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The Concordance   model describes  very well the Cosmological  Evolution.ΛCDM



Motivation	&	The	Big	Picture
Why do we need to go beyond ΛCDM?
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H0 = 73.5 ± 0.81         km/s/Mpc
In Tension with Planck  ΛCDM value  ~ 7σ
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FIG. 8. Constraints on S8, ⌦m and �8 in ⇤CDM – all constraints are shown as marginal 1� constraints. In the first block, we show the DES
Y6 3⇥2pt results and its individual components, ⇠± and 2⇥2pt. Second block shows the previous 3⇥2pt results, from DES Y3. Third block
shows the external constraints of CMB (both Planck and Planck+ACT+SPT). Final block shows the various combined results that include Ext.
Low-z, DES 3⇥2pt + Ext. Low-z, , 3⇥2pt + All Ext and lastly all DES probes. The pink circles and lines represent the marginalized mean
and 68% uncertainty. The purple triangle and dashed lines for each row indicate the MAP with the projected joint highest posterior density
(PJ-HPD), which is less sensitive to volume effects. [111]. For the filled triangles, the MAP estimate is obtained by running a minimizer. For
the last four rows, corresponding to data combinations obtained from normalizing flows whose MAP estimates cannot be reliably determined,
we only show the PJ-HPD.

approximately 16 million red and bright galaxies over
4, 273 deg2 and a redshift range of 0.6 < z < 1.2, with
an effective redshift of ze↵ = 0.85. The BAO analy-
sis combines three different estimators into a consensus
measurement of the ratio of the angular distance (DM )
to the sound horizon scale (rd) of DM (ze↵)/rd =
19.51 ± 0.41. This 2.1% measurement is the tightest
BAO constraint from a photometric galaxy survey and
competes in precision with Stage-III spectroscopic sur-
veys. Interestingly, this measurement is in ⇠ 2� ten-
sion with the Planck 2018 best-fit – ⇤CDM prediction
of DM (z = 0.85)/rd = 20.39.
We note that the DES BAO measurement is not fully
independent of DESI BAO, as the two surveys share
⇠ 1, 000 deg2. In a followup work [115], we rean-
alyze the DES BAO in the area that does not overlap
with DESI, using the angular correlation function, find-
ing DM (z = 0.85)/rd = 19.74 ± 0.60. This new
measurement, although looser, is fully independent of
DESI. We will hence use this when combining DES
BAO with DESI BAO in the next section, and denote
this result as “DES BAO (excl. DESI)”.

• DES SN: The DES supernovae type Ia (SNe Ia) dataset
used here is the “DES-Dovekie” SN Ia sample [116],
which is a reanalysis of the original DES-SN5YR [12,
117, 118] SN Ia light curves with updated photomet-
ric cross-calibration, among other improvements [116].
This new sample contains 1623 likely SNe Ia from the

full DES supernova survey, combined with approxi-
mately 200 SNe from historical low-redshift samples.
The pipeline and sample building papers are described
in [116]. These data were used to constrain cosmology
assuming a time-evolving dark energy equation of state
in [14], in combination with CMB and DESI BAO, find-
ing a reduced tension with ⇤CDM (3.2�) vs. the same
data combination using the original DES-SN5YR data
(4.2�).

• DES CL: The latest galaxy cluster constraints are based
on REDMAPPER clusters [119] from the Y3 data. This
red-sequence-based optical cluster finder extracted ⇠
16, 000 galaxy clusters in the DES Y3 footprint above
richness of 20 and in the redshift range 0.2 < z < 0.85.
In DES Y1 [120], it was found that REDMAPPER clus-
ters suffer from line-of-sight projection effects, where
interloper galaxies contaminate the richness estimation
by 20-40% and bias the lensing results. This effect was
later studied in [121–124]. In DES Y3, we took the al-
ternative approach of discarding the small-scale infor-
mation that suffers from projection effects. Three ad-
ditional two-point functions that include cluster density
�c were added to the standard 3⇥2pt analysis: h�c�ci,
h�c�gi, h�c�ti. This methodology was first developed
in DES Y1 [28, 125] and applied to DES Y3 data in
[126]. It was found that adding galaxy clusters mainly
helps in constraining ⌦m (by ⇠ 25%) and that clusters
prefer a slightly lower value of ⌦m.

S8 = 0.789 ± 0.012

Around   Tension with Planck ΛCDM2.8σ

Abbott et al: arXiv:2601.14559
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Latest Status for DE after DESI-DR2
Garcia-Quintero  et al: arXiv:2504.18464
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FIG. 2. Left: The 68% and 95% confidence contours in the w0-wa plane using DESI DR2 BAO data in combination with CMB
data. The blue contour describes the results from the combination DESI+ACT, while the unfilled orange contour shows DESI
in combination with the P-ACT dataset described in [31]. The combination between DESI and our baseline CMB dataset with
mixed multipole cuts in both Planck PR4 and ACT is shown in the unfilled green contour. The intersection of the two straight
dashed gray lines represents the ⇤CDM model. Right: Similar to the left panel but now including DESY5 data but using a
di↵erent ranges for w0 and wa.

FIG. 3. 1D constraints on w0 (left panel) and wa (middle panel), highlighting the robustness of the results against variations
in the CMB dataset chosen for the analysis. In the left and central panels, the thick bars represent the 68% errors while the
thin bars correspond to the 95% errors. The vertical black dashed lines represent the ⇤CDM value for w0 and wa. The right
panel shows the corresponding significance in favor of the w0waCDM model.

dataset that is well fit by ALens ⇡ 1, where the parame-
ter ALens can lead to an artificial smoothing of the CMB
peaks [50]. Thus, it does not su↵er from the so-called
lensing anomaly. For DESI+P-ACT, the preference for a
departure from ⇤CDM diminishes to 2.4�. On the other
hand, the combination DESI+PR4+ACT shows a 3.0�
preference in favor of w0waCDM. For this combination,

the errors on w0 and wa remain unchanged compared
to P-ACT. Since the PR4+ACT combination roughly
chooses a sweet spot between Planck and ACT that pro-
vides more precise error bars on CMB parameters, we
include more data from Planck compared to the P-ACT
combination.

The di↵erence between the evidence in favor of

Around 4σ tension with ΛCDM

wde(a) = w0 + (1 − a)waCPL Parametrisation:

https://arxiv.org/abs/2504.18464
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dataset that is well fit by ALens ⇡ 1, where the parame-
ter ALens can lead to an artificial smoothing of the CMB
peaks [50]. Thus, it does not su↵er from the so-called
lensing anomaly. For DESI+P-ACT, the preference for a
departure from ⇤CDM diminishes to 2.4�. On the other
hand, the combination DESI+PR4+ACT shows a 3.0�
preference in favor of w0waCDM. For this combination,

the errors on w0 and wa remain unchanged compared
to P-ACT. Since the PR4+ACT combination roughly
chooses a sweet spot between Planck and ACT that pro-
vides more precise error bars on CMB parameters, we
include more data from Planck compared to the P-ACT
combination.

The di↵erence between the evidence in favor of

Around 4σ tension with ΛCDM

wde(a) = w0 + (1 − a)waCPL Parametrisation:

Latest DES-Dovekie: 

  Popovic et al. arXiv:2511.07517 

3.5σ

https://arxiv.org/abs/2504.18464
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  But can represent low redshift evolution different scalar field behaviour for different choices of .

ωde = w0 + wa
z

1 + z
(w0, wa)

▸ Our approach:  Reconstruct cosmological distances directly from low redshift BAO + SN data 


▸ No assumption on DE sector


▸ Does not need any information for 


▸ Gives Model Independent Low-Redshift Expansion history 


Ωm0
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Expanding FRW Universe

Background Cosmology is governed by  Spatially-Flat FRW Metric

ds2 = dt2 − a2(t)[dr2 + r2dΩ2]

Various Distances:  dM(z) = c∫
t0

t

dt
a(t)

= c∫
z

0

dz′￼

H(z′￼)
Comoving Distance:

Angular Diameter Distance: dA(z) =
dM(z)
1 + z

Luminosity  Distance: dL(z) = (1 + z) dM(z)

BAO, CMB Angular Scale

Flux measurements using SnIa

H =
·a
a

Hubble Parameter
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 We can reconstruct  directly from Low Redshift data.

                             And subsquently reconstruct H(z).


                                      No DE Model is assumed.

dm(z)

H =
·a
a

Hubble Parameter
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          deviation from Early Universe prediction like Planck-2018 assuming .ΛCDM

Basic Set Up for Model Independent Reconstruction

We stress that at this stage, the analysis is not related to any particular DE behaviour.

Also this method can not reconstruct if the cosmological evolution has phenomena 

like Sign-Switching Cosmological Constant. 
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• We place six knots at  in addition, we have z = [0.350, 0.512, 0.782, 1.236, 1.626, 2.33]
DM(0) = 0 & D′￼M(0) = 1

Gupta Choudhury, Mukherjee, Di Valentino and AAS,  arXiv: 2607.13009 



Characteristic Redshifts and Hubble Parameter
• There are seven (07) characteristics redshifts:


•         ;   ;    


•       ;    ;    


•       


• This allows us to measure H(z) at these characteristics redshifts:
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Avoiding Fully The Derivatives of the Distances3

of the comoving distance DM (z) and its derivative (following the notation of [2]) as

D
Õ
A(z1) = DL(z1) =∆ D

Õ
M (z1) = DM (z1)

1 + z1

#
1 + (1 + z1)3$

,

D
Õ
A(z2) = DM (z2) =∆ D

Õ
M (z2) = DM (z2)

1 + z2

#
1 + (1 + z2)2$

,

D
Õ
A(z3) = DA(z3) =∆ D

Õ
M (z3) = DM (z3)

1 + z3
[1 + (1 + z3)] ,

D
Õ
M (z4) = DL(z4) =∆ D

Õ
M (z4) = (1 + z4)DM (z4),

D
Õ
M (z5) = DM (z5),

D
Õ
L(z6) = DL(z6) =∆ D

Õ
M (z6) = z6 DM (z6)

1 + z6
,

D
Õ
M (z7) = DA(z7) =∆ D

Õ
M (z7) = DM (z7)

1 + z7
.

(4)

All of the above conditions can alternatively be obtained from

dZi(z)
dz

----
zi

= 0, (5)

where the functions Zi(z) are defined as

Z1(z) = 1
1 + z

exp
5
≠1

3(1 + z)3
6

DM (z),

Z2(z) = 1
1 + z

exp
5
≠1

2(1 + z)2
6

DM (z),

Z3(z) = 1
1 + z

exp(≠z) DM (z),

Z4(z) = exp
5
≠1

2(1 + z)2
6

DM (z),

Z5(z) = exp(≠z) DM (z),

Z6(z) = (1 + z) exp(≠z) DM (z),

Z7(z) = DM (z)
1 + z

.

(6)

Thus, the characteristic redshifts zi can equivalently be identified as the extrema of the functions Zi(z). In Fig. 1,
we show the behaviour of these functions for the best-fit CPL model reported in [4] using the DESI+CMB+DESY5
dataset combination.

As is evident from the figure, each function Zi(z) exhibits a clear maximum at the corresponding redshift zi.
Determining these maxima therefore provides the characteristic redshifts directly, without the need for any derivative-
based computation. Consequently, this approach eliminates any implicit or explicit dependence of the characteristic
redshifts on distance derivatives. In this framework, the redshift values zi themselves carry no uncertainty, and only
the uncertainties in the distances propagate into the inferred Hubble parameter. Hence, the maxima-based approach
o�ers an extremely precise route for reconstructing the expansion history. In this work, we employ the non-derivative
golden-section search method to identify these maxima.

Once we determine the position of these minima, namely zi, we can obtain the Hubble parameter from the distances
at zi using Eq. (4). For example, at z = z1, we have,

H(z1) = c

d
Õ
M

= c

dA(z1) [(1 + z1)3 + 1] , (7)
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Once we determine the position of these minima, namely zi, we can obtain the Hubble parameter from the distances
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FIG. 1: Behaviour of the functions Zi(z), plotted with the redshift axis in logarithmic scale.

and in a similar fashion we can write [2]:

H(z2) = c

dA(z2) [(1 + z2)2 + 1] ,

H(z3) = c

dA(z3) [2 + z3] ,

H(z4) = c

dA(z4) [(1 + z4)2] , (8)

H(z5) = c

dA(z5) [1 + z5] ,

H(z6) = c

dA(z6) z6
,

H(z7) = c

dA(z7) .

IV. PHYSICS-INFORMED REIRA

Conventional model-independent approaches reconstruct cosmological distance measures directly from observa-
tional data, with minimal theoretical assumptions. However, it is important to investigate whether incorporating
fundamental and generic physical principles can further improve these reconstructions without compromising their
model-independent nature. Such physical information can be consistently incorporated by invoking the Raychaudhuri
equation, which is a purely geometric identity and holds independently of any specific cosmological model.

The Raychaudhuri equation (RE) for a timelike congruence with four-velocity u
µ (uµu

µ = ≠1) is given by [5–8]

d◊

d·
= ≠1

3◊
2 ≠ ‡µ‹‡

µ‹ + Êµ‹Ê
µ‹ + ÒµA

µ ≠ Rµ‹u
µ
u

‹
, (9)

where ◊ = Òµu
µ is the expansion scalar, · denotes proper time, ‡µ‹ = Ò(‹uµ) ≠ 1

3 hµ‹◊ is the shear tensor with
hµ‹ = gµ‹ + uµu‹ being the induced spatial metric, Êµ‹ = Ò[‹uµ] is the vorticity tensor, A

µ = u
–Ò–u

µ is the
four-acceleration, and Rµ‹ is the Ricci tensor. The Raychaudhuri equation is a geometric identity in Riemannian
geometry and acquires dynamical content upon the use of Einstein’s field equations.

For a spatially flat FLRW spacetime, the Raychaudhuri equation can be expressed in terms of the redshift z as

2
3(1 + z) H H

Õ ≠ H
2 = P, (10)

where P denotes the total pressure of the Universe and we have set 8fiG = 1.
At late times, the total pressure must be negative in order to account for the observed accelerated expansion,

as dark energy provides the dominant pressure contribution. Translating this requirement into a condition on the

For Planck-2018  ΛCDM model
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Figure 2. D0
M/DM and its uncertainty at Characteristic redshifts for RA and different DE parameterizations.

demonstrating that CPL can reproduce the reconstruc-
tion results with remarkable accuracy. Notably, both ex-
hibit large deviations in �H at z1, z2, and z3. Specifically,
the Hubble parameter shows 3 � 4� tension for both RA
as well as for CPL at z1, z2, and z3

2. The findings estab-
lish these three characteristic redshifts as prominent cosmic
markers, where deviations from Planck ⇤CDM are most pro-
nounced.

This also suggests that the recently reported 3 � 4� de-

viation from the ⇤CDM behavior, obtained by combining

DESI DR2 BAO data with various Type Ia supernova com-

pilations and Planck-2018 CMB constraints using the CPL

parametrization (M. Abdul Karim et al. 2025), may origi-

nate from the significant departure from ⇤CDM, observed in

Fig. 3a at these three low-redshift epochs identified in our

study.

2 Tables 1 and 2 in Appendix further summarize the values of DA(z) and
E(z) = H(z)

H0
at the characteristic redshifts for RA, CPL, and baseline

⇤CDM. They also highlight the statistical tension in these quantities.

7. RAYCHAUDHURI EQUATION INFORMED
RECONSTRUCTION ALGORITHM

The reconstruction results discussed so far are obtained
solely from observational datasets, without incorporating any
physics-based constraints. In this section, we investigate how
these results improve when essential physical information is
included in the reconstruction algorithm. For this purpose,
we employ the RE as a physics prior.

The RE for a timelike congruence having velocity u
µ

(uµu
µ = �1) is given by (A. K. Raychaudhuri 1955; J.

Ehlers 1993; S. Kar & S. SenGupta 2007; G. F. R. Ellis 2007)
d✓

d⌧
= �1

3
✓
2 � �µ⌫�

µ⌫ + !µ⌫!
µ⌫ +rµA

µ �Rµ⌫u
µ
u
⌫
,

(5)

where ✓ = rµu
µ is the expansion scalar, ⌧ is proper time,

�µ⌫ = r(⌫uµ)� 1
3hµ⌫✓ is the shear tensor with hµ⌫ = gµ⌫+

uµu⌫ being the induced spatial metric, !µ⌫ = r[⌫uµ] is the
rotation tensor, Aµ = u

↵r↵u
µ is the four acceleration and

Rµ⌫ is the Ricci tensor. The RE is a geometric identity in
Riemannian geometry and becomes a kinematic one when
we use the Einstein’s equation.

Knot Redshifts
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demonstrating that CPL can reproduce the reconstruc-
tion results with remarkable accuracy. Notably, both ex-
hibit large deviations in �H at z1, z2, and z3. Specifically,
the Hubble parameter shows 3 � 4� tension for both RA
as well as for CPL at z1, z2, and z3

2. The findings estab-
lish these three characteristic redshifts as prominent cosmic
markers, where deviations from Planck ⇤CDM are most pro-
nounced.

This also suggests that the recently reported 3 � 4� de-

viation from the ⇤CDM behavior, obtained by combining

DESI DR2 BAO data with various Type Ia supernova com-

pilations and Planck-2018 CMB constraints using the CPL

parametrization (M. Abdul Karim et al. 2025), may origi-

nate from the significant departure from ⇤CDM, observed in

Fig. 3a at these three low-redshift epochs identified in our

study.

2 Tables 1 and 2 in Appendix further summarize the values of DA(z) and
E(z) = H(z)

H0
at the characteristic redshifts for RA, CPL, and baseline

⇤CDM. They also highlight the statistical tension in these quantities.

7. RAYCHAUDHURI EQUATION INFORMED
RECONSTRUCTION ALGORITHM

The reconstruction results discussed so far are obtained
solely from observational datasets, without incorporating any
physics-based constraints. In this section, we investigate how
these results improve when essential physical information is
included in the reconstruction algorithm. For this purpose,
we employ the RE as a physics prior.

The RE for a timelike congruence having velocity u
µ

(uµu
µ = �1) is given by (A. K. Raychaudhuri 1955; J.

Ehlers 1993; S. Kar & S. SenGupta 2007; G. F. R. Ellis 2007)
d✓

d⌧
= �1

3
✓
2 � �µ⌫�

µ⌫ + !µ⌫!
µ⌫ +rµA

µ �Rµ⌫u
µ
u
⌫
,

(5)

where ✓ = rµu
µ is the expansion scalar, ⌧ is proper time,

�µ⌫ = r(⌫uµ)� 1
3hµ⌫✓ is the shear tensor with hµ⌫ = gµ⌫+

uµu⌫ being the induced spatial metric, !µ⌫ = r[⌫uµ] is the
rotation tensor, Aµ = u

↵r↵u
µ is the four acceleration and

Rµ⌫ is the Ricci tensor. The RE is a geometric identity in
Riemannian geometry and becomes a kinematic one when
we use the Einstein’s equation.

Knot Redshifts 10

APPENDIX

Table 1. Reconstructed values of DA(z) and E(z) at the characteristic redshifts zi, obtained using RA. The Planck 2018 ⇤CDM predictions
are also shown, along with the tensions in units of �.

zi DA(zi) D
P18
A (zi) Tension (�) E(zi) E

P18(zi) Tension (�)

z1=0.350 ± 0.003 0.232 ± 0.001 0.237 ± 0.001 3.23 1.246 ± 0.007 1.208 ± 0.005 4.52

z2=0.414 ± 0.004 0.257 ± 0.001 0.263 ± 0.002 3.34 1.296 ± 0.006 1.256 ± 0.006 4.77

z3=0.513 ± 0.006 0.289 ± 0.001 0.296 ± 0.002 3.34 1.375 ± 0.004 1.333 ± 0.009 4.34

z4=0.546 ± 0.007 0.299 ± 0.001 0.306 ± 0.002 3.39 1.402 ± 0.013 1.360 ± 0.009 2.67

z5=0.785 ± 0.014 0.348 ± 0.001 0.356 ± 0.003 3.34 1.612 ± 0.013 1.574 ± 0.017 1.74

z6=1.242 ± 0.027 0.388 ± 0.002 0.397 ± 0.002 2.64 2.073 ± 0.046 2.059 ± 0.036 0.24

z7=1.622 ± 0.056 0.396 ± 0.004 0.403 ± 0.002 1.73 2.528 ± 0.024 2.524 ± 0.077 0.05

Table 2. Values of DA(z) and E(z) at the characteristic redshifts zi for the CPL model, obtained from the MCMC chains. The Planck 2018
⇤CDM predictions are also shown, along with the tensions in units of �.

zi DA(zi) D
P18
A (zi) Tension (�) E(zi) E

P18(zi) Tension (�)

z1=0.350 ± 0.003 0.232 ± 0.001 0.237 ± 0.002 3.24 1.245 ± 0.007 1.209 ± 0.005 4.26

z2=0.415 ± 0.005 0.258 ± 0.001 0.264 ± 0.002 3.1 1.293 ± 0.006 1.257 ± 0.007 4.08

z3=0.516 ± 0.007 0.290 ± 0.001 0.297 ± 0.002 2.94 1.369 ± 0.004 1.335 ± 0.009 3.35

z4=0.548 ± 0.006 0.299 ± 0.001 0.306 ± 0.002 3.61 1.394 ± 0.012 1.362 ± 0.009 2.23

z5=0.789 ± 0.012 0.349 ± 0.001 0.357 ± 0.002 3.27 1.600 ± 0.011 1.579 ± 0.016 1.1

z6=1.243 ± 0.019 0.390 ± 0.002 0.397 ± 0.002 2.19 2.062 ± 0.034 2.060 ± 0.029 0.04

z7=1.622 ± 0.037 0.397 ± 0.003 0.403 ± 0.002 1.46 2.517 ± 0.021 2.525 ± 0.054 0.13

Table 3. Reconstructed values of DA(z) and E(z) at the characteristic redshifts zi, obtained from REIRA. The Planck 2018 ⇤CDM predictions
are also shown, along with the tensions in units of �.

zi DA(zi) D
P18
A (zi) Tension (�) E(zi) E

P18(zi) Tension (�)

z1=0.351 ± 0.002 0.235 ± 0.001 0.237 ± 0.001 2.98 1.231 ± 0.004 1.209 ± 0.005 3.63

z2=0.416 ± 0.003 0.260 ± 0.001 0.264 ± 0.001 2.73 1.279 ± 0.003 1.257 ± 0.006 3.3

z3=0.515 ± 0.005 0.293 ± 0.001 0.297 ± 0.002 2.47 1.357 ± 0.003 1.335 ± 0.008 2.66

z4=0.547 ± 0.005 0.302 ± 0.001 0.306 ± 0.002 2.62 1.383 ± 0.009 1.361 ± 0.008 1.8

z5=0.786 ± 0.011 0.352 ± 0.001 0.357 ± 0.002 2.21 1.592 ± 0.010 1.575 ± 0.015 0.92

z6=1.237 ± 0.022 0.392 ± 0.002 0.397 ± 0.002 1.53 2.060 ± 0.039 2.053 ± 0.032 0.13

z7=1.605 ± 0.043 0.399 ± 0.003 0.403 ± 0.002 1.01 2.505 ± 0.021 2.502 ± 0.060 0.05
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• So we have 7 parameters:  at six knots points and ΔDM(zi) ≡ DM(zi) − DP18
M (zi) h (H0 = 100h km/s/Mpc)

• Prior used:  and .ΔDM(zi) ∈ [−0.5,0.5] h ∈ [0.5,1.2]

• The posterior distributions of the knot amplitudes are interpolated to obtain smooth reconstructions of 
 across the full redshift range probed by the observations. DM(z)

• From this, we analytically obtain the higher-order derivatives  etc.DM(z) & D′￼M(z)

• The dimensionful physical quantities, such as and , are subsequently derived by 
combining the reconstructed dimensionless functions with the posterior distribution of .

dM(z) dH(z) (or H(z))
h

• We call this reconstruction “RA”.

• When we impose the condition involving RE :                      in our reconstruction 

algorithm, we call it “REIRA”.

PT < 0 2
D′￼′￼M

D′￼3
M

+
3

D′￼2
M

> 0



Mock Validation without Noise
• We first validate our reconstruction methodology using mock datasets.


•  We adopt the best-fit Planck 2018  cosmology as the fiducial model and generate DESI-DR2- and DES-like 
mock observations using the original covariance matrices of the corresponding datasets.


• We first perform a noiseless mock analysis by directly using the fiducial model predictions.
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For each parameter θ, we compute the posterior mean  and posterior standard deviation  from the i-th realization. 


Subsquently we performed three tests:

̂θi σi

Bias Test: Normalized Bias Defined as:                                   For a bias-free reconstruction .B ∼ 0B =
⟨ ̂θ⟩ − θfid

σmocks

Error calibration test: The error calibration ratio   For correctly calibrated reconstruction .R =
σmocks

⟨σpost⟩
R ∼ 1

Pull Test: Pull variable    For unbiased reconstruction with correctly estimated uncertainties, 

                                                                       the  should have zero mean and unit width.

pi =
̂θi − θfid

σi pi

Coverage Test:   Coverage quantifies the fraction of mock realizations for which the fiducial value lies inside the reconstructed

                                and  credible   intervals. The expected coverage fractions are  and , respectively.68 % 95 % 0.68 0.95
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Table 1. Validation statistics obtained from 500 independent mock realizations for RA. For each parameter we report the normalized bias,
(h✓̂i � ✓fid)/�mocks, the uncertainty calibration ratio, �mocks/h�posti, the mean and width of the pull distribution, and the empirical 68% and
95% coverage fractions.

Parameter (h✓̂i � ✓fid)/�mocks �mocks/h�posti Pull Mean Pull Width 68% Coverage 95% Coverage
�DM (z1) 0.072 0.948 0.060 0.947 0.672 0.966
�DM (z2) 0.080 0.938 0.067 0.937 0.704 0.966
�DM (z3) 0.079 0.943 0.068 0.941 0.700 0.960
�DM (z4) 0.079 0.953 0.067 0.951 0.708 0.956
�DM (z5) 0.073 0.953 0.062 0.951 0.718 0.960
�DM (z6) 0.014 0.988 0.009 0.989 0.670 0.954
h 0.015 0.941 0.006 0.939 0.696 0.970
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Figure 3. Robustness tests of the reconstructed tension profile. Panels (a)–(i) show the results obtained using: (a) DESI-DR2 only; (b)
DESI-DR2+DES; (c) DESI-DR2+DES without LRG1; (d) DESI-DR2+DES without LRG2; (e) DESI-DR2+DES without LRG3+ELG1; (f)
DESI-DR2+DES without LRG1 and LRG2; (g) DESI-DR2+DES without the Ly↵ measurements; (h) DESI-DR2+DES with the first five knots
placed at the effective redshifts of the DESI-DR2 measurements; and (i) DESI-DR2+DES using a spline of order k = 4. All reconstructions
are performed using the RA framework.

As a complementary test, we replace the Planck-based491

sound-horizon prior with the H0DN prior (S. Casertano et al.492

2026),493

H0 = 73.50± 0.81 km s�1 Mpc�1
, (25)494

and repeat the reconstruction. As shown in the right panel of495

Fig. 4, the localized excess remains clearly visible.496

The persistence of the anomaly under both alternative cal-497

ibrations demonstrates that it is neither an artifact of the498

adopted sound-horizon prior nor a consequence of the exter-499

nal H0 calibration. Instead, it appears to be a genuine feature500

preferred by the low-redshift distance measurements.501

6. SUMMARY AND CONCLUSIONS502

In this work, we reconstructed the late-time expansion his-503

tory of the Universe using the latest DESI-DR2 BAO mea-504

surements together with the DES Dovekie Type Ia supernova505

compilation. By combining a model-independent spline re-506

construction of cosmological distances with the Raychaud-507

huri Equation-Informed Reconstruction Algorithm (REIRA),508

we investigated the consistency of the expansion history in-509

ferred from current low-redshift observations with the Planck510

2018 ⇤CDM model. Compared with the purely data-driven511

Reconstruction Algorithm (RA), REIRA provides a more512

stable reconstruction by suppressing poorly constrained fluc-513

8

0.0 0.5 1.0 1.5 2.0
z

�1.0

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

H
(z

)
T
en

si
on

[�
]

(a)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

H
(z

)
T
en

si
on

[�
]

(b)

0.0 0.5 1.0 1.5 2.0
z

0

1

2

3

H
(z

)
T
en

si
on

[�
]

(c)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

H
(z

)
T
en

si
on

[�
]

(d)

0.0 0.5 1.0 1.5 2.0
z

�1

0

1

2

3

H
(z

)
T
en

si
on

[�
]

(e)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

H
(z

)
T
en

si
on

[�
]

(f)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
z

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

H
(z

)
T
en

si
on

[�
]

(g)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

H
(z

)
T
en

si
on

[�
]

(h)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

H
(z

)
T
en

si
on

[�
]

(i)

Figure 3. Robustness tests of the reconstructed tension profile. Panels (a)–(i) show the results obtained using: (a) DESI-DR2 only; (b)
DESI-DR2+DES; (c) DESI-DR2+DES without LRG1; (d) DESI-DR2+DES without LRG2; (e) DESI-DR2+DES without LRG3+ELG1; (f)
DESI-DR2+DES without LRG1 and LRG2; (g) DESI-DR2+DES without the Ly↵ measurements; (h) DESI-DR2+DES with the first five knots
placed at the effective redshifts of the DESI-DR2 measurements; and (i) DESI-DR2+DES using a spline of order k = 4. All reconstructions
are performed using the RA framework.

As a complementary test, we replace the Planck-based491

sound-horizon prior with the H0DN prior (S. Casertano et al.492

2026),493

H0 = 73.50± 0.81 km s�1 Mpc�1
, (25)494

and repeat the reconstruction. As shown in the right panel of495

Fig. 4, the localized excess remains clearly visible.496

The persistence of the anomaly under both alternative cal-497

ibrations demonstrates that it is neither an artifact of the498

adopted sound-horizon prior nor a consequence of the exter-499

nal H0 calibration. Instead, it appears to be a genuine feature500

preferred by the low-redshift distance measurements.501

6. SUMMARY AND CONCLUSIONS502

In this work, we reconstructed the late-time expansion his-503

tory of the Universe using the latest DESI-DR2 BAO mea-504

surements together with the DES Dovekie Type Ia supernova505

compilation. By combining a model-independent spline re-506

construction of cosmological distances with the Raychaud-507

huri Equation-Informed Reconstruction Algorithm (REIRA),508

we investigated the consistency of the expansion history in-509

ferred from current low-redshift observations with the Planck510

2018 ⇤CDM model. Compared with the purely data-driven511

Reconstruction Algorithm (RA), REIRA provides a more512

stable reconstruction by suppressing poorly constrained fluc-513

DESI+DES with RA Only
DESI with RA Only



Robustness of this Localized Deviation

0.0 0.5 1.0 1.5 2.0
z

°0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

H
(z

)
T
en

si
on

[æ
] No DESI-BGS

8

0.0 0.5 1.0 1.5 2.0
z

�1.0

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

H
(z

)
T
en

si
on

[�
]

(a)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

H
(z

)
T
en

si
on

[�
]

(b)

0.0 0.5 1.0 1.5 2.0
z

0

1

2

3

H
(z

)
T
en

si
on

[�
]

(c)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

H
(z

)
T
en

si
on

[�
]

(d)

0.0 0.5 1.0 1.5 2.0
z

�1

0

1

2

3

H
(z

)
T
en

si
on

[�
]

(e)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5
H

(z
)

T
en

si
on

[�
]

(f)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
z

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

H
(z

)
T
en

si
on

[�
]

(g)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

H
(z

)
T
en

si
on

[�
]

(h)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

H
(z

)
T
en

si
on

[�
]

(i)

Figure 3. Robustness tests of the reconstructed tension profile. Panels (a)–(i) show the results obtained using: (a) DESI-DR2 only; (b)
DESI-DR2+DES; (c) DESI-DR2+DES without LRG1; (d) DESI-DR2+DES without LRG2; (e) DESI-DR2+DES without LRG3+ELG1; (f)
DESI-DR2+DES without LRG1 and LRG2; (g) DESI-DR2+DES without the Ly↵ measurements; (h) DESI-DR2+DES with the first five knots
placed at the effective redshifts of the DESI-DR2 measurements; and (i) DESI-DR2+DES using a spline of order k = 4. All reconstructions
are performed using the RA framework.
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sound-horizon prior with the H0DN prior (S. Casertano et al.492

2026),493

H0 = 73.50± 0.81 km s�1 Mpc�1
, (25)494
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Figure 3. Robustness tests of the reconstructed tension profile. Panels (a)–(i) show the results obtained using: (a) DESI-DR2 only; (b)
DESI-DR2+DES; (c) DESI-DR2+DES without LRG1; (d) DESI-DR2+DES without LRG2; (e) DESI-DR2+DES without LRG3+ELG1; (f)
DESI-DR2+DES without LRG1 and LRG2; (g) DESI-DR2+DES without the Ly↵ measurements; (h) DESI-DR2+DES with the first five knots
placed at the effective redshifts of the DESI-DR2 measurements; and (i) DESI-DR2+DES using a spline of order k = 4. All reconstructions
are performed using the RA framework.

As a complementary test, we replace the Planck-based491

sound-horizon prior with the H0DN prior (S. Casertano et al.492

2026),493

H0 = 73.50± 0.81 km s�1 Mpc�1
, (25)494

and repeat the reconstruction. As shown in the right panel of495

Fig. 4, the localized excess remains clearly visible.496

The persistence of the anomaly under both alternative cal-497

ibrations demonstrates that it is neither an artifact of the498

adopted sound-horizon prior nor a consequence of the exter-499

nal H0 calibration. Instead, it appears to be a genuine feature500

preferred by the low-redshift distance measurements.501
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ferred from current low-redshift observations with the Planck510

2018 ⇤CDM model. Compared with the purely data-driven511

Reconstruction Algorithm (RA), REIRA provides a more512

stable reconstruction by suppressing poorly constrained fluc-513

No DESI-LRG2

8

0.0 0.5 1.0 1.5 2.0
z

�1.0

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

H
(z

)
T
en

si
on

[�
]

(a)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

H
(z

)
T
en

si
on

[�
]

(b)

0.0 0.5 1.0 1.5 2.0
z

0

1

2

3

H
(z

)
T
en

si
on

[�
]

(c)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

H
(z

)
T
en

si
on

[�
]

(d)

0.0 0.5 1.0 1.5 2.0
z

�1

0

1

2

3

H
(z

)
T
en

si
on

[�
]

(e)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

H
(z

)
T
en

si
on

[�
]

(f)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
z

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

H
(z

)
T
en

si
on

[�
]

(g)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

H
(z

)
T
en

si
on

[�
]

(h)

0.0 0.5 1.0 1.5 2.0
z

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

H
(z

)
T
en

si
on

[�
]

(i)

Figure 3. Robustness tests of the reconstructed tension profile. Panels (a)–(i) show the results obtained using: (a) DESI-DR2 only; (b)
DESI-DR2+DES; (c) DESI-DR2+DES without LRG1; (d) DESI-DR2+DES without LRG2; (e) DESI-DR2+DES without LRG3+ELG1; (f)
DESI-DR2+DES without LRG1 and LRG2; (g) DESI-DR2+DES without the Ly↵ measurements; (h) DESI-DR2+DES with the first five knots
placed at the effective redshifts of the DESI-DR2 measurements; and (i) DESI-DR2+DES using a spline of order k = 4. All reconstructions
are performed using the RA framework.

As a complementary test, we replace the Planck-based491

sound-horizon prior with the H0DN prior (S. Casertano et al.492

2026),493

H0 = 73.50± 0.81 km s�1 Mpc�1
, (25)494

and repeat the reconstruction. As shown in the right panel of495

Fig. 4, the localized excess remains clearly visible.496

The persistence of the anomaly under both alternative cal-497

ibrations demonstrates that it is neither an artifact of the498

adopted sound-horizon prior nor a consequence of the exter-499

nal H0 calibration. Instead, it appears to be a genuine feature500

preferred by the low-redshift distance measurements.501
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Figure 3. Robustness tests of the reconstructed tension profile. Panels (a)–(i) show the results obtained using: (a) DESI-DR2 only; (b)
DESI-DR2+DES; (c) DESI-DR2+DES without LRG1; (d) DESI-DR2+DES without LRG2; (e) DESI-DR2+DES without LRG3+ELG1; (f)
DESI-DR2+DES without LRG1 and LRG2; (g) DESI-DR2+DES without the Ly↵ measurements; (h) DESI-DR2+DES with the first five knots
placed at the effective redshifts of the DESI-DR2 measurements; and (i) DESI-DR2+DES using a spline of order k = 4. All reconstructions
are performed using the RA framework.

As a complementary test, we replace the Planck-based491

sound-horizon prior with the H0DN prior (S. Casertano et al.492

2026),493

H0 = 73.50± 0.81 km s�1 Mpc�1
, (25)494

and repeat the reconstruction. As shown in the right panel of495

Fig. 4, the localized excess remains clearly visible.496

The persistence of the anomaly under both alternative cal-497

ibrations demonstrates that it is neither an artifact of the498

adopted sound-horizon prior nor a consequence of the exter-499

nal H0 calibration. Instead, it appears to be a genuine feature500

preferred by the low-redshift distance measurements.501
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construction of cosmological distances with the Raychaud-507
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ferred from current low-redshift observations with the Planck510

2018 ⇤CDM model. Compared with the purely data-driven511
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stable reconstruction by suppressing poorly constrained fluc-513
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Figure 3. Robustness tests of the reconstructed tension profile. Panels (a)–(i) show the results obtained using: (a) DESI-DR2 only; (b)
DESI-DR2+DES; (c) DESI-DR2+DES without LRG1; (d) DESI-DR2+DES without LRG2; (e) DESI-DR2+DES without LRG3+ELG1; (f)
DESI-DR2+DES without LRG1 and LRG2; (g) DESI-DR2+DES without the Ly↵ measurements; (h) DESI-DR2+DES with the first five knots
placed at the effective redshifts of the DESI-DR2 measurements; and (i) DESI-DR2+DES using a spline of order k = 4. All reconstructions
are performed using the RA framework.

As a complementary test, we replace the Planck-based491

sound-horizon prior with the H0DN prior (S. Casertano et al.492

2026),493

H0 = 73.50± 0.81 km s�1 Mpc�1
, (25)494

and repeat the reconstruction. As shown in the right panel of495

Fig. 4, the localized excess remains clearly visible.496

The persistence of the anomaly under both alternative cal-497

ibrations demonstrates that it is neither an artifact of the498

adopted sound-horizon prior nor a consequence of the exter-499

nal H0 calibration. Instead, it appears to be a genuine feature500

preferred by the low-redshift distance measurements.501

6. SUMMARY AND CONCLUSIONS502

In this work, we reconstructed the late-time expansion his-503

tory of the Universe using the latest DESI-DR2 BAO mea-504

surements together with the DES Dovekie Type Ia supernova505

compilation. By combining a model-independent spline re-506

construction of cosmological distances with the Raychaud-507

huri Equation-Informed Reconstruction Algorithm (REIRA),508

we investigated the consistency of the expansion history in-509

ferred from current low-redshift observations with the Planck510

2018 ⇤CDM model. Compared with the purely data-driven511

Reconstruction Algorithm (RA), REIRA provides a more512

stable reconstruction by suppressing poorly constrained fluc-513
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Figure 3. Robustness tests of the reconstructed tension profile. Panels (a)–(i) show the results obtained using: (a) DESI-DR2 only; (b)
DESI-DR2+DES; (c) DESI-DR2+DES without LRG1; (d) DESI-DR2+DES without LRG2; (e) DESI-DR2+DES without LRG3+ELG1; (f)
DESI-DR2+DES without LRG1 and LRG2; (g) DESI-DR2+DES without the Ly↵ measurements; (h) DESI-DR2+DES with the first five knots
placed at the effective redshifts of the DESI-DR2 measurements; and (i) DESI-DR2+DES using a spline of order k = 4. All reconstructions
are performed using the RA framework.

As a complementary test, we replace the Planck-based491

sound-horizon prior with the H0DN prior (S. Casertano et al.492

2026),493

H0 = 73.50± 0.81 km s�1 Mpc�1
, (25)494

and repeat the reconstruction. As shown in the right panel of495

Fig. 4, the localized excess remains clearly visible.496

The persistence of the anomaly under both alternative cal-497

ibrations demonstrates that it is neither an artifact of the498

adopted sound-horizon prior nor a consequence of the exter-499

nal H0 calibration. Instead, it appears to be a genuine feature500

preferred by the low-redshift distance measurements.501
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surements together with the DES Dovekie Type Ia supernova505
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construction of cosmological distances with the Raychaud-507
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we investigated the consistency of the expansion history in-509

ferred from current low-redshift observations with the Planck510

2018 ⇤CDM model. Compared with the purely data-driven511

Reconstruction Algorithm (RA), REIRA provides a more512

stable reconstruction by suppressing poorly constrained fluc-513
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Figure 3. Robustness tests of the reconstructed tension profile. Panels (a)–(i) show the results obtained using: (a) DESI-DR2 only; (b)
DESI-DR2+DES; (c) DESI-DR2+DES without LRG1; (d) DESI-DR2+DES without LRG2; (e) DESI-DR2+DES without LRG3+ELG1; (f)
DESI-DR2+DES without LRG1 and LRG2; (g) DESI-DR2+DES without the Ly↵ measurements; (h) DESI-DR2+DES with the first five knots
placed at the effective redshifts of the DESI-DR2 measurements; and (i) DESI-DR2+DES using a spline of order k = 4. All reconstructions
are performed using the RA framework.

As a complementary test, we replace the Planck-based491

sound-horizon prior with the H0DN prior (S. Casertano et al.492

2026),493

H0 = 73.50± 0.81 km s�1 Mpc�1
, (25)494

and repeat the reconstruction. As shown in the right panel of495

Fig. 4, the localized excess remains clearly visible.496

The persistence of the anomaly under both alternative cal-497

ibrations demonstrates that it is neither an artifact of the498

adopted sound-horizon prior nor a consequence of the exter-499

nal H0 calibration. Instead, it appears to be a genuine feature500

preferred by the low-redshift distance measurements.501

6. SUMMARY AND CONCLUSIONS502

In this work, we reconstructed the late-time expansion his-503

tory of the Universe using the latest DESI-DR2 BAO mea-504

surements together with the DES Dovekie Type Ia supernova505

compilation. By combining a model-independent spline re-506

construction of cosmological distances with the Raychaud-507

huri Equation-Informed Reconstruction Algorithm (REIRA),508

we investigated the consistency of the expansion history in-509

ferred from current low-redshift observations with the Planck510

2018 ⇤CDM model. Compared with the purely data-driven511

Reconstruction Algorithm (RA), REIRA provides a more512

stable reconstruction by suppressing poorly constrained fluc-513
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Figure 3. Robustness tests of the reconstructed tension profile using RA. Panels (a)–(h) show the results obtained using: (a) DESI-DR2 only,
(b) DESI-DR2+DES, (c) DESI-DR2+DES without LRG1, (d) DESI-DR2+DES without LRG2, (e) DESI-DR2+DES without LRG3+ELG1, (f)
DESI-DR2+DES without Lya, (g) DESI-DR2+DES with knots at DESI-DR2 effective redshifts, and (h) DESI-DR2+DES with spline order
k = 4.
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Figure 4. Robustness of the low-redshift expansion-rate anomaly using REIRA under alternative assumptions. Left panel: tension profile
obtained from a reconstruction in which the parameter combination hrd is sampled directly, without imposing an external prior on rd. Right
panel: tension profile obtained using the H0DN prior on H0.

modifications affecting only the early-Universe determina-493

tion of cosmological parameters may not be sufficient to ac-494

count for the observed discrepancy.495

Future observations from DESI, Euclid, LSST, and other496

next-generation cosmological surveys will provide substan-497

tially improved measurements of the expansion history and498

will be crucial for determining the origin of this anomaly. If499

confirmed, such a feature would have important implications500

for our understanding of cosmic acceleration and the physics501

governing the late-time Universe.502

Software: numpy (C. R. Harris et al. 2020), scipy (P.503

Virtanen et al. 2020), matplotlib (J. D. Hunter 2007), emcee504

(D. Foreman-Mackey et al. 2013), GetDist (A. Lewis 2025).505
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The 3.5σ tension from the real data cannot be attributed to any of the usual suspects — 
it is not a spline artefact, not a boundary effect, not an underestimated uncertainty from the MCMC, not a non-Gaussian tail in the 
reconstruction.



Further Constraining Using Growth Data



Further Constraining Using Growth Data
Having Constraints on the Background Evolution H(z),  we can use the growth equation for the 
matter density contrast:



Further Constraining Using Growth Data
Having Constraints on the Background Evolution H(z),  we can use the growth equation for the 
matter density contrast:

··δm + 2H ·δm =
3
2

H2
0Ωm0δm(1 + z)3



Further Constraining Using Growth Data
Having Constraints on the Background Evolution H(z),  we can use the growth equation for the 
matter density contrast:

··δm + 2H ·δm =
3
2

H2
0Ωm0δm(1 + z)3

We then  use the growth data e.g   (Gold Sample), to see with the constrained H(z), what  is required.fσ8 Ωm0



Further Constraining Using Growth Data
Having Constraints on the Background Evolution H(z),  we can use the growth equation for the 
matter density contrast:

··δm + 2H ·δm =
3
2

H2
0Ωm0δm(1 + z)3

We then  use the growth data e.g   (Gold Sample), to see with the constrained H(z), what  is required.fσ8 Ωm0

We also need the  information. But we can constrain  σ8(0) S8 = σ8(Ωm0/0.3)1/2



Figure 9: Growth-only constraints in the (⌦m0,�8) plane from the 27-point f�8 compilation,
conditioned on the reira reconstructed background (red filled, 68/95%) and, for comparison, on
the plc chain background (blue dashed). The black star is Planck-2018. The data constrain the

degeneracy combination S
growth
8 ⌘ �8

p
⌦m0/0.3 tightly while leaving the individual parameters

loose; Planck sits on the upper-S8 edge of the allowed band. The near-identity of the red and
blue contours shows the constraint is dominated by the growth data, the di↵erences between the
two backgrounds being small on this scale.
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S8 = σ8(Ωm0/0.3)1/2 = 0.798 ± 0.028



Figure 3: Step 3: post-fit f�8(z) (both models at �8 = 0.811; reira at its fitted ⌦m0 = 0.285,
plc at Planck’s 0.315; bands 68%), against the data compilation. Triangles mark the median
peak locations: the fitted reira model peaks later and lower.

are suppressed relative to Planck-⇤CDM by

�C`/C` ' �22%, �20%, �17%, �14% (bins 1–4 at ` = 100), (5)

with ±2% uncertainty from the reconstruction. The budget: the kernel prefactor scales as
(⌦m0H

2
0 )

2, contributing ' �18%; the softer transfer function at lower !m (at fixed �8) redis-
tributes power across scales; and the growth shape partially compensates at high redshift, since
a lower-density universe normalized to the same �8 today had more relative power in the past
— which is why the suppression weakens from �22% to �14% from bin 1 to bin 4. Unlike the
⇠ 5% e↵ects of the shape comparison alone, a 14–22% amplitude di↵erence is well within the dis-
criminating power of current DES-Y3/KiDS-1000 cosmic-shear measurements: confronting this
prediction with the measured band powers (with nonlinear corrections, intrinsic alignments, and
the survey n(z) properly included) is the natural next step.

6 Step 5: the implied dark-energy evolution

With the matter density determined, the dark-energy sector follows from the reconstruction with
no further assumptions beyond flatness. Writing E = H/H0 per sample,

⇢DE(z)

⇢c,0
= E

2(z)� ⌦m0(1 + z)3, w(z) =
2
3(1 + z)E0

/E � 1

1� ⌦m0(1 + z)3/E2
, (6)

where E
0 = dE/dz is evaluated by finite di↵erences on the chain grid. To preserve the joint

structure of the inference, ⌦m0 is drawn per sample from that sample’s own conditional f�8
posterior at �8 = 0.811 (Sec. 3); the draws recover ⌦m0 = 0.286 ± 0.019, and the estimator
returns w = �1 to 10�4 on an exact ⇤CDM input.

The results (Fig. 6):

w(0) = �0.852+0.059
�0.061, w(0.5) = �0.90+0.08

�0.09,
⇢DE(1)

⇢DE(0)
= 1.28+0.18

�0.18. (7)
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Table 3: Behaviour of the f�8 peak under matter-density variations. Top: flat ⇤CDM with ⌦m0

varied self-consistently — fpk is universal. Bottom: reira with fixed reconstructed H(z) and
rescaled !m — a residual sensitivity d ln fpk/d ln!m ' 0.36 remains, diluted from unity by the
compensating shift of zpk.

Model zpk fpk ⌦m(apk)

⇤CDM ⌦m0 = 0.25 0.569 0.729 0.563
⇤CDM ⌦m0 = 0.315 0.405 0.728 0.561
⇤CDM ⌦m0 = 0.40 0.245 0.729 0.562

reira !m ⇥ 0.975 0.459 0.719± 0.010 0.549
reira !m ⇥ 1.000 0.447 0.726± 0.010 0.558
reira !m ⇥ 1.025 0.438 0.732± 0.010 0.566

still tracks ⌦m(a) ' 0.56. For the reconstruction a diluted dependence on the assumed matter
density remains, d ln fpk/d ln!m ' 0.36 (Table 3): with a Planck prior on !m this contributes
only ⇠ 0.3%, well below the ±1.5% statistical scatter of reira’s fpk, whereas a fully free !m

would progressively erode the test. The pair (zpk, fpk) thus factorizes the information cleanly: zpk
measures the background evolution — when ⌦m(a) crosses ⌦⇤

m, which is where reira genuinely
di↵ers (zpk = 0.447 vs. 0.408) — while fpk is a quasi-parameter-free null test of the growth
dynamics (GR + smooth dark energy), which both models pass at the same value.

4.3 Confrontation with f�8 data

The predictions are now compared against a compilation of 27 f�8 measurements (columns: z,
f�8, �, and the fiducial ⌦m of each original analysis). The covariance is diagonal for the first 20
points, with the published 3⇥ 3 WiggleZ block (z = 0.44, 0.60, 0.73) and 4⇥ 4 SDSS-IV/eBOSS
block (z = 0.978, 1.23, 1.526, 1.944) for the last seven; the block diagonals reproduce the quoted
per-point errors exactly. Because each survey measured f�8 assuming its own fiducial cosmology,
the model prediction is corrected for the Alcock–Paczynski distortion before forming the �

2,

f�
th,corr
8 (zi) =

f�
th
8 (zi)

q(zi)
, q(zi) =

[H(z) dA(z)]model

[H(z) dA(z)]fid,⌦(i)
m

=
Fmodel(zi)

Ffid(zi)
, F (z) ⌘

H(z)�(z)

c (1 + z)
,

(22)
which depends only on the shape of the expansion history (any H0rd normalization cancels iden-
tically), and is evaluated per chain sample; the mean correction is small (0.7–0.9%). Then

�
2 = �>

C
�1� with �i = f�

data
8 (zi)� f�

th,corr
8 (zi).

With zero fitted parameters (everything fixed by Planck + the respective H(z) chain), the
results are

�
2
plc = 17.6+0.6

�0.5, �
2
reira = 15.6+0.6

�0.5 (27 points), (23)

where the intervals propagate each chain’s H(z) uncertainty. Both are comfortable fits (�2
/N '

0.65 and 0.58; the compilation’s errors are conservative and some low-z points overlap in survey
volume). The di↵erence,

��
2 = �

2
reira � �

2
plc = �1.95+0.71

�0.77, (24)

(random pairing of samples across the two chains) shows a consistent but modest preference of
the growth data for the reconstruction: the sign is stable across essentially the entire chain, but
its magnitude (�AIC = �2.0 at equal parameter count) constitutes only weak positive evidence.
The direction is exactly as anticipated in Sec. 4.1: the RSD compilation prefers the 3% low-
redshift growth suppression that the DESI+DES expansion history, anchored to Planck initial
conditions, predicts with no additional freedom.

8
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Figure 5: Top: full two-chain comparison of f�8(z). The purple band is the 68%/95% interval
of the di↵erence distribution f�

reira
8 � f�

plc
8 (random pairing of samples, so both chains’ uncer-

tainties are propagated), normalized by the plc median; the red dash-dotted curve (right axis)
is the corresponding tension |�|/��. The tension peaks at 3.7� at z ' 0.39 and exceeds 3� over
0.16 . z . 0.56 (correlated along z; this is a per-redshift statistic, not a global significance).
Bottom: per-sample distributions of the redshift at which f�8(z) is maximal: zpeak = 0.408+0.014

�0.012

(plc) versus 0.447+0.033
�0.030 (reira) — the reconstruction both lowers the peak amplitude (0.461 vs.

0.474) and shifts it to higher redshift.

13

Further Constraining Using Growth Data



Figure 5: Top: full two-chain comparison of f�8(z). The purple band is the 68%/95% interval
of the di↵erence distribution f�

reira
8 � f�

plc
8 (random pairing of samples, so both chains’ uncer-

tainties are propagated), normalized by the plc median; the red dash-dotted curve (right axis)
is the corresponding tension |�|/��. The tension peaks at 3.7� at z ' 0.39 and exceeds 3� over
0.16 . z . 0.56 (correlated along z; this is a per-redshift statistic, not a global significance).
Bottom: per-sample distributions of the redshift at which f�8(z) is maximal: zpeak = 0.408+0.014

�0.012

(plc) versus 0.447+0.033
�0.030 (reira) — the reconstruction both lowers the peak amplitude (0.461 vs.
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Further Constraining Using Growth DataFigure 6: Growth rate at the maximum of f�8(z), per chain sample: filled histograms use f from
the growth ODE evaluated at each sample’s zpk; dashed outlines use the background-only relation
Eq. (19) with the same sample’s H(z). The two estimates are indistinguishable, confirming the
identity and the numerical consistency of the pipeline. reira’s broader distribution reflects its
larger zpk scatter and the local H 0(z) uncertainty of the reconstruction.

Figure 7: Median fractional f�8 deviation of reira from the plc chain when the matter density
assumed for the reconstruction is rescaled (growth-only e↵ect; plc fixed at Planck !m). A +2.5%
shift cancels the peak (red dashed) but over-corrects at high redshift, leaving a z-dependent
residual: the degeneracy between the reconstructed H(z) feature and !m is strong at the peak
but broken by the redshift shape.

14



Possible Dark Energy Behaviour

Figure 9: Reconstructed w(z) over the full range of the reconstruction, z  2.33, for the three
�8 normalizations (medians and 68% bands; each case uses its own per-sample ⌦m0 draws from
the corresponding f�8 posterior). The three cases are nearly degenerate at z . 0.3 — the non-
phantom present-day behaviour is common to all — and fan out beyond: the low-�8 (high-density)
case dips through �1 near z ' 1, while the high-�8 (low-density) case stays above �1 throughout.
At z & 1.5 the median w drifts upwards in all cases — the slowly-fading dark-energy behaviour
noted in the Discussion — but the bands widen rapidly as ⌦DE(z) ! 0 and, at the z = 2.33
boundary knot, are further underestimated by the reconstruction (companion-paper mocks); no
significance should be attached to w(z) there.

when sampling hrd without a sound-horizon prior, and under an H0DN H0 prior; and none of
100 ⇤CDM mock realizations reaches the observed tension at z = 0.47 (empirical p < 0.01), with
the pipeline verified unbiased and correctly calibrated. A statistical fluctuation or a single-tracer
systematic is therefore disfavoured, sharpening the physical reading above. The companion paper
also shows the deviation is carried by dH (the expansion rate) rather than dM (the integrated
distance) — precisely the signature expected from the endpoint-anchored mechanism described
here. The discriminating observables going forward are the lensing amplitude prediction of Step 4,
independent matter-density determinations, and improved z > 1 background data testing whether
⇢DE(z) continues to rise.

Two ingredients therefore separate this analysis from CPL fits. First, the matter density here
is calibrated by growth (f�8 at Planck �8), landing at 0.285, whereas the CPL fit determines
⌦m0 ' 0.34 geometrically, within the rigid two-parameter w(a) form — the extra w freedom lets
the geometric fit trade matter for a steeply evolving dark energy. Second, the CPL form itself
transmits low-redshift information (w0 > �1, driven by supernovae) to high redshift through its
fixed linear shape anchored by the CMB distance, manufacturing a crossing that no individual
redshift’s data demand; non-parametrically, w(z) here is a pointwise statement and shows no such
feature. The correct summary is deliberately modest: the reconstruction provides no evidence
for a phantom transition — the median stays above �1 everywhere informative, and thawing-
quintessence-like behaviour (w0 ' �0.85 rolling towards �1 in the past) fits background and
growth data simultaneously — while the 68% band does admit w < �1 beyond z ' 0.56, so
phantom behaviour is not excluded there. Since a genuine w = �1 crossing cannot be realized
by any single minimally coupled scalar field, the non-phantom branch is also the physically
conservative one. The conditionality should be kept in view: the density calibration assumes the

11

Essentially the  normalization  plays an important role in deriving DE behaviour.σ8
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Conclusions
• We confirm a localized deviation in  at  from the Planck-  prediction.H(z) z ∼ 0.47 ΛCDM

• The statistically this deviation is around .∼ 3.5σ

• DESI-BAO contributes majorly to this deviation (  ).∼ 2.5σ

• The deviation is not due to any particulat DESI-DR2 data.

• It is robust under choice of knot-points, spline order or chosen anchor.

• This is independent of any DE model (Only GR and spatial flatness is assumed) or choice of parameter like  
.Ωm0

• This is independent of Hubble Tension.

• This sharp, robust localised feature may not be explained through early universe modifications that 
help to solve Hubble Tension and most probably due to localised new physics in the late universe 
(Interacting DE, Vacuum Metamorphism, Phase Transition in DE Sector……)

• To derive the DE behaviour in this approach, growth evolution and  normalization play important role.σ8
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21cm Linear Power Spectrum                                  


                                     P21(z, k, μ) = T̄b
2(z)[bHI(z) + f(z)μ2]2 Pm(k, z)

T̄b(z) = 180
H0(1 + z)

H(z)
ΩHI(z)hMean Brightness Temperature: mK

Growth Factor: f =
d log δ
d log a μ =

k∥

k
Cosine of the angle between 
 k and the line-of-sight:

ΩHI(z) =
ρHI(z)

ρc0

Linear Bias:                         bHI Linear Matter  Power Spectrum: Pm(k, z)
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