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The standard model of cosmology (�CDM)

The minimal flat �CDM model is specified by six independent parameters:�

bh

2; 
ch
2; �s; �; As; ns

	
:

Matter content

Physical baryon density 
bh
2

Physical cold dark matter density 
ch
2

Geometry

�s =
r(z�)

DM (z�)

Angular size of the sound horizon at
recombination

Late-time ionization

�

Optical depth to reionization

Primordial fluctuations

As; ns

Amplitude and tilt of the primordial
scalar power spectrum
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What DESI measures

DESI provides precise measurements of the
parallel and perpendicular BAO distances.

DM (z) /
Z z

0

dz0

H(z0)

DH(z) / H(z)�1

H2(z) ’ H2
0

�

m(1 + z)3 + 1� 
m

�
:

In �CDM, H(z) is controlled essentially by H0 and 
m.

BAO anisotropy separates transverse information, DM=rd,
from radial information, DH=rd.

DESI DR2 gives both perpendicular and parallel BAO
distances across redshift.

DESI 2025 – arXiv:2503.14738
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Evolving dark energy

DESI collaboration

DESI 2025 – arXiv:2503.14738

CPL parametrization

w(a) = w0 + (1� a)wa

Dataset w0 wa preference over �CDM

DESI BAO �0:48+0:35
�0:17 < �1:34 at 68% 1:7�

DESI + CMB �0:42� 0:21 �1:75� 0:58 3:1�

DESI + CMB + Pantheon+ �0:838� 0:055 �0:62+0:22
�0:19 2:8�

DESI + CMB + Union3 �0:667� 0:088 �1:09+0:31
�0:27 3:8�

DESI + CMB + DESY5 �0:752� 0:057 �0:86+0:23
�0:20 4:2�
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Related works after DESI
Interacting dark sector

Silva, Sabogal, Scherer, Nunes, et al.
arXiv:2503.23225

Dark axion + dark baryons

Khoury, Lin, Trodden
arXiv:2503.16415

Modified recombination

Lynch, Knox, Chluba
arXiv:2406.10202

Phantom-Crossing and NMC

Efstratiou, Paraskevas,
Perivolaropoulos arXiv:2511.04610

BAOtr-DESI tension

Pantos, Perivolaropoulos
arXiv:2604.11106

Neutrino mass vs growth tension

Giarè, Mena, Specogna, Di Valentino
arXiv:2507.01848

Exponential quintessence

Akrami, Alestas, Nesseris
arXiv:2504.04226

Curved quintessence

Bhattacharya, Borghetto et al.
arXiv:2405.17396

Stringy exponential quintessence

Andriot, Parameswaran et al.
arXiv:2405.09323

Dark energy perturbations

Yang, Saridakis, Cai, Yu
arXiv:2606.28074

Multiscalar dark energy

Licciardello, Rahimy, Zavala
arXiv:2509.02539

Pressure parametrization of DE

Cheng, Di Valentino, Escamilla et al.
arXiv:2505.02932

Quantum-gravity quintessence

Bhattacharya, Borghetto et al.
arXiv:2410.21243

Modified gravity and DESI

Yang, Wang, Ren, Saridakis, Cai
arXiv:2504.06784

Nonminimal / modified gravity

Ye, Martinelli, Hu, Silvestri
arXiv:2407.15832

Phantom crossing model

Yao, Ye, Silvestri
arXiv:2508.01378

Phantom from matter coupling

Andriot
arXiv:2505.10410

Reconstruction of V (�)

El Ouardi, Bouali, Errahmani et al.
arXiv:2604.04056
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From distances to dark energy

H2(z) = H2
0

�

m(1 + z)3 + 
r(1 + z)4 + 
k(1 + z)2 + 
DEfDE(z)

�
;

fDE(z) =
�DE(z)

�DE;0
= exp

�
3

Z z

0

1 + w(z0)

1 + z0
dz0
�
:

�CDM

w = �1; fDE(z) = 1:

Dynamical dark energy

w(z) 6= �1; fDE(z) 6= 1:

Main message
DESI prefers time variation in the dark energy sector. The robust question is whether
dark energy is decaying at late times, and what this implies for the future vacuum.
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CPL and truncated CPL

The time dependence of the energy density of the DE component �DE(z) is the
main subject of this talk. We will consider two approaches here:

1 a generic parametrization of the equation of state w(z) of dynamical DE
2 quintessence in which the dynamics of DE is determined by the shape of the

potential.

CPL ties low and high redshift behavior.

tCPL separates late decay from high redshift behavior.
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CPL and truncated CPL

The time dependence of the energy density of the DE component �DE(z) is the
main subject of this talk. We will consider two approaches here:

1 a generic parametrization of the equation of state w(z) of dynamical DE
2 quintessence in which the dynamics of DE is determined by the shape of the

potential.

CPL ties low and high redshift behavior.

tCPL separates late decay from high redshift behavior.

See also: higher-order CPL expansions

S. Nesseris, Y. Akrami, G. D. Starkman
arXiv:2503.22529

See also: similar parametrizations

Özülker, Di Valentino, Giaré
arXiv:2506.19053

Ioannis D. Gialamas (NICPB) NTUA, July 2026 7 / 15



CPL and truncated CPL

The time dependence of the energy density of the DE component �DE(z) is the
main subject of this talk. We will consider two approaches here:

1 a generic parametrization of the equation of state w(z) of dynamical DE
2 quintessence in which the dynamics of DE is determined by the shape of the

potential.

CPL ties low and high redshift behavior.

tCPL separates late decay from high redshift behavior.

Main message

The message is that CPL is useful, but
it can overinterpret a late-time transition
as high-z phantom behavior. Truncated
CPL gives us a way to test whether that
phantom behavior is really required.
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Posteriors for CPL, tCPL and tCPL(-1)

−1 0 1

w0

0.30

0.32

0.34

Ω
m

−2

−1

0

1

lo
g 1

0
z t

−80

−60

−40

−20

w
a

−2.0

−1.5

−1.0

w
∞

−2 −1

w∞

−80 −50 −20

wa

−2 0

log10 zt

0.31 0.34

Ωm

CPL

tCPL

tCPL(-1)

Posterior distributions for CPL, tCPL, and tCPL(-1)

models for the fit to the CMB+DESI+DESY5 datasets.

The tCPL and tCPL(-1) posteriors are shown for the fit

with a uniform prior in log10 zt.

Some numbers
tCPL predicts an early-time equation of
state value w1 lying within the ranges
[�1:55;�0:90] or [�1:81;�0:97] at the
95% credible intervals, depending on the
choice of prior.

The best fit of w1 is �1:45, with the
transition occurring at a redshift of
zt = 6:45.

These results suggest that phantomlike
behavior, where w < �1, is generally
favored by the data.

The nonphantom case with w1 = �1
cannot be statistically excluded, as it lies
within the 2� region.
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A physical model: Higgs-like quintessence

Canonical scalar field

S =

Z
d

4
x
p
�g

"
M2

Pl

2
R�

1

2
(@��)

2 � V (�) + Lm

#

Higgs-like potential

V (�) = V0 +
m2

2
�

2
+
�

4
�

4
; m

2
< 0

v� =

s
�
m2

�
; V (v�) = V0 �

m4

4�

Background evolution

�� + 3H _� = �@�V (�) ;
H2

H2
0

= 
(z) +
_�2=2 + V (�)

3H2
0M

2
Pl

Equation of state

w� =
p�

��
=

_�2=2� V (�)

_�2=2 + V (�)
> �1

10−3 10−2 0.1 1 10 102

φ/MP

−105

−103

−10
0

10

103

105

107

V
(φ

)/
(H

2 0M
2 P
)

0.05 0.1

-2
0
2

The field is initially frozen by Hubble
friction, _� ’ 0; w� ’ �1:

The kinetic term is canonical. No
phantom instability.

w� � 1 is possible when the field rolls
into the negative part of the potential.
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Best fit evolution

Upper panels: models exhibiting phantom behavior at high-z

Lower panels: quintessence-like scenarios
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(1
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10−3 10−2 0.1 1
z
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1.10

1.15

1.20

1.25

1.30

ρ
D

E
(z

)/
ρ

D
E

(z
=

0)

The only robust and consistent feature across all parametrizations is a sharp drop of O(10� 15%) in the DE
density starting at z � 0:1� 1, corresponding to a rapid increase in the equation of state parameter.

For quintessence-like models, the DE equation of state begins to deviate significantly from w = �1 at
redshifts below z . 0:1.
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Excluding low-z SN

I.D.G., G. Hütsi,
K. Kannike, A. Racioppi,
M. Raidal, M. Vasar,
H. Veermäe

arXiv:2406.07533
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arXiv:2406.07533

Excluding low-z SN

Low-z supernovae play a crucial role in the strength of the preference. When the low-z SN data are excluded, our
analysis does not require evolving dark energy and thus fully restores consistency with �CDM.
So, the signal is interesting, but we have to be careful about low-z systematics and local effects.
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Evolving dark energy or
supernovae systematics?

George Efstathiou

arXiv:2408.07175
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Posteriors for the scalar field model

2.2 2.4 2.6 2.8

V0/(H
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−
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0

−2 −1 0 1
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Ωm

DSC
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Posterior distributions for the parameters of the Higgs-like

potential. It was assumed that m2 < 0 and �i < v�.

Some numbers
We find that the bounds on the potential
parameters are not very restrictive. Lower bounds:
jm2j > 251H2

0 and v� � 0:08MPl. No strong
correlation.

For the best-fit point of the MCMC analysis, the
scalar field mass is found to be ultralight,
jmj(bf) ’ 1:16� 10�31h eV.

The vacuum expectation value (VEV) is

sub-Planckian, v(bf)
�
’ 0:039MPl,

and the present-day value of the potential is
V (bf)(z = 0) = 1:21H2

0M
2
Pl.

The potential energy at the minimum is
V (bf)(v�) = V0 +m2v2

�=4 ’ 1:15H2
0M

2
Pl.
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Hints for negative vacuum energy

The Higgs-like model separates the posterior
into three physical regions:

V (v�) > 0: future dS vacuum.
V (v�) < 0 with V (�today) > 0:
transition to AdS in the future.
V (v�) < 0 with V (�today) < 0: already
in the negative-potential regime.

Only 6:2% of the posterior remains in dS at
all times.
The remaining posterior corresponds to a
transition to AdS in the future.
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From negative vacuum energy to collapse
Where the AdS hint comes from

In the Higgs-like model, the future vacuum is controlled by

V (v�) = V0 �
m4

4�

Turnaround condition

�tot = �m + �r +
1

2
_�
2

+ V (�)! 0 ) H = 0

Expansion turns around and the Universe enters a contracting
phase.

Why collapse follows

Since

_H = �
1

2M2
Pl

�
�m +

4

3
�r + _�

2
�
< 0;

the Universe crosses

H > 0! H = 0! H < 0

and the term 3H _� becomes anti-friction.

Cosmology With Negative Potentials

G. Felder, A. Frolov, L. Kofman, A. Linde

arXiv:hep-th/0202017
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Turnaround condition

�tot = �m + �r +
1

2
_�
2

+ V (�)! 0 ) H = 0

Expansion turns around and the Universe enters a contracting
phase.

Why collapse follows

Since

_H = �
1

2M2
Pl

�
�m +

4

3
�r + _�

2
�
< 0;

the Universe crosses

H > 0! H = 0! H < 0

and the term 3H _� becomes anti-friction.

Cosmology With Negative Potentials

G. Felder, A. Frolov, L. Kofman, A. Linde

arXiv:hep-th/0202017
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Take-home message

1 DESI measures the late-time expansion history through BAO distances,
2 Current data prefer a time-varying dark energy sector over �CDM, but the signal is largely

driven by low-z supernovae. Removing the low-z SN data can bring the inference closer to
�CDM.

3 The most robust feature across parametrizations is a late-time decay of the dark energy
density.

4 CPL w(a) = w0 + (1� a)wa is useful phenomenologically, but it can turn a low-redshift
transition into an apparent high-redshift phantom phase.

5 Truncated CPL and quintessence-like models show that nonphantom explanations remain
viable.

6 In the Higgs-like model, the posterior strongly favors a negative vacuum energy endpoint:

V (v�) < 0 ) AdS ) future collapse:
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Thank you!
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Backup: Initial conditions
Small-field setup

We assume a small-field initial condition,
�i < v�

with vanishing initial velocity,

_�i = 0 :

Shooting procedure

Since H0 is fixed, the initial field value is not an
independent free parameter.

Instead, for every point in parameter space we
determine �i by shooting so that the solution
reproduces the observed expansion rate today:

H(z = 0) = H0 :

Numerical result

The best-fit initial value is extremely small:

log10

 
�bf
i

MPl

!
’ �46:1

The 95% credible interval is

log10

 
�i

MPl

!
2 [�51:5; �13:3]

Interpretation

We do not address the origin of this initial condition here. However, the very small value of �i suggests that the
small-field realization may involve a degree of fine-tuning.
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Backup: Model comparison

Model ��2 �AIC

CPL �17:2 �13:2
tCPL �17:2 �11:2
tCPL(-1) �13:5 �9:5
DSC �13:3 �9:3
Higgs-like �13:5 �7:5

Negative values indicate an improvement relative to �CDM.
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Backup: Model comparison
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Backup: Priors
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Backup: DESI DR1 without low-z SNe

0.25 0.30 0.35 0.40

m

4

3

2

1

0

1

w
a

1.4

1.2

1.0

0.8

0.6

0.4

0.2

w
0

1.4 1.2 1.0 0.8 0.6 0.4 0.2

w0

4 3 2 1 0 1

wa

DESI
DESI + CMB
DESI + CMB + SN (excl. low-z SN)

DESI + CMB + SN

Excluding low-z SN

I.D.G., G. Hütsi,
K. Kannike,
A. Racioppi,
M. Raidal, M. Vasar,
H. Veermäe

arXiv:2406.07533
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Backup: DESI DR1 without low-z SNe
Model �2 ��2 �AIC 
m w0 wa j zt j
Linear 1649:7 0:3 0:3 [0.31, 0.33] [-0.89, -0.57] [-1.92,-0.26]

0:318 �0:75 �0:96

Step 1649:4 0:0 0:0 [0.31, 0.34] [-0.93, 0.72] [0.02,0.19]
0:326 �0:37 0:061

�CDM 1662:6 13:2 9:2 [0.30, 0.32] — —
0:310

Table: Goodness of fit and the 95.45% confidence intervals for the different parametrizations. Best fit values are
given in small print below.

Model �2 ��2 �AIC 
m w0 wa j zt j
Linear 1465:5 0:0 3:1 [0.29, 0.33] [-1.14, -0.57] [-1.64, 0.54]

0:306 �0:90 �0:38

Step 1466:3 0:8 3:9 [0.30, 0.36] – zt < 0:18
0:315 �0:66 0:060

�CDM 1466:4 0:9 0:0 [0.29, 0.32] — —
0:304

Table: Same as Table 15 but for the analysis without the local SN data. The w0 confidence intervals are not
shown when the posterior is essentially flat.
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Backup: Why the low-z Universe is volume-limited

At very low redshift, we only observe a finite nearby volume inside our past light cone.

For z � 1, the comoving distance is approximately

�(z) ’
c

H0

z:

Therefore, the comoving volume out to redshift z is

V (z) ’
4�

3
�

3
(z) ’

4�

3

�
c

H0

z

�3
:

Key point

At low redshift,

V (z) / z3

so the observable volume becomes rapidly small as z ! 0.

For example,
c

H0

’ 4300 Mpc; z = 0:1 ) �(z) ’ 430 Mpc:
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Backup: Simple argument on w(z) and H0

How much has DESI dark energy evolved since DR1?

Colgáin, Pourojaghi, Sheikh-Jabbari, Yin

arXiv:2504.04417
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Backup: Why this matters for local fluctuations

Suppose the relevant large-scale structures or correlated velocity fields have a characteristic size L.

The number of approximately independent regions is then

Npatches �
V (z)

L3
�

4�

3

�
cz

H0L

�3
:

For structures of size

L � 100 Mpc;

at z ’ 0:1,

Npatches �
4�

3

�
430

100

�3

� 330:

For larger structures of size

L � 300 Mpc;

at z ’ 0:1,

Npatches �
4�

3

�
430

300

�3

� 12:

Interpretation

At low z, we do not have access to infinitely many independent nearby patches. We observe only one local
realization of the Universe.
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Backup: Low-z signals: global physics or local variance?
A deviation from �CDM at very low redshift, for example

z . 0:1;

may have two different interpretations:

Global interpretation

The dark energy sector genuinely evolves everywhere:

w(z) 6= �1

as a global property of the background Universe.

Local interpretation

The nearby Universe may be affected by

voids, overdensities, bulk flows,

or other local large-scale structures.

Equivalently, in Fourier language, the number of independent modes in a finite volume is roughly

Nmodes(k) �
V

(2�)3

4�k3

3
:

Hence

V small ) Nmodes small )
�P (k)

P (k)
�

s
2

Nmodes

large:

Causality limitation

Because observations are limited to our past light cone, we cannot average over infinitely many independent low-z
universes.
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Backup: data used in the likelihood

DESI DR2 BAO

7 redshift bins

z ’ 0:3� 2:3

For all but the lowest redshift bin,
DESI gives anisotropic BAO:

DM (z)

rd
;

DH (z)

rd
:

The lowest bin has only isotropic
BAO:

DV (z)

rd
:

Total:

2� 6 + 1 = 13 BAO points

Compressed CMB

3 e�ective data points

Calibrated to Planck observations:

��; 
bh
2
; 
mh

2
:

This avoids running the full
perturbation calculation at every

MCMC step.

DES Year 5 SNe

1829 distance moduli

1635 (0:10 . z . 1:13)

from DES itself

plus

194

nearby SNe Ia,

z < 0:1;

from the CfA/CSP foundation
sample.

Summary

The likelihood combines
13 BAO + 3 CMB + 1829 SN

observables in a maximum likelihood MCMC analysis.
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Backup: numerical pipeline

Sampling

We sample the posterior distributions with MCMC using

emcee

with an affine invariant ensemble sampler.

The posterior plots are produced with

getdist

and additional diagnostics are obtained with

arviz :

Best fits

Best fit points and �2 values are determined using

iminuit :

Convergence

We check convergence using

R̂ < 0:01

or
ESS > 1000 :

For some tCPL runs, convergence is limited by
multimodality:

ESS ’ 600 for tCPL with flat log10 zt;

ESS ’ 110 for tCPL with flat wa;

ESS ’ 360 for tCPL(�1) with flat wa:

ESS = Effective Sample Size

Practical point

The most difficult chains are the truncated CPL ones, because the posterior can be multimodal.
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Backup: likelihoods and data compression

Compressed CMB likelihood

Following DESI DR2, the CMB information is
compressed into three parameters:

�� =
r(z�)

DM (z�)
; 
bh

2
; 
mh

2

with

mh

2
= (
b + 
c)h

2
:

The model predictions are compared to these
compressed observables using Gaussian likelihoods.

Why use compression?

This avoids repeatedly solving the full linear perturbation
problem, while remaining sufficiently accurate for late
time dark energy constraints.

DESI BAO likelihood

For DESI DR2 BAO, we compare the model to
measurements of

DM (z)

rd
;

DH (z)

rd

in six tracer bins, including the covariance matrices.

For one tracer, only the isotropic combination is used:

DV (z) =
h
zD

2
M (z)DH (z)

i1=3

through DV =rd.

DES Y5 supernovae

For DES Y5, the likelihood uses the luminosity distance

DL(z) = (1 + z)DM (z)

compared to the SN distance data.
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Backup: distances, sound horizon, and neutrinos
Background distances

The transverse comoving distance is

DM (z) =
1

H0

Z z
0

dz0

E(z0)

and the Hubble distance is

DH (z) =
1

H(z)
:

For isotropic BAO:

DV (z) =
h
zD

2
M (z)DH (z)

i1=3
:

Sound horizon

The sound horizon is

r(z) =

Z 1
z

dz
0 cs(z0)

H(z0)
with rd

evaluated at the drag epoch and r� at
recombination (z� ’ 1089).
Recombination: The time of photon
decoupling / last scattering. Drag epoch
The time when baryons stop being
efficiently dragged by photons.

Calibrated rd

We use the approximation

rd = 147:05Mpc

"

bh

2

0:02236

#�0:13 "

mh

2

0:1432

#�0:23 �
Neff

3:04

��0:1

calibrated to Planck.

Neutrino sector

We assume two massless neutrinos and one massive neutrino,

m� = 0:06 eV:

The neutrino density is modeled as


�(a) = 0:2271 

(a)Neff

�
2 + f(m�a=T�;0)

3

�

with
f(y) =

�
1 + (Ay)

p�1=p
:
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Cosmological distances and the sound horizon
Expansion rate

H(z) = H0E(z)

DH (z) =
c

H(z)

DH is the radial BAO distance scale.

Transverse comoving distance

For a spatially flat universe,

DM (z) = c

Z z
0

dz0

H(z0)
=

c

H0

Z z
0

dz0

E(z0)

DM is the transverse BAO distance scale.

Isotropic BAO distance

DV (z) =
h
z D

2
M (z)DH (z)

i1=3

This combines transverse and radial BAO information.

Angular diameter distance

DA(z) =
DM (z)

1 + z

It relates physical size to observed angle: � =
‘phys
DA(z)

.

Luminosity distance

DL(z) = (1 + z)DM (z) = (1 + z)
2
DA(z)

This is the distance used for supernovae.

Sound horizon

r(z) =

Z 1
z

cs(z0)

H(z0)
dz
0

For BAO, rd � rs(zd) with z� . zd the drag

epoch.

For CMB, r� � rs(z�) with z� ’ 1089.
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DESI DR1 vs DR2: evidence beyond �CDM
DESI DR1 BAO DESI DR2 BAO

Paper arXiv:2404.03002 arXiv:2503.14738

Date April 2024 March 2025
Data volume First year of DESI First three years of DESI
Objects > 6� 106 extragalactic objects > 14� 106 galaxies and quasars
Redshift range 0:1 < z < 4:2 roughly 0:3 . z . 2:3 for the main

BAO sample

BAO vs CMB in �CDM Good consistency overall Mild tension: 2:3�

w0waCDM vs �CDM 2:6� for DESI+CMB 3:1� for DESI+CMB

Including SNe 2:5�; 3:5�; 3:9� for Pantheon+,

Union3, DES-SN5YR

2:8�; 3:8�; 4:2� for Pantheon+,

Union3, DES-SN5YR

DR2 has three years of observations instead of one, more than doubles the number of tracers, improves the BAO
distance measurements, and strengthens the same preference for the w0 > �1; wa < 0 region:

DR1 : 2:6� �! DR2 : 3:1� (DESI + CMB):

DES-Dovekie recalibration
DES-Dovekie is a reanalysis of DES-SN5YR with improved photometric cross-calibration, updated white-dwarf
calibration, retrained SALT3, and a host-galaxy colour-law correction. With DESI DR2+CMB+DES-Dovekie, the
preference for evolving dark energy is reduced from 4:2� to 3:2� .

What comes next
The full five-year DESI survey contains about 47� 106 galaxies and quasars. First dark-energy results from the full
five-year dataset are expected in 2027 , with extended DESI observations continuing through 2028 :
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Backup: The wCDM model

DESI 2025 – arXiv:2503.14738

Ioannis D. Gialamas (NICPB) NTUA, July 2026 15 / 15



Acknowledgments

This work was supported by the Estonian Research Council grants PSG1132,
TARISTU24-TK10, TARISTU24-TK3 and the Center of Excellence program
TK202 “Fundamental Universe”.
This work is based upon work from COST Action CA21136 - “Addressing
observational tensions in cosmology with systematics and fundamental physics
(CosmoVerse)”, supported by COST (European Cooperation in Science and
Technology).

Ioannis D. Gialamas (NICPB) NTUA, July 2026 15 / 15


