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Motivation & The Big Picture

Why do we need to go beyond ACDM?
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Latest DES Results and S; Tension
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Latest DES-Dovekie: 3.50

Popovic et al. arXiv:2511.07517
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» NACDM has been spectacularly successful for two decades — but cracks are appearing:

e Hubble tension: Ho from CMB (Planck) vs. local distance ladder — /o discrepancy

e Sgtension: matter clustering amplitude inconsistency between CMB and weak lensing surveys

e DESI-DR2 (2025) BAO data shows strong preference for dynamical dark energy w,, # — 1 ( ~ 3.20 with DES-DOV-SN)

» Standard route: Reconstruct dark energy equation of state @,

Requires information for €2, an additional model assumption that propagates into the DE reconstruction

<
CPL parametrisation (Chevallier-Polarski-Linder): w,, = wy + w_ " widely used. It is phenomenological
+Z

But can represent low redshift evolution different scalar field behaviour for different choices of (wy, w ).

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

» No assumption on DE sector

» Does not need any information for (2,

» Gives Model Independent Low-Redshift Expansion history
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Background Cosmology is governed by Spatially-Flat FRW Metric

ds’ = dt* — a*()[dr* + r*dQ?]

. . K "2 d7 a
Various Distances: C()m()ving Distance: dM(Z) —c| — =~¢ < H — — Hubble Parameter
. . dM(Z)
Angular Diameter Distance: d,(z) = 1 BAO, CMB Angular Scale
<
Luminosity Distance: d;(z) = (1 +2)d(z) Flux measurements using Snla

We can reconstruct d, (z) directly from Low Redshift data.
And subsquently reconstruct H(z).

No DE Model is assumed.
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* Few observations:

(1) In the redshift range of BAO+SN data, we can safely assume P, < O (P, , negligible, P, . ~ 0).

at

This gives a physical prior on how Dy, and D,, are related. We call it REIRA.

(2) Also D;,(0) = 0Oand D;,(0) = D;(0) = 1 by definition.

These are also priors in our reconstruction

(3) We reonstruct D,,(z) using BAO (D,,, Dy;) and Snla (D, = (1 + z)D,,) data, find D;(z), and see
deviation from Early Universe prediction like Planck-2018 assuming ACDM.
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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Our first goal is to do a model independent reconstruction of d,,(z) and d,(z) at low redshifts.
Data Used:

* DESI-DR2 BAO data (13 data points)

* DES-Dovekie Snla data

* We also use the Planck-ACDM prior for r, = 147.09 = 0.27 Mpc (no new physics around decoupling).

We use a knot-based spline reconstruction method.
We choose a spline order of k =5. This ensures that the upto d(z) is continuous.
We first reconstruct the comoving distance d,,(z) using the data and then derive d},(z) taking its derivative.

For convenience, we use the dimensionless comoving distance D;,(z) and the spline interpolation is performed
on the residual of D, (z) with respect to Planck-2018 baseline ACDM model DAZL(z).



Reconstructing Comoving Distance

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

Our first goal is to do a model independent reconstruction of d,,(z) and d,(z) at low redshifts.
Data Used:

* DESI-DR2 BAO data (13 data points)

* DES-Dovekie Snla data

* We also use the Planck-ACDM prior for r, = 147.09 = 0.27 Mpc (no new physics around decoupling).

We use a knot-based spline reconstruction method.
We choose a spline order of k =5. This ensures that the upto d(z) is continuous.
We first reconstruct the comoving distance d,,(z) using the data and then derive d;,(7) taking its derivative.

For convenience, we use the dimensionless comoving distance D;,(z) and the spline interpolation is performed
on the residual of D, (z) with respect to Planck-2018 baseline ACDM model DAZL(z).

We place six knots at z = [0.350, 0.512, 0.782, 1.236, 1.626, 2.33] in addition, we have
D, 0)=0&D;,(0) =1



Characteristic Redshifts and Hubble Parameter

dy(z7)

* There are seven (07) characteristics redshifts:
’ A(Zl) — dL(Zl)? dA(Zz) — dM(Zz); dA(Zg) — dA(Z3) §
* dy(zy) =di(z); dylzs) = dylzs);  di(ze) = di(z6) -
* A(Z7) = () qg
* This allows us to measure H(z) at these characteristics redshifts: -E
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P. Mukherjee and AAS. Rep. Prog. Phys. 2025




Avoiding Fully The Derivatives of the Distances

Dp(a1) = Difer) = Dy(er) = 22 [14 (14 22)°
Dia(2s) = Da(zs) = Diy(zs) = 5~ [1+(1+2) :
Dy(z1) = Dr(zs) = Djy(z4) = (1 + 24) D (24) i sl

Dy (z5) = Dar(25), )= T+z © IR ulz)
Dl (a0) = Dalzs) = Diy (z0) = 2220%0) Zu() = —— exp|—3(1+2)°| Du(2)
Dy (27) = Da(27) = Diy(27) = li]\j_(z) Z3(z) = . i - exp(—z) Dy (2),

Z5(z) = exp(—z) Dy (2),
Zs(z) = (1 + z) exp(—2) Dn(2),




Avoiding Fully The Derivatives of the Distances

Dp(a1) = Difer) = Dy(er) = 22 [14 (14 22)°
Diy() = Dar(za) = Diglea) = P02 14 (120, dZi(z) | _ 0.
Dia(2s) = Da(zs) = Diy(zs) = 5~ [1+(1+2) "
Dy (24) = Dr(24) = Diy(za) = (1 + 24) D (24), o ]
D' (35) = Das (). 1(2) = 7 exp|—5(1+2)7| Dar(z),
Dl (a0) = Dalzs) = Diy (z0) = 2220%0) Zu() = —— exp|—3(1+2)°| Du(2)
Dy (27) = Da(27) = Diy(27) = li]\i(’:) Z3(z) = . i - exp(—z) Dy (2),
1
Using reconstructed D,,(z), we need to reconstruct Z(z) Z4(2) = exp {_5 (1 + Z)Q} Dr(2),

And find their maximum to get the redshifts z;.
Z5(2) = exp(—2) Du(2),

Z6(2) = (1 +2) exp(—=2) D (2),

We can use non-derivative extrema finder like Golden Search Algorithm
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Reconstructing Comoving Distance

So we have 7 parameters: AD,(z.) = D;,(z;) — D]@m(zi) at six knots points and /1 (H, = 1004 km/s/Mpc)
Prior used: AD,,(z.)) € [-0.5,0.5]and h € [0.5,1.2].

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

From this, we analytically obtain the higher-order derivatives D,,(z) & D,,(z) etc.

The dimensionful physical quantities, such as d;,(z)and d;,(z) (or H(z)), are subsequently derived by
combining the reconstructed dimensionless functions with the posterior distribution of /.

We call this reconstruction “RA”.

/]

When we impose the condition involving RE : P, < () ===—> 7 L — > () in our reconstruction

Dy, Dy

algorithm, we call it “REIRA”.



Mock Validation without Noise

* We first validate our reconstruction methodology using mock datasets.

*  We adopt the best-fit Planck 2018 ACDM 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.

]. .O \\
20
,,,,,,,,, 0.9-
]_ ° 2 Tt e \\ ].0-
,,,,,,,, 0.8- - Fiducial model
]_ .O 1Tt \\
””” / \ -
— N Oo 7
N 008 ] //'/ N
E z/’// Qm 006 ]
0.6 _ ’,,/,///
Q 0.5
004 ] //'/, 20. O 4: |
0.2 lo | e
° T /,'/ . . 003 1T Ty
S Fiducial model
0.0+ . . . . 0.0 0.5 1.0 1.5 2.0
0.0 0.5 1.0 1.5 2.0



Mock Validation (With Noise)



Mock Validation (With Noise)

Next, we generate 500 independent mock realizations of the DESI-DR2 and DES datasets using their corresponding covariance matrices.

The reconstruction analysis is then repeated for each realization.

For each parameter 6, we compute the posterior mean ¢; and posterior standard deviation ¢; from the i-th realization.

Subsquently we performed three tests:
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Next, we generate 500 independent mock realizations of the DESI-DR2 and DES datasets using their corresponding covariance matrices.

The reconstruction analysis is then repeated for each realization.

For each parameter 6, we compute the posterior mean ¢; and posterior standard deviation ¢; from the i-th realization.
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Bias Test: Normalized Bias Defined as: B = fid For a bias-free reconstruction B ~ 0.
Omocks
Omocks

Error calibration test: The error calibration ratio R = For correctly calibrated reconstruction R ~ 1.

Opost



Mock Validation (With Noise)

Next, we generate 500 independent mock realizations of the DESI-DR2 and DES datasets using their corresponding covariance matrices.

The reconstruction analysis is then repeated for each realization.

For each parameter 6, we compute the posterior mean ¢; and posterior standard deviation ¢; from the i-th realization.
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Pull Test: Pull variable p. = For unbiased reconstruction with correctly estimated uncertainties,
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l the p. should have zero mean and unit width.



Mock Validation (With Noise)

Next, we generate 500 independent mock realizations of the DESI-DR2 and DES datasets using their corresponding covariance matrices.

The reconstruction analysis is then repeated for each realization.

For each parameter 6, we compute the posterior mean ¢; and posterior standard deviation ¢; from the i-th realization.

Subsquently we performed three tests:

(0) = Orq

Bias Test: Normalized Bias Defined as: B = For a bias-free reconstruction 5 ~ 0.
Omocks

Omocks

Error calibration test: The error calibration ratio R = For correctly calibrated reconstruction R ~ 1.

Opost

é'_eﬁd

l

Pull Test: Pull variable p. = For unbiased reconstruction with correctly estimated uncertainties,
O:

l the p. should have zero mean and unit width.

Coverage Test: Coverage quantifies the fraction of mock realizations for which the fiducial value lies inside the reconstructed
68 % and 95 % credible intervals. The expected coverage fractions are 0.68 and 0.95, respectively.



Mock Validation with noise
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Mock Validation (With Noise)

Parameter | ((0) — 0gd)/0mocks | Omocks/{Tpost) | Pull Mean | Pull Width | 68% Coverage | 95% Coverage
ADn(21) 0.072 0.948 0.060 0.947 0.672 0.966
ADn(22) 0.080 0.938 0.067 0.937 0.704 0.966
ADp(z3) 0.079 0.943 0.068 0.941 0.700 0.960
AD s (24) 0.079 0.953 0.067 0.951 0.708 0.956
ADns(25) 0.073 0.953 0.062 0.951 0.718 0.960
ADpy(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




Reconstruction Results
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Reconstruction Results
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Reconstruction Results
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Expansion Rate H(z) and Acceleration Rate ¢(z7)
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Quantify The Deviation in /(z)

HREIRA o HP18

and calculate it at every z.
2 )
\/ OREIRA T 0P8

We define the Tension as between reconstructed H(z) and Hpg(z) as: T =
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HREIRA o HP18

We define the Tension as between reconstructed H(z) and Hpg(z) as: T =
\/02 + 02
REIRA T OP13

and calculate it at every z.
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Quantify The Deviation in /(z)

We define the Tension as between reconstructed H(z) and Hpg(z) as: T =

HREIRA o HP18

and calculate it at every z.
2 2
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Quantify The Deviation in /(z)

HREIRA o HP18

> >
\/ OREIRA T Op18

We define the Tension as between reconstructed H(z) and Hpg(z) as: T = and calculate it at every z.
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Robustness of this Localized Deviation
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Robustness of this Localized Deviation
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Global Significance:

Empirical P < 0.002
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No Evidence for:

Any bias (the centre 1s at 0, not shifted)
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Gaussian two-tail P-value: 4.65 x 10~



Robustness of this Localized Deviation
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Excess variance (the KDE 1s not broader than N(0,1))
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Any skewness

The 3.50 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.
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Further Constraining Using Growth Data

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

O, 25’—3 2Q 0. (1 +2)°
m T Hm_a 0 m()m( +Z)

We then use the growth data e.g fo, (Gold Sample), to see with the constrained H(z), what €2, is required.

We also need the o5(0) information. But we can constrain Sy = 6,(Q, ,/0.3)"*
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Further Constraining Using Growth Data

Model

fog(z)
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Further Constraining Using Growth Data
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Possible Dark Energy Behaviour
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Essentially the 63 normalization plays an important role in deriving DE behaviour.
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Conclusions

We confirm a localized deviation in H(z) at z ~ 0.47 from the Planck-ACDM prediction.
The statistically this deviation is around ~ 3.50.

DESI-BAO contributes majorly to this deviation ( ~ 2.55).
The deviation is not due to any particulat DESI-DR2 data.
[t 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
Q.

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 63 normalization play important role.
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For 21cm power spectrum, we need to know b,,, = i)l/ 2. Observation of the P-, can give us the measurement of the ratio
p p H P 21 g
m
[} = — using the monopole to quadropole ratio of the of the P, , but to know /,,, we need to know | separately.
P q P 21 HI P y
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