
* CMB ≙ Cosmic Microwave Background

Photon energy Photon energy Photon energyPhoton energy

D
ist

or
tio

n 
Si

gn
al

Photon energy Photon energy Photon energy Photon energy

Photon energyPhoton energyPhoton energyPhoton energy
y-distortion µ-distortion temperature shifty+µ+residual distortion

Redshift104 2 x 1063 x 105103

Time 2 months8 years7,000 years380,000 years

H
yd

ro
ge

n
 l

in
es

N
eu

tr
a

l 
H

el
iu

m
 l

in
es

Io
n

iz
ed

 H
el

iu
m

 l
in

es

La
st

 S
ca

tt
er

in
g 

Su
rf

a
ce

time-dependent information

full thermalizationscattering efficientscattering inefficient intermediate regime

Recombination signal

Ly
m

an
-α

Ba
lm

er
-α

Pa
sc

he
n-
α

Distortion ≃10-7-10-6 
relative to blackbody

Maximum of 
CMB blackbody

Maximum of 
CMB blackbody

Blackbody era
Distortion 
visibility

5 x 106

3
3
%

4
%

0
.2
%

0
.0
0
3
%

Recombination era

R
ei

o
n

iz
a

ti
o

n

B
ig

 B
a

n
g 

N
u

cl
eo

sy
n

th
es

is

Exploring new horizons with CMB* spectral distortions

Jens Chluba 
CMB@60 

May 30th 2025



COBE / FIRAS (Far InfraRed Absolute Spectrophotometer)

Average spectrum

Mather et al., 1994, ApJ, 420, 439 
Fixsen et al., 1996, ApJ, 473, 576  
Fixsen, 2003, ApJ, 594, 67 
Fixsen, 2009, ApJ, 707, 916  

NASA’s COBE satellite
Early 1990’s

Nobel Prize in Physics 2006!

Theory and Observations

Average spectrum

Blackbody spectrum to very high precision

‘Rainbow’ of the CMB

 Error bars a small 
fraction of the line 
thickness!



(Te >> Tγ)

thermal SZ effect

Sunyaev & Zeldovich, 1980, ARAA, 18, 537

Compton y-distortion

• also known from thSZ effect 
• up-scattering of CMB photon 
• important at late times 

(z<50000) 
• scattering `inefficient’

• important at early times (z>50000) 
• scattering `very efficient’

Chemical potential µ-distortion

Sunyaev & Zeldovich, 1970, ApSS, 2, 66

Standard types of primordial CMB distortions

Blackbody  
restored
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low redshift y-distortion for y = 2 x 10-6

relativistic correction to y signal
Damping signal
cooling effect
CRR

negative
 branch

negative branch

PIXIE sensitivity

negative 
branch

negative branch

Late time
absorption

Average ΛCDM spectral distortions

JC, 2016, MNRAS (ArXiv:1603.02496)
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With new opportunities 
using anisotropic 
distortion signals!

Planck, Litebird, SKA, 
CMB-S4 & PICO
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Probing cosmic structures and radiation  
with the ultimate polarimetric spectro-imaging  
of the microwave and far-infrared sky 
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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 

  

COSMO
De Bernardis, Masi & Battistelli

Maffei Secondar\ Mirror
(SM) 

Primar\ Mirror
(PM) 

4K Cold Load
(4KCL) 

Reference Feedhorn
(FHr) 

Sk\ Feedhorn
(FHs) 

IR Filter
Vacuum WindoZ

Cr\ostat

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
Rubiño-Martin

(PIXIE)

Super-PIXIE

Aghanim 

Aghanim 



History of distortion experiments and proposals

1989 20112008 2013 2015 2016

COBE/FIRAS
Mather & Fixsen

 TRIS 
Gervasi, Zannoni & Tartari

ARCADE 2
Kogut & Fixsen

PIXIE
Kogut & Fixsen

PIXIE
Kogut & Fixsen

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

PRISM
De Bernardis

2018 2022⩬

APSERa
Subrahmanyan & Rao

Pagina 24 

•  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 

  

COSMO
De Bernardis, Masi & Battistelli

Maffei Secondar\ Mirror
(SM) 

Primar\ Mirror
(PM) 

4K Cold Load
(4KCL) 

Reference Feedhorn
(FHr) 

Sk\ Feedhorn
(FHs) 

IR Filter
Vacuum WindoZ

Cr\ostat

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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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
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o Cryostat at the IAC since July 2019. ✔
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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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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. ✔
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o Reference load fabricated (Nov 2021). ✔
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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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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
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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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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: 
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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
Rubiño-Martin

Aghanim 

Aghanim 

Not just fiction 
anymore!

2025

Super-PIXIE

Maffei

L-BASS

Browne & Wilkinson

FOSSIL M8
(PIXIE)



10°3 10°2 10°1 100 101 102 103 104 105 106 107 108 109 1010 1011 1012 1013 1014 1015

Inverse scale in Mpc°1

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

10°1

S
ca

la
r

p
ow

er
sp

ec
tr

u
m

am
p
li
tu

d
e

SK
A

LI
SA

(E)PTA

CMB Anisotropy

y-dist

µ-dist

FIRAS

FOSSIL

BBN
PBH

IMBHSMBH SBH

Exploring the small-scale Universe

Cyr et al, 2024, MNRAS (ArXiv:2309.02366)



10°3 10°2 10°1 100 101 102 103 104 105 106 107 108 109 1010 1011 1012 1013 1014 1015

Inverse scale in Mpc°1

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

10°1

S
ca

la
r

p
ow

er
sp

ec
tr

u
m

am
p
li
tu

d
e

SK
A

LI
SA

(E)PTA

CMB Anisotropy

y-dist

µ-dist

FIRAS

FOSSIL

BBN
PBH

IMBHSMBH SBH

?

Exploring the small-scale Universe

Cyr et al, 2024, MNRAS (ArXiv:2309.02366)



10°3 10°2 10°1 100 101 102 103 104 105 106 107 108 109 1010 1011 1012 1013 1014 1015

Inverse scale in Mpc°1

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

10°1

S
ca

la
r

p
ow

er
sp

ec
tr

u
m

am
p
li
tu

d
e

SK
A

LI
SA

(E)PTA

CMB Anisotropy

y-dist

µ-dist

FIRAS

FOSSIL

BBN
PBH

IMBHSMBH SBH

Black Hole Mergers

?

Exploring the small-scale Universe

Cyr et al, 2024, MNRAS (ArXiv:2309.02366)



10°3 10°2 10°1 100 101 102 103 104 105 106 107 108 109 1010 1011 1012 1013 1014 1015

Inverse scale in Mpc°1

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

10°1

S
ca

la
r

p
ow

er
sp

ec
tr

u
m

am
p
li
tu

d
e

SK
A

LI
SA

(E)PTA

CMB Anisotropy

y-dist

µ-dist

FIRAS

FOSSIL

BBN
PBH

IMBHSMBH SBH

Little Red Dots

Black Hole Mergers

?

Exploring the small-scale Universe

Cyr et al, 2024, MNRAS (ArXiv:2309.02366)



10°3 10°2 10°1 100 101 102 103 104 105 106 107 108 109 1010 1011 1012 1013 1014 1015

Inverse scale in Mpc°1

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

10°1

S
ca

la
r

p
ow

er
sp

ec
tr

u
m

am
p
li
tu

d
e

SK
A

LI
SA

(E)PTA

CMB Anisotropy

y-dist

µ-dist

FIRAS

FOSSIL

BBN
PBH

IMBHSMBH SBH

Little Red Dots

Black Hole Mergers

?
ARCADE excess

Exploring the small-scale Universe

Cyr et al, 2024, MNRAS (ArXiv:2309.02366)



10°3 10°2 10°1 100 101 102 103 104 105 106 107 108 109 1010 1011 1012 1013 1014 1015

Inverse scale in Mpc°1

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

10°1

S
ca

la
r

p
ow

er
sp

ec
tr

u
m

am
p
li
tu

d
e

SK
A

LI
SA

(E)PTA

CMB Anisotropy

y-dist

µ-dist

FIRAS

FOSSIL

BBN
PBH

IMBHSMBH SBH

Little Red Dots

Black Hole Mergers

?
Hubble Tension

ARCADE excess

Exploring the small-scale Universe

Cyr et al, 2024, MNRAS (ArXiv:2309.02366)



Lynch, Knox & JC, ArXiv:2406.10202  
Lynch, Knox & JC, ArXiv:2404.05715

Cosmological data seems to be preferring early 
recombination scenarios!

Model-independent reconstruction of 
free electron fraction using Emulators



Calabrese et al., ArXiv:2503.14454 

ACT Study of Extended Cosmological Models

Modified recombination scenarios 
do quite well in comparison to 

other HT solutions!



Calabrese et al., ArXiv:2503.14454 

ACT Study of Extended Cosmological Models

Modified recombination scenarios 
do quite well in comparison to 

other HT solutions!



Calabrese et al., ArXiv:2503.14454 

ACT Study of Extended Cosmological Models

Modified recombination scenarios 
do quite well in comparison to 

other HT solutions!



Calabrese et al., ArXiv:2503.14454 

ACT Study of Extended Cosmological Models

Modified recombination scenarios 
do quite well in comparison to 

other HT solutions!

But there is something 
else missing here!



JC, Vasil & Battye, ArXiv:2505.22242

The two main effects of baryon clumping at 
very small scales



JC, Vasil & Battye, ArXiv:2505.22242

The two main effects of baryon clumping at 
very small scales

Uniform medium



JC, Vasil & Battye, ArXiv:2505.22242

The two main effects of baryon clumping at 
very small scales

Γ = σTNea

Uniform medium

Γ

Γ

Γ

Γ



JC, Vasil & Battye, ArXiv:2505.22242

The two main effects of baryon clumping at 
very small scales

Γ = σTNea

Uniform medium Clumpy medium

Γ

Γ

Γ

Γ



JC, Vasil & Battye, ArXiv:2505.22242

The two main effects of baryon clumping at 
very small scales

Γ = σTNea

Uniform medium Clumpy medium

Γ

Γ

Γ

Γ

Γ1 < Γ2 Γ2



JC, Vasil & Battye, ArXiv:2505.22242

The two main effects of baryon clumping at 
very small scales

Γ = σTNea

Uniform medium Clumpy medium

τc
Γ

Γ

Γ

Γ

Γ1 < Γ2 Γ2



JC, Vasil & Battye, ArXiv:2505.22242

The two main effects of baryon clumping at 
very small scales

Γ = σTNea

Uniform medium Clumpy medium

Γ ≈ σTN̄ea[1 − ζe]
ζe = τcσ2

e

τc
Γ

Γ

Γ

Γ

Γ1 < Γ2 Γ2



JC, Vasil & Battye, ArXiv:2505.22242

The two main effects of baryon clumping at 
very small scales

Γ = σTNea

Uniform medium Clumpy medium

Γ ≈ σTN̄ea[1 − ζe]
ζe = τcσ2

e

τc
Γ

Γ

Γ

Γ

Γ1 < Γ2 Γ2

Average 
recombination 

history



JC, Vasil & Battye, ArXiv:2505.22242

The two main effects of baryon clumping at 
very small scales

Γ = σTNea

Uniform medium Clumpy medium

Γ ≈ σTN̄ea[1 − ζe]
ζe = τcσ2

e

τc
Γ

Γ

Γ

Γ

Γ1 < Γ2 Γ2

Average 
recombination 

history

Optical depth 
across coherence 

length



JC, Vasil & Battye, ArXiv:2505.22242

The two main effects of baryon clumping at 
very small scales

Γ = σTNea

Uniform medium Clumpy medium

Γ ≈ σTN̄ea[1 − ζe]
ζe = τcσ2

e

τc
Γ

Γ

Γ

Γ

Γ1 < Γ2 Γ2

Average 
recombination 

history

Optical depth 
across coherence 

length Electron variance



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



Hart & JC, 2022, ArXiv:2209.12290

• Hubble tension persists… New Physics?? 

• H0 Olympics identified EDE, Primordial 
Magnetic fields and varying me models    
as best solutions! 

• These should affect the CRR!

Testing the origin of the Hubble tension with the CRR
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Spectral distortion link to GW backgrounds

Kite et al., 2020, ArXiv:2010.00040 
Cyr et al., 2023, ArXiv:2309.02366
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Spectral distortion link to GW backgrounds

Kite et al., 2020, ArXiv:2010.00040 
Cyr et al., 2023, ArXiv:2309.02366

Direct distortion from 
primordial GWs

Scalar-induced GWs

A CMB spectrometer could rule out 
SIGWs as cause for large-scale B-modes



Dowell & Taylor, 2018

The ARCADE radio excess

• Synchrotron-like signal 
first seen by ARCADE-2           
(Fixsen et al. 2011) 

• Confirmed by LWA  
(Dowel & Taylor, 2018) 

• Isotropic on the sky 

• Still unexplained 
(discussions in Singal et al. 2018  
& Singal et al. 2023)



Dowell & Taylor, 2018

The ARCADE radio excess

• Synchrotron-like signal 
first seen by ARCADE-2           
(Fixsen et al. 2011) 

• Confirmed by LWA  
(Dowel & Taylor, 2018) 

• Isotropic on the sky 

• Still unexplained 
(discussions in Singal et al. 2018  
& Singal et al. 2023)

Is this an early (z>10?) 
radio background 

possibly from accreting 
black holes or new 

physics?



Cosmic String solution to ARCADE excess?

Cyr, Acharya & JC, 2023, ArXiv:2305.09816 
Cyr, JC & Acharya, 2023, ArXiv:2308.03512

• Performed detailed modeling of distortions 
from Cosmic String network 

• Tightly constrained by CMB anisotropies 
and low frequency radio data

• Soft photon heating highly 
relevant to 21 cm prediction 
(Acharya, Cyr & JC, 2022;                  
Cyr, Acharya & JC, 2024) 

• Intriguing solution to the RSB



Cosmic String solution to ARCADE excess?

Cyr, Acharya & JC, 2023, ArXiv:2305.09816 
Cyr, JC & Acharya, 2023, ArXiv:2308.03512

• Performed detailed modeling of distortions 
from Cosmic String network 

• Tightly constrained by CMB anisotropies 
and low frequency radio data

CMB spectrometers could test 
the origin of the RSB!

• Soft photon heating highly 
relevant to 21 cm prediction 
(Acharya, Cyr & JC, 2022;                  
Cyr, Acharya & JC, 2024) 

• Intriguing solution to the RSB



JC, Cyr & Johnson ArXiv:2409.12115

Revised Constraints on Dark Photons

COBE/FIRAS constraints still competitive
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Revised Constraints on Axions 

Cyr, JC & Manoj ArXiv:2411.13701 Significant uncertainties from B field modelling



CMB power spectra for decaying particles

Kite, Ravenni & JC, 2022, papers III, ArXiv:2212.02817  

With anisotropic heating
- New way to constrain 

these scenarios
- Anisotropic heating is 

important!
- Degeneracy between 

lifetime and abundance 
can in principle be 
broken by -dependenceℓ



CMB power spectra for decaying particles

Kite, Ravenni & JC, 2022, papers III, ArXiv:2212.02817  

With anisotropic heating
- New way to constrain 

these scenarios
- Anisotropic heating is 

important!
- Degeneracy between 

lifetime and abundance 
can in principle be 
broken by -dependenceℓ

Can be constrainted 
with CMB imagers like 
Planck, Litebird, SO, 

CMB-S4 & PICO!



SKA as a CMB experiment

Zegeye et al., ArXiv:2406.04326  

- Single dish mode is enough 
for µ-T constraints

- Low frequency foreground 
monitor

- Constraints on small scales
- SKA+Litebird equivalent to 

PICO in terms of µ-T
- SKA could even do B-

modes…



SKA as a CMB experiment

Zegeye et al., ArXiv:2406.04326  

- Single dish mode is enough 
for µ-T constraints

- Low frequency foreground 
monitor

- Constraints on small scales
- SKA+Litebird equivalent to 

PICO in terms of µ-T
- SKA could even do B-

modes…

Detailed study with realistic 
foregrounds and systematics 

is required!


