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1 A Brief Introduction to ΛCDM Cosmology

Topics Covered 

• Standard model of cosmology 

• Cosmic Microwave Background 

• Distance Measurements  



ΛCDM Cosmology

Cold Dark Matter 

Inflation theory

GRSM

ΛCDM

Dark Energy 

My pictorial representation of ΛCDM cosmology 

Inflation  
To explain spatial flatness, homogeneity on large scales and 
inhomogeneities on small scales.

Cold Dark Matter  
To Facilitate structure formation and explain the observational evidence 
for a missing mass in the Universe

General Relativity 
To describe gravitational interactions

Standard Model 
To describe fundamental interactions

Dark Energy (cosmological constant Λ) 
To explain the late-time accelerated expansion of the Universe
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Temperature anisotropies

Polarization

Relic Photons  
from the Big Bang

1) Angular power spectrum of temperature anisotropies  
(TT spectrum)

CTT
ℓ

2) Temperature and E-mode cross-spectrum  

(TE spectrum)

CTE
ℓ

3) Angular power spectrum of E-mode polarization  

(EE spectrum)

CEE
ℓ

4) Angular power spectrum of B-mode polarization  

(BB spectrum)

CBB
ℓ

Cosmic Microwave Background

3

We can extract 4 independent observables
(note: assuming that parity is conserved)



TT Spectrum EE Spectrum TE Cross-Spectrum

Low-multipole temperature data

High-multipole temperature data

Low-multipole Polarization data

High-multipole EE Polarization data

Low-multipole TE data

High-multipole TE data

2 ≤ ℓ ≤ 30 in the TT Spectrum

30 < ℓ ≲ 2500 in the TT Spectrum

2 ≤ ℓ ≤ 30 in the EE Spectrum

30 < ℓ ≲ 2000 in the EE Spectrum 30 < ℓ ≲ 2000 in the TE Spectrum

2 ≤ ℓ ≤ 30 in the TE Spectrum
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Low-T Low-E

Disregarded

The low-TE data show excess of variance compared to simulations 
at low multipoles, for reasons that are not understood

Planck Satellite Data  



Cosmic DistancesÌ

Rμν −
1
2

gμνR + Λgμν =
8πG
c4

Tμν

Einstein Field Equations

We start from the Einstein equation with a positive Cosmological 
Constant  to describe the dynamics of the Universe Λ



Cosmic DistancesÌ

Rμν −
1
2

gμνR + Λgμν =
8πG
c4

Tμν

H2(z) = H2
0 [Ωr ⋅ (1 + z)4 + Ωm ⋅ (1 + z)3 + ΩΛ]

Einstein Field Equations

Fredmann Equation

We start from the Einstein equation with a positive Cosmological 
Constant  to describe the dynamics of the Universe Λ

Once we specify the geometry (flat FRW) and the stress energy 
density components (matter, radiation, etc), we know the expansion 
rate of the Universe H(z) ≡ ·a /a



Cosmic DistancesÌ

Rμν −
1
2

gμνR + Λgμν =
8πG
c4

Tμν

H2(z) = H2
0 [Ωr ⋅ (1 + z)4 + Ωm ⋅ (1 + z)3 + ΩΛ]

Einstein Field Equations

Fredmann Equation

DL(z) = (1 + z)2 DA(z) ∝ ∫
z

0
dz′￼H(z′￼)−1

Cosmic Distances

We start from the Einstein equation with a positive Cosmological 
Constant  to describe the dynamics of the Universe Λ

Once we specify the geometry (flat FRW) and the stress energy 
density components (matter, radiation, etc), we know the expansion 
rate of the Universe H(z) ≡ ·a /a

Once we know , we have a map between the redshift , the 
Luminosity Distance  and the Angular Diameter Distance  
which is a unique prediction of the cosmological model

H(z) z
DL(z) DA(z)

Distance Duality Relation Model Dependence here!!



Cosmic Distances

Baryon Acoustic Oscillations

• The comoving angular diameter distance , i.e., the spatial 
distance between two objects in the direction perpendicular to the line-of-sight; 

• The line-of-sight distance , i.e., the distance along the line-of-
sight between an observer and an object; 


• The volume-averaged distance , i.e., the quantity to 
which isotropic BAO measurements are sensitive. 

• Require calibration: all the distances relative to the sound horizon at the Drag 
epoch

DM(z) = DA(z)(1 + z)

DH(z) = c/H(z)

DV(z) = [zDH(z)D2
M(z)]1/3

Ì



Baryon Acoustic Oscillations

• The comoving angular diameter distance , i.e., the spatial 
distance between two objects in the direction perpendicular to the line-of-sight; 

• The line-of-sight distance , i.e., the distance along the line-of-
sight between an observer and an object; 


• The volume-averaged distance , i.e., the quantity to 
which isotropic BAO measurements are sensitive. 

• Require calibration: all the distances relative to the sound horizon at the Drag 
epoch

DM(z) = DA(z)(1 + z)

DH(z) = c/H(z)

DV(z) = [zDH(z)D2
M(z)]1/3

Type Ia Supernovae

• Distance Moduli:  

• Require calibration:  where  is the observed magnitude 
of SN at that given  while  is the absolute magnitude defined as the apparent 
magnitude at 10 parsec


μ(z)th = 5 log10 ( DL(z)
10 pc ) − 5

μ(z)obs = m(z) − M m(z)
z M

Cosmic DistancesÌ



2 A Brief Introduction to Cosmic Tensions

Overview of Topics Covered 

• Hubble Tension 

• S8 Tension  

• Neutrino Mass Bounds Tension



Hubble Tension

5σ tension in the value of the Hubble parameter H0

SH0ES: H0 = 73 ± 1 km/s/Mpc
Model-independent, based on Type-Ia Supernovae 

Direct Measurement

Distance Ladder Methodology in a Nutshell: 

• Rung 1:  
Calibrate Cepheid luminosities using geometric anchors  
(i.e., parallax, eclipsing binaries, masers) 

• Rung 2:  
Calibrate Type Ia supernovae in host galaxies with Cepheid distances 

• Rung 3:  
Use calibrated supernovae Ia in the Hubble flow to measure H0

Rung 1

Rung 2

Rung 3

Riess et al., arXiv:2112.04510

https://arxiv.org/abs/22112.04510


Hubble Tension

5σ tension in the value of the Hubble parameter H0

SH0ES: H0 = 73 ± 1 km/s/Mpc

Planck: H0 = 67.4 ± 0.5 km/s/Mpc
Model-dependent, inferred from CMB measurement (in ΛCDM)

Model-independent, based on Type-Ia Supernovae 

Direct Measurement

Indirect Measurement

Sift towards low-ℓ

Sift towards low-ℓ

Sift towards low-ℓ

Less power in the 
damping tail



Hubble Tension

5σ tension in the value of the Hubble parameter H0

SH0ES: H0 = 73 ± 1 km/s/Mpc

Planck: H0 = 67.4 ± 0.5 km/s/Mpc
Model-dependent, inferred from CMB measurement (in ΛCDM)

Model-independent, based on Type-Ia Supernovae 

Direct Measurement

Indirect Measurement

Tension confirmed by many other independent probes

Cosmoverse WP — [arXiv:2504.01669]

https://arxiv.org/abs/2504.01669


 TensionS8 Cosmoverse WP — [arXiv:2504.01669]

S8 measures the amplitude of density fluctuations on scales of of 8  Mpch−1

σR = ⟨ |δ2
R |⟩ =

1
2π2 ∫ dk k2 Pm(k, z) W2(k, R)

Matter  
Power Spectrum

Window Function 
Smoothed on R  Mpc 

(R=8 for σ8)
h−1

S8 = σ8 ⋅ Ωm/0.3

CMB and Week Lensing estimates seem to disagree  
(at  level)2σ − 3.5σ

https://arxiv.org/abs/2504.01669


Angus H. Wright, et al., (kids Legacy) — [arXiv:2503.19441]

σR = ⟨ |δ2
R |⟩ =

1
2π2 ∫ dk k2 Pm(k, z) W2(k, R)

Matter  
Power Spectrum

Window Function 
Smoothed on R  Mpc 

(R=8 for σ8)
h−1

S8 = σ8 ⋅ Ωm/0.3

 TensionS8

S8 measures the amplitude of density fluctuations on scales of of 8  Mpch−1

⚠ Kids Legacy Week Lensing re-analyses in line with CMB

https://arxiv.org/abs/2503.19441


Total Neutrino Mass and Ordering

Neutrino oscillations measured by terrestrial experiments indicate that at least two 
neutrinos are massive:


- Atmospheric splitting: 


- Solar splitting: 


Since the sign of is unknown, two mass orderings are possible:


1) Normal Ordering (  )


2) Inverted Ordering (  )

|Δm2
3,1 | = |m2

3 − m2
1 | ∼ 2.55 × 10−3 eV2

Δm2
2,1 = m2

2 − m2
1 ∼ 7.5 × 10−5 eV2

|Δm2
3,1 |

m1 < m2 < m3

m3 < m1 < m2

Credit: Figure taken from S. Vagnozzi — Weight them all!

Neutrino Tension

https://inspirehep.net/files/3230e2f65d0ef24c1803a07014a74283


Total Neutrino Mass and Ordering

Neutrino oscillations measured by terrestrial experiments indicate that at least two 
neutrinos are massive:


- Atmospheric splitting: 


- Solar splitting: 


Since the sign of is unknown, two mass orderings are possible:


1) Normal Ordering (  )


2) Inverted Ordering (  )

|Δm2
3,1 | = |m2

3 − m2
1 | ∼ 2.55 × 10−3 eV2

Δm2
2,1 = m2

2 − m2
1 ∼ 7.5 × 10−5 eV2

|Δm2
3,1 |

m1 < m2 < m3

m3 < m1 < m2

If we set the mass of the lightest neutrino to , within the two orderings, 
we get a lower limit on the total mass from neutrino oscillations


1) Normal Ordering:   

2) Inverted Ordering:  

mlight = 0

∑ mν > 0.06 eV

∑ mν > 0.1 eV

Credit: Figure taken from S. Vagnozzi — Weight them all!

Neutrino Tension

https://inspirehep.net/files/3230e2f65d0ef24c1803a07014a74283


The total neutrino mass  impacts the CMB in various ways:

 

1) it boosts the late-time non-relativistic density, affecting the scale-angle 
relations on the last scattering surface and the late ISW effects. 

2) affects the non-relativistic transition of neutrinos by changing the pressure-to-
density ratio and causing metric fluctuations observable in the early ISW effect. 

3) it reduces weak lensing effects on the CMB by suppressing the matter 
power spectrum and CMB spectra at small scales.

∑ mν

Early Universe Constraints

∑ mν < 0.24 eV  Planck - (TT TE EE) + lensing

Planck 2018 results. VI [arXiv:1807.06209]

Lower Peaks 
(early ISW)

Sift towards low-ℓ

Smearing at high-  
(lensing)

ℓ

Sift towards low-ℓ

Lower Peaks 
(early ISW)

Lower Peak 
(early ISW) Sift towards low-ℓ

Smearing at high-  
(lensing)

ℓ

Smearing at high-  
(lensing)

ℓ

Neutrino Tension

https://arxiv.org/abs/1807.06209


Late Universe Constraints

How can we improve the CMB limit on Neutrinos? 

1) Neutrinos will become non-relativistic particles, contributing to the matter 
energy density at late times. Depending on their mass, they will alter cosmic 
distances, measured by BAO and, in part, Supernovae.

Neutrino Tension



Suppression of Power 

Suppression of Power 

Late Universe Constraints

How can we improve the CMB limit on Neutrinos? 

1) Neutrinos will become non-relativistic particles, contributing to the matter 
energy density at late times. Depending on their mass, they will alter cosmic 
distances, measured by BAO and, in part, Supernovae.


2) Neutrinos will suppress structure formation, affecting other local observables 
such as the matter power spectrum and weak lensing. We can examine the large-
scale structure of the Universe.

Neutrino Tension



Neutrino Tension

∑ mν ≲ 0.8 eV Distances+lensing

WG, et al. [arXiv:2307.14204 ]

Late Universe Constraints

How can we improve the CMB limit on Neutrinos? 

1) Neutrinos will become non-relativistic particles, contributing to the matter 
energy density at late times. Depending on their mass, they will alter cosmic 
distances, measured by BAO and, in part, Supernovae.


2) Neutrinos will suppress structure formation, affecting other local observables 
such as the matter power spectrum and weak lensing. We can examine the large-
scale structure of the Universe.

https://arxiv.org/abs/2307.14204


• CMB+DESI-DR2:   

• Oscillation Experiments NO:  

• Oscillation Experiments IO:

∑ mν < 0.064 eV

∑ mν > 0.06 eV

∑ mν > 0.1 eV

Neutrino Tension
DESI 2025 — [arXiv:2503.14738]

https://arxiv.org/abs/2404.14738


Neutrino Tension



Ωm h2 = Ωb h2 + Ωc h2 + Ων h2

Ωνh2 ∼
∑ mν

93.14 h2 eV

DESI 2025 — [arXiv:2503.14738]

Although all the datasets are well described by a flat ΛCDM model: 

• DESI-2025 BAOs show a mild tension (2.3σ) with Planck. 

• DESI-2025 BAO+Planck leads to a moderate shift (~1.5σ – 2σ) in Planck’s 
preferred parameter space, notably favouring a larger  and a lower . 

• DESy5-SN+Planck favours larger  and lower  .


=> Planck+DESI-2025 BAO and Planck+DESy5 SN pull the parameter space in 
opposite directions.

H0 Ωm

Ωm H0

Note that the DESI-2025 BAO preference for lower values of is largely 
responsible for the neutrino tension:

Ωm

What’s the Matter (Density)?

https://arxiv.org/abs/2404.14738


3 A Brief Introduction to Possible Solutions

Overview of Topics Covered 

• Dynamical Dark Energy 

• Interacting Dark Energy 

• Early Dark Energy

New PhysicsΛCDM SH0ES



Rμν −
1
2

gμνR + Λgμν =
8πG
c4

Tμν

Constant Component in the Einstein 
Tensor

 is a Cosmological Constant term. Assumption is not free from limitations:


• Asymptotical cosmology: A positive Λ implies living in an asymptotically de 
Sitter universe, which seems to contrast with several theories/models of 
quantum gravity proposing instead an asymptotically anti-de Sitter universe 

• Physical interpretation: Based on QFT calculations, one would expect a 
zero-point energy density 1050 to 10120 orders of magnitude larger than what is 
inferred by cosmological data 

• Why Now?: Why are we so lucky to live precisely in the cosmic epoch when 
such a constant component came to be dominant?


ΩΛ

Is it ’s fault? Λ



H2(z) ≃ H2
0 [Ωm ⋅ (1 + z)3 + ΩΛ] ≃ H2

0 [Ωm ⋅ (1 + z)3 + 1 − Ωm]

Constant Component in 
the Freedman Equation

 is a Cosmological Constant term. Assumption is not free from limitations:


• Asymptotical cosmology: A positive Λ implies living in an asymptotically de 
Sitter universe, which seems to contrast with several theories/models of 
quantum gravity proposing instead an asymptotically anti-de Sitter universe 

• Physical interpretation: Based on QFT calculations, one would expect a 
zero-point energy density 1050 to 10120 orders of magnitude larger than what is 
inferred by cosmological data 

• Why Now?: Why are we so lucky to live precisely in the cosmic epoch when 
such a constant component came to be dominant?


ΩΛ

 fixes the whole 
redshift dependence
Ωm

Is it ’s fault? Λ



 is a Cosmological Constant term. Assumption is not free from limitations:


• Asymptotical cosmology: A positive Λ implies living in an asymptotically de 
Sitter universe, which seems to contrast with several theories/models of 
quantum gravity proposing instead an asymptotically anti-de Sitter universe 

• Physical interpretation: Based on QFT calculations, one would expect a 
zero-point energy density 1050 to 10120 orders of magnitude larger than what is 
inferred by cosmological data 

• Why Now?: Why are we so lucky to live precisely in the cosmic epoch when 
such a constant component came to be dominant?


ΩΛ

DL(z) = (1 + z)2 DA(z) ∝ ∫
z

0
dz′￼H(z′￼)−1

Distance Predictions

Is it ’s fault? Λ



Gμν =
8πG
c4

Tμν

Modified Gravity?

Non-standard component?  
(e.g., scalar field(s), fluid(s), etc.)

Evolving Dark Energy

 is a generic DE component with 

• Energy density:  

• Pressure: 


• Equation of State (EoS):  
 

We get an accelerated phase of expansion if 

ΩDE(z)

ρDE(z)

PDE(z)

w(z) =
PDE(z)
ρDE(z)

w(z) < − 1/3



Non-standard (dynamical?)  
component 

Evolving Dark Energy

H2(z) ≃ H2
0 [Ωm ⋅ (1 + z)3 + ΩDE(z)]

 is a generic DE component with 

• Energy density:  

• Pressure: 


• Equation of State (EoS):  
 

We get an accelerated phase of expansion if 

ΩDE(z)

ρDE(z)

PDE(z)

w(z) =
PDE(z)
ρDE(z)

w(z) < − 1/3



Evolving Dark Energy

 is a generic DE component with 

• Energy density:  

• Pressure: 


• Equation of State (EoS):  
 

We get an accelerated phase of expansion if 

ΩDE(z)

ρDE(z)

PDE(z)

w(z) =
PDE(z)
ρDE(z)

w(z) < − 1/3

DL(z) = (1 + z)2 DA(z) ∝ ∫
z

0
dz′￼H(z′￼)−1

More freedom  
in Distance Predictions



Chevallier-Polarski-Linder DE EoS:  

w(z) = w0 + wa(1 − a)

Evolving Dark Energy    Favored at  level over  ∼ 3 − 4σ Λ



   Reconcile neutrino tension:  ∑ mν < 0.16 eV

DESI 2025 — [arXiv:2503.14738]

Evolving Dark Energy

https://arxiv.org/abs/2404.14738


Evolving Dark Energy (How) does the preference depend on CPL? 

w(z) = w0 + wa(1 − a)

Quintessence w(z) > − 1

Phantom  w(z) < − 1

Quintessence w(z) > − 1

Phantom  w(z) < − 1

• Late-time Phantom equation of state w(z) < − 1
• Quintessence to Phantom crossing at z ∼ 0.3 − 0.4
• Present-day Quintessence equation of state w(z) > − 1



Phantom  w(z) < − 1

Quintessence w(z) > − 1 Quintessence w(z) > − 1

Phantom  w(z) < − 1

Quintessence w(z) > − 1

Phantom  w(z) < − 1 Phantom  w(z) < − 1

Quintessence w(z) > − 1

Quintessence w(z) > − 1

Phantom  w(z) < − 1 Phantom  w(z) < − 1

Quintessence w(z) > − 1

Evolving Dark Energy Resilient across alternative 
parameterizations



1σ
2σ

3σ

Evolving Dark Energy Preference supported by many  
Independent Probes



SH0ES

w0wa

SH0E
S

w 0w
a

• Fails to reconcile the Hubble Tension

WG & E. Di Valentino [arXiv: 25xx.xxxx]

Evolving Dark Energy Can Evolving Dark Energy solve the  
Tension?

H0

https://arxiv.org/abs/


• The angular size of the sound horizon ( )  

• The baryon density ( ) 

• The cold dark matter density ( )

θs

Ωb h2

Ωc h2

• The sound horizon  

• The angular diameter distance from the CMB, 

rs(z*)

DA(z*) = rs(z*)/θs

• The Hubble Parameter ( )H0
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rs(z*) = ∫
∞

z*

dz
cs(z)
H(z)

DA(z*) = ∫
z*

0
dz H(z)−1

H2(z) = H2
0 [Ωm (1 + z)3 + ΩDE(z) + …]

How do we measure  from the CMB?H0

Approaches to the  TensionH0



IDE introduces energy-momentum transfer from DM to DE

∇μ(TDM)μ
ν = +

Q(vDM)ν

a
∇μ(TDE)μ

ν = −
Q(vDM)ν

a

We focus on the interacting rate Q = ξ ℋ ρDE

Interacting Dark Energy



IDE introduces energy-momentum transfer from DM to DE

∇μ(TDM)μ
ν = +

Q(vDM)ν

a
∇μ(TDE)μ

ν = −
Q(vDM)ν

a

We focus on the interacting rate Q = ξ ℋ ρDE

Interacting Dark Energy



Implications of Late-Time 
Models

• Hubble tension partially recast as distance tension (NOT always ~5σ) 

• Late time solution can still help a lot with the  tensionH0

• Late time solution cannot fully solve the  tension (unless we break the DDR)H0

• Late time physics cannot solve the Distance tension (  and  unaffected) rd Mb

Assuming DL(z) = (1 + z)2DA(z)

 Tension or Distance Calibration Tension?H0

BAO measure  ∝ DA(z)/rd

SN measure  ∝ 5 log10 DL(z) + Mb

Planck rd = 147.09 ± 0.26 Mpc

Measuring cosmological distances requires calibration

SH0ES Mb = − 19.253 ± 0.027 mag
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rs (z*) = ∫
∞

z*

dz
cs(z)
H(z)

DA (z*) = ∫
z*

0

dz
H(z)

≃
1

H0 ∫
z*

0

dz

[Ωm (1 + z)3 + ΩΛ]1/2

If some New Physics reduces  ,  should increase to keep  fixedrs(z*) H0 θs

θs =
rs(z*)
DA(z*)

How can we decrease  ?rs(z*)

1) Changing the sound speed  of the Baryon-Photon fluid prior recombinationcs(z)

2) Increasing the expansion rate of the Universe  before recombination:H(z)

Early Time Solutions

Knox and Millea – 1908.03663

SH0ES



EDE introduces a DE phase in the Early Universe, quantified by 

i.e., the maximal fractional contribution to the total energy density

fEDE = max
z ( ρEDE(z)

ρc(z) )
Early Dark Energy



A (Future) Conclusive Test

• BAO can measure  θBAO(z) ≡
rd

(1 + z)DA(z)
=

(1 + z)rd

DL(z)

• GW standard sirens will measure  DGW
L (z)

• BAO+GWs will measure  rd =
θBAO (zBAO) DGW

L (zBAO)
1 + zBAO

Can we measure  without assuming any 
model or calibration?

rd

(Assuming DDR)



Hubble Tension, Neutrinos 
and S8

Strong anti-correlation between and H0 ∑ mν Models that can increase  typically drag  towards smaller valuesH0 ∑ mν

WG & E. Di Valentino [arXiv: 250x.xxxx]

• Fail to reconcile the Neutrino Tension

DESI 2025 — [arXiv:2503.14738] Reeves, et al.— [arXiv:2207.01501]

• Fail to reconcile the  DiscrepancyS8

https://arxiv.org/abs/
https://arxiv.org/abs/2404.14738
https://arxiv.org/abs/2207.01501


So, We Found Models That 
Can…

Much remains to be understood…
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… let’s understand this together in Florence!
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