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The effect metastable bound state on DM depletion has 
been shown to be important in many models  

Attractive long range interactions imply the existence of bound states

Long range interactions: 
If DM is heavy then 

 1407.7874 

The formation and 
decay open a new 
annihilation channel for 
DM

Metastable bound states 
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The efficacy of metastable bound states in depleting 
DM depends on the interplay :

-Bound-to-bound transitions (B2B)

-Bound-state decay  Inverse decays
{ -BSF    Ionisation

Ionisation hinders DM depletion via BSF 

Up to now, calculations have taken into account the 
ionisation of bound-states due to the thermal bath radiation

DM depletion via BSF becomes important : 
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-Thermal bath radiation impedes hydrogen formation in the early Universe

Recall: physics of Hydrogen formation in the early Universe

-The BSF resonant photons from electron-proton capture to the ground state back-
react =>  hindering hydrogen recombination
-Hydrogen forms more efficiently via formation of excited states.

-multi-level atom approach 

-the back-reaction and redshifting of the resonant radiation 
including transitions

But also

Can the radiation produced during DM thermal 
decoupling hinder DM depletion via the formation 

of metastable bound states? 

However
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Consider a minimal dark U(1) sector with Dirac fermions with a massless dark photon 
including the ground (1407.7874) + first excited state

2. BSF + ionisation

4. Bound-state decay

3. Bound-to-bound transitions

1. Annihilation

SE annihilations

2402.13069
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Quasi-steady state approximation:
-At high T, BSF + ionisation v. efficient 
-At low T, decay rates are v. large (>> H)

System of coupled Boltzmann equations

Metastable bound states attain a quasi-steady state: 
1503.07142 
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Effective Boltzmann equation:

Generalised Saha 
equilibrium:

e.g. in the absence of transitions: 

2112.00042

].

2112.00042
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where the efficiency factors



 Bound state density
Generalised Saha equilibrium:

2402.13069

  

Limits

standard Saha 
equilibrium for 

stable bound states
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 Bound state density
Generalised Saha equilibrium:

2402.13069

The metastable bound-state densities remain 
orders of magnitude smaller than the density of 

the free species due to bound-state decay 9

At
e.g. in the absence of transitions

At typically 
e.g. in the absence of transitions: 



Liouville operator

Collision terms

The evolution of the dark photon energy distribution 
Boltzmann equation:

The fate of the dark photons 
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-Can be solved using the relic density results, see how 
much                 deviates from the equilibrium value

-Use this equation to estimate the rates of the various processes the 
dark photons can participate in  



Higher energy dark photons:

Resonant dark photons:

-produced via B2B, with energies  

-produced via BSF, with energies 

-produced via annihilations or bound-state decays
with energies 

Dark photon interaction rates

For each process we compute, 
using the densities for the free 
and bound species: 

where 
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BSF resonant dark photons are more 
likely to redshift rather than scatter off of 
DM particles or ionise bound states. 

1. BSF resonant photons,

2402.13069

Elastic scattering is orders of magnitude 
faster than bound-state ionisation 

DM depletion through BSF important :   
from up to thermal decoupling 

DM depletion via BSF 
important    

temperature at which the DM 
density reaches within 10% from 
the final relic density 
( )
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2. B2B resonant photons,

B2B resonant dark photons are more likely to 
redshift rather than scatter off of DM particles or 
excite bound states. 

DM depletion through BSF important :   
from up to thermal decoupling 

Elastic scattering is orders of magnitude faster 
than bound-state excitation 

2402.13069

DM depletion through 
BSF important    
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High energy photons are more likely to 
elastically scatter off of free DM particles, than 
redshift or engage in any other process 

3. Higher energy dark photons,

DM depletion through BSF important :   
from up to thermal decoupling 

Elastic scattering faster than bound-
state ionisation, inverse decay and 
pair creation

2402.13069

DM depletion through 
BSF important    
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Discussion + Conclusions 

The back-reaction of the radiation produced during DM decoupling is 
insignificant, in sharp contrast to the case of Hydrogen formation in the 
early universe. 

-BSF + B2B resonant dark radiation is more likely to redshift


-Higher-energy dark radiation is more likely elastically scatter on free DM particles

-Difference with recombination: suppressed density of the metastable bound 
states, as predicted by the generalised Saha equilibrium, 

  (i.e. there are very few bound states present to be ionised)

-Our conclusions only strengthen in more complex models, where there are 
typically additional light species -> faster thermalisation
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