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Introduction
Golden Age of Cosmology

Beginning of XXth
century

It was not known why do 
stars shine

Static and eternal Universe

Milky Way = Universe

No other galaxies known

A lot of ignored
problems …

Nowadays (3rd decade of XXIth
century):

Relativistic model of expanding Universe

Known geometry of the  Universe: it’s spatially
flat

Coherent picture of  nucleosynthesis of 
chemical elements in the Universe
(primordial BBN + stellar)

Coherent picture of the emergence of the large
scale structure in the Universe (LSS): 
galaxies and their clusters

Solid  theoretical (GR) and observational

(CMB, massive galaxy surveys,…)

pillars of modern cosmology

Modern cosmology – elevated to the precision science,

(ΛCDM model in agreement with most of the data )

but some TENSIONS emerged …
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Accelerated expansion
of the Universe

A.Sandage

 Physics Today 23, 2, 34 (1970) 
„quest for two numbers”

1984

Nobel Prize in Physics 2011 

What is causing it?

We don’t know

But a tentative answer is

already with us - the 

cosmological constant Λ



General Relativity (1915):

geometry                    matter

Cosmological constant
– in order to make the Universe static
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Albert Einstein

Einstein’s „biggest blunder” 

Revives in the 60-ties of XXth century 
Yakov Zeldovich, Stephen Weinberg 

Currently the 𝜦CDM model
is the standard cosmological model 

𝜦CDM model
is very simple,
fits well to all the data, … BUT 
is burdened with lots of conceptual problems!

Edwin Hubble
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(hyper) spherical 
flat

hyperbolic

Geometry of the Universe
homogeneous, isotropic
Friedman-Lemaitre-Robertson-Walker metric

all spatial distances

(including wavelength of light) 

are scaled by a(t)

which changes in time

k = +1 k = 0 k = -1

cosmological redshift

expansion rate (Hubble function)

deceleration parameter

as soon as 

Friedman equation

Modern cosmology in brief
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Friedman equation – clue to cosmological model 

testing

CDM + baryonic
matter

radiation

Curvature parameter DE equation of state

DE equation of state – we don’t know it

Assuming that it could be changing in the 
history of the Universe – first order 
Taylor expansion

Chevallier – Polarski – Linder 
(CPL) parametrization
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challenge for observers
 reconstruct history of the expansion of the Universe

3 types of distances:

• comoving distance– not measurable !

 

• luminosity distance 

• angular diameter distance 

Standard candles – objects of known (or standardizable) 

luminosity L; we measure the flux F, and calculate the distance

      

Standard rulers – objects of known sizes D; we measure 

angular diameter     and calculate the distance 

Standard sirens – coalescing compact binaries 

DL is directly measurable (but z – unknown!) 

Hubble

 constant

c/H0 distance scale

1/H0 time scale



Linder (astro-ph/0511197) 8

Not yet precise

determine DE equation of state

intrinsic alignment of 
parameters (w0 , wa )

Modern cosmology: Incremental Exploration of the 
Unknown

determine if it

changes in time 

We need complementary probes – 

to break degeneracies 

and for cross-checks

MB, 
B.Malec, 
A.Piórkowska
2011
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Credit: https://newscenter.lbl.gov/2025/03/19/desi-opens-access-to-the-largest-3d-map-of-the-universe-yet/
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Dark Energy Spectroscopic Instrument

DESI

Credits:   https://www.desi.lbl.gov/photos/

Kitt Peak Observatory, AZ

Mayal 4m telescope
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Credit: E. Burtin Moriond 2024
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Dark Energy Spectroscopic Instrument

DESI
Credit: E. Burtin Moriond 2024

BAO
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Credit: H.-J. Seo

Phenomenology 2025 Symposium
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Credit: A.de Mattia  Moriond 2024

Credit: H.-J. Seo

Phenomenology 2025 Symposium
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Credit: A.de Mattia  Moriond 2024

Essentially confidence contours shrink 

and become detouched from (w0 =-1,wa=0)

DR1
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Data prefer phantom crossing

     Phenomenologically w(z) is not tracing scalar field DE

DESI [2503.14738]
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Assumed e.o.s.
DE density

linear perturbations

CAMB Boltzmann solver

Confront with

CMB, BAO, SNIa

Inspired by data-suggested phantom crossing



21

MEDE fitted to the data - Results  
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Next step … (will appear in arxiv soon) 

Take MEDE
Auxiliary

variable

Suppose that MEDE is derived from the scalar-quintom field theory

scalar quintom
kinetic imbalance

Consistency test:

• Fit MEDE parameters to the data CMB+BAO+SNIa

• Take best fit MEDE values to fix reconstructed scalar-

quintom fields

• Sample fields around MEDE trajectory and evolve
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Fit

Test
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Is Dark Energy evolving in time?

the DESI data for the first time gave a strong support for the time evolving 

cosmic equation of state  

Is this a “funeral” of LCDM ?

Not really – remember Yakov Zeldovich saying

“ cosmological constant is like a 

jinn from the bottle – once released, it’s not easy 

to put it back there “

But we should try – more alternative probes are

needed
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The power of modern cosmology is not in single dedicated experiments,

but in building consistency across various independent and alternative probes

and techniques. 

Direct measurements of H(z)

1. BAO at different redshifts

2. Redshift drift

3. Cosmic Chronometers

passively evolving galaxies

„red nuggets” – promising CCs
(K.Lisiecki et al. A&A 2023)

D4000 break – onset of series of metal 

absorption features

red = 4000 – 4100 Å

blue = 3850 – 3950 Å
D4000 = F(red) / F(blue)

Calibrated on stellar pop.syn. models

M.Moresco et al. ApJ 2020

A&A accepted 2026
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Cosmological applications of strong lensing systems

• SL systems may have different degeneracies than SN Ia

A.Piórkowska, MB et al. APP B 2013

Goal: select the (LSST, Euclid) 

gold sample

best for the purpose
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More cosmological applications of strong lensing systems

• Measurements of cosmic curvature

• Tests of GR – γ PPN parameter and modified gravity

Distance sum rule – valid in any FLRW metric

This is a function of two redshifts, but within the FLRW metric
it should be just a single number !

γ= 0.995− 0.047
+0.037

S. Cao, MB et al. ApJ 2017

Y.Lian MB et al. MNRAS 2021

J..Qi, MB et al. MNRAS 2019

S. Cao, MB et al. SciRep 2019

T. Liu MB et al. MNRAS 2020

J. Qi, MB et al. MNRAS 2021

S.Cao, MB et al. ApJ 2022
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Conclusions

History of modern cosmology witnessed numerous tensions.
Age of the Universe vs. globular clusters … 

matter budget issues … 

Modern tensions are embedded in  subtle issues of calibrations and 

systematics

Their persistent significance may be telling us something, 

e.g. that ΛCDM model or even FLRW framework are too simplified.  

We need further development of alternative cosmological probes (strong lensing,

GW standard sirens, lensing of transient events, AGNs, compact radio-sources, 

etc. )
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Supplementary slides – Hubble tension
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Tensions within ΛCDM

• H0 tension – persistent significant disagreement between

early

and 

late-time cosmological probes

• S8 tension

• Curvature parameter Ωk

• Validity of ΛCDM itself – DESI results gave evidence of evolving DE 

Credit:C.Heymans et al. 2020 
arXiv:2007.15632

CMB

DES3Y
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Early time probes CMB, BAO

Planck 2009-2013

6 base parameters

8 derived parameters

including H0

standard ruler 

– sound 

horizon

Sound Horizon at 

Recombination 

Standard Ruler 

measured

calculated

rs=147.6 Mpc  from Planck and BBN

values of ρb, ργ and ρCDM  
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Measuring H0 with CMB 

Degeneracy between rs and H0 and E(z).

rs=147.6 Mpc  from Planck and BBN

values of ρb, ργ and ρCDM  

Here  ΛCDM is assumed
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H0 from 3-rung distance ladder

Cepheids

Systematics:

multiple photometric systems 1-2%

crowding

metallicity

Cepheids in binaries

H0 from 

Tip of Red Giant

Branch

Late time probes

W.Freedman et al. ApJ 2025



Measuring H0 with standard candles: 
late time calibrators 

Fit for H0 using SNIa Standard Candles, (0.02<z<0.1)

measure measure locally (z<0.01, 40Mpc) using 

relative distance indicators (e.g. Cepheids) 

fit with approximate formula (0.01<z<0.1)

Fit (assume M is the 

same in the Hubble 
flow (z>0.01))

Degeneracy between M (measured at z<0.01) and H0 

(fit at z> 0.01). No E(z)=Η(z)/Η0 dependence.

Parametrize 

H(z):

Minimize:

Fit for H(z) and cosmological parameters (Ω0m) zmax~2.



Issues in the SH0ES Analysis for H0

best fit values of these parameters 

are not consistent among different subgroups of 

SNIa+Cepheid data

SNIa calibration parameters:  

absolute magnitude MB

color and stretch parameters (α,β)

Cepheid calibration parameters: 

bW (period-luminosity), 

ZW (metallicity-luminosity), 

MW (Cepheid zero-point amplitude), 

RW (Cepheid color-luminosity)
E.Mortsell, A. Goobar, et al. ApJ 2022

R. Wojtak, J. Hjorth, MNRAS 2022
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Credit:E.di Valentino 2021 

Class. Quantum Grav. 

38, 153001

Alternative probes

Strong lensing

time delays

GW170817
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Credit: A.de Mattia  Moriond 2024
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SN Ia Pantheon+

Cosmic Chronometers

DESI 2024

5 BAO data points

Etherington relation
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Conclusions

History of modern cosmology witnessed

numerous tensions.
Age of the Universe vs. globular clusters …

matter budget issues … 

Modern tensions are embedded in  

subtle issues of calibrations and 

systematics

Their persistent significance may be telling us something, 

e.g. that ΛCDM model or even FLRW framework are too simplified.  

We need further development of alternative cosmological probes (strong lensing,

GW standard sirens, lensing of transient events, AGNs, compact radio-sources, 

etc. )
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