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Data reduction is model independent

Planck Collab., 2018 

From TOD to maps 

From maps 
to spectra 
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Data reduction is model independent

Gawiser&Silk, 1999

Choi+(ACT Collab.), 2020
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Data interpretation is model-dependent

H0 = (67.36 ± 0.54) km/s/Mpc H0 = (66.3 ± 1.4) km/s/Mpc
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Primordial perturbations 
(ns, As, r, nt, …)

Transfer functions

Source function 
(tau, obh2, Neff, …)

Projection 
(theta, och2, oL, …)

+late-time effects due to interaction with LSS 
(gravitational lensing)

�X ⇠ �X�P Stochastic primordial field

“Deterministic” evolution

Temperature

Polarization

Credit: ESA Planck

From data to parameters
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Dependence on primordial parameters

Primordial amplitude -> overall rescaling 
Spectral index -> overall tilt 
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Dependence on (CDM) matter density

Change in gravity balance -> peak amplitude is modified 
Change in matter-radiation equality -> Early ISW (amplitude of  first peak in TT) 

Change in lensing contribution -> smearing of  acoustic peaks modified
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Dependence on (baryonic) matter

Density and velocity fields modified -> change in relative amplitude of  temperature odd/even 
peaks, change in amplitude of  polarisation peaks 

Change in photon mean free path -> angular scale of  diffusion damping modified
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Dependence on sound horizon scale
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Comoving sound horizon

Comoving  
angular diameter 

distance

Spacing between acoustic peaks and, up to a phase, first peak position
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0.05% measurement of  the angular scale of  sound horizon 
Robust determination with respect to the cosmological model

Dependence on sound horizon scale

Planck Collab. VI, 2018 
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Directly measured 
From TCMB

Getting H0 in LCDM

Planck Collab., 2018 
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In standard cosmology

Neff = 3.044

Getting H0 in LCDM
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Depends on  
which is fixed by relative 

height of  peaks 
and damping tail

ωb

Getting H0 in LCDM
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Fixed by height of  peaks

Getting H0 in LCDM
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In LCDM

ΩΛh2 = h2 − ωm

Getting H0 in LCDM
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Getting H0 in LCDM
Planck Collab. VI, 2018 
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See Percival+, 2002 
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Getting H0 in beyond LCDM

0.05% measurement (in LCDM) of  the angular scale of  sound horizon 
Robust determination with respect to the cosmological model 

H0 estimates do change if  we allow for more freedom in the model
17

ΛCDM

ΛCDM + Neff

ΛCDM + Neff + nrun

ΛCDM + Σmν

ΛCDM + Ωk

ΛCDM + Alens
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More freedom in estimate of  h 
when allowing for dynamical dark energy, 

and/or non-flat Universe, …

Getting H0 in beyond LCDM - late times
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More freedom if  allowing for  
non-standard light relic sector

Getting H0 in beyond LCDM - early times

0

1000

2000

3000

4000

5000

6000

D
T

T
`

[µ
K

2
]

30 500 1000 1500 2000 2500
`

-60
-30
0
30
60

¢
D

T
T

`

2 10
-600
-300

0
300
600

�� =
rs(z�)

DA(z)�
<latexit sha1_base64="yUppQxwgpiWv9KVtLkAw4vZXvF0="></latexit>

dA
3000Mpc

=

Z z⇤

0

dz

[⌦mh2(1 + z)3 + ⌦⇤h2]1/2

r⇤
3000Mpc

=

Z 1

z⇤

csdz
h
⌦�h2

⇣
1 + 7

8

�
4
11

� 4
3 Ne↵

⌘
(1 + z)4 + ⌦mh2(1 + z)3

i1/2

Planck Collab., 2018 

19



DarkEnergy, LNF 13Sep23Martina Gerbino

2203.07377, credit: B. Wallisch

Damping tail suppression:  
 

Shift of  acoustic peak position: 

θd ∼ H(Neff)

ℓp → 1/θ*(nπ + ϕ(Nfs
eff))

20

Getting H0 in beyond LCDM - early times
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Effects on damping tail 
and peak position

Getting H0 in beyond LCDM - early times

Planck Collab. VI, 2018 

Planck Collab., 2018 
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Figure 1. Feynman diagrams for the binary processes allowed by the Lagrangian (2.1). Time goes
from left to right. From left to right: ⌫-⌫ scattering (s and t channels), ⌫-� scattering, ⌫⌫̄ annihilation
to �’s.

addition to the simplest 0⌫�� decay mode

(A, Z) ! (A, Z + 2) + 2e�, (2.2)

whose existence only requires the neutrino to be a Majorana particle [38], modes in which
one or two additional � bosons are emitted

(A, Z) ! (A, Z + 2) + 2e� + � , (2.3)

(A, Z) ! (A, Z + 2) + 2e� + 2� , (2.4)

are possible if neutrinos possess (pseudo)scalar couplings. 0⌫�� experiments yield constraints
on the e↵ective �-neutrino coupling constant hgeei < (0.8–1.6) ⇥ 10�5, depending on the
theoretical model [39, 40]. The quantity gee is the e� e entry of the coupling matrix in the
weak base, related to the couplings gij in the mass basis through the elements of the neutrino
mixing matrix.

Neutrino decays ⌫ ! ⌫
0 + � can also be important in the high-density supernova envi-

ronment [41–44]. In the case of Majoron models, limits on Majoron-neutrino couplings from
observations of SN 1987A were derived in ref. [42]. It has been shown there that � emission
would shorten too much the observed neutrino signal from SN 1987A if 3⇥10�7 . g . 2⇥10�5

(here g denotes the largest element of the coupling matrix g↵� in the weak base), thereby
excluding this region. Moreover, the observed ⌫̄e flux from SN 1987A can also be used to fur-
ther constraint g11 . 10�4. These limits, together with those from 0⌫�� decay experiments
available at that time, were combined and translated into the mass basis in ref. [43].

Scalar and pseudoscalar neutrino couplings can also be relevant in a cosmological con-
text, since collisional processes induced by the new interaction would a↵ect the evolution of
perturbations in the cosmological neutrino fluid. In general, the cross section for a binary
process mediated by a massless boson has the form �bin ⇠ g

4
/s in the ultrarelativistic limit

(apart from numerical factors) with g being the largest value of the Yukawa matrix (we do
not distinguish between scalar and pseudoscalar couplings in the following), and

p
s is the

center-of-mass energy. Thus, in thermal equilibrium, the rate for a binary process is

�bin = h�binvineq / g
4
T , (2.5)

since the equilibrium neutrino abundance neq / T
3, and s ⇠ T

2.
Interactions are of cosmological significance when the ratio �/H between the interaction

and Hubble expansion rates is of order unity or larger. The expansion rate scales as H ⇠ T
2

– 3 –

Collisional processes  
suppress stress  
and affect the perturbation evolution.  
Neutrino free-streaming  
altered non-trivially. 

Boost of  the 
amplitude/shift of  
peaks at intermediate 
scales

Forastieri+,2019;  
Kreisch+,2019, 2022; 
Atzori Corona+,2022; 

Choudhury+,2022; 
Taule+, 2022; 

Brinckmann+,2021;2023 
Venzor+,2022,2023; 

He+,2023;  
Camarena+,2023

L � hij ⌫̄
c
i ⌫j�+ gij ⌫̄

c
i �5⌫j�+ h.c.

See also Berryman+(incl.MG) 2023, Snowmass contribution

ΓNSI = G2
effT5

In the massive mediator limit: 

log10(Geff MeV2) = − 1.277 ± 0.090 SIν

ACT+WMAP, Kreisch+(ACT Collab.), 2022 

Getting H0 in beyond LCDM - early times

H0 = (69.3 ± 1.1) km/s/Mpc
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Exotic fluid contributing ~10% 
around recombination 

and decaying faster than radiation

Getting H0 in beyond LCDM - early times
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Planck Collab., 2018 
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Alens anomaly: 
- Allowing for Alens freedom reduce (though does not solve) the tension 
- Removing large scales ( ) from analysis removes preference for high Alens 
- No evidence for Alens != 1 from other CMB experiments

ℓ < 30

Getting H0 in beyond LCDM

Planck Collab. VI, 2018 
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Remarkable  
agreement  

between different  
(and independent)  

CMB analyses

Comparison of  CMB analyses
Choi+(ACT Collab.), 2020 

Lemos&Shah,2023 
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Getting H0 with future CMB surveys
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Getting H0 with future CMB surveys

Simons Collab., 2018 

LiteBIRD Astro2020 
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CMB measurements provide estimate of  H0  
which depends on the underlying cosmological model 

Multiple CMB experiments agree on the estimate of  H0 

Constraints on H0 broadened (and, in some cases, shifted) in extended/exotic models 

Tension with “direct” measurements remains 

No real satisfying solutions from “high-z” theory modifications;  
instrumental systematics less and less plausible

Conclusions
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