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Credits: S. Gariazzo

THE SPANISH COSMOLOGICAL PICTURE

ΛCDM

based on two unknowns…

BUT

Highly successful
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ΛCDM

… and  

emergence  

of anomalies  

and tensions

[CosmoVerse White Paper, 2504.01669]
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See also W. Giarè talk later and 
A. R. Khalife talk tomorrow
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NEED FOR  
NEW PHYSICS?



[CosmoVerse White Paper, 2504.01669]

ΛCDM

… and  

emergence  

of anomalies  

and tensions
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[DESI collaboration, 2503.14738]

[DESI collaboration, 2504.06118]

EVIDENCES FOR DYNAMICAL  
DARK ENERGY
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Assuming CPL: w(a) = w0 + wa(1 − a)



EVIDENCES FOR DYNAMICAL  
DARK ENERGY

[DESI collaboration, 2503.14743]
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Phantom crossing



[DESI collaboration, 2504.06118]

RECONSTRUCTIONS OF :  
OSCILLATIONS

w

and many other works: 

M. A. Zapata et al., 2507.22292 
A. González-Fuentes et al., 2506.11758 

S. H. Sheikh et al., 2506.13446 
D. A. Kessler et al., 2504.00776 
DESI collaboration, 2405.04216 
L. A. Escamilla et al., 2404.00181 

…
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RELATION BETWEEN DE AND ν

[C. S. Lorenz et al., 1706.00730]

[DESI collaboration, 2503.14744]

[D
ESI collaboration, 2503.14744]
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See talk from 
R. Choudhury
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RECONSTRUCTION METHODS

[S. Gariazzo et al., 1412.7405; …]

✴  Principal Component Analysis (PCA)

✴  Gaussian Processes (GP)

✴  Weighted Function Regression method

✴  Redshift binning
[A. González-Fuentes et al., 2506.11758; …]

[L. Zhi-E et al., 1501.02971; …]

[M.-J. Zhang et al., 1806.02981; F. Avila et al., 2505.24543; …]

✴  PCHIP reconstruction
[J.-X. Li et al., 2506.22953; …]

…
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PCHIP FORMALISM
Piecewise Cubic Hermite Interpolating Polynomial

[Fritsch et al., 1980; S. Gariazzo et al., 1412.7405]
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w(a; w1, w2, . . . , wN) =
(hj + 2t)(hj − t)2

h3
j

wj +
(3hj − 2t)t2

h3
j

wj+1 +
t(hj − t)2

h2
j

dj +
(hj − t)t2

h2
j

dj+1

hj = aj+1 − aj t = a − aj

Nodes : wi = w(ai)

Point of interpolation



PCHIP FORMALISM
Piecewise Cubic Hermite Interpolating Polynomial

Removes spurious oscillations 
due to interpolation

[Fritsch et al., 1980; S. Gariazzo et al., 1412.7405]
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Preserves the shape of the 
interpolated data points



PCHIP: NODE CHOICE

Recombination
Initial point of CLASS

Matter-radiation equality

Today

1 + z =
1
a
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METHODOLOGY: DE & ν
2 different conditions for dark energy

NOTE:  

We always fix
wini = wmre = − 1
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Phantom: we allow w < − 1



METHODOLOGY: DE & ν
2 different conditions for dark energy

NOTE:  

We always fix
wini = wmre = − 1

3 different conditions for neutrinos
NOTE:  

We fix 

∑ mini = ∑ mmre
19



ATTENTION

CASE 3 : ∑ mν reconstructed

Phenomenological approach
[G. B. Zhao et al., 0611227; C. S. Lorenx et al. 2102.13618]

!!
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ATTENTION

CASE 3 : ∑ mν reconstructed

Phenomenological approach
[G. B. Zhao et al., 0611227; C. S. Lorenx et al. 2102.13618]

!!

MaVaN models; coupling to (ultra-) light DM; …
[U. Franca et al., 0908.0534; O. Avsajanishvili, 2502.13097; G.-Y. Huang et al., 2205.08431; …]
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ATTENTION

CASE 3 : ∑ mν reconstructed

Phenomenological approach
[G. B. Zhao et al., 0611227; C. S. Lorenx et al. 2102.13618]

!!

MaVaN models; coupling to (ultra-) light DM; …
[U. Franca et al., 0908.0534; O. Avsajanishvili, 2502.13097; G.-Y. Huang et al., 2205.08431; …]

We are working on it…
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  Modified version of CLASS as Boltzmann solver 

  Cobaya for the MCMC analysis 

 Sampled parameters

METHODOLOGY: COSMOLOGICAL INFERENCE

[D. Blas et al., 1104.2933]

[J. Torrado et al., 2005.05290]

{100θs, ωc, ωb, τreio, ns, log(1010As)}

{w0, w0.6, w1.2, w2.4, wrec}, for CASE 1

CASE 1 + {∑ mν}, for CASE 2

CASE 1 + {∑ m0, ∑ m0.6, ∑ m1.2, ∑ m2.4, ∑ mrec, ∑ mini}, for CASE 3
}ΛCDM
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METHODOLOGY: DATA

     CMB measurements from Planck18 

     Lensing from ACT DR6 and Planck18 

  BAO measurements from DESI DR2 

  Supernovae from Pantheon+

[T. Louis et al., 2503.14452; F. J. Qu et al., 2304.05202; N. Aghanim et al., 1807.06210]

[M. Abdul Karim et al., 2503.14738]

[N. Aghanim et al., 1907.12875; N. Aghanim et al., 1807.06205]

[D. Brout et al., 2202.04072]

CMB}
SN
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CASE 1 : ∑ mν = 0.06 eV

CASE 2 : ∑ mν free

CASE 3 : ∑ mν reconstructed

26

RESULTS:  
NON - PHANTOM



CASE 1 : ∑ mν = 0.06 eV

CASE 2 : ∑ mν free

CASE 3 : ∑ mν reconstructed

RESULTS:  
PHANTOM
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CASE 1 : ∑ mν = 0.06 eV

CASE 2 : ∑ mν free
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RESULTS:  ∑ mν [eV]

95 % C.L.



CASE 1 : ∑ mν = 0.06 eV

CASE 2 : ∑ mν free
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RESULTS:  ∑ mν [eV]

95 % C.L.

Bounds get relaxed going from NP to P
[S. Vagnozzi et al., 1801.08553]
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RESULTS:  RECONSTRUCTED∑ mν



CONCLUSIONS
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 We find oscillations in the reconstructed  

 BAO data drive the strongest bounds on  and  

 Bounds on  get relaxed once phantom crossing is allowed

wDE

wDE ∑ mν

∑ mν



QUESTIONS?

THANK YOU 
FOR PAYING 
ATTENTION 

TO OUR 
HUMAN!
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BACK UP 
SLIDES
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PCHIP FORMALISM: PRESCRIPTION
t = x − xjhj = xj+1 − xj [Fritsch et al., 1980; S. Gariazzo et al., 1412.7405]

δj =
yj+1 − yj

xj+1 − xj

if δj−1 × δj < 0 → dj = 0 ;

if δj−1 × δj > 0 :

ω1 + ω2

dj
=

ω1

δj−1
+

ω2

δj

For the first and last  nodes:(1 → N − 1; 2 → N − 2)

d(h1, h2, δ1, δ2) =
(2h1 + h2)δ1 − h1δ2

h1 + h2

if δ1 × d(h1, h2, δ1, δ2) < 0 → d1 = 0 ;

if δ1 × δ2 < 0 & |d(h1, h2, δ1, δ2) | > 3 |δ1 | → d1 = 3δ1 ;

else d1 = d(h1, h2, δ1, δ2)ω2 = hj + 2hj+1ω1 = 2hj + hj+1
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RESULTS: NON - PHANTOM

CASE 1 : ∑ mν = 0.06 eV
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CASE 2 : ∑ mν free



RESULTS: NON - PHANTOM
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CASE 3 : ∑ mν reconstructed



RESULTS:  
NON - PHANTOM

CASE 3 : ∑ mν reconstructed
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RESULTS: PHANTOM

CASE 2 : ∑ mν free

CASE 1 : ∑ mν = 0.06 eV
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RESULTS: PHANTOM
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CASE 3 : ∑ mν reconstructed



RESULTS: PHANTOM
CASE 3 : ∑ mν reconstructed
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RESULTS: 95% C. L.
CASE 1 : ∑ mν = 0.06 eV

CASE 2 : ∑ mν free
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RESULTS: 95% C. L.

CASE 3 : ∑ mν reconstructed
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WHAT ABOUT THE TENSIONS?

CASE 2 : ∑ mν free- - - -

NON-PHANTOM

CASE 1 : ∑ mν = 0.06 eV
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CASE 2 : ∑ mν free- - - -

PHANTOM

WHAT ABOUT THE TENSIONS?

CASE 1 : ∑ mν = 0.06 eV
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WHAT ABOUT THE TENSIONS?

NON-PHANTOM

CASE 3 : ∑ mν reconstructed

PHANTOM
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