
QUIJOTE | H3_11GHz (1deg) (Smoothed to 1°)

North celestial pole
North Polar

~ p Ophiuchi

Cygnus Loop

Geostationary satellites Southern sky

mK 20 (Rubino-Martin et al. 2023)




Wide survey with the QUIJOTE MFI (10-20 GHz)

QUUOTE WMAP
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QUIJOTE Q H3 I}GHZ_‘(ld.eg, rescaled) QUIOTE Q H3_13Gljzi1.geg, rescaled) WMAP 2_3‘§Hz_9.(ldeg]

[ aaea—— | [ a— |

-0.1 mK 0.1 0.1 mK 0.1

QUIJOTE U H3_11GHz (1deg, rescaled)
AEL i e

T W e,

0.1 mK 0.1

QUIJOTE maps scaled to 23 GHz using B=-3.1 (for synchrotron). Same colour scale in all maps!
For visualization purposes, the QUIJOTE mask is applied to WMAP 23GHz

(Rubino-Martin et al. 2023)
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QUUOTE MFI wide survey: papers

MFI wide survey papers (associated to the MFI wide survey data release in Jan 2023):
V. A northern sky survey at 10-20 GHz with the Multi-Frequency Instrument (Rubino-Martin et al. 2023)
V. W49, W51 and IC443 SNRs as seen by QUIJOTE-MFI (Tramonte et al. 2023)

VI The Haze region and the Galactic Centre as seen by QUIJOTE-MFI (Guidi et al. 2023)

VIL. Galactic AME sources in the MFI wide survey (Poidevin et al. 2023)

vii.  Component separation in polarization with the QUIJOTE-MFI wide survey. (de la Hoz et al. 2023)
IX. Radio-sources in the QUIJOTE-MFI wide survey (Herranz et al. 2023)

X. Spatial variability of AME parameters in the Galactic Plane (Fernandez-Torreiro et al. 2023)
X1, Polarised synchrotron loops and spurs. (Peel et al. in prep)
xi.  Analysis of the polarised synchrotron emission at the power spectrum level (Vansyngel et al. in prep)

xi. Intensity and polarization study of Supernova Remnants (Lopez-Caraballo et al. 2024)

xtv.  The FAN region as seen by QUIJOTE-MFI (Ruiz-Granados et al. in prep)

xv.  The North Galactic Spur as seen by QUIJOTE-MFI (Watson et al. in prep)

xvl.  Component separation in intensity with the QUIJOTE-MFI wide survey (de la Hoz et al. in prep)

xvil.  Studying the AME in the Andromeda Galaxy with QUIJOTE-MFI (Fernandez-Torreiro et al. 2024)

xvii.  New constraints on AME polarization in rho-Ophiucus, Perseus and W44 (Gonzalez-Gonzalez et al. A&A subm.)

Other MFI papers:

o MFT data processing pipeline (Genova-Santos et al. in prep).



ujjote

Wide survey with the QUIUUOTE MFI (10-20GHz) g

Synchrotron and Galactic magnetic field

MFI 11GHz - LIC Northern

MFI 11GHz - LIC

LFI30
Angles: Comparison to WMAP and PLANCK in high SNR . _
regions, excluding calibrators (CRAB) and high FR regions Magr.lf:tlc ﬁelc-ls lines
(galactic center). E.g. the median difference MFI11GHz - (Rubifio-Martin et al. 2023)

LFI30: -0.52 (error=0.692).



Lujote QUIOTE-MFI wide survey results VIlI: Component separation in pol. ‘g ; l
Polarised Synchrotron Spectral index RADI

0
j==) T o 55 FOREGROUNDS

De la Hoz et al. (2023). The first spectral index of
the polarized synchrotron in the northern sky.
QUIJOTE+WMAP+Planck. Maps at 2° and nside=64,
and prior N(-3.1,0.3):

B(11-23GHz) = -3.08 + 0.13

Significantly broader than existing models!

Model 4 M-D et al. (QSgs)
MFI+K/Ka+PR4 (QSgs)
MFI+K/Ka+PR4 (HS2Ngs)

-36 -34 -32 -30 -28 -2.6
Bs
Detection of uniform curvature,
. ¢,=-0.0797+0.0012, but not enough 0.01 0.4
statistical significance to distinguish
between Power-Law (PL) or curved PL. (de la Hoz et al. 2023)




QUIJOTE-MFI results: modelling the Anomalous Microwave Emission
FOREGROUNDS

o QUUOTE results in compact regions.
o Tramonte et al. (2023) AME detected in W49 (4.70) and W51 (4.00).
o Poidevin et al. (2023): Study of (PIR XV 2014).
o Lopez-Caraballo et al. (2024): CTB80, HB21, Cygnus Loop, CTA1, Tycho and HB9.
o QUUOTE results for AME diffuse emission in the Galactic plane (|b|<109).
o Fernandez-Torreiro et al. (2023). Spatial variability of v,y . Correlation between AME emissivity —
ISRF (G,) confirmed.
o Fernandez-Torreiro et al. (2024). AME detected in M31 (3.50). Consistent with SRT (Battistelli+19).
o Polarization constraints:
o Apparently unpolarized. Best upper limits in W44 (< 0.4% at 17GHz from QUIJOTE, and < 0.22% at
41GHz from WMAP) Genova Santos et al. (2017), Gonzalez et al. (2024).

G062.98+0

T .. TR 10° 10! 102 103
0 1.0 10.0 100.0 1000.0 FI'C enc GHZ
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RADIO Radio
FOREGROUNDS =

KI'o provide the best possible characterization of the physical \
properties of the polarized emissions in the microwave range,
by combining Planck (30-857GHz) with QUIJOTE (10-40 GHz), C-
BASS (at 5 GHz) and S-PASS (at 2.3 GHz). The resulting analyses
will play a key role in preparing and supporting future international

GMB experiments. Budget ~1.5ME. Period: 2024-2026. Y,

https://research.iac.es/proyecto/radioforegroundsplus Funded by

the European Union

QUIJOTE P 11GHz (1deg) C-BASS North P S-PASS

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and
do not necessarily reflect those of the European Union or the European Health and Digital Executive
Agency (HaDEA). Neither the European Union nor the granting authority can be held responsible for them.
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https://research.iac.es/proyecto/radioforegroundsplus

Guidi et al. (2023).
ata: ide-surve + raster scans
6N y

Intensity
e Haze component detected at

90, at 11 GHz. Confirmation of

(20,-23)

WMAP and Planck. a ™ Planck (red) and Fermi (blue)

e Spectrum steeper (B=-2.79
+0.08) than previous results Residual P PLA30 =

(B=-2.56+0.05, Planck IX, 2013).
Polarization
e Sky signal residuals observed
in polarization after
subtracting other foregrounds:

H [
Haze? Possibly due to S R — 0.00 7o k] 0.49
C u rvat u re Of t h e Sy n C h rot ro n B PLA 30-WMAP K B QT 11-WMAP K B SPASS-WMAP K

-3.11 -2.66
-2

spectrum.
e TT-plots show flat spectra e
indices at 23-30 GHz and steep *
spectra at 11-23 GHz and 2.3- s
23 GHz. (Guidi et al. 2023)

4
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:/ Searching for DM waves with QUIJOTE

T~/

 Coherent oscillations of the ALP
background in the galactic halo induce a
periodic change on the polarization of the
electromagnetic radiation emitted by local
sources such as pulsars.

* Methodology: generalised Lomb-Scargle
periodogram to search for periodic signals.

« Data: Tau A (Crab) SNR observed by
QUIJOTE MFI instrument, and 20 Galactic
pulsars from the Parkes Pulsar Timing Array
(PPTA) project.

* Result: strongest limits on the axion-photon
coupling for a wide range of dark matter__.

masses spanning 10%%eV <m,<10%V. =
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TMS: scientific motivation

CMB has a blackbody spectrum with extremely high precision
(COBE/FIRAS, Fixsen & Mather 2002)

Wavelength (cm)
17 10 1.0 0.1
lolié T T T T L S | 3
10718 i
o : E
E : i
-19
T 0TF E
o - —— 2.73 K blackbody =
o - i
(@)
1070 + FIRAS  COBE satellite 5 To=2.725+0.001 K
- E * DMR COBE satellite § .
e i x UBC sounding rocket . “,l|< 9x 10 (95% CI—)
107211 ¢ LBL-Italy White Mt. & South Pole
= 0 Princeton ground & balloon ly| <15 x 10 (95% CL)
" 4 Cyanogen optical
10-22 Ll PR il —— e Mather et al., 1994, ApJ, 420, 439
1 10 100 1000 Fixsen et al., 1996, AplJ, 473, 576
Frequencv (GHz) Fixsen et al., 2003, ApJ, 594, 67

Absolute spectrum in microwaves: encodes information about energetics in the
Universe (phase transitions in early universe; relic decay DM particles; reionization).



CMB spectral distortions probe the thermal
history of the Universe at z < few x 10°.

The standard cosmological model predicts
unavoidable spectral distortions (Sunyaev &
Khatri 2013; Chluba 2016).
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Scientific cases:

e Thermal history from 2 months after BB;

reionization epoch;

* inflaton at scales well below 1 Mpc;

e decaying and annihilating relics;

* Primordial Black Holes;

* Primordial magnetic fields;

* metals during the dark ages;

* cosmological recombination radiation
(= implications for H, tension).

(see Chluba et al. 2021)



Thermodynamic Temperature (K}

Wavelength (em)
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Kogut et al. 2006, New Astronomy Rev., 50, 925
Kogut et al., 2011, ApJ, 734, 9

Fixsen et al., 2011, ApJ, 734, 11

Seiffert et al., 2011, ApJ, 734, 8

TMS: scientific motivation (lll). The RSB.

ARCADE2
(Absolute Radiometer for Cosmology,
Astrophysics and Diffuse Emission)

o Distortion constraints:

b = G T
Y| < 107*

o No limit on y-parameter.

o Found low frequency excess.
* Spectrum:

W)= (184 £ 2 1HK ( )—2.57:&0.05

0.31 GHz

e Origin of excess (Radio
Synchrotron Background) unclear.
* In tension with TRIS results.
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Scientific cases for TMS related to UNDARK:

@ TMS: scientific motivation (IV)

* Forecasting the TMS sensitivity to the dark-matter model space. To develop and adapt

the dark-matter phenomenology to the TMS capacities in order to identify the most

promising search strategies in the 10-20GHz window.
* Exploring the origin of the RSB excess. To test the predictions of DM models that have
been proposed to explain the RSB using the upcoming TMS measurements.

Excess temperature

é@ 10! Vo ’f\;/ 1072 107! 100 0t
ﬁ e lul : ; ~‘; [GHZ]
-1
10 - Extragalactic Teg ARCADE2 7]
—— Example T, point
10_3 Posterior Ty I\ =
I Fixsen et al (2011) T — TIRAS !
10—5 AP EETT AT AT, ¥
102 10-1 10° 10! 10
v [GHZ]

Predictions of the frequency dependence of the
RSB excess temperature in the ULDM model of
Caputo et al. 2023 (stimulated DM decay).

Tere [MK]

E[eV]
6105 10°° 2x10°° 4x107° 8x107°
T~ e m
IR 4;, ) 4100
i i‘i‘w ]
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1 o l \‘ 410
E3<Am;<E; | ‘ :
5 | —5
EysAmi<Es | ‘. |
...... Es<Am;<Eg | L I 4
EgsAm; <Ego | ‘
1 I ‘ I 1
2 - 10 ?

Frequency [GHz]

Predictions for the radiative decays of a relic
neutrino v into a sterile neutrino vs, assumed to be
guasi-degenerate,
(Bhupal Dev et al. 2024).

to explain the RSB excess

[ ] ¥y
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@ Tenerife Microwave Spectrometer (TMS), 10-20GHz

*

o IAC project. Instrumental participation: Universidad )
Eris . 7
o Science driver: Ground-based low resolution spectroscopy observations
in the 10-20GHz range to characterize foregrounds and CMB spectral
distortions. Provides frequency intercalibration for QUIJOTE-MFI. (Rubino-
Martin et al. 2020).
o Location: Teide Observatory (former VSA enclosure). Full sky dome.

UTO

&

UNIVERSITA
| | DEGLI STUDI
7

DI MILANO

o Prototype for future instruments. Legacy value (radio synchrotron
background). Complementing future space missions (10-20GHz).

o Proposed instrument concept:
*  FEM cooled to 4-10K (HEMTs).
* Reference 4K cold load.
* DAS based on FPGAs (Xilinx ZCU208).
* ~2deg beam, 0.25 GHz spectral resolution (40 bands).

Reference Feedhorn

o Project Status:
o Enclosure and dome at the Teide Observatory. V/ el
Platform fabricated (IDOM). Installation Nov 2022. v
Cryostat at the IAC since July 2019. v
4K load fabricated and tested (Nov 2021). v
Mirrors designed (Alonso-Arias et al 2022). To be fabricated .

Shielding and support structure to be designed and fabricated.
DAS based on FPGAs, similar to MFI2.

Optomechanics in final fabrication phase (OMTs, hybrids).
Commissioning in late 2025.

O O OO O O OO



New Horizons in Cosmology
with Spectral Distortions of the
Cosmic Microwave Background

ESA Voyage 2050 Science White Paper
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Jens Chluba
Jodrell Bank Centre for Astrophysics
The University of Manchester
Manchester, M13 9PL, UK.

Email: jens.chluba@manchester.ac.uk, Phone: +447479865044

CMB spectral distortions: new window to
the Universe

» AiImost not experimental progress since
COBE/FIRAS (1994).

 Current projects on-going:

« TMS (10-20GHz).
HEMTs+FPGAs. Tenerife.

« BISOU (60-1200GHz). FTS.
Balloon. (Maffei et al. 2021).

« COSMO (110-300GHz). FTS.
Dome-C. (Masi et al. 2021).

» Spectral distortions: one of the three
themes selected by ESA for future L-class
science mission (Voyage 2050).




QUUOTE

TMS
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TMS 10-20 GHz: 2025-2030.
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UNION EUROPEA
Fondo Europeo de Dosarrollo egion:
“Una manera de hacer Europa”

Summary & Outlook

QT1 + MFI 10-20 GHz: 2012-2018. FOREGROLNS+

o Foreground studies with MFI data (RadioForegroundsPlus)
= Synchrotron (spatial variability, curvature, dust-synchrotron correlation).
=  AME modelling (spectral parameters; AME pol. fraction).

QT1 + MFI2 (10-20 GHz): 2024-2027.

QT2 + TGl (30 GHz) and FGI (40 GHz): 2018-2027.
QT2 + NGI (90GHz): 2027-. Design phase.

Combination QUUJOTE with other experiments: 2024-2028.

o At Teide: Groundbird (150, 220GHz), LSPE-STRIP (43, 90GHz). 1alk by
o Lower frequencies (CBASS, SPASS). RadioForegroundsPlus. RGS .

o Galactic Foregrounds (monopole).
o Radio Synchrotron Background (ARCADE2) excess:
o Dark matter models (ULDM: axions, dark photons).
o Instrument design + data analysis pipelines for SD experiments.

JCEl Funded by
LN the European Union

* %
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Wide survey with the QUIUUOTE MFI (10-20GHz)

Synchrotron E-B modes and E/B ratio

* Most prominent polarized structures (Fan,
NPS, loops) appear in the E-map.

* EE/BB ratio is approx. 4 at large scales.
Consistent with Martire et al. 2022
(WMAP+Planck).

* Analysis at power spectrum level confirms
this result (Vansyngel et al. in prep.)

* For thermal dust, the ratio was closer to 2
(BB/EE™~0.5, Planck Collaboration XI 2018).

* We measure EB and TB consistent with

zero. Positive TE at large angular scales.

|b] > 5° |b] > 10°

[b] > 20°

Jsky

Agg [pK?]
Agg [1K?]
OEE

BB

cee [pK?]
cpp [HK?]
App/Agg

Age [pK?]

agg (=app)

ceg (=cpp) [HK?]
App/Agg

0.38 0.34 0.27
EE and BB fitted separately

1.52 £ 0.15 1.05 £ 0.18 0.81 = 0.19

0.52 £ 0.15 0.20 + 0.12 0.18 +£ 0.13
—300£016 —272+£026 —296 % 0.36
—3.08 £042 —-3.13 £087 —3.12 =+ 1.03

007 £009 —-0.13 £011 —-0.09 £ 0.12

0.10 £ 009 —0.06 £ 009 —0.09 = 0.09

0.34 £ 0.10 0.19 £ 0.12 022 £ 0.18

Joint EE and BB analysis
1.49 £ 0.12 097 =+ 0.13 0.78 + 0.14
—304 £013 —-283+£021 —3.03+029
0.09 £ 006 —0.08 £ 006 —0.08 £ 0.07
0.36 = 0.04 0.26 = 0.07 0.26 £+ 0.08

—1.0 e—

1.0 mK

(Rubifio-Martin et al. 2023)



¢

€/
@ - Wide survey with the QUIJOTE MFI (10-20GHz)

Synchrotron properties and B-mode detectability

o Auto- and cross-spectra of QUIJOTE, WMAP, PLANCK maps in northern sky (|b|>109).

o Dust-synchrotron correlation: ~ 0.18+0.06.
o Variability on sky (compared to other results: Planck Col. XI 2018, Krachmalnikoff et al. 2018).

Contamination of the CMB at 90 and 150GHz by the synchrotron B-modes. Regions at 95% C.L. :

o 90GHz [ 150 GHz

§ r=0.1
o~ O
M 3 /
S 107 —— _ r=0.01

g —
& |
N

L
O 10 r =0.001
= —

L
=
ﬁ.o IO_J- T T T T T

30 50 70 90 110
multipole

(Vansyngel et al. in prep)



Lol Sejence with QUIJOTE first instrument (MFI) Eéﬁé’m%s

Q-U-I Joint Tenerife CMB experi

MFI Science phase (Nov 2012- Dec 2018)

 Wide survey (10,800h) - main data release 2023.

» Cosmological fields (~3,000 deg?) (6,500h)

* Daily calibrators (Crab, Cass A, Jupiter, sky dips,..) (1,700h)
* Galactic centre and Haze (1,400h)

* Perseus molecular cloud (750h) - Genova-Santos+15

* Fan region and 3C58 (500h)

* Taurus region (450h) - Poidevin+19

* SNRs (W44, W47, 1C443, W63) (1,150h) = Genova-Santos+17
* M31 (540h)
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Total: ~26,000 h of MFI data (3 effective years).
- ~50% efficiency during science phase.
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QUUOTE-MFI wide survey results IX: radiosources ARESOLN

Q-U-I Joint Tenerife CMB experiment

o Systematic study of a catalogue of 782 sources in the

11 GHz
QUIJOTE wide-survey maps. =2 included in data release. |

.. o Source-count at 11 GHz
o Completeness limit at 11 GHz ~1.8 Jy _——
o Study of polarisation properties of ~35 sources <M> = = 1o
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o Blind variability search = 7 variable sources, with 3
being strongly variable:
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(Herranz et al. 2023)
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o Génova-Santos et al. (2017): Best upper limits on AME polarization to date , from W44
region (< 0.4% at 17GHz from QUIJOTE, and < 0.22% at 41GHz from WMAP).
o Tramonte et al. (2023), V. : AME detected in W49 (4.70) and W51 (4.00).
o Poidevin et al. (2023), VII : Study of (includes targets from PIR XV
2014). Main results:
o QUIJOTE-MFI provides a cleaner separation of the AME, free-free and synchrotron
components. Generally, higher AME and lower free-free. We find v,,= 23.613.6 GHz.
o Clear correlation (90%) of AME/taug, with radiation field G, (Ty). Seen in Tibbs et al.
(2011, 2012), and PIR XV (2014).
o Clear correlation between AME and dust peak. Poor correlation between G, and EM.
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o Extending previous works to the Galactic plane (|b|<102) seen by QUIJOTE MFI.
o AME parameterization: parabola in log S —log v plane, three params (A, vye, Width).

Uame = 20.7729GHz Wame = 0.56010-9%9

o Spatial variability of v, . Correlation AME emissivity — ISRF (Gg) confirmed if using tausss.
o Rather uniform AME emissivity: €(28.4 GHz/100um)= 11.6 £ 3.5 uK/(Mly/sr).
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HB21

<
O SNRs: CTB80, HB21, Cygnus Loop, CTA1, Tycho and HB9
(Lépez-Caraballo+24). Our previous studies: Tau A and Cas
A (main calibrators, Rubino-Martin+23); W44 (Genova-
Santos+17), W49 and W51 (Tramonte+23). .
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o Results: synchrotron. We confirm the spectral break of the
synchrotron emission for CTB80 and HB21. Polarization
levels are lower than 10%.

o Results: AME. Detected in W49 at 4.7sigma. Not seen in
other regions. Derived upper limits on polarization:
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HB21 <39 <113 100 10! 102
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HB9 <15 <97 (Lopez-Caraballo et al. 2024)




<
 AME detected in M31 at 3.5-sigma level
using QUIJOTE-MFI in combination with
Planck, WMAP and ancillary data.
Consistent with SRT (Battistelli +19).

The selection of the aperture has an
impact on the significance of the AME
detection (CBASS: Harper+23).

The recovered AME emissivity in M31,
€(28.4 GHz/100um)=9.1+ 2.9
uK/(MJy/sr), is similar to that found for
the Milky Way (paper X).
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Parameter Case 1 (all components)
S1GHz Jy) 591 +£1.01
G syn —097 £0.21
EM (pccm—9) 272+ 1.64
Apame Jy) 1.03 £0.32
vAME (GHz) 17.15+3.17
WaME 0.58 £ 0.16
7353 3.79 £ 0.34
Bd 1.71 £0.08
Ts [K] 18.49 +0.79
Stcuz Ty) 039 +0.24
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wole QUIJOTE-MFI wide survey results XVIII: AME in p Ophiuchi,
Perseus and W43

Q-U-I Joint Tenerife CMB experiment

o QUUOTE-MFI wide survey data plus additional 1800 hours of dedicated raster scan observations.

o Upper limits on AME polarization fraction of order < 1% (95% confidence level) for the three regions.

o Mave < 1.1% (at 28.4 GHz), Maye < 1.1% (at 22.8 GHz) and My < 0.28% (at 33 GHz) in p Ophiuchi,
Perseus and W43 respectively.

o At QUUOTE 17 GHz: Mape < 5.13% for p Ophiuchi, Maye < 3.47% for Perseus and Mapye < 0.88% for W43,

o Improved intensity-to-polarization leakage correction that has allowed for the first time to derive
reliable polarization constraints from the Planck-LFI data. Residuals at 0.2% level.
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(Gonzalez-Gonzalez et al. 2024, A&A submitted)



‘( ulote

MFI Instrument (10-20 GHz)

<+ Operations: Nov 2012 — Dec 2018, 50% efficiency

<+ 4 horns, 32 channels. Four frequency bands: 11,
13, 17 and 19 GHz. Bandwidth: 2 GHz.

» Sensitivities: ~700-800 uK s'? in timelines.

Near sidelobes ~ 35 dB, far-sidelobes < 80 dB

finee ~ 250 mHz (pol), ~50 Hz (int)

“HWP”: steeping polar modulator (RL<-20dB, IL< -

0.15dB, 1<-40 dB)
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Parameter 11 GHz 13GHz 17GHz 19GHz
- MFI horns contributing to these bands 3 3 2,4 2,4
Centre frequency (nominal), v (GHz) 11.1 12.9 16.8 18.8
Effective frequency for « = —1, ve(a = —1) (GHz) 10.98 12.89 16.85 18.85
Bandwidth (GHz) 2.17 2.20 224 2.34
Beam FWHM (arcmin) 55.38 55.84 38.95 40.32
Main beam solid angle, Qmp (lO“’sr) 2.748 2.781 1.362 1.428
Beam ellipticity?, e 0.013 0.040 0.034 0.035
Antenna sensitivity, I' (uKcvp Jy_') 961.9 703.8 847.0 645.2
White-noise level in timelines (pKcmg s'72) 858 697 773 866
Knee frequency fi in polarization (mHz) 254 198 223 556
1/f slope in polarization 1.95 1.86 1.73 1.34
Overall calibration uncertainty / (per cent) 5 5 5 5
Overall calibration uncertainty Q, U (per cent) 5 5 6 6
BN “The ellipticity is defined here as € = 1 — FWHMmpin/FWHMmax.

(Rubifio-Martin et al. 2023)



Voyage 2050

Final recommendations from
the Voyage 2050 Senior Committee

Voyage 2050 Senior Committee: Linda J. Tacconi (chair), Christopher S. Arridge (co-chair),
Alessandra Buonanno, Mike Cruise, Olivier Grasset, Amina Helmi, Luciano less, Eiichiro Komatsu,
Jérémy Leconte, Jorrit Leenaarts, Jesds Martin-Pintado, Rumi Nakamura, Darach Watson.

May 2021

* New Physical Probes of the Early Universe.
How did the Universe begin? How did the first cosmic

| structures and black holes form and evolve? These are

outstanding questions in fundamental physics and
astrophysics, and we now have new astronomical
messengers that can address them. Our recommendation
is for a Large mission deploying gravitational wave
detectors or precision microwave spectrometers to
explore the early Universe at large redshifts. This theme
follows the breakthrough science from Planck and the
expected scientific return from LISA. [Executive summary,

page iii].

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. [page 18].



