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Why scalar dark sectors?

[ DESI DR2 ]
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DESI DR2 (w0, wa) contours 
replace with figure

DESI DR2

Strong evidence of dynamical Dark Energy with equation 
of state changing with red shift.

UV Motivation  ·  String Theory

Axion χ and saxion φ (scalar fields) arise in string 
compactifications. Their couplings are set by the same 
underlying geometry.

Scalar fields are an intuitive way to get a dynamic 
equation of state w(z), 

Scalar fields



Why coupled scalar dark sectors?

Energy–momentum exchange between DE and DM addresses the coincidence problem.

saxion φ
dark energy ⇄ axion  χ

dark matter
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The dynamical systems approach

∗ Fixed points: f(x₀)=0  —  cosmological epochs 

∗ Stability: eigenvalues of the Jacobian → attractor / 
saddle / repeller 

∗ Attractors = late-time cosmologies.
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A mathematical framework for modelling and analysing systems that evolve in time according to fixed (often 
non-linear) rules.

Bahamonde, Böhmer, Carloni, Copeland, Fang, Tamanini  [1712.03107]



Our framework
Lagrangian for the axion χ – saxion φ system

kinetic coupling  f²(φ) potential coupling  g(φ)

∗ 2503.01961   —   χ is dark matter,  φ is dark energy 
∗ 2509.02539   —   χ, φ  +  multifield dark energy
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Coupled DM–DE   ·   2503.01961

∗ Axion oscillates fast about its minimum → averages to a matter fluid:

∗ The interaction collapses to a single combination:

Couplings enter only through 2β + γ   →   a double degeneracy
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Phase space  ·  background dynamics

phase space portrait 
2β + γ = −0.1

phase portrait 
2β + γ = 0

How to read these plots
axes:  x = φ̇ / √6 H  (DE kinetic),   y = √W / √3 H  (DE 
potential)

∗ Pk±  kination — early kinetic-dominated phase 

∗ Pk,dm  matter era — axion + baryons 

∗ Pφ  scalar-dominated accelerating attractor 

∗ yellow region  = accelerated expansion 

∗ blue curve  = the physical trajectory of our universe

kination  →  matter  →  DE  
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Phase space  ·  background dynamics

phase space portrait 
2β + γ = 0

How to read these plots
axes:  x = φ̇ / √6 H  (DE kinetic),   y = √W / √3 H  (DE 
potential)

∗ Pk±  kination — early kinetic-dominated phase 

∗ Pk,dm  matter era — axion + baryons 

∗ Pφ  scalar-dominated accelerating attractor 

∗ yellow region  = accelerated expansion 

∗ blue curve  = the physical trajectory of our universe

kination  →  matter  →  acceleration   

7 / 10



Multiscalar dark energy   ·   2509.02539

Both axion and saxion source dark energy:

∗ Closing the system is difficult — existing literature always either had one coupling or no potential for 
one of the scalars. 

∗ Our closed system keeps both couplings active with potentials on 

∗ Bonus: a general non-geodesicity (turning-rate) formula can be calculated at fixed points
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NGU± — non-geodesic attractors

Realistic background cosmology where dark energy 
dominating (NGu±) is an attractor only on a  sub-
manifold. 

Compact formula for non-geodicity/turning rate
Analytical expression for non-geodesicity (evidence of 
coupling) at any fixed point for arbitrary couplings. 

SUGRA realisation
Explicit supergravity embedding with power-law axion 
+ exponential saxion.

Multiscalar phase space
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The diagram depicts a trajectory that starts at kination domination 
(K−), followed by fluid domination (F), passing by a scaling epoch 
Sγ and ending at the non- geodesic NGU+ point, in the accelerating 
region.



Ongoing and Future work

∗ Linear-order perturbations for the DM–DE scenario, already hints for the 
degeneracy resolving. 

∗ Observational signatures for the couplings in LSS  

∗ Use of the DS toolkit for richer, UV-inspired dark sectors or inflation scenarios

Thank you!
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Backup
ΛCDM example  ·  equations of motion  ·  oscillation averaging  ·  dynamical variables



Backup  ·  DS of ΛCDM

Bahamonde, Böhmer, Carloni, Copeland, Fang, Tamanini  [1712.03107]



Backup  ·  coupled DM–DE equations



Backup  ·  oscillation averaging

∗ Axion oscillates around its minimum → non-relativistic matter fluid 

∗ Averaging over one oscillation gives ⟨Pχ⟩ = 0 :



Backup  ·  DM–DE dynamical system



Backup  ·  fixed points  ·  2503.01961

Point (x, y, v, u) w_eff Ω_χ Acc. Stability
P_k± (±1, 0, 0, 0) 1 0 no repeller / saddle
P_r (0, 0, 1, 0) 1/3 0 no saddle
P_b (0, 0, 0, 1) 0 0 no saddle
P_k,dm (ξ/√6, 0, 0, 0) ξ²/6 1−ξ²/6 no saddle
P_k,r,dm (√(2/3)/ξ, 0, √(1−2/ξ²), 0) 1/3 4/3ξ² no saddle
P_φ (λ/√6, √(1−λ²/6), 0, 0) λ²/3−1 0 λ<√2 attractor if λ<√3 ∧ ξ>(2λ²−6)/λ
P_φ,dm (√6/(2λ−ξ), √(ξ²−2λξ+6)/|ξ−2λ|, 0, 0) ξ/(2λ−ξ) (4λ²−2λξ−12)/(ξ−2λ)² region attractor if 0<ξ<(2λ²−6)/λ
P_φ,r (2√(2/3)/λ, √2/(√3 λ), √(1−4/λ²), 0) 1/3 0 no saddle
P_φ,b (√(3/2)/λ, √(3/2)/λ, 0, √(1−3/λ²)) 0 0 no attractor if λ>√3 ∧ ξ>0

ξ ≡ 2β+γ,   λ ≥ 0.   Kinetic (β) & potential (γ) couplings enter only through ξ → the background degeneracy.  (Tables 1–2)



Backup  ·  multiscalar dynamical variables



Backup  ·  fixed points  ·  2509.02539  (i)

Kination, fluid, and scaling points.   K ≡ kination,  F ≡ fluid domination,  S ≡ scaling.



Backup  ·  fixed points  ·  2509.02539  (ii)



Backup  ·  turning rate  ·  non-geodesicity ω

General definition (normal projection of the potential gradient):

At the fixed points, in the dynamical-system variables:


