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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!
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Small-scale power constraints and PBH formation
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Small-scale power constraints and PBH formation
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Cyr et al., 2023, ArXiv:2309.02366

IMBHSMBH SBH

A CMB spectrometer could shed light on 
primordial black hole formation
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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. 
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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.
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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,
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the design parameters of the optical system, including the optimal and chosen values for the PM
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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. 
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o DAS based on FPGAs (à end 2022). 
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recognized as a possible 
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the early Universe’
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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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Cosmic Microwave Background Anisotropies

Planck all-sky 
temperature map

• CMB has a blackbody spectrum in every direction 

• tiny variations of the CMB temperature ΔT/T ~ 10-5

But what about CMB 
distortion anisotropies?



8 Tony Mroczkowski et al.

Comptonized 
photon

CMB 
photon

Hot plasma

Energetic 
electron

Fig. 1 Updated illustration based on the classic L. van Speybroeck SZ diagram adapted by J. E. Carl-
strom. A CMB photon (red) enters the hot ICM (light blue) from an arbitrary angle, and on average is
up-scattered to higher energy (blue) by an electron (black). The largest energy is imparted on the photon
when it is scattered into the direction of the incoming electron, and it is minimal when deflected into the di-
rection opposite to the incoming electron. However, on average scattering constellations with ' 90� angles
between the particles are most relevant for the tSZ. The total momentum in the interaction is conserved,
so the electron is essentially undeflected by the interaction.

2.1 The thermal SZ e↵ect

As CMB photons pass through regions of hot thermal gas (see schematic represen-
tation in Figure 1), inverse Compton scattering moves them from the low-frequency
region of the blackbody spectrum towards higher energies. In single-scattering events
with electrons at speed � drawn from an isotropic velocity distribution there is no
net e↵ect, as the gains and losses average out to leading order, leaving a second
order term. The average energy gained by a CMB photon in each scattering is deter-
mined by �⌫/⌫ ' (4/3) �2

' 4kTe/mec2 (e.g., Rybicki & Lightman 1979; Sazonov
& Sunyaev 2000). In the last step, we used �2

th/3 ⇡ kTe/mec2 for a thermal (non-
relativistic) velocity distribution. Similarly, a narrow photon line broadens by �⌫/⌫ 'p

(2/3) �2 '
p

2kTe/mec2 in each scattering event. In the non-relativistic limit, both
e↵ects can be incorporated using the Kompaneets equation (Kompaneets 1956), which
when applied to the case of SZ clusters3 reduces to a simple di↵usion equation in

3 Stimulated scattering and recoil terms can be omitted.

Planck Collaboration, 2013, paper XXIX

Thermal SZ effect is now routinely observed!

~ 1230 objects

ACT

SPT

90 GHz 150 GHz 220 GHz

Planck
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This is an example of 
anisotropic heating!
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One can expect 
multiple cases with 
anisotropic heating!
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Spatially-varying heating and dissipation of acoustic 
modes for non-Gaussian perturbations

• Uniform heating (e.g., dissipation in Gaussian case or quasi-uniform energy release)                                                                        
 → distortion practically the same in different directions 

Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012; Biagetti et al., 2013; JC et al., 2016
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Spatially-varying heating and dissipation of acoustic 
modes for non-Gaussian perturbations

• Uniform heating (e.g., dissipation in Gaussian case or quasi-uniform energy release)                                                                        
 → distortion practically the same in different directions 

Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012; Biagetti et al., 2013; JC et al., 2016

• Spatially varying heating rate (e.g., due to ultra-squeezed limit non-Gaussianity or cosmic bubble collisions)                                                                                      
→ distortion varies in different directions  
→ probe of scale-dependent non-Gaussianity at k~10 Mpc-1 and ~740 Mpc-1



Spatially-varying heating and dissipation of acoustic 
modes for non-Gaussian perturbations

µ1
µ2

• Uniform heating (e.g., dissipation in Gaussian case or quasi-uniform energy release)                                                                        
 → distortion practically the same in different directions 

Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012; Biagetti et al., 2013; JC et al., 2016

• Spatially varying heating rate (e.g., due to ultra-squeezed limit non-Gaussianity or cosmic bubble collisions)                                                                                      
→ distortion varies in different directions  
→ probe of scale-dependent non-Gaussianity at k~10 Mpc-1 and ~740 Mpc-1



Jeong et al., 2014

Emami et al, 2015

• µ for ultra-squeezed limit non-Gaussianity                                                                                       
(Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012; Biagetti et al., 2013, JC et al., 2016)



Pajer & Zaldarriaga, 2012;  
Ganc & Komatsu, 2012;  
Biagetti et al., 2013; 
Ota et al., 2014;  
Zegeye et al., 2023, ArXiv:2303.00916

Primordial (local-type) non-Gaussianity 
causes µ-T/E correlations

Figure from Zegeye et al., 2023



Remazeilles & JC, 2018, ArXiv:1802.10101 
Remazeilles, Ravenni & JC, 2021, ArXiv:2110.14664  
Orlando, Meerburg & Patil, 2021, ArXiv:2109.01095 
Zegeye et al., 2023, ArXiv:2303.00916

Distortion anisotropies
- Probe of primordial non-Gaussianity 

(local type)

- Sensitive to correlations at much 
smaller scales k ~ 740 Mpc-1

- Complements other probes
- Science target for future CMB 

imagers (e.g., Litebird, CMB-S4 & PICO)

- Polarization correlations can also be 
used (reduced foreground challenge?)

Rotti et al., MNRAS 2022

Planck:
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➡ Doppler and potential driving due to presence of average CMB!



Distortions from effect of perturbations on 
the average spectrum

For temperature anisotropies
- Direct source of anisotropies from initial conditions (i.e., inflation)
- New sources/conversion from evolution of perturbations

- Doppler peaks
- Potential driving
- Free streaming process

*using conformal Newtonian gauge

➡ Doppler and potential driving due to presence of average CMB!

If the average spectrum is distorted this will lead to 
distortion anisotropies is a similar manner!
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Challenge of the exact calculation
Standard evolution equations for photon temperature

- Solve for multiple k modes (depending on how clever the sampling is…)

- Multipoles  ~ 5-20 (depending on required precision and truncation scheme…)

➡  Need to solve  coupled ODEs for ~102-103 values in k
ℓ

𝒪(30)
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For spectrum also frequency evolution has to be followed!
- CosmoTherm runs usually require ~4000 bin in frequency (~30-60 seconds)

- Each  mode in principle has a different spectrum
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Challenge of the exact calculation

For spectrum also frequency evolution has to be followed!
- CosmoTherm runs usually require ~4000 bin in frequency (~30-60 seconds)

- Each  mode in principle has a different spectrum

➡  Need to solve  coupled ODEs for ~102-103 values in k
ℓ

𝒪(104)

Problem becomes ‘uncomfortable’ even with 
additional approximations and HPC!

Standard evolution equations for photon temperature

- Solve for multiple k modes (depending on how clever the sampling is…)

- Multipoles  ~ 5-20 (depending on required precision and truncation scheme…)

➡  Need to solve  coupled ODEs for ~102-103 values in k
ℓ

𝒪(30)
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hybrid distortion probes 
time-dependence of 
energy-release history
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It seems like a compression could be possible if we 
could somehow reformulate the thermalization 

Greens function using a new basis?



Simplest G, M and Y decomposition 

Δn = Θ G(x) + μ M(x) + y Y(x)Ansatz:

Temperature shift y-distortion µ-distortion

x =
hν
kT

Redshift-independent photon frequency



Simplest G, M and Y decomposition 

Δn = Θ G(x) + μ M(x) + y Y(x)Ansatz:

Source of distortions
θz =

kTz

mec2

Dimensionless temperature

γT, γN, γρ

Coefficients from energy integrals

xc
Double Compton / Bremsstrahlung critical frequency
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Ansatz: Δn = Θ G(x) + μ M(x) + y Y(x)



Simplest G, M and Y decomposition 

Ansatz: Δn = Θ G(x) + μ M(x) + y Y(x)

Already captures the main 
behavior very well!



Beyond simplest G, M and Y decomposition 
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yk Yk(x)

‘Boosts’ of Y Boost operator



Beyond simplest G, M and Y decomposition 

Ansatz: Δn = Θ G(x) + μ M(x) + y Y(x) +
∞

∑
k=1

yk Yk(x)

‘Boosts’ of Y Boost operator



Illustration of the Yk basis

- Basis extension focuses on high frequency part
- Imperfections of representation at intermediate frequencies expected

Θ

μ

y



Ansatz: Δn = Θ G(x) + μ M(x) + y Y(x) +
∞

∑
k=1

yk Yk(x)

Kompaneets Equation Kompaneets Matrix

Spectral parameter vector

Beyond simplest G, M and Y decomposition 

Kompaneets operator

�̂�x = x−2∂xx4∂x + x−2∂xx4[1 + 2nbb]



Comptonization of y-spectrum

Representation improved with inclusion of more basis functions



Ansatz:

Beyond simplest G, M and Y decomposition 

Emission/Absorption terms Heating term

Δn = Θ G(x) + μ M(x) + y Y(x) +
∞

∑
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yk Yk(x)



Ansatz:

Beyond simplest G, M and Y decomposition 

Emission/Absorption terms Heating term

Δn = Θ G(x) + μ M(x) + y Y(x) +
∞

∑
k=1

yk Yk(x)



Ansatz:

Thermalization problem reduced to rotation of the 
spectral distortion parameters with y-source!

Beyond simplest G, M and Y decomposition 

Emission/Absorption terms Heating term

Δn = Θ G(x) + μ M(x) + y Y(x) +
∞

∑
k=1

yk Yk(x)



Main thermalization stages
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JC, Kite & Ravenni, 2022, papers I  
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Kite, Ravenni & JC, 2022, papers III 

New discretization of the Greens function

Andrea Ravenni

Thomas Kite



Main thermalization stages

JC, ArXiv:1304.6120  
JC, Kite & Ravenni, 2022, papers I  
JC, Ravenni & Kite, 2022, papers II  
Kite, Ravenni & JC, 2022, papers III 

New discretization of the Greens function

Andrea Ravenni

Thomas Kite
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Generalizing the Boltzmann hierarchy

This gives the standard photon Boltzmann hierarchy



Generalizing the Boltzmann hierarchy

Add a distortion of monopole



Generalizing the Boltzmann hierarchy

Add a distortion of monopole



Generalizing the Boltzmann hierarchy

Add a distortion of monopole

Time-dependent change of Doppler and potential driving



More general source vector due to coupling 
with average background



Representation of Boosts of µ-spectrum

Even very lowest order projections work well in this case



Including thermalization effects
Greens function discretization



Including thermalization effects
Greens function discretization

Obvious new terms



Including thermalization effects
Greens function discretization

Thomson terms as we just discussed



Including thermalization effects
Greens function discretization

New thermalization terms in perturbed monopole 



Including thermalization effects
Greens function discretization

This gives a new photon Boltzmann hierarchy with thermalization



Final photon Boltzmann hierarchy with 
thermalization effects

JC, Kite & Ravenni, 2022, papers I, ArXiv:2210.09327  
JC, Ravenni & Kite, 2022, papers II, ArXiv:2210.15308  
Kite, Ravenni & JC, 2022, papers III, ArXiv:2212.02817  
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These are the new thermalization 
and generalized source terms



Final photon Boltzmann hierarchy with 
thermalization effects

Now implemented in CosmoTherm but can be done with any 
Boltzmann code (e.g., CAMB or CLASS)

JC, Kite & Ravenni, 2022, papers I, ArXiv:2210.09327  
JC, Ravenni & Kite, 2022, papers II, ArXiv:2210.15308  
Kite, Ravenni & JC, 2022, papers III, ArXiv:2212.02817  

These are the new thermalization 
and generalized source terms
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Evolution of modes for injection at z = 50,000

Quadrupole distortion

k = 0.01 Mpc-1



CMB power spectra for injection at various z 

- CosmoTherm is able to 
reproduce standard CMB 
temperature signals

- Auto spectra indeed quite 
small…

- Cross-power spectra are 
within reach without 
violating COBE/FIRAS!

- Time-dependent 
information visible 
through spatial modes

- Extra information in 
residual distortion signals

- Polarization available

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



CMB power spectra for decaying particles
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these scenarios
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- Degeneracy between 
lifetime and abundance 
can in principle be 
broken by -dependenceℓ

No anisotropic heating



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



These new signals are not negligible!

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

Could be primordial ‘foreground’ for non-Gaussian signals



Future CMB imagers can improve over FIRAS 
limit on average energy release

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



Future CMB imagers can improve over FIRAS 
limit on average energy release

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

Novel synergistic targets for both CMB anisotropy and distortion enthusiasts!



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!
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Importance for LSSxCMB

New types of observables
- Many explorations have now become possible
- New way of ‘slicing’ the last scattering surface
- Signals can be extracted using familiar 

analysis methods

Signals could confuse searches with other observables
- Primordial ‘foreground’ for SZ correlation studies
- Marginalization is in principle required
- CMB monopole measurements could eliminate this issue…

CMB distortion searches need modeling of low-z universe 
- Foreground challenge for extraction of µ-distortion monopole 
- Synergistic approach combining all observables will be required 



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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With new opportunities 
using anisotropic 
distortion signals!

Litebird, CMB-S4, PICO





Beyond Simplest G, M and Y decomposition 
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Basis representation is not perfect

- CosmoTherm result not exactly captured at around z~105

- Precision still much better than simple  basis
- Reduction from ~4000 equations to ~10-15 makes anisotropy 

computation possible

Θ, μ + y

Small ‘timing’ corrections Basis does not 
span full space
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Evolution of modes for injection at z = 500,000

k = 0.1 Mpc-1

Effects of physical settings


