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Observational challenges: 

     2. S8 tension;


Current status of the ΛCDM model:

T. M. C. Abbott et al., Phys. Rev. D 105, 023520

3σ tension!

M. Asgari et al., A&A (2021)

KiDS-1000

DES Y3

≈2σ 

tension?



Testing the limits of the standard cosmological model is a crucial 
task to understand whether the ΛCDM still holds the status of a 

concordance model…

In particular, comparing measurements with geometric nature with 
those describing growth of structure is particularly interesting because 

a key signature of many modified gravity theories is a mismatch 
between geometry and growth. 
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The split technique:

The splitting technique consists in turn a conventional cosmological 
parameter into new two meta-parameters: 

Ex 1: Luminosity distance
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The splitting technique
The split technique:

The splitting technique consists in turn a conventional cosmological 
parameter into new two meta-parameters: 

Ex 1: Luminosity distance

Ex 2: Sub-horizon matter fluctuations
<latexit sha1_base64="RBF1CSUoNRgBl+iGdFwzsxvnfYU="></latexit>
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What can we learn from this test?
Let us define:

The splitting technique

<latexit sha1_base64="4UMTtWDpooDds2ZDt9FhXoDiTdU="></latexit>

�⌦M = ⌦grow
M � ⌦geom

M

<latexit sha1_base64="zT3oJabtJ30KnHgiU2tg2JGnAV0=">AAACLnicbVBNSwMxEM36bf2qevQSLIIXy64U9SIUVPCoYFXo1pJNpzWYbJZk1lqW/UVe/Ct6EFTEqz/DtBb8fDDweG8mk3lRIoVF33/yRkbHxicmp6YLM7Nz8wvFxaVTq1PDoca11OY8YhakiKGGAiWcJwaYiiScRVd7ff/sGowVOj7BXgINxTqxaAvO0EnN4kG4DxIZ7e6GCDc4eDAz0Mqz7kUWGkU7RnfzfOObG8kUvmzQKs+bxZJf9gegf0kwJCUyxFGz+BC2NE8VxMgls7Ye+Ak2MmZQcAl5IUwtJIxfsQ7UHY2ZAtvIBvtzuuaUFm1r4ypGOlC/T2RMWdtTketUDC/tb68v/ufVU2zvNDIRJylCzD8XtVNJUdN+drQlDHCUPUcYN8L9lfJLZhhHl3DBhRD8PvkvOd0sB1vlynGlVK0O45giK2SVrJOAbJMqOSRHpEY4uSX35Jm8eHfeo/fqvX22jnjDmWXyA977BxRTq6U=</latexit>

�w = wgrow � wgeom

•  
ΛCDM (or wCDM) is consistent with the data;

Using the splitting approach to perform a parameter selection, the 
following conclusions are possible:

<latexit sha1_base64="B1JVSPfeKOii3mAZNZ45l1GqcWY=">AAACE3icbVDLSgNBEJz1GeMr6tHLYBDUQ9gVURGEgB68iBGMCtkQeiedOGRmdpmZVcKSf/Dir3jxoIhXL978GyePg6+ChqKqm+6uKBHcWN//9MbGJyanpnMz+dm5+YXFwtLypYlTzbDKYhHr6wgMCq6warkVeJ1oBBkJvIo6R33/6ha14bG6sN0E6xLairc4A+ukRmErPEZhITyT2IbG6aEf0o0s1JKCavZCOnTp3aG/edAoFP 2SPwD9S4IRKZIRKo3CR9iMWSpRWSbAmFrgJ7aegbacCezlw9RgAqwDbaw5qkCiqWeDn3p03SlN2oq1K2XpQP0+kYE0pisj1ynB3pjfXl/8z6ultrVfz7hKUouKDRe1UkFtTPsB0SbXyKzoOgJMc3crZTeggVkXY96FEPx++S+53C4Fu6Wd851iuTyKI0dWyRrZIAHZI2VyQiqkShi5J4/kmbx4D96T9+q9DVvHvNHMCvkB7/0L862cTQ==</latexit>

�⌦M = 0 (and �w = 0) :

•  
ΛCDM (or wCDM) is not consistent with the data;

•  
<latexit sha1_base64="tgYIkW3KtfHmBlGQk7r0JR1j040=">AAACF3icbVDLSgNBEJz1bXxFPXoZDIJewq6IiiAE9OBFVDBRyIbQO+nEITOz68ysEpb8hRd/xYsHRbzqzb9x8jhotKChqOqmuytKBDfW97+8sfGJyanpmdnc3PzC4lJ+eaVi4lQzLLNYxPo6AoOCKyxbbgVeJxpBRgKvovZRz7+6Q214rC5tJ8GahJbiTc7AOqmeL4bHKCyEZxJbUD899EO6mYVaUlCNbkgHLr0PFd5Sf+ugni /4Rb8P+pcEQ1IgQ5zX859hI2apRGWZAGOqgZ/YWgbaciawmwtTgwmwNrSw6qgCiaaW9f/q0g2nNGgz1q6UpX3150QG0piOjFynBHtjRr2e+J9XTW1zv5ZxlaQWFRssaqaC2pj2QqINrpFZ0XEEmObuVspuQAOzLsqcCyEYffkvqWwXg93izsVOoVQaxjFD1sg62SQB2SMlckLOSZkw8kCeyAt59R69Z+/Nex+0jnnDmVXyC97HNxDvnfg=</latexit>

�⌦M = 0 (and �w 6= 0) :

Clustering of  the DE component (possibly scale dependent!);

Modified gravity;

<latexit sha1_base64="T2pIMSKiMMnPfCU8Urs5FqMG9UY=">AAACG3icbVDLSgMxFM34rPVVdekmWATdlBkpKq4KunAjKlgVOqXcSW/bYJIZk4xShv6HG3/FjQtFXAku/BvTx0KtBwKHc87l5p4oEdxY3//yJianpmdmc3P5+YXFpeXCyuqliVPNsMpiEevrCAwKrrBquRV4nWgEGQm8im4O+/7VHWrDY3VhuwnWJbQVb3EG1kmNwk54hMJCeCqxDY2TUOEt9UO6lYVaUlDNXkiHCXo/9LYPGo WiX/IHoOMkGJEiGeGsUfgImzFLJSrLBBhTC/zE1jPQljOBvXyYGkyA3UAba44qkGjq2eC2Ht10SpO2Yu2esnSg/pzIQBrTlZFLSrAd89fri/95tdS29usZV0lqUbHholYqqI1pvyja5BqZFV1HgGnu/kpZBzQw6+rMuxKCvyePk8udUrBbKp+Xi5XKqI4cWScbZIsEZI9UyDE5I1XCyAN5Ii/k1Xv0nr03730YnfBGM2vkF7zPbzjWn6M=</latexit>

�⌦M 6= 0 (and �w 6= 0) :



Cosmic Microwave Background (CMB):

Angular Power Spectrum of the CMB Temperature Anisotropy:

Cosmological probes
Hybrid quantity

Grow quantity

Geom quantity
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Cosmic Microwave Background (CMB):

Angular Power Spectrum of the CMB Temperature Anisotropy:

Cosmological probes

Temperature fluctuations:
<latexit sha1_base64="CFNN3zDRDUsqziktutV171U/Qtg="></latexit>

⇥ (k, z = 0) =

Z
dz0ST (k, z0)j` [k� (z0)]

<latexit sha1_base64="ey3Ql0H127m9huIPzVntstpSqG0=">AAACcXicbVFbaxNBFJ7demnjpbE+iS9Dg5Cihl0pWooPRRF8rLRpC5kYZmfPJkPmss6cLU2X/aH6A/wD/gEnmzzY1gMDH9+5fOd8k5VKekySn1G8ce/+g4ebW51Hj5883e4+2znztnIChsIq6y4y7kFJA0OUqOCidMB1puA8m39e5s8vwXlpzSkuShhrPjWykIJjoCZdZAhX2M6pHeRNfTI5ZQoK7M/fXH+vWemkhoY5OZ3h3m HNnKYnrTajRWXEcgijfZshDwvkjF5KzugXaTyCNG8/WYXXmptQAz+qVtLvNc2k20sGSRv0LkjXoEfWcTzp/ma5FZUGg0Jx70dpUuK45g6lUNB0WOWh5GLOpzAK0HANfly3VzX0VWByWlgXnkHasv921Fx7v9BZqNQcZ/52bkn+LzeqsDgY19KUFYIRK6GiUhQtXVpNc+lAoFoEwIWTYVcqZtxxgeFDbqhcrVbtBGPS2zbcBWfvBun7wf63/d7Rx7VFm+Ql2SV9kpIP5Ih8JcdkSAT5FZFoK+pEf+IXMY13V6VxtO55Tm5E/PovQnW/hw==</latexit>

ST (k, z0) : Source function (obtained via Einstein� Boltzmann equations)
<latexit sha1_base64="HzUyGG2C3NpScRMDfhZsC6fMDIY=">AAACQ3icbVDLShxBFK02vjK+JnGZTeEg6GboFlGRLAQhZKngqDA1DtU1t2cK69FU3RbHpv/I38gPZBfiOpvsJNuANY+FrwMFh3Nfp06aK+kxjn9FMx9m5+YXFj/WlpZXVtfqnz6fe1s4AS1hlXWXKfegpIEWSlRwmTvgOlVwkV4fj+oXN+C8tOYMhzl0NO8bmUnBMUjd+jeGcIvjPWWqCqhKJgaSKchw6+6qZLmTGirmZH+A24 clc5oeW21vpOkz2gv+uBFQVd16I27GY9C3JJmSBpnipFv/w3pWFBoMCsW9bydxjp2SO5RCQVVjhYeci2veh3aghmvwnXLss6KbQenRzLrwDNKx+nyi5Nr7oU5Dp+Y48K9rI/G9WrvA7KBTSpMXCEZMDmWFomjpKLzwYQcC1TAQLpwMXqkYcMcFhohfXLmdWK2FYJLXMbwl5zvNZK+5e7rbOPo6jWiRfCEbZIskZJ8cke/khLSIIPfkJ/lNHqIf0d/oMfo3aZ2JpjPr5AWi/098J7QJ</latexit>

� (z0) : Comoving distance

Similar for the TE, EE 
and lensing spectra! 

Hybrid quantity

Grow quantity

Geom quantity
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Weak Lensing (WL):
Cosmological probes

Two-point correlation function:
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Weak Lensing (WL):
Cosmological probes

Two-point correlation function:
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Z
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Convergence power spectrum (Limber approximation):
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Weak Lensing (WL):
Cosmological probes

Two-point correlation function:
<latexit sha1_base64="9XOLd7PBY10sAh7JK90pvSZY2VQ="></latexit>
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1

2⇡

Z
d` `P ij

 (`)J0,4 (`✓)

Convergence power spectrum (Limber approximation):
<latexit sha1_base64="g4FX7LGIc9ZnDwWvVh+ufWpiGY0="></latexit>
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Lensing efficiency function:
<latexit sha1_base64="4IE4cfxBHOIy1x0sGwDi/yTUZzw="></latexit>
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Baryon Acoustic Oscillations and Redshift Space Distortion:
Cosmological probes

• Transverse BAO:
<latexit sha1_base64="6DJJnUbWh33yHgozjNak40lMFqw="></latexit>
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rd
• Radial BAO:
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Baryon Acoustic Oscillations and Redshift Space Distortion:
Cosmological probes

• Transverse BAO:
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Observable =
(1 + z)DA

rd
• Radial BAO:
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Observable =
DH

rd
• RSD:

<latexit sha1_base64="JVJTM5+efhQZ2OBuuFM4QJ/EGrc=">AAACN3icbVDLSsNAFJ3Ud31VXboZLIKrkkjRIgiKG3cqWC00pUymN+3QTBJmboolBPwUf8MfcKtbV+7ErX/gNO1CWw8MHM65c8/leHEgNNr2u1WYm19YXFpeKa6urW9slra273SUKA51HgWRanhMQyBCqKPAABqxAia9AO69/sXIvx+A0iIKb3EYQ0uybih8wRkaqV06cREeMN+TKuhkqaskvfI0qAEzO7LTad93tehK1q5l7VLZrtg56CxxJqRMJrhulz7dTsQTCSHygGnddOwYWylTKLiJKrqJhpjxPutC09CQSdCtNM/O6L5ROtSPlHkh0lz9/SNlUuuh9MykZNjT095I/M9rJujXWqkI4wQh5OMgPwkoRnRUGO0IBRyDoSGMK2FupbzHFONoav2T8jA+tWiKcaZrmCV3hxXnqFK9qZbPzh/HFS2TXbJHDohDjskZuSTXpE44eSIv5JW8Wc/Wh/VpfY1HC9ak1h3yB9b3D/PCr9o=</latexit>

Observable = f�8

Hybrid quantity

Grow quantity

Geom quantity

Type Ia Supernovae (SN Ia):
Apparent magnitude: 

<latexit sha1_base64="COvvmf6loEbvhkaEhLfLKW18n5g="></latexit>

m (z) = 5 log10 (H0DL) +M



Summary:
Cosmological probes



The analysis:
Results

Our analysis consists in constraining the geometry and growth parameters in the 
(extended) ΛCDM model, and in the (extended) wCDM model

Cosmological data:



(Extended) ΛCDM model:

Parameter selection

Results

• WL doesn’t have enough 
power to provide significant 
constraints;


• SN Ia only constraints 
geometry contribution;


• BAO/RSD provides significant 
constraints in both, 
geometrical and growth 
parameters;


• CMB provides strong 
constraints, however, we can 
see a degeneracy between 
geometrical and growth 
parameters; 



How important is each of the data sets?

Results
(Extended) ΛCDM model:

• Removing WL data doesn’t 
affect the final result;


• Removing SN Ia also doesn’t 
affect considerably the final 
result;


• Removing BAO/RSD indicates 
a deviation in the growth 
direction, however, compatible 
in 1σ with the null-hypothesis;


• Removing CMB results in a 
deviation in the geometry 
direction, however, also 
compatible in 1σ with ΛCDM; 



(Extended) wCDM model:

Parameter selection

Results

Similarly to the (extended) ΛCDM case, WL and SN Ia provide the weakest constraints, 
and BAO and CMB are the most relevant data sets. The Joint analysis satisfy the null-
hypothesis as well.



(Extended) wCDM model:
Results

Importance of the data sets

• Removing WL data doesn’t 
affect the final result;


• Removing SN Ia also doesn’t 
affect considerably the final 
result;


• Removing CMB indicates a 
deviation in the geometry 
direction for both parameters 
and increase the error bars, 
however, compatible in 1σ 
with wCDM; 


• Removing BAO/RSD results in 
a 4.2σ discrepancy with the 
null-hypothesis;



     1.(Extended) ΛCDM analysis: all data sets are individually compatible, and the 
posteriors for the joint analysis are consistent with the null-hypothesis, showing no 
preference for departures from GR;

    2. (Extended) wCDM analysis: the joint-probe posteriors are entirely consistent 
with the null. Interestingly, the individual constraints from BAO/RSD prefer a 
deviation for w in the growth direction. Removing BAO/RSD from the joint 
analysis results in an anomalous deviation in the geometry direction;

    3. The (extended) wCDM can be interpreted as a consequence of  the well-
known preference of  the CMB data for phantom DE models. However, it might 
also indicates a possible signal for a new physics;

Conclusions and perspectives

    4. It is possible to apply the split approach to different scenarios with only a 
single extra parameter;




