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measured at 52 𝛔 !!

Planck 2015
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Preference for Dynamical Dark Energy

E.g.     w(a) ≃ w0 + wa(1 − a)

Λ

DESI (2025)



Inflation, dark matter, dark energy …

The Rise of “Particle” Cosmology



The Standard Model 
(the physics we know)

Quantum physics Spacetime Gravity
Forces

Matter
Higgs

W = ∫ DgDADψDΦ exp{∫ d4x −g[
M2

P

2
R −

1
4

Fa
μνFaμν

+iψ̄ iγμDμψ i + (ψ̄ i
LVijΦψ j

R + h . c.) − |DμΦ |2 − V(Φ)]}



The New Standard Model

What is the microphysics of “something”?

W = ∫ DgDADψDΦ exp{∫ d4x −g[
M2

P

2
R −

1
4

Fa
μνFaμν

+iψ̄ iγμDμψ i + (ψ̄ i
LVijΦψ j

R + h . c.) − |DμΦ |2 − U(Φ)

“something”+

For example:  ? −
1
2

∂μϕ∂μϕ − V(ϕ) + ⋯



E.g for dark energy …

Can we tell them apart?





21st Century update:

PARTICLE

Specifically, can we go beyond “opinion” in 
figuring out the nature of dark energy?



The Data

DESI DR2 2025



The critics say …

Beware of DESI data: inconsistency of with SDSS

Efstathiou & Cortês/Liddle

Beware of supernovae data :{• Inconsistency between   
DES and Pantheon analysis 

• Role of low-z sample

Note: need to consider selection function of each survey & 
wait for the new low-Z surveys (ZTF, etc) 

Note: inconsistency small ( ) but there … 2.8σ
Efstathiou

DESI 2025



“ -ology”w



H2(a) = H2
0 [Ωma−3 + (1 − Ωm)e3wa(a−1)a−3(1+w0+wa)]

We assume that the Hubble expansion is of the form

We measure , ,   which are all functions of μ DA DV H(a)

In practice we compress the data.

We estimate the  that best fit the data.(w0, wa)



Indeed  w(a) =
PDE

ρDE
≃ w0 + wa(1 − a)

And  is  and  is “unphysical”…w(a) = − 1 Λ w(a) < − 1

The results are dependent on survey characteristics (depth, 
redshift dependence, etc).

 is a (useful) form of data compression(w0, wa)

You may be tempted to assign physical meaning to  (w0, wa)

But don’t!



There is no unique value of !(w0, wa)

  depends on the survey(w0, wa)



Assume wa = 0

w0 ≃ − 1



Preference for Dynamical Dark Energy

Λ

DESI (2025)



Cortês & Liddle 2024

Coincidence?



 !wa ≠ 0



Another coincidence?

ρDE

ρtot



JBP: w0 + wa × a(1 − a)

EXP: (w0 − wa) + wa × exp(1 − a)

BA: w0 + wa ×
1 − a

a2 + (1 − a)2

CPL: w0 + wa × (1 − a)

Inspired by Giaré et al 2024 

Dimakis et al 2016

Jassal et al 2005

Barboza et al 2008

Chevalier et al 2001

Does it depend on the parametrisation?

Wolf et al 2025



Beyond quintessence …
Phantom: w(a) < − 1

Ye et al, 2024Calderon et al 2024



Disclaimer!

From now on 
 I will assume the data is correct 

and is fit for cosmological analysis!



A

B

Data

Theory 1

Theory 2

Good!

Bad…



How do we compare with “theory”?

• Fields  
• Parameters  
• I.C. 

(φ, ψ, ⋯)
(α, β, ⋯)

(φi, ·φi, ⋯)

•  
•  
•  
• 

H(a)
DA(a)
DV(a)
μ

(w0, wa)

• Redshift range 
• Uncertainties 
• Covariances

predict

fit

Result: Priors on  (w0, wa)



  depends on the survey(w0, wa)

Theory does not uniquely predict !(w0, wa)



From now on I will solely 
focus on scalar field 
models for dark energy.

Lowest order Effective Field Theory

S = ∫ d4x −g [ M2
Pl

2
F(φ)R + G(φ)X − V(φ)] + Sm

Note: this is not about building models.



Thawing Models

S = ∫ d4x −g [ 1
2

M2
PlR + X − V(φ)] + Sm

with       and    .X = −
1
2

∂μφ∂μφ wa < 0



Most general thawing model
Most generic potential for (minimally coupled) thawing:

V(φ) = V0 +
1
2

m2φ2

m2 < 0

φ

V(φ)

φ

V(φ) m2 > 0

Note:  and V0 ∼ M2
PlH

2
0 m2 ∼ H2

0



Excellent approximation because  is small Δφ/MPl

e.g. an axion potential (but true for any potential)



Most general thawing model

Wolf et al 2023°1.0 °0.9 °0.8 °0.7 °0.6 °0.5
w0
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w
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Minimally coupled '

Priors



Most general thawing model

Wolf et al 2023°1.0 °0.9 °0.8 °0.7 °0.6 °0.5
w0

°1.5

°1.0

°0.5

0.0

w
a

Minimally coupled '
BAO+CMB+DES-Y5

Priors

Data



Hill top models ( ) strongly favoured.m2 < 0



Is there evidence for thawing?

Mildly better than  but inconclusiveΛCDM

Scant evidence  
for thawing

Compare to : ΛCDM Δχ2 ≃ − 14

Bayesian Evidence: log B ≃ 3.46 ± 0.57

°1.0 °0.9 °0.8 °0.7 °0.6 °0.5
w0

°1.5

°1.0

°0.5

0.0
w

a
Minimally coupled '
BAO+CMB+DES-Y5

 
 

1 − 2.5 positive
2.5 − 5 moderate
> 5 strong



JBP: w0 + wa × a(1 − a)

EXP: (w0 − wa) + wa × exp(1 − a)

BA: w0 + wa ×
1 − a

a2 + (1 − a)2

CPL: w0 + wa × (1 − a)

Dimakis et al 2016

Jassal et al 2005

Barboza et al 2008

Chevalier et al 2001Not really …

°1.5

°1.0

°0.5

0.0
Thawing quintessence

CPL: CMB+BAO+Pantheon

JBP: CMB+BAO+Pantheon

°1.0 °0.9 °0.8 °0.7 °0.6 °0.5
°1.5

°1.0

°0.5

0.0

BA: CMB+BAO+Pantheon

°1.0 °0.9 °0.8 °0.7 °0.6 °0.5

EXP: CMB+BAO+Pantheon

w0

w
a

Does it depend on the parametrisation?

Wolf et al in progress 2024



Non-minimal coupling

Non-minimal coupling:

S = ∫ d4x −g [ 1
2 (M2

P − ξφ2)R + X + V(φ)]
V(φ) = V0 + βφ +

1
2

m2φ2



Wolf et al 2024

Non-minimal coupling:

Non-minimal coupling



Non-minimal coupling

Wolf et al 2025

Non-minimal coupling prior



Compare to :ΛCDM

Non-minimal coupling

Overwhelming evidence for non-minimal coupling.

Δχ2 ≃ − 24

Bayesian Evidence: log B ≃ 7.34 ± 0.6

 
 

1 − 2.5 positive
2.5 − 5 moderate
> 5 strong



Wolf et al 2025



Hill top models ( ) favoured.m2 < 0

ξ ∼ 𝒪(1)



ξ ( φ0

MPl )
2

 …but cosmology give us:  ξ ( φ0

MPl )
2

∼ 0.01 − 0.1

The Problem of Fifth Forces



The Problem of Fifth Forces

Modified Newton Poisson: ∇2Φ = 4πGμρM

Growth rate of structure



Screening?

Note: different scaling from cubic Galileon

S = ∫ d4x −g [ 1
2 (M2

P − ξφ2) R + X +
1

Λ4
X2 − V(φ)] + Sm

Vainshtein Screening:     with   F5

FN
∝ ( r

rV )
4/3

rV = ( M
16πΛ2MPl )

1/2

Next term in EFT

But: …Λ < 10−2eV



Not all non-minimal coupled theories are equal

Simplest, non-trivial, shift symmetric scalar tensor:

S = ∫ d4x −g [ 1
2

M2
PR − X + αX2 + □ϕ (γX + ζX2)]

Traykova et al 2021

Different non-minimal coupling

Note: Galileon Model



Shift symmetric theories

Traykova et al 2021

Different non-minimal coupling

Always w(a) < − 1



Wolf et al (in progress) 2024

Different non-minimal coupling



Add a potential

S = ∫ d4x −g [ 1
2

M2
PR − X +

γ
Λ3

X □ φ − V(φ)]

Different non-minimal coupling

Note: Not shift symmetric

V(φ) = V0 +
1
2

m2φ2



Wolf et al (in progress) 2024

Different non-minimal coupling



Wolf et al (in progress) 2024

Different non-minimal coupling

γ



Compare to :ΛCDM

Strong evidence for non-minimal coupling.

Δχ2 ≃ − 20

Bayesian Evidence: log B ≃ 5

Different non-minimal coupling

 
 

1 − 2.5 positive
2.5 − 5 moderate
> 5 strong



Fifth forces

Non-minimal

(broken) Shift Symmetric

Modified Newton Poisson: ∇2Φ = 4πGμρM



Screening?

S = ∫ d4x −g [ 1
2

M2
PR − X +

γ
Λ3

X □ φ − V0 − βφ −
1
2

m2φ2]
Cubic Galileon (Vainshtein) Screening

But same non canonical terms now used for phantom 
behaviour on cosmological scales and screening… 

Mismatch of scales…



Alternatives
Some form of non-minimal coupling essential

protect from fifth forces.

• Higher order (Galileon) terms?

• Hide fifth forces from baryons  Coupled DM/DE?→
e.g. Amendola, 2000



The Ptolomaic Era of Dark Energy…

Are we adding epicycle upon epicycle 
in our attempts at constructing a viable 
model of scalar field dark energy?

Back to “opinions”…



The Future

−1.2 −1 −0.8 −0.6

0.5

0

−0.5
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2024

Stage IV

w0

wa



Is Dark Energy Unknowable?

•  is a remarkable fit 
• There are (non-minimal) quintessence models that can 
do much better but have ancillary gravitational effects. 

• Data will improve constraints by factor of (only) a few in 
the next ten years 

• There are a multitude of models which are effectively 
indistinguishable

ΛCDM

The Facts



Is Dark Energy Unknowable?

• Constraints will improve to a strange, unique region 
of model space 

• New (as yet unknown) non-cosmological 
measurement detects dark energy

What might happen…

But …
• Must have unique signature!

yet …
mass scale mDE ∼ 10−33eV



Is Dark Energy Unknowable?

• Could scalar field dark energy be incompatible 
with the data? 

• Revisit the paradigm for cosmic acceleration.

An interesting possibility…



‘Until 1925, most great physicists, including 
Einstein and Max Planck, had doubted that 
man could truly grasp the deepest 
implications of quantum theory. They really 
feIt that man might be too stupid to properly 
describe quantum phenomena.’ 

‘… men at the weekly colloquium in Berlin 
wondered: "Is the human mind gifted enough 
to extend physics into the microscopic 
domain - to atoms, molecules, nuclei, and 
electrons?" Many of those great men doubted 
that it could.’

Eugene Wigner Recollections



Thank You


