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“…in a period of normal science, scientists tend to agree about 
what phenomena are relevant and what constitutes an 
explanation of these phenomena…Near the end of a period of 
normal science a crisis occurs - experiments give results that 
don't fit existing theories…There is alarm and confusion…
Eventually there is a revolution. Scientists become converted to a 
new way of looking at nature, resulting eventually in a new period 
of normal science. The "paradigm" has shifted.”

Weinberg on Kuhn



The Problem



Di Valentino et al. (2103.01183)

Early and late Universe H0 
determinations no longer 
agree.



There is an anomaly in weak lensing.

KIDS-1000 (2007.15632)
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And a lensing and/or curvature anomaly.

DES collaboration 
(2207.05766)

Di Valentino, 
Melchiorri, Silk 
(1911.02087)



Back to Basics



In cosmology, one finds parameters “defined today”, in 
other words at z = 0.  

Mathematically, one solves 1st order ODEs, so one needs 
to specify H(z), 𝞨m(z), at a given z.  

H0 = H(z=0), 𝞨m = 𝞨m(z=0), etc, are formally integration 
constants (Friedmann, continuity equations). 

Observationally, H0, 𝞨m, etc, are only constant when one 
has the correct model. 

Math and observations are routinely conflated.  
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Krishnan, ÓC, Sheikh-Jabbari,Yang 
(2011.02858)



Modeling 101 tells us that dynamical models break 
down whenever one finds different values of constant 
fitting parameters in different epochs. 

In cosmology, redshift = time.  

Persistent 𝚲CDM tensions suggest the flat 𝚲CDM model 
is breaking down.  

“Early versus late Universe” tensions are consistent 
with redshift evolution (model breakdown).  



We focus on flat 𝚲CDM in the late Universe (z ≲ 30). 
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Translated into time, Planck-𝚲CDM models ∼13 Gyrs of 
background evolution with only 1 parameter 𝞨m.  

There is strong belief that 𝞨m  ∼ 0.3, so one is modeling 13 
Gyrs with 0+ parameters at background level.  

Either remarkable or too good to be true. 



Planck-𝚲CDM mocks



DESI (1611.00037)
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A = (H0)2 (1-𝞨m); B = (H0)2 𝞨m

ÓC, Sheikh-Jabbari et al. (2206.11447)
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ÓC, Sheikh-Jabbari, Solomon  
(2211.02129)



One interpretation (there may be others):  

Even if one prepares a large ensemble of Planck-𝚲CDM 
Universes with 𝞨m  ∼ 0.3, our PDFs tell us not to expect 
𝞨m  ∼ 0.3 in high redshift bins in certain settings.  

Throughout, we assume least squares fitting. 

If PDFs flatten in a non-Gaussian manner, then one 
should expect evolution of (H0, 𝞨m) in H(z), e. g. OHD, and 
DA(z)∝ DL(z) constraints, e. g. Type Ia SN.  

Note, redshift evolution may be detrimental to 𝚲CDM. 
Main caveats: errors, cannot account for observed data.     



Evidence for Evolution



Strong lensing time delay   

Wong et al. (1907.04869);  
Millon et al. (1912.08027)

TDCOSMO recently revisited 
RXJ1131 with stellar 
kinematic kinematics finding 
consistent results. 

Shajib et al. (2301.02656)



Krishnan, ÓC, et al. (2002.06044)

Observation of similar trend in combination of local and 
cosmological constraints. 

Driven largely by lowest bin (local H0).  



These claims resurfaced in Dainotti et al. within the 
Pantheon SN sample with a focus on selection effects. 

Dainotti et al. (2103.02117, 2201.09848)

Horstmann et al. 
(2111.03055)



Evolution in central values in Pantheon Type Ia SN sample. 

SN are uncalibrated (M errors not propagated).  

ÓC, Dainotti et al. (2203.10558)



Risaliti, Lusso (1811.02590) ÓC, Dainotti et al. (2203.10558)

Hints of evolution in 𝞨m too. 

QSOs (high zeff) prefer 𝞨m ∽ 1. BUT i) prefer 𝞨m ∽ 0.3 in 
same redshift range as SN AND ii) agree on evolution. 

log10 LX = � + � log10 LUV



Evolution in the samples 
between low and high 
redshift at ∼3𝞂 based on 
Fisher’s method. 

One can see strong evolution using mocks and a Planck prior 
on B = (H0)2 𝞨m.    

ÓC, Sheikh-Jabbari et al. (2206.11447)



Upgrading to Pantheon+ sample one sees the same features 
(even negative DE density) with calibrated SN (M errors 
propagated). 

Malekjani, Mc Conville, ÓC, 
Pourojaghi, Sheikh-Jabbari 

(2301.12725) 



If evolution in (H0, 𝞨m) is real, then evolution in S8 ∝ √𝞨m 
cannot be ruled out.  

We recently took a look at growth rate data, f(z)𝞂8(z). 
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Adil, Akarsu, Malekjani, ÓC, 
Pourojaghi, Sen, Sheikh-Jabbari 

(2303.06928) 



Data points are not independent, so tension is 
overestimated, but redshift evolution is clear.  

Similar evolution in 𝞂8 between low z clusters and high z 
Lyman-𝞪 at 3.3𝞂. Systematics? 

Esposito, Iršič et al. (2202.00974) 



In cosmology one theoretically guesses a function and 
comparing it to an a priori unknown function.  

Redshift evolution in H0, 𝞨m, S8, cannot be precluded -  
hallmark of model breakdown.  

Can test this in the late Universe (simple setting).  

Either we see evolution or we do not.  

Not seeing evolution supports either i) 𝚲CDM is fine or 
ii) missing physics is elsewhere. 

Summary 



However, our mock analysis says that evolution is 
expected in H(z) and DA(z)∝ DL(z) constraints.   

Note, this is where we see evolution across OHD, Type 
Ia SN, QSOs (potentially even strong lensing).  

Evolution is consistent with “early versus late 
Universe” tensions. It also entangles H0 and S8 
tensions.  

Our findings i) favour  model breakdown, ii) disfavour 
early Universe modifications of 𝚲CDM, e. g. EDE.  

Summary 


