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Uniqueness of CMB Spectral Distortion Science

Guaranteed distortion 
signals in ΛCDM 

New tests of inflation 
and particle/dark 
matter physics 

Signals from the 
reionization and 
recombination eras 

Huge discovery 
potential 

Complementarity and 
synergy with CMB 
anisotropy studies

JC & Sunyaev, MNRAS, 419, 2012 
JC et al., MNRAS, 425, 2012 
Silk & JC, Science, 2014 
JC, MNRAS, 2016 
JC et al., 2019, arXiv:1909.01593
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What is the status of CMB spectral distortions?



Mather et al., 1994, ApJ, 420, 439 
Fixsen et al., 1996, ApJ, 473, 576  
Fixsen et al., 2003, ApJ, 594, 67  

COBE / FIRAS (Far InfraRed Absolute Spectrophotometer)

Nobel Prize in Physics 2006!

 Error bars a small fraction 
of the line thickness!

Theory and Observations

Only very small distortions of CMB spectrum are still allowed!

Average spectrum
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Dramatic improvements in angular resolution and 
sensitivity over the past decades!

~ 7 degree 
beam

~ 0.3 degree 
beam

~ 0.08 degree 
beam

Measurements of the CMB energy spectrum on the other 
hand are still in the same state as some ~25+ years ago!
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PIXIE: Primordial Inflation Explorer

• 400 spectral channel in the frequency 
range 30 GHz and 6THz (Δν ~ 15GHz) 

• about 1000 (!!!) times more sensitive 
than COBE/FIRAS  

• B-mode polarization from inflation          
(r ≈ 10-3) 

• improved limits on µ and y  
• was proposed 2011 and 2016 as NASA 

EX mission (i.e. cost ~ 300 M$)

Kogut et al, JCAP, 2011, arXiv:1105.2044

Average spectrum



Courtesy Al Kogut & Dale FixsenKogut et al, BAAS, 2019, arXiv:190713195

The main FTS concept



Kogut et al, BAAS, 2019, arXiv:190713195

Other space spectrometers designs vary….

• Size of apertures or beam (to modify A Ω) 
• Observing time  
• Mirror stroke → frequency resolution 
• Multiple copies of ‘PIXIE’ 
• Dedicated FTS for different frequency-bands

Super-PIXIE
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NASA 30-yr Roadmap Study 
(published Dec 2013)

How does the Universe work? 

“Measure the spectrum of the 
CMB with precision several orders 
of magnitude higher than COBE 
FIRAS, from a moderate-scale 
mission or an instrument on CMB 
Polarization Surveyor.”

➡ looked like positive 
prelude for NASA 
Decadal Review 2020



Instruments: 
• L-class ESA mission 
• White paper, May 24th, 2013 
• Imager: 

- polarization sensitive 
- 3.5m telescope [arcmin 
resolution at highest frequencies] 
- 30GHz-6THz [30 broad (Δν/
ν~25%) and 300 narrow (Δν/ν~2.5%) 
bands]  

• Spectrometer: 
- FTS similar to PIXIE 
- 30GHz-6THz (Δν~15 & 0.5 GHz) 

More info at: http://
www.prism-mission.org/

Polarized Radiation Imaging and Spectroscopy Mission 

Spokesperson: Paolo de Bernardis 
e-mail: paolo.debernardis@roma1.infn.it — tel: + 39 064 991 4271 

PRISM 
Probing cosmic structures and radiation  
with the ultimate polarimetric spectro-imaging  
of the microwave and far-infrared sky 

1

Some of the science goals: 
• B-mode polarization from 

inflation (r ≈ 5x10-4) 

• count all SZ clusters >1014 Msun 
• CIB/large scale structure 
• Galactic science 
• CMB spectral distortions

http://www.prism-mission.org
http://www.prism-mission.org
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•  Concordia station: 

•  75° 06’ S – 123° 21’ E 

•  3233 m a.s.l. 
•  <T>=-50°    ;    min(T)=-85° 

 
•  High altitude but fully logistical 

supported 

•  16 crew-members during winter. 
Maximum 80 people during summer 

•  Diffusely site tested at all 
wavelengths and continuous 
atmospheric monitoring 

•  Water Vapour Content ~75% of the 
time below 0.4mm PWV       
(Tremblin et al., 448 A65 A&A 2012) 

•  Circular and linear polarizations 
constrained to  

•  CP<0.19%;  
•  LP<0.11% (Battistelli et al., 

423 1293 MNRAS  2012) 

Elia Battistelli for the COSMO collaboration 
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Figure 6. 3D visualization of the TMS optical system, as modelled with the Creo Parametric 3D Modelling
software. The optical design is based on a Gregorian o�set configuration, with a 1.49 m-primary mirror and a
0.6 m-ellipsoidal secondary mirror. The TMS feedhorn is positioned at one of the sub-reflector foci, aligned
with its phase center at 15 GHz. The removal of this sub-reflector allows us to switch between observations
with and without optics.

included the verification of the 3D mechanical model and subsequent adjustments. This process
required a few iterations until the final design was obtained. To conclude, we performed a more
complete analysis of the system radiation properties acknowledging the aforementioned di�raction
e�ects and the TMS feed behaviour. To this end, we used CST Studio Suite and performed a
preliminary study assuming an ideal system, which is presented in section 4.

Figure 6 shows the final optical design, based on a Gregorian system with a projected diameter
aperture of 1.2 m, and an equivalent focal length of 0.7 m, resulting in an F/D~0.58. The primary
mirror (PM) of the TMS is an o�set paraboloid, with 1.49 m major axis, and the secondary mirror
(SM) is an o�set concave ellipsoid, with a 0.6 m diameter and eccentricity n of 0.45. The half-angle
subtended by the SM at the feed is 30.32°, ensuring illumination levels  �20 dB in the mirror rims
along the whole TMS band. The system provides an angular resolution of about 1.5° on average.

It is worth noting that the final system does not satisfy the Mizuguchi [27] condition of
minimum cross-polarization by ⇠15° of deviation with respect to the optimal pointing of the
antenna. Similarly, the condition given by Rusch [28] for minimum cross-polarization and spillover
is not met. This design decision was motivated by the need to separate the cryostat and its pump
as far as possible from the optics, in order not to produce a blockage. Shading by the cryostat
was avoided by slightly reducing the pointing angle of the antenna with respect to the PM axis.
Nevertheless, the cross-polarization introduced by the optical system remains very low, barely
degraded with respect to the optimal configuration, according to GRASP results. In the same way,
spillover losses are almost negligible in comparison to the optimal configuration. Table 5 presents
the design parameters of the optical system, including the optimal and chosen values for the PM
o�set angle and the angle between the feed and SM axis. Optimal values are extracted from the

– 13 –

Tenerife Microwave Spectrometer (TMS), 10-20GHz

o IAC project. Instrumental participation: 

o Science driver: Ground-based low resolution spectroscopy observations

in the 10-20GHz range to characterize foregrounds (monopole signals;

spectral dependence of monopole signals; ARCADE results) and CMB

spectral distortions. Provides frequency intercalibration for QUIJOTE.

(Rubino-Martin et al. 2020).

o Location: Teide Observatory (former VSA enclosure). Full sky dome.

o Prototype for future instruments. Also important legacy value,
complementing future space missions.

o Proposed instrument concept:

• FEM cooled to 4-10K (HEMTs). 

• Reference 4K load.

• DAS based on FPGAs.  

• ~3deg beam, 0.25 GHz spectral resolution (40 bands).

o Project Status: 

o Enclosure and dome at the Teide Observatory. ✔
o Platform fabricated. Installation summer 2022. ✔
o Mirrors designed (Alonso-Arias et al 2022).  To be fabricated (à Fall

2022). 

o Cryostat at the IAC since July 2019. ✔
o Optomechanics in final fabrication phase. 

o Reference load fabricated (Nov 2021). ✔
o DAS based on FPGAs (à end 2022). 

o Commissioning in 2023. 

TMS
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Rao et al., ApJ, 2015, ArXiv:1501.07191
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Mayuri Rao (RRI)



COSMO at Dome C 
COSmological Monopole Observer 

Elia Battistelli on behalf of Silvia Masi  
for the COSMO collaboration 

Taken from a talk by Elia Battistelli
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Maximum 80 people during summer 

•  Diffusely site tested at all 
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atmospheric monitoring 

•  Water Vapour Content ~75% of the 
time below 0.4mm PWV       
(Tremblin et al., 448 A65 A&A 2012) 

•  Circular and linear polarizations 
constrained to  

•  CP<0.19%;  
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423 1293 MNRAS  2012) 

Elia Battistelli for the COSMO collaboration 

  
Concordia station at Dome-C

ArXiv:2110.12254



COSMO continuous cryogenics being built

Silvia Masi

Elia
Battistelli

COSMO

Silvia Masi for the COSMO collaboration
Courtesy:  
Paolo de Bernardis
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software. The optical design is based on a Gregorian o�set configuration, with a 1.49 m-primary mirror and a
0.6 m-ellipsoidal secondary mirror. The TMS feedhorn is positioned at one of the sub-reflector foci, aligned
with its phase center at 15 GHz. The removal of this sub-reflector allows us to switch between observations
with and without optics.

included the verification of the 3D mechanical model and subsequent adjustments. This process
required a few iterations until the final design was obtained. To conclude, we performed a more
complete analysis of the system radiation properties acknowledging the aforementioned di�raction
e�ects and the TMS feed behaviour. To this end, we used CST Studio Suite and performed a
preliminary study assuming an ideal system, which is presented in section 4.

Figure 6 shows the final optical design, based on a Gregorian system with a projected diameter
aperture of 1.2 m, and an equivalent focal length of 0.7 m, resulting in an F/D~0.58. The primary
mirror (PM) of the TMS is an o�set paraboloid, with 1.49 m major axis, and the secondary mirror
(SM) is an o�set concave ellipsoid, with a 0.6 m diameter and eccentricity n of 0.45. The half-angle
subtended by the SM at the feed is 30.32°, ensuring illumination levels  �20 dB in the mirror rims
along the whole TMS band. The system provides an angular resolution of about 1.5° on average.

It is worth noting that the final system does not satisfy the Mizuguchi [27] condition of
minimum cross-polarization by ⇠15° of deviation with respect to the optimal pointing of the
antenna. Similarly, the condition given by Rusch [28] for minimum cross-polarization and spillover
is not met. This design decision was motivated by the need to separate the cryostat and its pump
as far as possible from the optics, in order not to produce a blockage. Shading by the cryostat
was avoided by slightly reducing the pointing angle of the antenna with respect to the PM axis.
Nevertheless, the cross-polarization introduced by the optical system remains very low, barely
degraded with respect to the optimal configuration, according to GRASP results. In the same way,
spillover losses are almost negligible in comparison to the optimal configuration. Table 5 presents
the design parameters of the optical system, including the optimal and chosen values for the PM
o�set angle and the angle between the feed and SM axis. Optimal values are extracted from the
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Tenerife Microwave Spectrometer (TMS), 10-20GHz

o IAC project. Instrumental participation: 

o Science driver: Ground-based low resolution spectroscopy observations

in the 10-20GHz range to characterize foregrounds (monopole signals;

spectral dependence of monopole signals; ARCADE results) and CMB

spectral distortions. Provides frequency intercalibration for QUIJOTE.

(Rubino-Martin et al. 2020).

o Location: Teide Observatory (former VSA enclosure). Full sky dome.

o Prototype for future instruments. Also important legacy value,
complementing future space missions.

o Proposed instrument concept:

• FEM cooled to 4-10K (HEMTs). 

• Reference 4K load.

• DAS based on FPGAs.  

• ~3deg beam, 0.25 GHz spectral resolution (40 bands).

o Project Status: 

o Enclosure and dome at the Teide Observatory. ✔
o Platform fabricated. Installation summer 2022. ✔
o Mirrors designed (Alonso-Arias et al 2022).  To be fabricated (à Fall

2022). 

o Cryostat at the IAC since July 2019. ✔
o Optomechanics in final fabrication phase. 

o Reference load fabricated (Nov 2021). ✔
o DAS based on FPGAs (à end 2022). 

o Commissioning in 2023. 

Courtesy: J.A. Rubiño-Martin



BISOU 
A balloon project to measure 
the CMB spectral distortions

B.	Maffei	for	the	BISOU	collaboration

CMB-France	–	Nov	2021
ArXiv:2111.00246

(currently in Phase 0)

~ 90 GHz - 2THz



Courtesy: Paolo de Bernardis

The future of COSMO: a balloon-borne instrument
• Reuse of most of the LSPE LDB gondola 

http://lspe.roma1.infn.it

• Suitable LHe cryogenic system
• Possible to add (slower) sky modulator
• Might gain a factor 10 wrt COSMO on the ground.
• We have the capacity to provide - in house:

• Detectors (KIDs from OLIMPO)
• Readout electronics (OLIMPO)
• Cryogenic system (LSPE) 
• Cryogenic FTS (OLIMPO/COSMO)
• Modulator (COSMO)
• Gondola / ACS (LSPE)
• Data processing / analysis

• French/UK/US  collaborators interested to join and 
provide needed hardware. 

• Might merge with French proposal BISOU (CNES study, 
modulator configuration TBD)

• Long duration balloon (14 days at float, NASA summer 
circumantarctic flight OK, polar night better)

• Might be ready to launch in 2027/28. 
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CMB
e=1% 240K

e=0.1% 240K

45 km

4.5 km

9 km

Atmospheric Emission at different altitudes

90 150 210 270 330 390 45045
GHz

@balloon altitude: 
Reduced N2, O2 and O3 content;
Vastly reduced H2O content

Courtesy: Paolo de Bernardis
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software. The optical design is based on a Gregorian o�set configuration, with a 1.49 m-primary mirror and a
0.6 m-ellipsoidal secondary mirror. The TMS feedhorn is positioned at one of the sub-reflector foci, aligned
with its phase center at 15 GHz. The removal of this sub-reflector allows us to switch between observations
with and without optics.

included the verification of the 3D mechanical model and subsequent adjustments. This process
required a few iterations until the final design was obtained. To conclude, we performed a more
complete analysis of the system radiation properties acknowledging the aforementioned di�raction
e�ects and the TMS feed behaviour. To this end, we used CST Studio Suite and performed a
preliminary study assuming an ideal system, which is presented in section 4.

Figure 6 shows the final optical design, based on a Gregorian system with a projected diameter
aperture of 1.2 m, and an equivalent focal length of 0.7 m, resulting in an F/D~0.58. The primary
mirror (PM) of the TMS is an o�set paraboloid, with 1.49 m major axis, and the secondary mirror
(SM) is an o�set concave ellipsoid, with a 0.6 m diameter and eccentricity n of 0.45. The half-angle
subtended by the SM at the feed is 30.32°, ensuring illumination levels  �20 dB in the mirror rims
along the whole TMS band. The system provides an angular resolution of about 1.5° on average.

It is worth noting that the final system does not satisfy the Mizuguchi [27] condition of
minimum cross-polarization by ⇠15° of deviation with respect to the optimal pointing of the
antenna. Similarly, the condition given by Rusch [28] for minimum cross-polarization and spillover
is not met. This design decision was motivated by the need to separate the cryostat and its pump
as far as possible from the optics, in order not to produce a blockage. Shading by the cryostat
was avoided by slightly reducing the pointing angle of the antenna with respect to the PM axis.
Nevertheless, the cross-polarization introduced by the optical system remains very low, barely
degraded with respect to the optimal configuration, according to GRASP results. In the same way,
spillover losses are almost negligible in comparison to the optimal configuration. Table 5 presents
the design parameters of the optical system, including the optimal and chosen values for the PM
o�set angle and the angle between the feed and SM axis. Optimal values are extracted from the
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Tenerife Microwave Spectrometer (TMS), 10-20GHz

o IAC project. Instrumental participation: 

o Science driver: Ground-based low resolution spectroscopy observations

in the 10-20GHz range to characterize foregrounds (monopole signals;

spectral dependence of monopole signals; ARCADE results) and CMB

spectral distortions. Provides frequency intercalibration for QUIJOTE.

(Rubino-Martin et al. 2020).

o Location: Teide Observatory (former VSA enclosure). Full sky dome.

o Prototype for future instruments. Also important legacy value,
complementing future space missions.

o Proposed instrument concept:

• FEM cooled to 4-10K (HEMTs). 

• Reference 4K load.

• DAS based on FPGAs.  

• ~3deg beam, 0.25 GHz spectral resolution (40 bands).

o Project Status: 

o Enclosure and dome at the Teide Observatory. ✔
o Platform fabricated. Installation summer 2022. ✔
o Mirrors designed (Alonso-Arias et al 2022).  To be fabricated (à Fall

2022). 

o Cryostat at the IAC since July 2019. ✔
o Optomechanics in final fabrication phase. 

o Reference load fabricated (Nov 2021). ✔
o DAS based on FPGAs (à end 2022). 

o Commissioning in 2023. 

TMS

Aghanim 

Aghanim 





Most recent activities towards a space mission

Decadal science WP submitted Feb 2019

➡ Sadly spectral distortions 
not mentioned in Decadal 
report that was published 
in Nov 2021 

PI: Nabila Aghanim
F-class: Spectrometer

~ 90 GHz - 3THz



ESA Voyage 2050 White Papers

MICROWAVE SPECTRO-POLARIMETRY
OF MATTER AND RADIATION

ACROSS SPACE AND TIME

A science white paper for the "Voyage 2050" 
long term plan in the ESA science programme
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New Horizons in Cosmology
with Spectral Distortions of the 
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• > 100 WP evaluated
• Identified three L-Class 

themes
• Moons of the giant planets
• From temperate Exoplanets 

to the Milky Way
• New physical probes of the 

early Universe 

• CMB Spectral distortions 
recognized as a possible 
‘New physical probes of 
the early Universe’



Voyage 2050 Roadmaps towards distortion measurements

• Option 1: combination of CMB imager + spectrometer
- Synergistic approach (e.g., channel cross calibrations)

- Ultimate distortion measurement likely beyond
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Voyage 2050 Roadmaps towards distortion measurements

• Option 1: combination of CMB imager + spectrometer
- Synergistic approach (e.g., channel cross calibrations)

- Ultimate distortion measurement likely beyond

• Option 2: M-class CMB spectrometer
- Ultimate distortion mission beyond 2050 timescale

µ
µ1
µ2
µ3

3He / D

FIRAS

H

Hα

Pα

Brα

High frequency
Helium lines
absorbed

Vo
ya

ge
20

50

S
up

er
-P

IX
IE

Planck 2018

⌧

Sl
ow

–R
ol

l (
n ru

n
⇡

0)

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

ESA Voyage 2050 Science White Paper

Contact:
Jens Chluba

Jodrell Bank Centre for Astrophysics
The University of Manchester

Manchester, M13 9PL, U.K.

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

Pr
im

ordial Black Holes

Axio
n-Like-Particles

Recombination

Inflation

R
ei

on
is

ati

on and Structure Form
ation 

Particle Physics

C
op

yr
ig

ht
 Im

ag
es

: C
M

B
 fr

om
 P

la
cn

k 
C

ol
la

bo
ra

tio
n 

- 
E

S
A

 (
20

13
);

 P
B

H
 fr

om
 In

m
an

 a
nd

 A
li-

H
aï

m
ou

d 
(2

01
9)

. 

Sp
ec

tr
al

 D
ist

or
tio

n 
Si

gn
al

Microwave Frequency

ar
X

iv
:1

90
9.

01
59

3v
1 

 [a
str

o-
ph

.C
O

]  
4 

Se
p 

20
19

ArXiv:1909.01593



Voyage 2050 Roadmaps towards distortion measurements

• Option 1: combination of CMB imager + spectrometer
- Synergistic approach (e.g., channel cross calibrations)

- Ultimate distortion measurement likely beyond

• Option 2: M-class CMB spectrometer
- Ultimate distortion mission beyond 2050 timescale

• Option 3: L-class CMB spectrometer + pathfinder
- Pathfinder able to see average y and rSZ!
- Risk mitigation by learning about foreground challenge
- Pathfinder could be balloon or small satellite
- Launch date ~ 2040’s
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FOSSIL
FTS fOr CMB Spectral diStortIon

expLoration
A mission concept for the M-class ESA call

Nabila AGHANIM

Nabila.Aghanim@ias.u-psud.fr

Institut d’Astrophysique Spatiale
Bâtiment 121, Rue Jean-Dominique Cassini,

F91440 Bures-sur-Yvette, France

• Led by Nabila Aghanim 
(IAS/France)

• Cryogenic M-class mission
• Improved version of PIXIE
• Focused only on spectral 

distortions
• Launch 2037
• Hoping to get more detailed 

feedback on this…



How are we going to make this happen?
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FIG. 7: The cosmological recombination radiation arising from the hydrogen and helium components. The
helium distortion (blue) is the net accumulation of the HeI and HeII emission along with other effects (i.e.
helium absorption and collisions). The spectral series of hydrogen have also been highlighted. The unique
spectral shapes given by the CRR would provide us with a revolutionary new cosmological probe of the

atomic physics in the early Universe.

surements can be used to derive stringent constraints. The shape of the ALPs distortion depends
upon the mass of the axions and the density of electrons in the Milky Way. For the best-fit model
of electron density [245] and magnetic field [246, 247] of the Milky Way, ALPs in the mass range
from a mALP ' few ⇥10

�13 eV to a few ⇥10
�12 eV can be probed by the process of resonant con-

version. The measurement of this large angular scale spectral distortion signal requires both wide
frequency- and sky-coverage, which is possible only with space-based CMB missions. The same
physical effect also arises in galaxy clusters [248] and produces polarized spectral distortions that
can be measured using high-resolution CMB experiments with an imaging telescope [58, 249].

Along with the resonant conversion of CMB photons into ALPs, there will also be a non-
resonant conversion of CMB photons into ALPs, as the CMB photons propagate through the
turbulent magnetic field of our galaxy, IGM and voids [184]. This leads to an unpolarized spectral
distortion of the CMB blackbody. This avenue will provide stringent constraints on the coupling
strength g��a for all the masses of ALPs below ' 10

�11 eV. The first constraint of this kind of
distortion is obtained from the data of Planck satellite [250].

This new probe of ALP physics will be accessible with a CMB spectrometers like PIXIE or
Super-PIXIE. In this way, we can explore a new parameter space of the coupling strength g��a
and ALP masses, which are currently beyond the reach of particle-physics experiments. Spectral
distortions are capable of discovering ALPs even if they are a fraction of DM and hence will open
a completely new complementary window for studying ALPs in nature. The discovery space is
enormous and provides a direct cosmological probe into the string axiverse [229].

2.6. The Cosmological Recombination Radiation

The cosmological recombination process causes another small but inevitable distortion of the
CMB. Line emission from hydrogen and helium injects photons into the CMB, which after redshift-
ing from z ' 10

3 are visible today as complex frequency structure in the microwave bands (Fig. 7)
[20, 251–258]. The cosmological recombination radiation (CRR) has a simple dependence on
cosmological parameters and the dynamics of recombination; since it includes not only hydrogen
but also two helium recombinations, it probes eras well beyond the last-scattering surface ob-
served by CMB anisotropies [21, 22, 259]. Modern computations now include the bound-bound
and free-bound contributions from hydrogen, neutral helium and hydrogenic helium and thus allow
precise modeling of the total signal and its parameter dependences [22].
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spectral shapes given by the CRR would provide us with a revolutionary new cosmological probe of the
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surements can be used to derive stringent constraints. The shape of the ALPs distortion depends
upon the mass of the axions and the density of electrons in the Milky Way. For the best-fit model
of electron density [245] and magnetic field [246, 247] of the Milky Way, ALPs in the mass range
from a mALP ' few ⇥10

�13 eV to a few ⇥10
�12 eV can be probed by the process of resonant con-

version. The measurement of this large angular scale spectral distortion signal requires both wide
frequency- and sky-coverage, which is possible only with space-based CMB missions. The same
physical effect also arises in galaxy clusters [248] and produces polarized spectral distortions that
can be measured using high-resolution CMB experiments with an imaging telescope [58, 249].

Along with the resonant conversion of CMB photons into ALPs, there will also be a non-
resonant conversion of CMB photons into ALPs, as the CMB photons propagate through the
turbulent magnetic field of our galaxy, IGM and voids [184]. This leads to an unpolarized spectral
distortion of the CMB blackbody. This avenue will provide stringent constraints on the coupling
strength g��a for all the masses of ALPs below ' 10

�11 eV. The first constraint of this kind of
distortion is obtained from the data of Planck satellite [250].

This new probe of ALP physics will be accessible with a CMB spectrometers like PIXIE or
Super-PIXIE. In this way, we can explore a new parameter space of the coupling strength g��a
and ALP masses, which are currently beyond the reach of particle-physics experiments. Spectral
distortions are capable of discovering ALPs even if they are a fraction of DM and hence will open
a completely new complementary window for studying ALPs in nature. The discovery space is
enormous and provides a direct cosmological probe into the string axiverse [229].

2.6. The Cosmological Recombination Radiation

The cosmological recombination process causes another small but inevitable distortion of the
CMB. Line emission from hydrogen and helium injects photons into the CMB, which after redshift-
ing from z ' 10

3 are visible today as complex frequency structure in the microwave bands (Fig. 7)
[20, 251–258]. The cosmological recombination radiation (CRR) has a simple dependence on
cosmological parameters and the dynamics of recombination; since it includes not only hydrogen
but also two helium recombinations, it probes eras well beyond the last-scattering surface ob-
served by CMB anisotropies [21, 22, 259]. Modern computations now include the bound-bound
and free-bound contributions from hydrogen, neutral helium and hydrogenic helium and thus allow
precise modeling of the total signal and its parameter dependences [22].
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Open theory questions
• Theory has come a long way in the last 10 years

• 2011 PIXIE proposal was still based on classical understanding of distortion theory
• All subsequent proposals made strong link to inflationary µ-signal clear 
• Novel time-dependent information and residual distortion was understood!
• Accurate predictions can now be made using various distortion codes



Open theory questions
• Theory has come a long way in the last 10 years

• 2011 PIXIE proposal was still based on classical understanding of distortion theory
• All subsequent proposals made strong link to inflationary µ-signal clear 
• Novel time-dependent information and residual distortion was understood!
• Accurate predictions can now be made using various distortion codes

• Need to strengthen link of PBHs and small-scale power spectrum
• How much can we exclude outside of the µ-window?
• How do the measurements complement direct detections and stellar evolution models?
• What is the role of non-Gaussian perturbations?



SKA

PIXIE

FIRAS

PTA

CMB
anisotropies

ns = 0.965
k3 k4k2k1.5

SKA

PBH

PIXIE

FIRAS

PTA

CMB
anisotropies

ns = 0.965
k3 k4k2k1.5

PBH

102 104 106 108 1010 1012110-210-4
10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

Wavenumber in Mpc-1

P(
k)

Small-scale power and PBH link



Open theory questions
• Theory has come a long way in the last 10 years

• 2011 PIXIE proposal was still based on classical understanding of distortion theory
• All subsequent proposals made strong link to inflationary µ-signal clear 
• Novel time-dependent information and residual distortion was understood!
• Accurate predictions can now be made using various distortion codes

• Need to strengthen link of PBHs and small-scale power spectrum
• How much can we exclude outside of the µ-window?
• How do the measurements complement direct detections and stellar evolution models?
• What is the role of non-Gaussian perturbations?

• Information from CRR on new physics
• What about variation of fundamental constants?
• Can we constrain early-dark energy and the expansion history?
• Effect of pre-recombinational energy release?



700 1100 2000 3000 4000 6000 8000

Redshift z

0

0.2

0.4

0.6

0.8

1

1.2

1.4

790,000 260,000370,000 130,000 18,000

Cosmological Time in Years

V
isi

bi
lit

y 
Fu

nc
tio

n

H
 I-Lines

Free Electron Fraction Plasma fully 
ionized

Pl
as

m
a 

ne
ut

ra
l

H
e II-Lines

H
e I-Lines

Ne/[Np+NH]

1 10 100 1000 3000
ν [ GHz ]

10-30

10-29

10-28

10-27

I ν
 [J

 m
-2

 s-1
 H

z-1
 sr

-1
 ]

Neutral Helium only

1 10 100 1000 3000
ν [ GHz ]

10-29

10-28

10-27

I ν
 [J

 m
-2

 s-1
 H

z-1
 sr

-1
 ]

He II only

1 10 100 1000 3000
ν [ GHz ]

10-28

10-27

10-26

I ν
 [J

 m
-2

 s-1
 H

z-1
 sr

-1
 ]

Hydrogen only

CMB-Anisotropies

Hydrogen Lines

Neutral Helium Lines

Singly ionized 
Helium Lines



Novel information from the CRR

Hart & JC, in preparation

• Sensitivity of variations in 
before last scattering 

• Another side of EDE?

• Sensitivity of CRR to 
expansion history

• EDE and Hubble tension?



Open theory questions
• Theory has come a long way in the last 10 years

• 2011 PIXIE proposal was still based on classical understanding of distortion theory
• All subsequent proposals made strong link to inflationary µ-signal clear 
• Novel time-dependent information and residual distortion was understood!
• Accurate predictions can now be made using various distortion codes

• Need to strengthen link of PBHs and small-scale power spectrum
• How much can we exclude outside of the µ-window?
• How do the measurements complement direct detections and stellar evolution models?
• What is the role of non-Gaussian perturbations?

• Information from CRR on new physics
• What about variation of fundamental constants?
• Can we constrain early-dark energy and the expansion history?
• Effect of pre-recombinational energy release?

• Understanding of anisotropic spectral distortions
• The equivalent of CAMB/CLASS but for distortion…
• How do photon ‘bombs’ look on the sky?



Calibrator demonstration

Large external calibrator developed 
for PIXIE over 30 to 6000 GHz
Kogut et al, PIXIE proposal 2016

• Although deemed ‘easy’ 
to built, met with a lot of 
skepticism

• Demonstration of thermal 
stability and capabilities 
of monitoring temperature 
would be very helpful

• Misconceptions: 
• does not have to be a perfect 

blackbody itself
• Relative calibration more 

accurate than absolute scale

Courtesy: J.A. Rubiño-Martin

TMS calibrator



Improving low frequency coverage

• Low frequency coverage 
is crucial for µ           
(Abitbol et al. 2017)

• Is a low frequency FTS 
really the best solution?
• Few channels
• Runs out of steam w.r.t. 

sensitivity

• Possible alternatives 
• radiometers? 
• Spectrometers on a chip?
• FTS on chips                     

(priv. conv. Kirit Karkare)?



Spectral distortion foreground challenges 

Talk by Aditya Rotti

• How do we make the best use of spatial 
information?

• Do we need parametric methods or can 
one use semi-blind approaches?

• How to combine with external data sets?
• Synergies? 

• T0 and calibration
• Legacy value

Quijote

Secondar\ Mirror
(SM) 

Primar\ Mirror
(PM) 

4K Cold Load
(4KCL) 

Reference Feedhorn
(FHr) 

Sk\ Feedhorn
(FHs) 

IR Filter
Vacuum WindoZ
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Figure 6. 3D visualization of the TMS optical system, as modelled with the Creo Parametric 3D Modelling
software. The optical design is based on a Gregorian o�set configuration, with a 1.49 m-primary mirror and a
0.6 m-ellipsoidal secondary mirror. The TMS feedhorn is positioned at one of the sub-reflector foci, aligned
with its phase center at 15 GHz. The removal of this sub-reflector allows us to switch between observations
with and without optics.

included the verification of the 3D mechanical model and subsequent adjustments. This process
required a few iterations until the final design was obtained. To conclude, we performed a more
complete analysis of the system radiation properties acknowledging the aforementioned di�raction
e�ects and the TMS feed behaviour. To this end, we used CST Studio Suite and performed a
preliminary study assuming an ideal system, which is presented in section 4.

Figure 6 shows the final optical design, based on a Gregorian system with a projected diameter
aperture of 1.2 m, and an equivalent focal length of 0.7 m, resulting in an F/D~0.58. The primary
mirror (PM) of the TMS is an o�set paraboloid, with 1.49 m major axis, and the secondary mirror
(SM) is an o�set concave ellipsoid, with a 0.6 m diameter and eccentricity n of 0.45. The half-angle
subtended by the SM at the feed is 30.32°, ensuring illumination levels  �20 dB in the mirror rims
along the whole TMS band. The system provides an angular resolution of about 1.5° on average.

It is worth noting that the final system does not satisfy the Mizuguchi [27] condition of
minimum cross-polarization by ⇠15° of deviation with respect to the optimal pointing of the
antenna. Similarly, the condition given by Rusch [28] for minimum cross-polarization and spillover
is not met. This design decision was motivated by the need to separate the cryostat and its pump
as far as possible from the optics, in order not to produce a blockage. Shading by the cryostat
was avoided by slightly reducing the pointing angle of the antenna with respect to the PM axis.
Nevertheless, the cross-polarization introduced by the optical system remains very low, barely
degraded with respect to the optimal configuration, according to GRASP results. In the same way,
spillover losses are almost negligible in comparison to the optimal configuration. Table 5 presents
the design parameters of the optical system, including the optimal and chosen values for the PM
o�set angle and the angle between the feed and SM axis. Optimal values are extracted from the
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Tenerife Microwave Spectrometer (TMS), 10-20GHz

o IAC project. Instrumental participation: 

o Science driver: Ground-based low resolution spectroscopy observations

in the 10-20GHz range to characterize foregrounds (monopole signals;

spectral dependence of monopole signals; ARCADE results) and CMB

spectral distortions. Provides frequency intercalibration for QUIJOTE.

(Rubino-Martin et al. 2020).

o Location: Teide Observatory (former VSA enclosure). Full sky dome.

o Prototype for future instruments. Also important legacy value,
complementing future space missions.

o Proposed instrument concept:

• FEM cooled to 4-10K (HEMTs). 

• Reference 4K load.

• DAS based on FPGAs.  

• ~3deg beam, 0.25 GHz spectral resolution (40 bands).

o Project Status: 

o Enclosure and dome at the Teide Observatory. ✔
o Platform fabricated. Installation summer 2022. ✔
o Mirrors designed (Alonso-Arias et al 2022).  To be fabricated (à Fall

2022). 

o Cryostat at the IAC since July 2019. ✔
o Optomechanics in final fabrication phase. 

o Reference load fabricated (Nov 2021). ✔
o DAS based on FPGAs (à end 2022). 

o Commissioning in 2023. 

Talk by J.A. Rubiño-Martin

Talk by             
Michael Jones

TMS



The distortion gang is getting organized!

Distortion Workshop coming 
in October 2022!

• Main goals: 
• start building a bigger community 
• bring experimentalists on board

• Guiding questions: 
• What theory developments are still needed?
• New component separation methods?
• New technology ideas for low-frequency coverage

Organizers: Subodh Patil, Ema Dimastrogiovanni, Daan Meerburg, Jacques Delabrouille and JC



Uniqueness of CMB Spectral Distortion Science

Guaranteed distortion 
signals in ΛCDM 

New tests of inflation 
and particle/dark 
matter physics 

Signals from the 
reionization and 
recombination eras 

Huge discovery 
potential 

Complementarity and 
synergy with CMB 
anisotropy studies

JC & Sunyaev, MNRAS, 419, 2012 
JC et al., MNRAS, 425, 2012 
Silk & JC, Science, 2014 
JC, MNRAS, 2016 
JC et al., 2019, arXiv:1909.01593
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