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CDMΛ



Cosmic anomalies

•Hubble tension  

•DE appears to be evolving (DESI)  

•S8 tension  

•Neutrino mass tension  

•Others at the 1-2  level

∼ 5 − 7σ

∼ 2.8σ − 4.2σ

∼ 3σ

∼ 2.5 − 5σ

σ

Discrepancies at the 1-7  level:σ

What are these telling us?



CDMΛ



Are we seeing evidence for one coherent 
extension of ΛCDM, 

or multiple unrelated cracks in different 
epochs?



Cosmic anomalies

•Hubble tension  

•DE appears to be evolving (DESI)  

•S8 tension  

•Neutrino mass tension  

•Others at the 1-2  level

∼ 5 − 7σ

∼ 2.8σ − 4.2σ

∼ 3σ

∼ 2.5 − 5σ

σ

Discrepancies/anomalies/tensions at the 1-7  level:σ

Today: can we unify these phenomena?



Cosmic anomalies

Discrepant by >5σ

Hubble tension:

Riess et al. (2021)H0 = 73.3 ± 1.04 km/s/Mpc

Planck (2018)H0 = 67.4 ± 0.5 km/s/Mpc

Distance ladder:

CMB:

Evolving DE: Karim et al. (2025)DESI + SNIA preference for time-evolving DE

Can we find unified models of early and late DE?



Why early and late DE?
•Hubble tension motivates EDE  

•Both phenomena can be described with scalar fields

Can a single scalar explain both?



Formalism—quintessence
MPl = 1

S = ∫ d4x −g [ R
2

−
1
2

(∇μϕ)2 − V(ϕ)] + Sm[gμν]

Goal: Identify the features of  necessary to unify EDE and late DEV(ϕ)

The data may not identify a unique Lagrangian 
but they do constrain the behavior of new physics



EDE alters the sound horizon rs

Distance to CMB 
(angular diameter distance )DA

θ

✓
<latexit sha1_base64="uaSjLNyp85lkdwBuRlJZxsa5CxM=">AAACKHicbZDLSgMxFIYz3q13XboJFsFVmVFBl6IbN4KCvUCnlEzm1EaTzJCcUUqYd3Crj+DTuBO3Polp7UJbDwQ+/v8czsmf5FJYDMPPYGZ2bn5hcWm5srK6tr6xubXdsFlhONR5JjPTSpgFKTTUUaCEVm6AqURCM3m4GPrNRzBWZPoWBzl0FLvToic4Qy81YuwDsu5mNayFo6LTEI2hSsZ13d0KVuM044UCjVwya9tRmGPHMYOCSygrcWEhZ/yB3UHbo2YKbMeNzi3pvldS2suMfxrpSP094ZiydqAS36kY9u2kNxT/89oF9k47Tui8QND8Z1GvkBQzOvw7TYUBjnLggXEj/K2U95lhHH1ClVjDE8+UYjp1cZqWLh5uMMqlZfnXVLks3VXXxUZRj6XPL5pMaxoah7XoqHZ4c1w9Ox8nuUR2yR45IBE5IWfkklyTOuHknjyTF/IavAXvwUfw+dM6E4xndsifCr6+AdKwp2g=</latexit>

Measure this

Calculate this 
using standard  

model

∝ H−1
0

DA =
rs

θ
∝ H−1

0



Early dark energy
Poulin, Smith, Karwal & Kamionkowski PRL 2018

Ivanov et al. 2020

Matter-Radiation equality (z=3400)

rs = ∫
∞

zCMB

cs(z)dz

Ωm(1 + z)3 + Ωγ(1 + z)4

CDM:Λ

rs = ∫
∞

zCMB

cs(z)dz

Ωm(1 + z)3 + Ωγ(1 + z)4+ΩEDE(z)

EDE:



Early dark energy
Poulin, Smith, Karwal & Kamionkowski PRL 2018

ϕϕ

Ivanov et al. 2020

Matter-Radiation equality (z=3400)

Frozen
ϕ

Rolling

Decaying oscillations

V(ϕ)



Late dark energy 

Rollingϕ

Frozenϕ

V(ϕ)

Example: thawing quintessence



Unified early and late dark energy

+

?

EDE LDE

mϕ ∼ 10−33 eVmϕ ∼ 10−28 eV



1) What must the scalar’s history look like? 

2) What types of potentials can accomplish this?



What history must one field realize?
Giare & JS - 2605.26116



Frozen phase
Giare & JS - 2605.26116

Field needs to be frozen at  with ϕ0 meff ≪ H ρϕ ≪ ργ

Avoids messing up the early universe

Field must have mass meff = V′￼′￼(ϕ0) ∼ H(z = 103) = 10−28 eV



EDE phase
Giare & JS - 2605.26116

Field needs to become relevant around z ∼ 104

Field must contribute ΩEDE ∼ 0.1

This can resolve the Hubble tension



Depletion phase
Giare & JS - 2605.26116

Field needs to deplete between  and  zeq ∼ 3400 z* ∼ 1100

This preserves consistency with the CMB



Quiescent phase
Giare & JS - 2605.26116

Need  during the matter eraΩϕ < 10−2

This preserves consistency with 
late-time physics e.g., SNIa, BAO

Matter era looks like CDMΛ



Dark energy phase
Giare & JS - 2605.26116

Need  todayΩϕ ∼ 0.7

w ∼ − 1

Time-evolving DE



Formalism— dynamical systems

Repeller Saddle point Attractor

• Avoids multiple fine-tunings 

• Applicable to a wide range of models 

• Model-independent framework



Dynamical systems - example



What we need?
Giare & JS - 2605.26116

Saddle

Attractor

Saddle



Example - exponential potential

V(ϕ) = V0e−λϕ

MPl = 1

2) DE domination: wϕ = − 1 +
λ2

3
Ωϕ = 1 λ2 < 3(1 + wm)

1) Scaling solution: wϕ = wm Ωϕ =
3(1 + wm)

λ2
λ2 > 3(1 + wm)

Two attractors: Existence



Generalization

ϕ

V(ϕ)

λ(ϕ)

V(ϕ) = V0e−λϕ

Generalize: λ(ϕ) = −
d ln V

dϕ



Example - double exponential potential

V(ϕ) = Vearlye−λEϕ + Vlatee−λLϕ

MPl = 1

λ(ϕ)

ϕ

λE

λL



Example - double exponential potential

V(ϕ) = Vearlye−λEϕ + Vlatee−λLϕ

MPl = 1

1) Early EDE scaling: wϕ =
1
3

Ωϕ =
4
λ2

E
 gives λ2

E = 40 ΩEDE ∼ 0.1

2) Late DE domination: wϕ = − 1 +
λ2

L

3
Ωϕ = 1  gives λ2

L ∼ 0.01 wDE ∼ − 1



Example - double exponential potential

V(ϕ) = Vearlye−λEϕ + Vlatee−λLϕ

EDE scaling

DE domination

EDE scaling

DE domination



Ramadan, Karwal & JS 2023 PRD

Example - double exponential potential
Double exponential

Double exponential



Example - double exponential potential
V(ϕ) = Vearlye−λEϕ + Vlatee−λLϕ

MPl = 1

EDE scaling

DE domination

Matter scaling

wϕ = wm Ωϕ =
3(1 + wm)

λ2



Example - double exponential potential

EDE scaling

DE domination

Matter scaling

1) Early EDE scaling: wE =
1
3

Ωϕ =
4
λ2

E

 gives λ2
E = 40 ΩEDE ∼ 0.1

2) Matter scaling: wE = 0 Ωϕ =
3
λ2

E
 gives λ2

E = 40 ΩEDE ∼ 0.075

EDE scaling

DE domination

Matter scaling



General two-slope potential

λE

λL

Δϕ

ϕ*

Giare & JS - 2605.26116



General two-slope potential

The quiescence phase needs its own fixed point

Giare & JS - 2605.26116



Three-slope potentials
λ(ϕ)

ϕ

 gives λ2
E = 40 ΩEDE ∼ 0.1

 gives λ2
L ∼ 0.01 wDE ∼ − 1

 gives λ2
M ≳ 300 Ωϕ ≲ 10−2

λE

λM

λL

Giare & JS - 2605.26116

λL ≪ λE ≪ λM



Three-slope potentials
λ(ϕ)

ϕ

V(ϕ)

ϕ

Steep

Steeper

Shallow

λE

λM

λL



Three exponentials won’t work

V(ϕ)

ϕ

VEe−λEϕ +VMe−λMϕ +VLe−λLϕV(ϕ) = λL ≪ λE ≪ λM

ϕ



Can we find a potential that does this?
V(ϕ)

ϕ

Steep

Steeper

Shallow



Three-slope potential — example

V(ϕ) = VLe−λLϕ + VE
e−λEϕ

(1 + e
ϕ − ϕ*

Δ )
n

λM = λE +
n
Δ

 gives  during matter domination
n
Δ

≈ 11 Ωϕ ≲ 10−2

ϕ ≫ ϕ* ⇒ V(ϕ) = VMe−λMϕ + VLe−λLϕ

ϕ ≪ ϕ* ⇒ V(ϕ) = VEe−λEϕ

Giare & JS - 2605.26116



This is where we are

•Three slopes 

•A specific hierarchy

V(ϕ) = VLe−λLϕ + VE
e−λEϕ

(1 + e
ϕ − ϕ*

Δ )
n

V(ϕ)

ϕ

Steep

Steeper

Shallow

We understand what is needed:

We have a prototype potential

Giare & JS - 2605.26116



Next steps

•Perturbations  

•Does this model fit the data? 

•Natural/UV-motivated models? 

•Extensions to (apparent) phantom DE 

•More general theories 

•Extensions to other tensions

V(ϕ) = VLe−λLϕ + VE
e−λEϕ

(1 + e
ϕ − ϕ*

Δ )
n



Are we seeing evidence for one coherent 
extension of ΛCDM, 

or multiple unrelated cracks in different 
epochs?

It’s an exciting time to be a cosmologist!


