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Hubble - Lemaître law

is a Hubble constant

= 67.4 km s-1Mpc-1 (Planck 2018 results)
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Accelerated expansion of the Universe

Nobel Prize in Physics 2011 

Supernovae data 
Suzuki et al. 2012

Modified Gravity?         Dark Energy? 
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Dark energy models

• Cosmological standard 𝚲𝑪𝑫𝑴 model (the concept of vacuum 
energy)

• Scalar field 𝝓𝑪𝑫𝑴models

- Quintessence (freezing/thawing) models

- Phantom models

• Tachyon field models

• Dilaton field models

• K-essence models

• Holographic dark energy models 

• Barotropic fluid or Chaplygin gas models

• Coupled dark matter (neutrino) - dark energy models

and many more…
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Cosmological Constant Λ

• The simplest description for dark energy is the concept of vacuum energy or the time-

independent cosmological constant Λ, first introduced by Albert Einstein; 

• The cosmological model based on such a description of dark energy in the spatially flat 

Universe is called the standard, concordance or fiducial Lambda Cold Dark Matter 

(ΛCDM)  model;

• The ΛCDM model is based on GR for description of gravity in the Universe on large scales;

• The energy density associated with the cosmological constant is about 70% of the total 

energy density of the Universe at present;

•
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“Einstein’s Greatest Blunder”

• The action: 

• Friedmann’s equations:  

where 𝑔 is the determinant of the metric tensor 𝑔𝜇𝜈; 𝑅 is the Ricci scalar, 𝑎 is a scale factor,  𝑆𝑚 denotes the matter action, 𝑝Λ and 𝜌𝛬 =
Λ

8𝜋𝐺

are the pressure and dark energy density of the cosmological  constant Λ, respectively; 𝑘 is a curvature parameter; Λ = 4.33 ⋅ 10−66 eV.



Problems of the ΛCDM model as a 
crisis in modern cosmology

Being still a fiducial cosmological model at present, the ΛCDM 
model has several still unsolved problems, the number of which 
increases as more accurate observational data are obtained.

The main of which are:

• Fine tuning or cosmological constant problem (the observed value of the 
cosmological constant Λ is 120 values less than its theoretically predicted value);

• Coincidence problem (according to the data of the Planck satellite, at present epoch the 
cosmological constant energy density (68.5%) is comparable (in order of magnitude) with the energy density of 
matter (31.5%), despite the fact that these quantities have evolved differently);

• Hubble parameter tension problem (a discrepancy between the value of  Hubble 
parameter 𝑯𝟎 at present epoch obtained by the local measurements and CMB temperature anisotropy data);

• The parameter 𝑺𝟖 = 𝝈𝟖 𝛀𝒎/0.3 tension problem (a discrepancy between the 
primary CMB temperature anisotropy measurements by the Planck satellite in the strength of matter clustering  
compared to lower redshift measurements such as the weak gravitational lensing and galaxy clustering.) Here 𝛔𝟖 is 
the clustering amplitude of the matter power spectrum on scales of 𝟖𝐡-1Mpc, 𝛀𝐦 is a fractional matter density 
parameter.

Type equation here.



Problems of the ΛCDM model
as a crisis in modern cosmology

• The problem of the shape  of the Universe (the 

preference for observational data of  closed 

hyperspaces)

• The preference for observational data of 

dynamical dark energy (in particular, 

phantom dark energy).

Credit: Aghanim et al. (Planck 2018 results)

Credit: Aghanim et al. (Planck 2018 results)

The presence of all the above discrepancies of the ΛCDM model is interpreted as a crisis of modern cosmology. 

Although some of them may be due to systematic errors, their persistence strongly points to the need for new 

physics and new cosmological models that go beyond the standard ΛCDM scenario, on the one hand, and on 
tensions and anomalies in the current CMB data, the “queen” of cosmological data, on the other.



Dynamical scalar field φCDM models

• In these models, dark energy is represented in the form of a slowly varying uniform 

cosmological scalar field at present;

• This family of models avoids the coincidence problem of the ΛCDM model;

• In these models, the energy density 𝝆(𝒕) and pressure 𝒑(𝒕) are time dependent 

functions under the assumption that the scalar field is described by the ideal 

barotropic fluid model;

• Dark energy models are characterized by the equation of state parameter, 𝝎 = 𝒑/𝝆:

- for the ΛCDM model: 𝒑𝜦 = − 𝝆𝜦 = −
𝜦

𝟖𝝅𝑮
= 𝒄𝒐𝒏𝒔𝒕 → 𝝎𝜦 =

𝒑𝜦

𝝆𝜦
= −1

- for φCDM  models: 𝝎𝝓(𝒕) ≠ −1

𝝎𝝓 𝒕 ≈ −𝟏 (𝐧𝐨𝐰𝐚𝐝𝐚𝐲𝐬)

•

Type equation here.

Dynamical dark energy can mimic the cosmological constant Λ at present, while 
becoming almost indistinguishable from it.



Quintessence and Phantom scalar field φCDM models
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The quintessence Ratra-Peebles scalar field φCDM model

• Inverse power-law Ratra-Peebles potential:

• Model  parameters:

10 (In units: Mpl=1.)



The phantom inverse hyperbolic cosine scalar field φCDM model

• Phantom inverse 

hyperbolic cosine potential:

Model  parameters:  



The quintessence Ratra-Peebles scalar field φCDM model

• The expansion rate  

• The scalar field equation

• Fractional matter density     

• The scalar field density parameter

• The energy density of the scalar field  

• The pressure of the scalar field  

• The equation of  state  parameter

• We consider a flat and isotropic universe, which is described by the space time Friedmann-Lemaître -Robertson-Walker 
(FLRW) metric: 𝒅𝒔𝟐 = −𝒅𝒕𝟐 +𝒂 𝒕 𝟐𝒅𝒙𝟐 , with normalization of the scale factor to be equal to one at present time, 𝒂𝒕𝒐𝒅𝒂𝒚 = 𝒂𝟎 =
𝟏 , 𝑯 𝒂 is a Hubble parameter, 𝜴𝒓𝒐 is a  density parameter for radiation at present epoch,  𝜴𝒎𝒐 is a  density 
parameter for matter at present epoch.
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The phantom inverse hyperbolic cosine scalar field φCDM model

• The expansion rate  

• The scalar field equation

• Fractional matter density

• The scalar field density parameter

• The energy density of the scalar field    

• The pressure of the scalar field  

• The equation of  state  parameter

• We consider a flat and isotropic universe, which is described by the space time Friedmann-Lemaître -
Robertson-Walker (FLRW) metric:   𝒅𝒔𝟐 = −𝒅𝒕𝟐 +𝒂 𝒕 𝟐𝒅𝒙𝟐 , with normalization of the scale factor to be equal 
to one at present time, 𝒂𝒕𝒐𝒅𝒂𝒚 = 𝒂𝟎 = 𝟏.
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Evolution of the  equation of state parameters in φCDM models



Evolution of the  equation of state parameters in φCDM models



Hubble expansion of the Universe in scalar field φCDM models



Hubble expansion of the Universe in the 
quintessence Ratra-Peebles φCDM model
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Energy components of the Universe in φCDM models



Energy components of the Universe in φCDM models
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Dynamics of the Universe in φCDM models



What is the influence of 𝛟𝐂𝐃𝐌models on the evolution of large-scale structures?

CMB map from Planck space experiment

Cosmic Web (SDSS)

Credit: Ade et al. (Planck 2013 results)

Credit: Colless et al. (2003) 



Influence of 𝛟𝐂𝐃𝐌 models on the formation 
of the large-scale structure in the universe

• The linear perturbation equation   

• The matter density fluctuations 

• The linear growth factor 

• The large-scale structure growth rate 



The evolution of the linear growth factor in 𝛟CDM models



The linear growth factor of the matter density fluctuations 
in the quintessence Ratra-Peebles model



The evolution of the large-scale structure 
growth rate in 𝛟CDM models



The evolution of the large-scale structure growth rate in 𝛟CDM models
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Constraints from the growth rate data
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Constraints from the BAO data

Angular diameter distance:

Distance scale:

The addition of the BAO data and distance prior from CMB broke the degeneracy:
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Monte Carlo Markov Chains (MCMC) analysis
with upcoming DESI data
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Conclusion

Scalar field ϕCDM models differ from the ΛCDM model in a number of characteristics, 

which are generic for these models.

Compared to the ΛCDM model, 

• the Hubble expansion rate of the Universe is faster in quintessence scalar field models 

and slower in phantom scalar field models;

• dynamic and energetic domination of dark energy began earlier in quintessence 

scalar field models and later in phantom scalar field models;

• larger values of matter density fluctuations are generated in quintessence scalar field 

models and smaller values in phantom scalar field models;

• the large-scale structures growth rate of the Universe is faster in phantom scalar field 

models and slower in quintessence scalar field models.



Thank you for your 

kind attention!


