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Figure 5: In the upper panels, we show snapshots of the normalised distribution functions

of the dark sector particles at di!erent times in the evolution for BM2. The solid lines

correspond to the distributions obtained from the solution of the full Boltzmann equation

(fBE). For comparison, the dotted lines indicate the corresponding equilibrium distributions

evaluated at the e!ective temperatures extracted from the fBE solutions (shown by the solid

lines in the lower panels of figs. 3 and 6). The lower panels show the ratio between the two,

highlighting the non-thermal shape of the distribution functions captured only in the fBE

treatment. To emphasise the parts of fω responsible for the observed deviation in the DM

abundance, we shade in gray the low-momentum region that is kinematically forbidden

from producing DM via conversions. The coloured regions therefore isolate the momentum

range of fω that dominantly contributes to the deviation in the fBE abundance, as also

discussed in the text.

the high-momentum tail of the ω distribution. In the nBE treatment, this tail is e!ectively

replenished by the assumption of kinetic equilibrium, leading to an overestimation of the

conversion rate. In contrast, the fBE solution captures the depletion of this tail. Second,

the temperature of ω di!ers from the SM bath temperature, as captured in the cBE and

fBE approaches, further suppressing the conversion rate. The impacts, however, are not

easily disentangled and the e!ect is cumulative.

Turning to the bottom panel of BM2, we consider the temperature evolution. At early

times (prior to the EWPT), both ω and S have temperatures of the same order as the SM

bath temperature TSM. This reflects the fact that 2 → 2 processes produce particles with

typical energies ↑ T , and both species redshift similarly while relativistic (TSM ↓ mω,mS).

Note that in fact Tω and TS are smaller than TSM, which is due to the higher probability of

interaction of the low energy part of the distribution in relativistic regimes (ε2→2 ↔ 1/s).
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