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Bullet cluster 1E0657-558

➢ Bullet cluster is a recent merging of galaxy clusters.
➢ The gravitational potential is not produced by baryons, but by DM.
➢ Hot gas is collisional and loses energy, so lags behind DM.
➢ DM clusters are collisionless and passed through each other

Astrophys. J. 648, L109 (2006)



BBN and CMB

➢ LSS suggests without DM, density perturbations would start to grow only after recombination, so today 
there would not be structures.
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Constraints

➔ Checked gauge anomaly condition -> To keep the symmetry

➔ Perturbativity Bound -> We can ignore higher order terms

➔ Potential Bound from Below -> To make potential bounded for high field value 

➔ Direct Detection Bound -> Severe bound from LUX-ZEPLIN 

➔ Indirect Detection Bound -> Avoided by WIMP annihilation to BSM sector

➔ Collider Bound mainly SM Higgs -> Higgs signal strength and Invisible decay

➔ BBN bound -> Reheat temperature above BBN scale

➔ Oblique parameters -> safe for the allowed mixing angle after Higgs data 



Direct Detection in Present time
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DM Production Mechanisms Hall et al’ 09

● WIMP DM is easy to detect but no signal puts 
bound on its parameter space.

● FIMP DM is difficult to probe in different 
experiments due to its feeble interaction.

● In this work, we focus on production via 
freeze-in at low reheating.  

● In the present work we have FIMP DM 
at the strong coupling.

● The relic density at strong coupling 
makes FIMP DM detectable. 

Super-WIMP



Boltzmann Equation



Decay Contribution
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Equilibrium comoving number density

Boltzmann Equation
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Annihilation Contribution

Cross Section for h2 h2 -> WD WD

Thermal average cross section

Comoving number density

suppression
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Reheat Temperature
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Inflation Potential during reheating

Background Equations



Thermal Bath Production



Equilibrium variation with g_D and T_R

Model Parameters Value



Relic density variation with g_D and T_R

A. LP: As the g_D increases freeze-in regime production increases and opposite for the freeze-out case.

B. RP: Depending on the value of g_D, we can have FI and FO dominated regime for different T_R. 
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Allowed region in M_WD and T_R plane

Parameters range
A. We see sharp correlation between T_R and M_WD.

B. RP green points are mainly from decay due to phase 
space suppression 



Scatter plots in different plane

A. LP: All values of M_h2 can produce WD dark matter with the suitable values of T_R.

B. RP: The magenta points are for the decay contribution and cyan region is zero decay contribution.



Different channels dominance in DM production

LP: Magenta points are coming from the decay contribution due to phase space suppression and cyan 
points are for zero decay contribution. 

RP: Green points are either coming from the decay or the fermion annihilation and light magenta point 
coming due to SM Higgs annihilation whereas dark magenta points are coming due to BSM annihilations.



Direct Detection



Direct Detection Prospects

A. LP: DM direct detection cross section varies with gauge coupling and some part already 
ruled and rest can be explored in future.

B. RP: We see no dependence of T_R on the cross section but needed in particular range of 
DM mass to have DM relic density.  



Indirect Detection



Indirect Detection Prospects

A. LP: We can see there is a possibility of DM detection in the future indirect detection experiments 
and T_R only important to fit the DM density.

B. RP: Annihilation to WW final state and linearly vary with the g_D with some deflection due to the 
suppression from mixing angle and same.



Conclusion

★ We have studied vector dark matter for the low reheating case.

★ We focus on the freeze-in production at the strong coupling

★ We have found that to obtain DM density, DM mass and T_R need to be correlated

★ We have found in narrow region due to phase space suppression decay can dominate.

★ DM mass below SM Higgs mass mainly dominated by fermion annihilation whenever decay is 
subdominant and beyond by Higgses annihilation

★ We have found that for the freeze-in DM, we can have detection prospects at the direct, 
indirect and collider experiments.  
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