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Abstract. Dark matter (DM) from freeze-in or superWIMP production is well known to
imprint non-cold DM signatures on cosmological observables. We derive constraints from
Lyman-« forest observations for both cases, basing ourselves on a reinterpretation of the
existing Lyman-a limits on thermal warm DM. We exclude DM masses below 15keV for
freeze-in, in good agreement with previous literature, and provide a generic lower mass bound
for super WIMPs that depends on the mother particle decay width. Special emphasis is placed
on the mixed scenario, where contributions from both freeze-in and super WIMP are similarly
important. In this case, the imprint on cosmological observables can deviate significantly from
thermal warm DM. Furthermore, we provide a modified version of the Boltzmann code CLASS,
analytic expressions for the DM distributions, and fits to the DM transfer functions that
account for both mechanisms of production. Moreover, we also derive generic constraints from
A Neg measurements and show that they cannot compete with those arising from Lyman-«
observations. For illustration, we apply the above generic limits to a coloured t-channel
mediator DM model, in which case contributions from both freeze-in through scatterings
and decays, as well as superWIMP production can be important. We map out the entire
cosmologically viable parameter space, cornered by bounds from Lyman-a observations, the
LHC, and Big Bang Nucleosynthesis.

Keywords: Lyman alpha forest, particle physics - cosmology connection, physics of the early
universe, dark matter theory
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1 Introduction

Cosmological observations imply that around 80% of the total matter content in our universe
is made up of dark matter (DM) [1]. The gravitational impact of DM on the dynamics of
visible matter has been measured on a large range of astrophysical and cosmological scales.
Nonetheless, despite substantial effort, searches in colliders [2], direct [3], and indirect [4]
experiments have so far not yielded any clear hints of interactions other than gravitational
between the DM and the standard model particles.

While the aforementioned search strategies depend on the existence (and sufficient
strength) of such an interaction, here we focus on a complementary path to constrain parti-
cle physics models of DM, by considering the DM imprint on the formation of cosmological
structures and their potential contribution to the effective number of neutrinos, ANcg. This
is of particular relevance for very weakly interacting DM, potentially out-of-reach of other
search strategies.



An especially relevant probe in this direction is the Lyman-« forest, which provides a
measurement of the positions of hydrogen clouds along the line-of-sight through the absorp-
tion lines of distant quasars [5-8]. Accordingly, Lyman-« forest observations probe structure
on intermediate to small scales at redshifts around 2~6 [9, 10]. These small-scale structures
can be washed out by DM free-streaming, which is caused by significant deviations in the DM
momentum distribution compared to the standard cold dark matter (CDM) scenario. Vari-
ous groups have analysed data of the Lyman-a flux power spectrum [6-8, 11] and provided
results for canonical warm dark matter (WDM), i.e. thermalised DM that freezes out rela-
tivistically in the early universe. In this scenario, masses below 5.3keV [7] could be excluded
under reasonable assumptions, see however [8] for a critical discussion of these assumptions,
where the bound is then reduced to 1.9keV.

Here we consider non-thermalised DM, i.e. a DM candidate that is so weakly coupled
to the standard model that it never reaches thermal equilibrium with the primordial plasma
of standard model particles. Such candidates are commonly referred to as feebly interacting
massive particles (FIMPs). In these scenarios we can, therefore, no longer rely on the stan-
dard freeze-out mechanism to produce the correct relic abundance of DM. However, despite
its feeble interaction, DM may still be produced to a sufficient amount by scatterings or de-
cays of other (thermalised) particles. There are mainly two such production mechanisms that
have been considered in the literature. (7) Freeze-in (FI) [12-18] is the non-efficient produc-
tion of DM from decays or scatterings of particles in the thermal bath, where non-efficient
refers to the fact that the respective production rate is small compared to the Hubble expan-
sion rate. (7) The superWIMP (SW) mechanism [19, 20] is the late decay of a frozen-out
mother particle into DM. While both contributions may arise from the very same decay pro-
cess, typically they take place at very different times. Hence, their characteristic momentum
distribution — relevant for their imprint on cosmological structures — can be very different.

As the scales considered by Lyman-a data lie in the non-linear regime, normally as-
sessing the impact of a certain DM model on the Lyman-« forest requires computationally
expensive hydrodynamic simulations. However, on the basis of only the linear matter power
spectrum — which we obtain from a modified version of the Boltzmann code cLASS [21, 22]
— we can, to good approximation, use the results obtained for WDM to estimate Lyman-a
constraints for the model considered here. To do so, we employ three different strategies,
with varying degrees of sophistication and uncertainty. First, following the approach of [23],
we consider the velocity dispersion as the characteristic measure of the free-streaming of
DM. Second, we use an analytical fit to the transfer function, which relates the linear matter
power spectrum of a model to a CDM one, and constrain the fitting parameters, as was done
in [5, 24]. Finally, we make use of the area criterion [25, 26], which considers the integral
over the one-dimensional linear power spectrum as a characteristic quantity constrained by
Lyman-«a data. Although all three methods will allow us to derive limits on the pure FI or
SW case, only the latter enables the analysis of the mixed scenario. In our analyses, we also
study the conditions under which the FIMPs considered here could give rise to significant
contributions to A Neg, reaching the conclusion that this is not expected to provide any more
stringent constraints on the FI or SW scenarios.

Having derived general bounds for these models, we then consider a benchmark scenario
with a top-philic simplified ¢-channel mediator model introducing a coloured scalar top-
partner and a singled Majorana DM candidate, both odd under a discrete Z-symmetry
that stabilises DM. We thereby extend the work of [27], where Lyman-a constraints on the
model were estimated by simple considerations of the free-streaming length. Furthermore,



following [28], we take into account important bound state formation effects in the freeze-out
process of the mediator, which are particularly relevant for the computation of the Lyman-«
constraints towards high mediator masses.

This paper is organised as follows. We begin in section 2 by discussing the different
production mechanisms for FIMPs, as well as the corresponding Boltzmann equations. In
section 3, we focus on the cosmological implications of FIMP DM, reviewing the observables
that will constrain these models. We then focus on a specific realisation of our set-up, top-
philic FIMPs, in section 4, before concluding in section 5. Finally, in appendix A we go
into more detail about SW production, in App, B we provide all relevant expressions for
Sommerfeld enhancement and bound state formation, and in appendix C we discuss the
various approximations and consideration made to extract the Lyman-a bounds.

2 FIMPs in the early universe

To understand the production of FIMPs we first review the underlying formalism. The case
of FIMP production from decays and scatterings and their impact on small-scale structures
has already been addressed in several recent works [23, 29-32]. Nevertheless, here we briefly
summarise the relevant steps of the computation and precise, where relevant, new inputs
compared to previous literature. We also detail our implementation of FIMP momentum
distribution functions in the public Boltzmann code cLASs.! Complementary discussion on
the Boltzmann equations for FI can be found in e.g. [33, 34].

2.1 Boltzmann equations

In order to describe the momentum distribution of FIMPs, one has to solve the unintegrated
Boltzmann equation for the DM phase-space distribution function f, (¢, p)

dfx
dt

where x refers to the DM particle, with ¢ and p the proper time and momentum, and C refers
to the collision terms responsible for FIMP production from the decays or scatterings of some
mother particle B. The number density of any species ¢ can be obtained by integrating out
the distribution function f;(¢,p) as

= C[fx] (2.1)

3
n; = gi/(;i_f))gfi(tvp)a (22)

where g; is the number of degrees of freedom (dof) of the species i. It is usually appropriate
to re-express proper time and momentum in terms of independent dimensionless variables. In
the context of the DM studied here, the time variable ¢ is traded with & = myes /T, where myef
denotes some reference mass (often the mass of the mother particle B for FIMP production)
and T denotes the temperature of the standard model bath. The relation between z, or
equivalently T', and ¢ can be easily obtained when entropy is conserved, which we will assume
throughout this work. In this case, we have d(sa)/dt = 0, where s is the entropy density
and a the scale factor. As a result, keeping in mind that s o< g,57>, one obtains

dlnT — — H
=—H ith H=
dlnt wit 1+1/3dIng.s/dInT’

(2.3)

'Our modified cLASS version can be found at https://github.com/dchooper/class_ fisw.
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where ¢.s(T") denotes the number of relativistic dof in the thermal bath of temperature T’
contributing to the entropy, and H = dIlna/dt is the Hubble expansion rate. In a radiation
dominated era, the Hubble rate reduces to

H—Lz ith Mo(T) = M B (2.4)
T T O T g, (1) ‘

where Mp) = 1.2 x 10! GeV is the Planck mass and g.(T) denotes the number of relativistic
dof in the thermal bath of temperature T, this time contributing to the radiation energy
density.

Here we mostly consider scenarios for which ¢.(T"), g«s(T") are constant before FIMP

production. As a result, ‘fjlﬂﬂ = —H and it is convenient to use
m
ZEZTB and q:% (2.5)

as time and momentum-independent variables? and the Boltzmann equation from eq. (2.1)
simply reduces to
xHO, fy =Cl[fy]. (2.6)

In appendix A we discuss the relevant choice of time and momentum variable for time-varying
x5 gxS-

We assume that the initial FIMP abundance is negligible. We use the compact notation
in — fin + x for the DM particle x production processes, including decays and scatterings.
With “in” (“fin”) we refer to an ensemble of initial (final) state particles as a source for DM
production. In this context, the collision term in eq. (2.6) reads

1 g
Clfy] = 29 F. /Ha (%)fZEa (27) 6" (Pin + Py — Pin) fin (1 fon) (1 £)IME S ingy - (2.7)

In this expression the index « runs over all particles in the initial and final states except
for DM, P, is the sum of the four-momenta of initial or final state particles for &« = in and
fin, fin refers to the product of the distribution functions of the initial state particles, and
(1 £ fan) is the product of Pauli blocking (with a minus sign) or Bose-Einstein enhancing
(with a plus sign) factors for final state particles. Furthermore, |[M|2 .. +y denotes the
amplitude squared summed over initial and final state quantum numbers. For concreteness,
we will focus here on 2-body decays of the form B — Ay, and 2 — 2 scatterings of the form
BB’ — A’x for DM production. As such, we consider a scenario where B and Y are odd
under a Z symmetry that stabilizes DM. We will also neglect spin statistics effects by taking
(1+ fan) = 1, see e.g. [31, 32, 34] for some complementary studies.

In this paper we focus on scenarios in which the mother particle is in kinetic equilibrium
while producing the DM and mp > m,. For B in kinetic equilibrium, its distribution function
can be written as (see e.g. [35, 36] for a discussion)

fole,q) = Eq&‘?) (s.q), (2.8)

where f°I(x,q) denotes the usual equilibrium distribution function with zero chemical poten-
tial. In order to derive an analytic estimate for the DM distribution function, we will consider

2In full generality, g = p/T, which is not a time-independent variable as the temperature scales as T
1/3 1

g.5a " and px 1/a.



a Maxwell-Boltzmann distribution for B, but we have explicitly checked numerically that
the results do not change significantly when considering e.g. a Bose-Einstein distribution, see
also [29, 32, 33].

The average DM momentum at the time of production, and its subsequent redshifted
value, provide a good tool to estimate the importance of cosmological constraints arising from
small-scale structure, more specifically the Lyman-a power flux constraints and the number
of extra relativistic dof, see e.g. [23, 29, 31, 32] and also e.g. [37] in a slightly different context.
In particular, the rescaled n'"-moment of the distribution is obtained evaluating

TN
fd3Qfx(Q) ,

where f,(q) is the FIMP distribution after production (= fy(x,q) for £ > Zpr0q)-

) (2.9)

2.2 FIMPs from decays
For DM production through decays, the collision term in the Boltzmann eq. (2.6) reduces to

x
16mgyqy/q>m3 + m2x?

where £ = Ep/T and the values of {1 are discussed in appendix A, see also [30]. In what
follows, we distinguish between the FI and the SW production from decays of a mother
particle that is in kinetic equilibrium with the thermal bath. In the case of FI production,
discussed in section 2.2.1, the mother is both in kinetic and chemical equilibrium. On the
other hand, SW production would refer to the DM production after B freeze-out, i.e. after
B chemically decouples, see section 2.2.2. Accordingly, the two contributions — although
stemming from the very same decay process — can arise at different times with distinct mean
momenta and momentum distributions. This is illustrated in section 2.2.3. In this context,
it is convenient to introduce the dimensionless ratio

MO (Tprod)rB%Ax
m}

Cdec[fx] =

&+
/g AepfBIMIB Ay (2.10)

RProd — , (2.11)

where Mo(Tproq) corresponds to the rescaled Planck mass of eq. (2.4) with the number of
relativistic dof estimated at the DM production temperature Tproq.

2.2.1 Freeze-in from decays

The largest contribution to DM freeze-in from decays of a bath particle B, arises around
xpr = mp/T ~ 3 [18] due to the interplay of two competing effects. On the one hand, in
a radiation dominated era, I'p_,4,/H increases with x, leading the decay to become more
efficient at late times. On the other hand, once the bath particle becomes non-relativistic,
i.e. x 2 1, its number density starts to decrease exponentially.

Considering renormalisable interactions in the radiation dominated era and assuming®
m, < mp,my as well as a Maxwell-Boltzmann distribution for the mother bath particle B,

31f the DM mass is not neglected in the computation of the DM distribution function, a further analytic
expression for the latter would be needed, while an expression for 9, fy is given in [30]. Integrating out the
distribution function numerically, ref. [30] showed that the analytic form of f, obtained in the limit m, — 0,
eq. (2.12), is a very good approximation in the range of ¢ relevant to extract the Lyman-« constraints.



i.e. fp = exp(—Ep/T), we can obtain a simple analytic expression for f, of the form [23, 29]

oc REV |76
gxfle’d (q) = 2936—1;1/?@@ (—g) , (2.12)

2 9
with 6 = “B_TA (2.13)
mp

where we use the short-hand notation f}? Ldec(gy = fil’dec(m — 00,q). Furthermore, gp is
the number of dof of B, Ty is the temperature at FI production, which is Tp; = mp/xpr.
Further details on the computation and involved approximations are given in appendix A.
Integrating out eq. (2.12) over momenta, one obtains the DM abundance from FI,

135 g8 1 Soh?
873 gu (Tr1) "~ perit |

Qxh2|FL dec = My X (2.14)
where peit = 3ME HZ/(87) is the critical energy density, sq is the entropy density today, and
h is the rescaled Hubble parameter today, h = Hy/(100 kms™'Mpc~!) ~ 0.7. Making use of
eqs. (2.9) and (2.12), the n'"-moment of the rescaled DM momentum distribution of (2.12)
is given by

4 5
" =—1T1= " 2.1
<q >|FI,dec 3ﬁ <2 —|—7”L> X 0 ) ( 5)

where the I' denotes the mathematical Gamma-function. In particular, (¢)|rr,dec = 5/2 X §
while for thermal WDM one would get (q)thermal =~ 3, see e.g. [29] for a discussion.

2.2.2 FIMPs from super WIMP mechanism

After the time at which B gets chemically decoupled, usually referred to as freeze-out time,
around zro ~ 25, the frozen out particle eventually decays into DM and, hence, provides a
contribution to the DM abundance. This DM production mechanism is usually referred to
as the SW mechanism. Interestingly, the associated DM phase-space distribution might also
peak at significantly higher ¢ values than in the case of FI production.

To get an analytic expression of the DM phase-space distribution, we employ the ansatz
of eq. (2.8) for the bath particle distribution, together with the non-relativistic expression for
the B equilibrium comoving density, Y;%(z). After chemical decoupling only late B decays
can affect the B abundance so that Y should satisfy

7Rlsjw(x27x12;‘o)/2

dInYp _ —RISwaKl(x)

Y, ~ VY
dz Ky (x) = B(7) Fo¢

[ > zFo], (2.16)

where RPW is given by eq. (2.11) with My = My(Tsw) and Yy is the roughly constant
frozen-out bath particle abundance between B chemical decoupling and complete decay to
DM at zsw, i.e. Y =~ Ygo for zpo < & < zgw. In order to derive the above analytic
expression we have further assumed that K;(z)/K2(x) ~ 1 in the non-relativistic limit, as
well as a constant number of relativistic dof. From eq. (2.16) it is clear that the characteristic
temperature parameter at which the decay takes place is

[ 2



Plugging the above inputs into eq. (2.10) we can readily integrate over the £ with the
lower integration bound &g min = ¢/ + 022 /(4q) and get

Vi (x) X g—Bx—QR%W exp (—q/5 - 6;v2/(4q)> . (2.18)

Ou f3V (2,0) = e
9O f (2, q) YBq(x) e

Integrating eq. (2.18) over x we obtain

CSW 2RSWq2
RPW

with Cow = Q*S(-TSW)YFOT(QW)

3221

2.1
= (219)

where g,g has to be evaluated at the temperature of SW decay. To derive such a simple
expression, we have assumed that the relevant (z,q) parameter space for SW corresponds
to x > xpo and 2qR1§W < 6, see appendix A for details. In addition, the results derived
here assumed that g.g is constant throughout SW production. While this is not always true,
we have explicitly checked that when considering g.s = g«s(zsw) in eq. (2.19) the results
are in very good agreement with numerical calculations taking a time-dependent g.g into
account, see the discussion in appendix A.* Finally, integrating out eq. (2.19) over momenta,
we simply recover that the DM abundance arising from SW, YXSW is equal to Yro, confirming
the consistency of our approach. We can also easily evaluate the n*"-moments of the DM
rescaled momentum distribution (eq. (2.19)) from SW production, which reduces to

n

(q")]sw ~ (2R§W)_n/2 o"T (2 + 1) : (2.20)

In particular, for n = 1, we have (¢)|sw = 5\/7 SR%'
T

2.2.3 When superWIMP meets freeze-in

As mentioned above, one single decay process can give rise to two types of FIMP DM
production mechanisms: one from FI and another from SW. In figure 1 we illustrate the
comoving number densities evolution as a function of the temperature parameter x (left),
and the DM distribution function f,(¢) dependency in rescaled momentum (right) for two
benchmarks taking R = 7 x 107% (green curves) and Rp = 7 x 10~% (purple curves). We
have assumed mp > my, such that § = 1 and g« = g«5 = 106.75 at both Tfr and Tgw,
i.e. Rp = RE = R3W.

In the left panel of figure 1, we show both Yz(x), the bath particle comoving abundance
(dashed lines), and Y, (z), the DM comoving abundance (solid lines). At early times, Yg
follows the equilibrium Maxwell-Boltzmann distribution which is already becoming exponen-
tially suppressed around x ~ 1. At chemical decoupling, for x = zpg, Yp freezes-out and
remains constant, with Yz = Yro, up until z ~ xgw where it fully decays to DM. In parallel,
the DM abundance is slowly produced up until zp; ~ 3 where it freezes in at a value Y, (xpr).
The second contribution to the DM abundance from the SW mechanism is produced around
zsw ~ 53 and 5.3 x 10* for Rr = 7 x 107% and Ry = 7 x 1078, respectively, contributing

“Notice that in [38, 39], B has been assumed to be kinetically decoupled since freeze-out time, i.e. eq. (2.8)
does not hold. This is usually not the case when B is charged under standard model gauge group, which we
assume here. Therefore, we cannot directly compare our results to theirs.
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Figure 1. FIMP production from B decays with B in kinetic equilibrium with the standard model
bath. Two benchmarks are displayed taking Rr = 7 x 10~ (green curves) and Rr = 7 x 10~ (purple
curves). Left: bath particle (dashed curves) and DM (solid curves) comoving number density as a
function of the time variable x. Right: FIMP distribution function multiplied by the momentum
squared, ¢2 9y fx (@), as a function of the rescaled momentum g. The analytic FI and SW contributions
are shown with grey dashed and dot dashed curves respectively while the coloured solid lines corre-
spond to the sum of the latter two. With the grey dotted curves we also show the results obtained
by integrating eq. (2.10) without any approximation.

around 2 % and 99% to the relic DM abundance. If Yp(zpo) is large enough compared
to Y, (zpr), the SW contribution can significantly affect the DM abundance, as visible for
Rr =7 x 1078 (purple curve).

In the right panel of figure 1, we show the DM distribution multiplied by the rescaled
momentum squared, ¢g, fy(q), as a function of g. The FI from B decay contribution to
fx(q), as in eq. (2.12), is shown with grey dot dashed curves while the SW contribution from
eq. (2.19) is shown with dashed curves. The sum of the latter two analytic results is shown
with coloured solid curves. For comparison, we show with grey dotted curves the numerical
result obtained integrating out the collision term of eq. (2.10) without any approximations.
We see that both coloured and grey dotted lines give rise to very similar results. More
quantitatively, for Rp = 7 x 107% ( 7 x 10®) we introduce a relative error below 1% (around
2%) in estimating the DM relic abundance by integrating out the analytic result instead of
the numeric result. This, in particular, illustrates that the analytic results derived in the
previous section provide a very good estimate of the SW contribution to DM abundance and
distribution function. From this figure, it is also clear that the FI through decay distribution
peaks around ¢ ~ O(1) as expected from eq. (2.15) while the SW distribution is always
expected to peak at larger ¢ values giving rise to a multimodal DM distribution.

As a final comment, let us also mention that while here we illustrate the case where FI
and SW contributions arise from the same mother particle, B, the most relevant contribution
to each production mechanism could also originate from two different particles, see e.g. [39].

2.3 FIMPs from scatterings

FIMPs could also have been produced in the early universe through FI from scatterings.
In the case of BB’ — A’y scatterings, assuming a Maxwell-Boltzmann distributions for the



bath particles B and B’, we have®

i

1 E+FEa\ o
Cocat[fy] = 27/ ds/ dEy exp <_ + Ea ) g S
32129\ Ep Jsin min T 2 \/ (p-par)? — (mymar)?

(2.21)
where 6(s) denotes the reduced BB’ — A’x cross-section, which is a function of the centre
of mass energy squared s, satisfying

do 1 9
de 8ms M|

: (2.22)

where the derivative is taken with respect to the Mandelstam variable ¢, and |M|? is again
the transition amplitude squared summed over initial and final state dof. Going to the limit
of my, < m/y,mp, mlz, eq. (2.21) reduces to

1 MET e o0 3§ qs A
¢FI, scat 0 ~
XX (q) 32”2(]2 Mref /0 v ° A ¢ ( ) ( )

Smin

with A =s—m% and A=A/T?, (2.24)

where we again use the short-hand notation fy®'(q) = f};l’scat(x — 00,q), which is the
FIMP distribution today when produced through 2 — 2 scatterings, in agreement with [29].
In eq. (2.23), we denote with a tilde dimensionless variables rescaled with temperature with
e.g. §=s/T%

As the details of the distribution function from FI through scatterings is quite model-
dependent, see e.g. [23], we leave for section 4 a more thorough discussion on the latter in
the context of a top-philic DM scenario. Nevertheless, when sy, and 6 can be assumed to
be temperature-independent, it is possible to get a generic expression for (¢") from eq. (2.9),
namely

; (5 )X 1+de6(_H(1_%//8)”)/83/2 (2.25)

" sca; =——=I'[ = 5
<q >‘FI, t Sﬁ 2 +n fd56/83/2

where the integrals over s run from sp;; = max ((mB + mB/)Q,mi,) to 00.5 The overall
prefactor is nothing but (¢")|rr1 dec in the 6 = 1 case. In addition, the second term in the
squared parenthesis vanishes when m 4+ is small with respect to one of the masses of the initial
bath particles. Therefore, it is apparent that, when there is one initial state particle that is
much heavier than the final state particles, the squared parenthesis in eq. (2.25) reduces to
1, and we recover the FI through decay result. This in particular implies that FI through
decay and scattering distributions share the same g-dependence,

Tx(@)|F1, scat X ‘]_1/2 exp(—q), [mA’»mx < mp or mp], (2.26)

°In eq. (2.21), we have an extra factor of 1/2 compared to [29], which we believe to be a typo, as our
numerical integration fully agrees with the results of [23].

5Tn general, in eq. (2.23), the lower integration limit on the centre of mass energy squared and the reduced
cross-section could be explicit functions of the bath temperature, i.e. Smin = Smin (I') and 6 = 6(s,T"). This
is, for example, the case when taking into account thermal corrections such as a temperature-dependent mass.
In that case the results and implications of egs. (2.25) and (2.28) do not apply.



which would agree with the distributions used in [32]. Even when m 4/ is non-negligible, since
m124, < Smin, the second term in the squared parenthesis is always negative. We thus find that

4 5
"MNF1scat < 5= | = 2.2
(@")|F1, scat NG <2+n> (2.27)

both for FI from scatterings and from decays. Finally, the contribution to the relic density
from FT through scattering is given by

135M o0 o
Q. h2 [P seat = %0 ( d ) 2.98
PO IFL scat = My X oo /12 25675 (1) X s 373 ) (2.28)

assuming again that sy, and & are temperature-independent.

Smin

2.4 FIMP distribution functions in class

In order to precisely follow the cosmological evolution of the FIMPs, we have implemented
the FIMP distribution functions in the public Boltzmann code crLAss [22]. For that purpose,
it is convenient to introduce a new rescaled momentum variable,

Gprod
a(t)
where p o< 1/a is the proper momentum, ¢, is a constant factor that will be chosen for each
FIMP production mode, aproq and T (tproq) are the scale factor and the photon tempera-
ture at the time of production. The definition of T,(¢) is introduced in CLASS through the
input variable Tycqn Which corresponds to the ratio of temperatures Ty and T, today. Using
eq. (2.29), the latter dimensionless variable takes the form

1/3
T (tO) Tv (tprod) Q*S(to)
= —rrod] ¢, | 0L 2.

C*aprod Ty (to) * g*S(tprod) , ( 30)

where t( refers to the time today, the scale factor today is ap = 1 and g.s(to) = 3.91. We see
that Tpcan reduces to the ratio of relativistic dof at production time and today to the power
1/3 up to the constant prefactor cy, see e.g. [22, 31] for other NCDM models.

In practice, for our implementation of FI and SW in CcLASS, we have chosen the c,
prefactors in eq. (2.30) to be cf1 = § and &$W = §/,/2REW. This implies that the distribution
functions for FI from decay and SW of egs. (2.12) and (2.19) take the following simpler forms:

t .
go= 20 it (1) = e T (o)

0 (2.29)

Toncdn =

RFI 1
gxffl,dec(q*) _ 293571; T X [1/2 exp(_q*)l for FI through decays,
Gx

S (2.31)
4/ TRV Csw
/S () = VLT

where the superscript FI or SW in Rr reminds that the number of relativistic dof in M
have to be determined at Tgy or Tsw. The resulting dimensionless variables Tycan Which are
provided as an input to the CLASS code then read

X [1 exp(—qf)] for SW

%

Lot 1/3
ngdm = x (g s( 0))) and Tpr = %mB,

95 (Tt
1/3
xS (T /
TSW g S( 0) )> and TSW = —RzrmB.

el
= X
nedn 2R18“W g+5(Tsw

(2.32)
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Notice that the momentum dependence of the SW distribution in eq. (2.31) is the same as
in the case of moduli decay in a radiation dominated era, considered in [31]. Let us also
mention that in the case of FI through scatterings and under the same assumptions used
to derive eq. (2.25), we expect a similar ¢, dependence as in the case of FI through decays,
but the prefactor would become cross-section dependent instead of decay-rate dependent,
see section 2.3 for details. Finally, using the above parametrisation in eq. (2.9), the mean
rescaled momenta (g,) and the mean rescaled squared momenta (q2) reduce to

5 35
(Qw)FI, dec = 3 (@®)F1 dec = T for FI through decays,

Ggsw="Y" @=1  frsw.

(2.33)

Following the discussion in section 2.3, we can just replace the equality sign with < in the
case of FI through scatterings.

We will now use the different quantities introduced in this subsection in order to char-
acterise the typical NCDM cosmological imprint of FIMP DM and the associated constraints
in the next section.

3 Imprint of FIMPs on cosmological observables

Once FIMPs have been produced at a time where the standard model bath temperature is
T = Tprod, with Throa = Trr1 (Tsw) for production from the FI (SW) mechanism, the resulting
DM particles free-stream. If their velocity is sufficiently large at late times, they can free-
stream from overdense to underdense regions and prevent small-scale structure formation.
Furthermore, if FIMPs are still relativistic at Big Bang Nucleosynthesis (BBN) or Cosmic
Microwave Background (CMB) times, they constitute extra radiation dof that might be
constrained by ANg bounds.

In sections 3.1 and 3.2 we study the resulting constraints on cosmological observables.
We show that when the DM abundance Qxhz = (.12 results at 100 % from the FI or from
the SW mechanism, Lyman-a data provide a lower bound on the DM mass of the form

. 106. 1/3
mAm 5§ x (0675) for FI through decays,
> 9+5(T¥1)
T 106.75 \'/3 ~1/2 3
MR 5 x (Q*S(TSVV)> X (RIS«W> for SW,

where the prefactors m%?sw are in the keV mass range, see the summary in table 1. The
results for FI are valid for FI from decays as well as for any FI from scattering scenario that
would give rise to an equality in eq. (2.27). Our results for FI are in very good agreement with
the previous literature in [23, 30-32] when using the same methodology,” see also e.g. [40, 41]
for similar results obtained in a slightly different context. On the other hand, for mixed

FI-SW scenarios a more detailed analysis is needed, see section 3.1.3.

"Let us in particular emphasise that for the fit to the power spectrum and the area criterion, our results
are obtained by switching the perfect fluid approximation off in CLASS, which is the only valid approximation
for generic NCDM, see the discussion in appendix C.
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Probe NCDM test mim [keV] | mi® [keV]
Velocity dispersion, section 3.1.1 16 3.8
Lyman-a | Fits to transfer function, see section 3.1.2 15 3.9
Area criterion, see section 3.1.3 15 3.8

ANqg see section 3.2 1.3x1072 | 3.4 x 1073

Table 1. Mass scales in keV entering into the lower bounds of the FIMP masses of eq. (3.1). They
arise from the FIMP NCDM imprint on cosmological structures assuming that 100% of the DM
content results from FI or SW mechanism production. The values for m%‘f}sw correspond to the

WDM bounds myl3y > 5.3 keV and ANeg(Tppy) < 0.31.

3.1 FIMP free-streaming and Lyman-a bound

The Lyman-« forest flux power spectrum probes hydrogen clouds at redshifts 2 < z < 6. It
provides constraints on the matter power spectrum on small scales [10, 42]. The scales tested
by Lyman-a data, typically 0.5 Mpc/h < A < 100 Mpc/h [25], are in the non-linear regime
so that computationally expensive hydrodynamical N-body simulations would be required
in order to properly test a given NCDM scenario. These expensive simulations have been
performed for thermal WDM. Following the early work of [6], the analysis of [7] obtained a
bound of m%\};gM = 5.3keV at 95 % confidence level (CL) from Lyman-« flux observations. It
has, however, been argued that the assumptions made about the instantaneous temperature
and pressure effects of the intergalactic medium in this work might have been too strong.
Relaxing these assumptions [8] found a bound of mI\;gSM = 1.9keV at 95% CL. We take
the latter as a conservative bound on the thermal WDM mass while the one of [7] will be

considered as a stringent bound.

To circumvent the need for new N-body simulations for these models, in this paper we
implement the FIMP distribution functions discussed in section 2.4 in the Boltzmann code
CLASS. We use this to extract the linear matter power spectrum of our NCDM scenarios, as
well as the corresponding transfer functions discussed in section 3.1.2. We then follow a strat-
egy similar to those applied to NCDM in e.g. [23, 25, 31, 32, 37]. In sections 3.1.1 and 3.1.2
we extract a lower bound on the DM mass in pure FI and SW scenarios, making use of the
DM velocity dispersion and of fits to the transfer functions. Notice that these constraints
are only valid for FIMPs accounting for 100% of the DM content. In section 3.1.3, we ad-
dress the case of the mixed FI-SW scenarios, or equivalently cases where a given production
mechanism cannot account for all the DM, by applying the area criterion introduced in [25].

3.1.1 Velocity dispersion

If the DM distribution is simple, e.g. with one local maximum, one can expect that an
estimate of the bound on the FIMP mass can be derived by comparing the typical velocity of
the NCDM candidate to the one of the thermal WDM for which dedicated hydrodynamical
simulations have been performed. Here we follow the same approach as the one proposed
by [23], where an estimated Lyman-a bound was obtained by considering the root mean
square (rms) velocity of DM today, \/(p%)o/m,. Here (p?)q refers to today’s second moment
of the momentum distribution, directly related to the velocity dispersion of the DM today.
When DM arises from one single production mechanism or production channel \/(p?)o/my =

- 12 —



(42) Tncan/m\ Ty (to) . The lower bound

mLya 4/3
my 2 1.75keV x 1/{q2) Tncan X <1Z<va> (3.2)

is obtained imposing that the rms velocity, v/(p?)o/m,, computed for a FIMP of mass m,,
equals the rms velocity for a thermal WDM candidate of mass m%&,’SM saturating the Lyman-a
bound. Notice that v/(¢2) in eq. (3.2) corresponds to the warmness parameter & of [23] and
that [31] derived the same constraints by equating the equation of states of the FIMP and
the WDM following the early work of [43]. Eq. (3.2) was also used in [32] in the context of FI
to be compared to other methodologies. In those references it has already been argued that
eq. (3.2) can provide a very good estimate of the Lyman-« constraint for FIMPs. Additionally,
in [44] the DM velocity is computed in order to derive constraints on the WDM arising from
the SW mechanism, and perfectly agrees with the rms velocity used here to extract Lyman-
a constraints. Using the stringent WDM limit m%S,’SM = 5.3keV from [7], the Lyman-«
bound on FIMP DM of eq. (3.2) gives the lower bound on the DM mass reported in eq. (3.1)
with mlF“[In = 16keV and mlsl% = 3.8keV, as given in the first line of table 1. When using
the conservative bound of m%ggM = 1.9keV from [8] the prefactors in eq. (3.1) reduce to
mil = 4.0keV and mi% = 0.97keV.

In the cases where NCDM would only account for part of the DM content a dedicated
analysis should be performed to compare to the case of thermal WDM [45]. However, as sug-
gested in [23], when multiple production channels are at the origin of the DM relic abundance
but the total DM distribution is unimodal, one can still use the rms velocity \/(p?)o/m, to
extract a bound on the DM mass. Considering the definition of the second moment of the
momentum distribution, it can be shown that

/
@ _ Ty(to) (Z (fthl) % (163 T2ean) Ipmd)1 2 , (3.3)

2
X My prod Qyh

where the sum runs over the FIMP production mechanisms, Qxhz\prod refers to the y relic
abundance from a given production channel while Qxh2 refers to the total relic abundance.
A first naive estimate of the Lyman-a bound in the case of mixed scenarios could thus be
extracted by comparing the quantity v/(p?)o/m, to the one of thermal WDM saturating the
Lyman-a bound when ©,h% = 0.12. Within this framework, we get

4/3 1/2
mLya Q h2’ rod
my 2 175KV x | 9B ) s | 37 e x(<q2>T§cdm) lorod |+ (3.4)
prod ’

where it has been assumed that Qxh2 = 0.12 in order to compare to the thermal WDM
constraints. Let us emphasise that eq. (3.4) is only valid if the total FIMP distribution,
arising from different production processes, is unimodal. This is, for example, the case
of FIMPs from FT through scatterings and decays analysed in e.g. [23]. When the DM
distribution is multimodal, as e.g. in a mixed FI-SW scenario, the area criterion introduced
in [25] should be used instead, see the discussion in section 3.1.3 below.
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Figure 2. Left: distribution functions, ¢%g, fy(q), as a function of the rescaled momentum ¢ for

an example FIMP model. Right: corresponding transfer functions (continuous coloured curves) as a

function of the wavenumber k. The thermal WDM transfer function for mWSM = 5.3 keV (dashed

curve) is also shown for comparison. These curves are obtained assuming the DM model considered
in section 4 and choosing the DM mass to be 50 keV. Fixing Qxh2 = 0.12, the remaining model
parameters were varied such that the relative FI contribution ranges from 40% to 97%, see section 4
for details. Going from purple to green indicates going from warmer to colder DM or equivalently
going to a smaller value of the area criterion parameter dA,,, see section 3.1.3 for details.

3.1.2 Fits to transfer function

In order to parametrise the small-scale suppression of the matter power spectrum within
a given NCDM model with respect to the equivalent CDM case, one can express the ratio
between the CDM power spectrum, Pcpm(k), and the power spectrum of some new DM
species X, Px(k), in terms of the transfer function Tx, defined as

Px (k) = Peom(k) Tx (k) (3.5)

where k is the wavenumber. It has been shown that the transfer function for some NCDM
scenarios can be parametrised in terms of a finite set of parameters and physical inputs.

In particular, in the thermal WDM case, [5, 24] use the following parametrisation to
describe the transfer function,

)_5/ " (3.6)

T (k) = (1+ (axh)™

where p is a dimensionless exponent and ax is the breaking scale. A more general parametri-
sation that can be applied to a larger set of NCDM models was also introduced in [25, 46, 47].

In the case of thermal WDM, [5] obtained a very good fit for & and p from dedicated N-
body simulations. We will make use of this fit, but with a minor modification to the numerical
prefactor motivated in appendix C, where we also discuss the validity of this prescription.
As such, the breaking scale we will use for eq. (3.6) is given by p = 1.12 and

—1.11 Q 0.11 h 1.22
awpn = 0.045 (mWDM) ( WDM) ( > h~Mpe (3.7)

1keV 0.25 0.7

in terms of the WDM mass mwpwu-
In the case of FIMPs from the FI and SW production mechanisms, the transfer function
can take multiple forms. In the right panel of figure 2, we illustrate the transfer functions
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computed with CLASS from the distributions shown in the left panel. They correspond to
different benchmark scenarios all giving rise to Qxhz = 0.12 within the top-philic DM model
described in section 4. Each benchmark has a different FI relative contribution to the total
DM relic abundance ranging from 40% (dark purple) to 97% (light green). This is visible
in the left panel as the FI contribution to the DM distribution function, that peaks around
q = 2.5, increases in amplitude when going from the dark purple to the light green curve. In
the right panel, we see that when e.g. the FI contribution tends to 100%, the FIMP transfer
function recovers the shape of a thermal WDM transfer function, depicted with a dashed
curve for m%&'SM = 5.3keV. This has already been pointed out in earlier works, see [30, 31].
Similarly, for 100% SW contribution, the FIMP transfer function resembles a WDM-like
shape. For intermediate relative FI or SW contribution though, the shape of the transfer
function can strongly deviate from thermal WDM like scenarios.

Using our modified CLASS version, we have checked that the transfer function of eq. (3.6)
provides a very good fit to the case of DM produced purely through the FI or SW mechanisms.
For the fitting curves using p = 1.12, as in the thermal WDM case, we obtain

m 1 —0.833 gs(to) 0.278
= 0.164 X w = ALY —IMm )
= 0.0542 X B AA A hIM 3.9
asw 1keV 5 (g*s(Tsw)> Pe (39)

where the parameter dependency of the breaking scales was inspired by the analytic estimate
of the Lyman-a bound of eq. (3.2). The numerical prefactors in egs. (3.8) and (3.9), on the
other hand, have been obtained by doing a one-parameter fit based on the actual transfer func-
tions produced by CLASS. In the case of FI, the fit was done over 15 models, with a final error
on the prefactors of ~ 1.5%. In the case of SW, we used 20 models for the fit, with an expected
error of ~ 2%. In both cases, the fit has been optimised in the mass range where we expect the
Lyman-« constraints to appear, based on eq. (3.1) (see appendix C for further discussions).

In similar spirit to what was done in e.g. [37], we can now compare the breaking scales
(a1 and agw) found in egs. (3.8) and (3.9) with the breaking scale for WDM (awpm) from
eq. (3.7), to obtain approximate Lyman-a bounds on FIMP DM. Assuming once more that
the DM is produced at 100% through the FI or SW mechanisms and that this accounts for
all of the DM abundance, taking the stringent WDM limit m%%SM = 5.3keV from [7] we get
mil = 15keV and mi% = 3.9keV in eq. (3.1), see the second line of table 1. We can see
that these bounds are in very good agreement with the approximate constraints found in
section 3.1.1 using the rms velocity. When using the conservative bound of m%gSM =1.9keV
from [8] these prefactors reduce to miy = 3.5keV and mi% < 1.0keV.

3.1.3 Area criterion

An alternative approach to extract the Lyman-a bounds on NCDM scenarios is based on the
area criterion introduced in [25], see also [26, 32, 48]. The methodology goes as follows. For
a given DM scenario X, the 3D power spectrum Px (k) has to be computed. The deviation
from the corresponding CDM scenario is obtained by evaluating the ratio

= 1D with Pjy (k):/oodk’k/PX(k’), (3.10)
POM(E) P k

where Pf]g is the 1D power spectrum in the DM scenario X.
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This ratio is estimated over the range of scales probed by the Lyman-« observations.
In [25] the suggested range corresponding to the MIKE/HIRES+XQ-100 combined data set,
used in [11] to derive the stringent WDM bound considered here, was taken to be

[kmin, kmax) = [0.5h/Mpc, 20h/Mpc] . (3.11)

More precisely, in order to quantify the suppression of the power spectrum in the NCDM
model X, one should compute the area estimator

A _A k/'max
Ay = AooM —Ax g = / dk' (K, (3.12)
Acpm

kmin

and AcpM = Kmax — kmin by definition.

As underlined by the authors of the original work [25] introducing this criterion, let us
emphasise that the area criterion has some arbitrariness in defining the integration limits,
and should, therefore, only be used after careful calibration with an example WDM model.
For the cosmological and precision parameters considered in our analysis, we get

5AWDM =0.33 for mMwDM — 5.3keV. (3.13)

A NCDM scenario that would give rise to 0 Ax = d Awpwm above is thus expected to saturate
the stringent WDM Lyman-a bound considered here.®

Making use of the linear 3D power spectrum computed with our modified version of
crLASs for pure FI and SW DM scenarios and, comparing d Apy, dec and 0 Asw to the stringent
bound provided by eq. (3.13), we get a limit similar to the one derived in sections 3.1.1
and 3.1.2. More precisely, for the prefactors of eq. (3.1), we get mlﬁn = 15keV? and mlslglv =
3.8keV, see the third line of table 1. We have also checked that using the fits provided in
egs. (3.8) and (3.9) instead of the P(k) from CLASS gives rise to the same conclusions. It
appears, therefore, that in the case of pure FI or SW, all 3 methodologies considered in
section 3.1 agree with each other. In particular, this suggests that a very accurate estimate
of the Lyman-a bound, for FIMP scenarios with unimodal distribution functions, can readily
be extracted from eq. (3.2) without going through the detailed implementation of the NCDM
model in CLASS. In contrast, a more advanced approach proposed in [47], where a Lyman-«a
likelihood was developed for multiple NCDM models, allows for full Monte Carlo Markov
Chain (MCMC) analyses. However, such analyses are hindered by the execution speed of the
corresponding NCDM model in cLASS. For the models considered here, the corresponding
runtime needed to calculate the matter power spectrum is of the order of ~ 30min per
model,'? making MCMC analyses computationally infeasible. As such, here we limit ourselves
to the more simplistic methods discussed above.

In the case of mixed FI-SW scenarios, the DM distribution function is multimodal and
the resulting transfer function can significantly deviate from the WDM one, as illustrated
in figure 2. The area criterion is the only estimator of the Lyman-a bound that has been
carefully tested against hydrodynamical simulations for a large ensemble of NCDM scenarios,

8Notice that in [25], a much smaller §Awpwm of 0.21 is reported for a 5.3keV WDM. We have checked
together with R. Murgia of [25] that the methodology followed here is perfectly correct. A discrepancy with the
numerical results for § Awpm quoted in [25] has also been reported in e.g. [32]. This emphasises the importance
of recomputing self-consistently the  Awpwm before applying any constraint to a new NCDM scenario.

9Note that if we make use of the perfect fluid approximation in CLASS, we obtain mif = 16keV, as in [32].
However, we will switch this approximation off for NCDM from F1I, see appendix C.

103ee appendix C for more details on the computation time.
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see [25, 49]. For this reason, we make use of the latter criterion when considering mixed FI-
SW models. In particular, for the set of benchmarks of figure 2, the gradient of colours in
the curves corresponds to a value of the area criterion. More precisely, going from purple
to green curves we have dA, = (0.75,0.54,0.38,0.29,0.20,0.18), respectively, i.e. the first
three benchmarks are excluded when considering eq. (3.13). We have also checked that the
area criterion gives rise to a more conservative bound than the estimator of eq. (3.4) for
mixed scenarios. As a result, for mixed FI-SW scenarios, it necessary to implement the exact
NCDM model in CLASS in order to extract a reliable estimate of the Lyman-a bound.

3.2 Bound from A Ngg

The FIMPs considered here can potentially affect the effective number of relativistic non-
photonic species, Neg, entering in the computation of CMB and BBN observables, see e.g. [31,
38, 39]. Here we consider the possibility for the DM candidates to contribute as an extra
fermionic species. Our goal is, therefore, to compute their ANeg(T") contribution at a given
temperature T, corresponding to a given scale factor a(T'). It is instructive to first estimate
for which mass range FIMPs arising from FI or SW are still relativistic. This is the case when
the rescaled momentum (g.) is larger than the ratio m, /7T,. Using egs. (2.32) and (2.33),
the condition on the FIMP mass becomes

0

Ok 2 x 107" keV for relativistic FIMP from FI,
a
— 7 X 5x 1078keV for relativistic FIMP from SW,
a(T) Ry

when g.s (Tprod) = 106.75. From section 3.1, we know that for FIMPs from FI, Lyman-c
forest data imply a lower bound on their mass of around 15keV. FIMPs from FI with larger
masses cannot be further constrained by A N.g bounds from CMB data, as they are expected
to be highly non-relativistic for a(Tomp) ~ 103. For FIMPs from SW, with mass m, > 10keV
we would need Ry > 10~ for them to be non-relativistic at CMB time. On the other hand,
since a (TsgN) ~ 1071%, one can more easily get relativistic FIMPs from both FI and SW at
BBN time. We will, therefore, focus on AN.g at BBN time and impose the bound [50]

ANeff(TBBN) < 031, (315)

at 95% CL, see also [51, 52].

We compute the FIMP contribution to the effective number of relativistic non-photonic
species, ANqg (T'), following [38]. In general, at a given bath temperature T', we should
evaluate

=

= 9x77T ( V) /dq*q* ((q* T2> o T;f) Fa.) (3.16)

where prel, /Nl = 2 X ggOT (T)* is the energy density per relativistic standard model
neutrino and Ty, T, are time-dependent variables. For relativistic FIMPs at BBN time, this
contribution reduces to

rel

Px
Prel V/ eyff

Tiny

AN (Tgpy) ~ pretv /Nl
v e

= (@) ¥ (3.17)

TBBN TBBN
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Rescaling T,n, from BBN time to today, keeping in mind that (g.) is constant, and that
T, (T) =T at BBN time, we get

re _ 0, h? 10 keV
ANeffl (TBBN) ~ 5.0 x 10 4 X <q*>Tncdm X < 0X12 ) ( g ) , (318)

where Qxh2 is the non-relativistic FIMP abundance today. Using the values of (gx)Tncdn
obtained above and the condition eq. (3.15) we find

QFI]’L2 106 75 1/3
1.3 x 1072k g = ( : ) for FI
3 x 10 eV x < 012 o5 (TeD) or ,

My 2 (3.19)

~

—1/2 [ QSWh2 106.
3.4 x 1073 keV x 6 (R™Y) / ( X >< 06.75

1/3
for SW,
0.12 g*S(TSW)>
where QEI’SW refers to the FIMP abundance arising from FI or SW production.!! At first
sight, the above constraints seem less constraining than Lyman-c«, in agreement with [31],
see also [53]. Notice, however, that contrarily to e.g. eq. (3.1), the above constraints are
applicable even when QXh2 <0.12.12

4 FIMPs within a top-philic mediator model

For an application of the above results and their comparison to other constraints we consider
a simplified ¢-channel mediator DM model. It supplements the standard model with a sin-
glet Majorana fermion, y, and a coloured scalar mediator, £, with gauge quantum numbers
identical to the right-handed top quark. Imposing a Z symmetry under which y — —y and
t — —t (while standard model particles transform evenly), x is stable for m, < m; and,
hence, constitutes a viable DM candidate. The renormalisable interactions allowed by the
Zo and gauge symmetries are described by the Lagrangian

L—5

Line = |DuE)? + M\ 1 X +hc 4+ Ayt tH H (4.1)
where D), is the covariant derivative, ¢ the top quark Dirac field and H the standard model
Higgs doublet. The masses m,,m; and the coupling A, are the phenomenologically relevant
parameters considered here. The latter governs the (feeble) DM interactions with the ther-
mal bath. The Higgs portal coupling, Ay, affects the interactions of the mediator with the
thermal bath. For DM production via FI, during which the mediator is in thermal equilib-
rium, the presence of this coupling does not affect the relevant dynamics. For the case of SW
production, it can contribute to the mediator annihilation during its freeze-out, potentially
lowering its abundance. However, to compete with the annihilation rate associated with the
strong interactions of the mediator (which are further enhanced through non-perturbative
effects, see below) requires the Higgs portal coupling to be very large. Here we assume Ay to
be well below unity, in which case it is totally negligible for the phenomenology considered.

"The FI constraint in eq. (3.19) can be applied to FI through scatterings by setting § = 1 when the
conditions to extract eq. (2.33) are met.

2 Also notice that our results for SW do not agree with the results of [39]. Let us re-emphasise, however,
that [39] assumed that B is kinetically decoupled after FO, which is usually not the case if B is charged under
standard model symmetries.
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The model is reminiscent of a supersymmetric standard model. In fact, it may be
realised as a limiting case of a non-minimal supersymmetric extension in which x is a mixture
of the bino and the fermionic component of an additional supermultiplet that is a singlet
under the standard model gauge group [54, 55]. However, we will remain agnostic to a
possible theoretical embedding of the simplified model, assuming that the above Lagrangian
captures the relevant physics.

In the context of FI and SW production, this model has been studied in [27]. Similar
results have been obtained for other spin-assignments [56, 57]. A variant of the model without
an imposed Z symmetry was discussed in [58, 59|, while its phenomenology in the case of
thermalised DM can be found in [60, 61].

In [27], constraints from Lyman-« forest observations have been estimated with a com-
parison of the respective limits on the free-streaming length obtained for WDM from [45].
Here we revisit the phenomenology and improve the analysis with respect to [27] in two main
aspects. First, we improve the structure formation bounds utilising the methodology outlined
in sections 2 and 3. In particular, computing the DM phase-space distribution and making
use of the area criterion, we can derive a reliable and more stringent bound in the region of
mixed FI and SW production. Second, we take into account bound state formation effects
in the mediator freeze-out, which are relevant for the SW production of DM.

In the following we will first discuss the mediator freeze-out in section 4.1. We will then
detail the FI and SW production processes of DM within the model in section 4.2, before
deriving the constraints on the model parameter space in section 4.3.

4.1 Mediator freeze-out

For parameter regions with a sizeable SW contribution to the DM production, the DM den-
sity (and, in general, its phase-space distribution) depends on the evolution of the mediator
abundance governed by thermal freeze-out. This process is subject to non-perturbative ef-
fects. On the one hand, gluon exchange between the initial state mediators modifies their
wave function, leading to an enhancement with respect to the tree-level annihilation rate
at small relative velocities, i.e. the Sommerfeld enhancement [62-64]. On the other hand,
mediator pairs can form bound states that affect the freeze-out dynamics leading to a further
reduction of the mediator abundance, see e.g. [28, 65-67].

Here we consider both effects in the non-relativistic limit using the computations de-
rived in [28]. Accordingly, for mediator pair-annihilation into gluons, we employ the s-wave
annihilation Sommerfeld factor for a Coulomb potential. Mediator pair annihilation into
quark pairs is p-wave suppressed and, hence, sub-dominant for small relative velocities. We
take into account bound state formation (ionization) via one-gluon emission (absorption) and
the leading bound state decay process into a pair of gluons. We consider the ground state
configuration only. Furthermore, it is assumed that the rate of bound state number changing
processes (formation, ionization or decay) is large compared to all other rates involved in the
mediator freeze-out. In this case, the effects of bound state formation can be described by
an effective annihilation cross-section [66]. It reads

FB ,dec

x ——Bdee g9
PB,ion + PB,dec

(Ot V)eft = (g7t _ggV) X Ssom + (Ot _qqV) + (Oi7t V)

where Ssom is the Sommerfeld enhancement factor, {(og_,p,v) is the thermally averaged
bound state formation cross-section, I’z ion is the respective ionization rate, Bg — tt', and
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Figure 3. Evolution of the mediator abundance Y; (purple curves, left axes) and the effective anni-
hilation cross-section (o771 v)e (green curves, right axes) as a function of z = m;/T for m; = 10° GeV
(left panel) and m; = 10° GeV (right panel). The solid curves take into account Sommerfeld en-
hancement and bound state formation effects (‘Sommerfeld+BSF’) while for the dashed curves only
the former has been considered (‘Sommerfeld only’). The purple dotted curves denote the mediator
equilibrium abundance Y.

I'5,dec its decay rate, B — gg. For further details see appendix B. We compute the ther-
mally averaged annihilation cross-sections for the perturbative processes tt' — gg,qq with
MADDM [68].

Assuming the maintenance of kinetic equilibrium via elastic gluon scattering, g — tg,
throughout the entire freeze-out process, we compute the mediator abundance by solving the
integrated Boltzmann equation'
dY; 1 ds {1 Iy

= | o 2 _yeaZ) 4 Tty
T " Ed 3l (7 ) + 5 Yt] ’ (4.3)

where Y; denotes the summed abundance of the mediator and its antiparticle and I'; is the
(thermally averaged) rate for the mediator decay, i.e. for £ — tx. Figure 3 shows the effective
annihilation cross-section and the resulting evolution of Y; for two example mediator masses
including Sommerfeld enhancement only (dashed curves) and including bound state effects in
addition (solid curves). In these plots, we choose I'; small such that the decay is inefficient in
the displayed z-range. The presence of bound states leads to a prolonged freeze-out process,
as bound state effects cause an enhancement of (071 v)eq at large x. Towards larger mediator
masses, the maximum of this enhancement is shifted to higher x, while the effect on the
mediator abundance becomes smaller. For a mass 10% (10%) GeV, bound state effects reduce
the abundance by a factor of 3.9 (1.9).

4.2 Dark matter production processes

The leading processes to DM production are scatterings of the form Xt — X'y, where X, X’
denote standard model particles, and mediator decays ¢ — tx. The latter gives rise to both
a FI and SW contribution. The respective vacuum decay rate reads

AQ
2 2 2 1/2 2 2 2
Forty = 16T>;77,§ (mf —my — mt) AV (mf,mx,mt) , (4.4)

3When the annihilations become inefficient, only the second term in the squared parenthesis of eq. (4.3) is
left and we recover eq. (2.16) taken into account for the SW mechanism with B = £ in the z > 1 limit.
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where \(z,y,2) = 22 + y? + 22 — 2(zy + 2 + yz). Pair production of DM of the form
X X" — xx is of higher order in the coupling A, and, hence, neglected here.
Among the scattering processes, we consider the leading processes in the strong coupling
s, i.e. tt — gx and gt — tx, which are expected to contribute similarly. However, the second
process is subject to a soft divergence, which we regularise by introducing a thermal mass
for the gluon [69];
my (T) = 25972 <Nc Lo N) : (4.5)
6 2 2
where T' is the bath temperature, and N., Ny, Ny are the number of colours and number of
active fermions and scalars in the thermal bath, respectively. The thermal mass enters the
cross-section and the lower integration limit, Sy, in eq. (2.23). Note that the process belongs
to the O(ag) corrections to the mediator decay at finite temperatures. Their rigorous compu-
tation can only be performed in thermal field theory, which is beyond the scope of this work.'*
Conservatively, we consider the size of the FI contribution from scattering as a rough estimate
for the uncertainty of the total FI contribution to the relic density. The scattering processes
contribute between 15 and 25% for a mediator mass in the range of 103 GeV to 10'° GeV. Note
that the thermal mass of the gluon introduces a temperature dependence in the cross-section,
as well as in the minimal centre of mass energy. As a result, egs. (2.25) and (2.27) do not
apply and the mean momentum shifts to a higher value (¢) ~ 3.15. However, this effect in the
total distribution is marginal because the channel gf — ty is suppressed compared to the oth-
ers when considering the gluon thermal mass as a regulator. This is illustrated in figure 4 for
a parameter point with A\, = 1077, my = 5.6 X 105 GeV, and my = 1073 GeV. The total FI
distribution is shown with a solid curve, while the contributions from the two scattering pro-
cesses and the decay are shown with dot-dot-dashed, dotted and dashed curves, respectively.
For very small DM masses, the coupling A, that yields the measured relic density can
become large enough to render the decay efficient already close to the time of mediator freeze-
out.' In this case, the distinction between the FI and SW production processes may be less
obvious. For definiteness, we consider the contribution in the regime z < 7 (x > 7) to belong
to the FI (SW) production. We only consider scatterings in the former while taking into ac-
count the full evolution of the mediator abundance, solving eq. (4.3), only in the latter regime.
This value of x has been chosen since scatterings are already completely negligible at this
point. In addition, deviations from thermal equilibrium are still small even for the largest me-
diator masses considered here, which feature the earliest deviations from thermal equilibrium.
Note that the SW contribution from early decays is only comparable to the FI contribution
for very large mediator masses, where the larger mediator freeze-out abundance overcompen-
sates the small ratio of masses m, /m; entering the SW contribution to the DM relic density.

4.3 Viable parameter space and constraints

By numerically solving

QP F1 (M) + QA% [sw(Ny) = 0.12 (4.6)

we compute the required DM coupling, A,, that matches the measured relic density for a
given DM and mediator mass in the considered parameter space. The resulting hyperplane

1Gee e.g. [70, 71] for recent advances in the treatment of thermal corrections relevant for FI.

15For the DM masses around the Lyman-a constraint, decays and scatterings are, however, at least about
two orders of magnitude smaller than the Hubble rate for z < 3, justifying the commonly made approximations
in the FI computation.

— 21 —



- Decay+Scatterings
) - B>y
10_4 E == Scatterings
..... tt— >gx
—_ gt— >ty
o
~ 5|
g 10774
>
®))
~N
10_6 E \\ S
TIN.
N
N
1077 . : : .
2 4 6 8 10

Figure 4. Contributions to the DM distribution function arising from FT, ngx ff I(g), as a function
of g for top-philic DM when taking A, = 1077, m; = 5.6 x 10 GeV, and m, = 10~2 GeV. From top
to bottom we have the total distribution arising from both decays and scattering (solid), as well as
the decay (dashed) and the total scattering (dot-dashed) contributions. The latter divides into the
gt — tx (dot-dot-dashed) and the tf — gx (dotted) contributions. Because of the gluon thermal mass
considered to regularise the scattering cross-section for gt — ty, the dot-dot-dashed curve has a mean
momentum shifted to higher values than the expected {(q) = 2.5 for FI.

is shown in figure 5 by displaying contours of equal A, in the plane spanned by m, and
Am = m; — m, (green curves in the left panel) and by drawing contours of equal m, in
the plane spanned by A, and Am (cyan curves in the right panel). Note that we have
inverted the scale of the abscissa in the right panel to make the correspondence between
the two projections more obvious. To the right of the thick black line in the left panel,
Qyh%sw(Ay) > 0.12 for any A, and so no solution for eq. (4.6) can be found. Approaching
this boundary from the left, the coupling drops by orders of magnitude. This region is only
visually resolved in the right panel.

The black long-dashed curves denote contours of equal SW contribution. The 50%
curve divides the parameter space into the FI (to the left) and SW dominated regions (to the
right). In the former the relic density is (asymptotically) proportional to )\)2( while in the latter
the A -dependence is mild. However, due to the prolonged freeze-out process discussed in
section 4.1, even the SW contribution depends on A, in a considerable part of the parameter
space. In particular, in the region of large mediator masses and significant SW contribution,
the mediator decays while mediator pair annihilations have not yet become fully inefficient.

For the computation of the Lyman-a bound on the top-philic DM parameter space, we
have exploited the area criterion. As discussed in section 3.1.3, this allows us to probe the
mixed FI-SW scenarios encountered in this model. To this aim, we have used our modified
version of CLASS including the analytic FI from decay and SW DM distribution functions'®

16Because of the prolonged freeze-out, one should a priori compute the DM distribution arising — from
both FI and SW — fully numerically by integrating out the collision term given in eq. (2.21), where fp would
obtained using eq. (2.8) with Yz = Y; arising from the integrated Boltzmann eq. (4.3). We have checked
that using our analytic distributions of section 2.4 with Yro = Qyh?|sw(Ay) X perit/(Soh’my), we recover the
numerical results up to a few percent error.
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Figure 5. Cosmologically viable parameter space (2h? = 0.12) of the considered top-philic t-channel
mediator model. Left: projection onto the plane spanned by m, and Am = m; — m,. The green
contours denote decades of the coupling A,. For parameter points to the right of the thick black line,
DM is over-abundant regardless of the coupling, i.e. no solution can be found. Right: projection onto
the Am-\,-plane. The cyan contours denote decades of m, /GeV. (To reduce clutter we only display
every second line.) Note that the scale of the abscissa has been inverted allowing for a more direct
comparison of the two projections. In both panels, the black, long-dashed curves denote contours
of equal SW contribution to the total relic density. The grey dotted lines denote contours of equal
decay length. Our constraints from the Lyman-a observations (Ly-a) are shown in purple, while
BBN bounds are displayed in red. Constraints from LHC searches for displaced vertices (DV) and
R-hadrons are shown in royal blue and aqua blue, respectively.

displayed in section 2.4, together with fits to the numerically obtained contributions arising
from FI via scatterings. We have followed the methodology described in section 3.1.3 for
a selection of parameter points which were expected to lie near the Lyman-a limits. An
example of this selection is shown in figure 2 for m, = 50keV.

The Lyman-a observations constrain the parameter space towards small DM masses
(in the FI dominated regime, i.e. to the left), towards small DM couplings and, hence, large
mediator lifetimes (in the SW dominated regime, i.e. to the right), and towards large mediator
masses (in the mixed regime, i.e. to the top). The exclusion is displayed as the purple shaded
region in both panels of figure 5. In the limit of FI and SW dominated production, the
limits correspond the ones in eq. (3.1) from the area criterion. Note that the limits are
considerably stronger than the ones estimated in [27], in particular, in the region of similar
contributions from FI and SW region providing an upper bound on the mediator of around
Am =2 x 10 GeV.

Towards small mediator masses and towards large mediator lifetimes, the parameter
space is constrained by two further observations. First, searches for long-lived coloured
particles at the LHC constrain mediator masses up to the TeV scale. Here we illustrate the
limits imposed by current data considering searches for R-hadrons and displaced vertices. In
the region of parameter space providing large lifetimes compared to the detector size, i.e. for
et > 100 m, we directly apply the limit from the 13 TeV ATLAS search [72] for detector-stable
R-hadrons containing a supersymmetric top-partner. For smaller lifetimes, we reinterpret the
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13 TeV ATLAS search for displaced vertices and missing transverse energy [73] within our
model using the recasting from [57]. We use the squark cross-section prediction provided
in [74] for the £ pair production at the LHC. Second, the decay of the coloured mediator
during the epoch of BBN may spoil the successful predictions for the primordial abundances
of light elements [75-78]. We estimate these constraints employing the results from [75]
for a hadronic branching ratio of 1. The relatively mild dependence of the limits on the
mediator mass is approximately taken into account linearly interpolating (and extrapolating)
the results for 100 GeV and 1 TeV in log-log space. The same approach was followed in [27].

The LHC and BBN bounds are shown in figure 5 as the blue and red shaded regions,
respectively. For small mediator masses, the smaller freeze-out energy density of the me-
diator required by eq. (4.6) allows for larger lifetimes. In this regime the BBN constraints
arise dominantly from the observed primordial abundance of 2H. For larger mediator masses
and correspondingly larger energy densities the stronger limits derived from *He observations
dominate, constraining considerably smaller lifetimes. For comparison, we highlight the con-
tour with a lifetime of 1s as the dotted red curve. However, as the derivation of these bounds
partly rely on a extrapolation of the results of [75] we consider them as a rough estimate only
and leave a dedicated analysis for future work. Noticeable developments of numerical tools
for the reinterpretation of BBN bounds have been made more recently, see e.g. [79, 80].

The LHC searches for R-hadrons and displaced vertices exclude mediator masses up
to around 1.3 and 1.5 TeV, respectively. Note that the slight gap in their sensitivity for a
DM mass between 1 and 10 MeV — corresponding to a mediator decay length of around
10 to 100m — is expected to be closed when applying a reinterpretation of the null-results
of the ATLAS R-hadron search for intermediate lifetimes. For instance, the ATLAS search
in [81] performed for R-hadrons containing gluino bound states imposes limits down to a
decay length of around 3m that are similarly strong as in the detector-stable regime. The
null-results in the CMS search for delayed jets [82] is expected to impose similar constraints
for intermediate lifetimes, see e.g. [57] for a similar DM scenario.

Finally, we stress that the interplay of the above constraints is specific to the presence of
the imposed Z5 symmetry that renders DM absolutely stable. A variant of this model without
a Zy symmetry has been studied, for instance, in [58, 59]. In general, allowing for a non-zero
branching fraction of the mediator decay into standard model particles only, can lower the
SW contribution to the DM density and, hence, relax the upper bound on the mediator mass
found here. Furthermore, such a decay mode would change the LHC bounds. However, the
requirement of a sufficiently long DM lifetime and indirect detection limits from DM decay
provide additional constraints. A study of such scenarios is beyond the scope of this work.

5 Conclusions

Despite substantial experimental efforts dedicated to the search for DM, no indisputable
signature of DM has been found in (astro-)particle physics experiments. As a complementary
path to unveil the nature of DM, here we explored the imprint of non-cold DM, in the form
of FIMPs, on cosmological observables. In particular, we provided generic lower bounds on
the DM mass when DM is produced through the FI and SW mechanisms. Our FI bound is
valid for FI via 2-body decays, and we discussed the applicability of this bound to the case
of a production via 2 — 2 scatterings.

We first revisited the Boltzmann equations relevant for extracting the DM momentum
distribution arising from these two production mechanisms and provided simple analytic
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expressions of these. Our results are given in egs. (2.31). For FI we confirmed the result
from previous literature, while the expression derived for the SW scenario — where DM
arises from the late decay of a frozen-out mother particle — constitutes a new result. These
analytic expressions can also be used to describe mixed FI-SW scenarios, where contributions
from both FI and SW can be similarly important.

Due to their relatively large velocity dispersion at the time of structure formation,
FIMPs from FI and SW production can affect clustering on small scales. Interestingly, the
associated free-streaming effect can be constrained with Lyman-« forest data, as in the case
of thermal WDM. For the purpose of exploiting this probe, we implemented the analytic
DM momentum distribution for FI and SW in the Boltzmann code cLASS (which we will
make publicly available). This allowed us to calculate the linear 3D matter power spectra
and the corresponding transfer functions for both pure FI and SW DM production, as well
as for mixed FI-SW scenarios where both contributions are relevant. In the case of pure FI
and SW production, the transfer functions are similar in shape to the one of thermal WDM.
This enabled us to provide generic fits to the transfer functions, the breaking scale of which
depend on the DM model parameters: the DM mass, the mother particle mass, decay width,
and the number of relativistic dof at the time of production, see egs. (3.8) and (3.9). These
novel results can be used to evaluate the effects of FIMP production on the linear matter
power spectrum for the pure FI and SW scenarios, obviating the need to run a numerical
Boltzmann code such as cLASS. For the mixed FI-SW scenario, however, the corresponding
distribution and transfer function can significantly deviate from the thermal WDM case,
requiring the numerical computation.

Usually to calculate general Lyman-a bounds on these NCDM models, one should
run computationally expensive hydrodynamical simulations, in order to properly model the
NCDM scenarios in the non-linear regime. Here we instead followed three alternative ap-
proaches to estimate the Lyman-a bound. The first one exploits the root mean square velocity
of the DM particles today, while the second builds on the fits to the DM transfer functions
that we provided and constrains the DM breaking scale. The third one makes use of the area
criterion, which measures the suppression of the 1D NCDM matter power spectrum compared
to the CDM one within the range of scales probed by the relevant cosmological experiments.
After careful calibration checks on thermal WDM, see egs. (3.7), (3.13) as well as appendix C,
we reinterpreted the existing bound from Lyman-« forest observations on the WDM mass
in terms of generic lower bounds on DM mass for pure FI and SW scenarios. Our results
for each method are given in eq. (3.1) and table 1, assuming a lower bound on the thermal
WDM mass given by mI\;gSM = 5.3keV. All three methods are in good agreement, which can
be traced back to the fact that FI and SW production give rise to a cut in the matter power
spectrum very similar to the one of thermal WDM. In the case of FI from 2-body decays,
we recovered a lower bound on the DM mass of 15keV (when Ty; > Trw) in agreement with
previous results, while the bound from SW could exclude much larger DM masses depending
on the decay width and mass of mother particle. For mixed FI-SW scenarios, we reached the
conclusion that the area criterion provides a conservative estimate of the DM mass bound.

When FIMPs arising from FI and SW are still relativistic at the time of BBN or CMB,
they might provide a non negligible contribution to A N.g. We obtained a generic lower bound
on the DM mass of similar form as in the case of the Lyman-a bound. However, imposing
ANeg(Tpn) < 0.31, the resulting bound appears much looser, see table 1. Notice, though,
that the latter bound can be applied without the need of using any Boltzmann code or hy-
drodynamical simulations and is also applicable in general to mixed scenarios, see eq. (3.19).
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Having seen the general application, we turned our attention to an example model,
namely a coloured ¢t-channel DM model. Here we revisited the top-philic DM model, taking
special care in the treatment of non-perturbative effects, such as Sommerfeld and bound state
enhancement effects on coloured mediator annihilation cross-section at early times, as well
as on the computation of the DM production via 2 — 2 scatterings. This is of particular
importance in this model in the case of SW and FI production, respectively. The two panels of
figure 5 summarise the viable parameter space of FIMPs arising from FI and SW production
in this scenario, complementarily bounded by cosmological (Lyman-a, BBN) and particle
physics (LHC R-hadrons and displaced vertices searches) observables. In particular, the
Lyman-a bound derived in the first part of this paper plays an important role. On the one
hand, it excludes small DM masses, O(15keV), in the region of dominant FI production.
On the other hand, it constrains the parameter space towards small couplings and, hence,
large mediator lifetimes in the case of dominant SW production. In the latter case, Lyman-«
observations supersede BBN constraints for mediator masses above 10* GeV and reach DM
masses up to O(100 GeV).

Here we have shown the importance of structure formation bounds in constraining
FIMPs arising from FI and SW mechanisms, and illustrated the need to consider bounds from
both particle physics and cosmology to fully understand these scenarios. In particular, the
case of mixed NCDM models — giving rise to a multimodal momentum distribution — has,
to our knowledge, not been discussed thoroughly in the literature. This case can naturally
appear in FIMP scenarios with a decaying mother particle at the origin of the DM production.
For the corresponding transfer function, which significantly deviates from the standard WDM
scenario or from mixed warm + cold DM scenarios, no example hydrodynamical simulations
have been run, and we can only provide a conservative lower bound on the DM mass. In
future, it would be interesting to provide a thorough analysis of this case to validate our
estimations and to check if other probes, such as reionization, the luminosity function at
high redshift, or the 21 cm signal could help to test these models further and distinguish
them from the WDM-like DM scenarios.

Acknowledgments

We would like to thank S. Junius for discussion and providing us with his recasting of
DV+MET searches. We would also like to thank R. Murgia for clarifications on Lyman-«
constraints for FIMPs as well as F. D’Eramo and A. Lenoci for discussions.

LLH is a Research associate and QD benefits form a FRIA PhD Grant of the Fonds
de la Recherche Scientifique F.R.S.-FNRS. LLH, QD and DH acknowledge support of the
FNRS research grant number F.4520.19 and the IISN convention 4.4503.15. JH acknowledges
support from the Collaborative Research Center TRR 257 and the F.R.S.-FNRS (Chargé de
recherches). DH is further supported by the Academy of Finland grant no. 328958.

A Details of the integration of the Boltzmann equations

In this section we highlight some parts of the calculations needed to solve the Boltzmann
equation given in eq. (2.1) for the production of FIMPs from decays. First, we provide details
on the derivation of the limits of integration in eq. (2.10). They arise from the fact that the
cosine of the angle between the momenta of the decaying bath particle and the DM particle
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should satisfy the condition | cosf| < 1 or, equivalently,
m124 — mZB — mi +2E,Ep

2pBp

<1, (A1)

where pp denotes the mother particle momentum and p is the DM momentum. This trans-
lates into the second order equation

A(p* — E})ER — AE\A Ep + A* + 4mpp* <0, (A.2)

with A = mQB + mi — m124. The two endpoints of this inequality yield the integration bounds
&+ in eq. (2.10). The generic form of these bounds, without neglecting m,, can be found
in [30]. Assuming m, < mp,ma, eq. (A.2) reduces to a first order equation, yielding only a
lower bound on the rescaled energy of the bath particle in eq. (2.10),

S

9: % + 1 §B min - (A.3)

As a result, integrating eq. (2.6) over x between some i, and z¢ we obtain

To 2M %)
@) = [ deg g [ denfnl M (A1)

i
3
167rmBq B min

Tmin

for FIMPs produced through B decay.
Below, we first further discuss the case for DM production via the FI process, and then
the case of SW production.

Freeze-in from decays. In the case of FI, the FIMP is produced when the mother particle
is in chemical and kinetic equilibrium with the bath. Assuming the Maxwell-Boltzmann
distribution and setting the lower and upper integration bounds of z in eq. (A.4) to 0 and
00, respectively, we obtain the analytic expression displayed in the main text, eq. (2.12).

Note that the lower limit of integration causes the resulting momentum distribution in
eq. (2.12) to diverge for ¢ — 0. While this divergence does not affect the physically relevant
quantities, such as the FIMP number density which involves the product ¢?f,(q), we stress
that the divergence is absent altogether when the lower bound of the z integration, Xmin,
is different from zero. In this latter case, the DM momentum distribution for production
through freeze-in reads

2gpRE 64 Tpin 0 Tmin |0
gxf};I’deC(q) = 9?53 r- (xmin 5eXp [_4@‘| + \/T(Sqerfcl \/;]) ’ (A5)

q 2

where erfc(z) denotes the complementary error function. A realistic value of i, corresponds
to the reheating temperature, T}y, with 2y, ~ mp/T,. The above approximation, Zmyi, = 0,
is well justified as long as Ty, > mp.

Super WIMP case for constant g.s. In section 2.2.2, for SW production, i.e. after B
has frozen out and has become non-relativistic, we consider for the equilibrium quantities

5(x,q) = exp[—y/¢? + 2?] (A.6)

X gp 45 [z \3/?
Vipi(z) = Gug 272 <27r> exp[—a], (A7)
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In the latter case, eq. (2.18) becomes:

T
gxﬁxfiw(x, q) = CSW\qC explz — 622 /(4q) — q/6 — Rr(2® — 235)/2] . (A.8)
Integrating over x, we get a DM distribution function of the form

g SIV = gx/o dz 0, f3% (z,q)

Csw Rrago ¢
_ 4 A9
V2q7/4(8 + 2qRr)>/* eXp( 20 )

1 53 q 3 31 q ﬂ
(=) A (2,2, — 2 Vor(2) /e +2 (2,9
X |:q (4> 1 1(4’275‘1‘2(]]%1“) + <4) q( + qRF)l 1(4’2’6+2QRF

where 1F(a,b,z) is the Kummer confluent hypergeometric function. This result can be
simplified to recover the solution given in eq. (2.19) in the following way. By setting the
integration bounds of x to 0 and oo, we make the approximation xpo =~ 0, so we can drop the
T}o term in the resulting exponential.!'” In addition, we can expand the function 1F(a, b, 2)
for large z, i.e. for ¢ > § + 2¢qRr, to be:

[(a) .

F ~ a Al

1 1((1,[),2’) P(b)z exp(z) ( 0)
to obtain:
C 2¢°R 1
SW SW q° v

~ /87 ——~ — A1l

ey 5T eXp( 3(2qRr +5)> 2qRr + 0 (A-11)

Furthermore, assuming 2qRpr < § we arrive at the simple expression of eq. (2.19), which is
the one we use in the bulk of the text in section 2.2.2.

SuperWIMP for varying g.s(x). When the number of relativistic dof vary in time
while the FIMPs are produced, the choice of time and momentum variables in eq. (2.5) is
not the most convenient. The total time derivative of eq. (2.1) would indeed involve two
contributions:

dfy

o xﬁ@xfx +0tq 0y fy (A.12)

with 0y;q = 8tgié3 # 0 and H was defined in eq. (2.3). Trading T with s'/3 and defining time
and rescaled momentum variables:

_ Myef b
Ts = 73 and ¢s = SV (A.13)
we have in full generality:
zsHOy, fyy = Clfy], (A.14)

17Similar to the case of freeze-in discussed above, setting the lower integration bound to 0 induces a formal
divergence of fy(q) for ¢ — 0 that does, however, not affect the considered physically relevant quantities. Note
that the contribution in eq. (A.9) from small = for which Yro < Y35%(z) is totally negligible in comparison to
the contribution from freeze-in. This justifies the approximations made.
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as p and s1/3 simply scale as 1/a when entropy is conserved, see also [33, 34] for similar choice

of momentum variable. On general grounds, in eq. (A.14), we shall re-express all ¢ and x
variables in terms of ¢; and z,, we shall take into account the time-dependence of My'®

dinYp — _2.R s2/3 g*($5(TSW)> K1($5>
da R g(ws)  Ka(z)

(A.15)

where Ry is the constant factor of eq. (2.11), the ratio of /g account for My(x) dependence.
We have also explicitly written the ratio of the modified Bessel functions of the second kind,
which reduces to one in the non-relativistic limit, i.e. x5z > 1.

In this paper, we consider bath particles with masses above the TeV, i.e. with Tp; =
mp/3 > Tgw. In this case, the constant g.s approach followed in the bulk of this paper
is perfectly correct. In contrast, the SW decay could happen much latter and end up in a
period with g.s < ¢g.5(Trw). In the latter case, integrating out numerically eq. (A.14) from
zs = s(Tro) to oo, one ends up with a momentum distribution fy(gs) which in turn can
be integrated out on g5 to obtain the correct DM relic number density. The variation of the
number of relativistic dof along DM production could in particular affect the small coupling
region of our viable parameter space of figure 5 where the SW mechanism drives the relic DM
abundance. For the latter region, we have explicitly checked that, integrating numerically
eq. (A.14), no significant change in the SW distribution function is observed compared to
the analytic result derived with fixed value of the relativistic dof in section 2.2.2.

B Sommerfeld enhancement and bound state effects

In this appendix, we provide all expressions associated to Sommerfeld enhancement and
bound state formation entering the computation of the effective annihilation cross-section,
eq. (4.2). For a derivation of these expressions and further details we refer the reader to [28]
and references therein.

In the Coulomb limit, the Sommerfeld enhancement factor for the s-wave annihilation
process tt — gg reads

2 405 5 aS
I s g _ 9 B.1
S50 7&<&w>+7&<6mj (B
where
27¢
S0(C) = T— Zomc - (B.2)

Employing the non-relativistic limit, the thermally averaged bound state formation
cross-section and ionization rate can be expressed as

N\3/2 /1 \1/2 [oo 2
m mzv
(o5t 5g0) = (Tt) (4#) /0 dvrel Vi €Xp (‘iTrel> [1+ fo(w)l oz pgvrer  (B.3)

and

2.3
gimg

o
2
FB,ion = 1671'29[3 /0 dvyel Urel fg (w) Ottt —BgUrel (B-4)

8 This allows us to rewrite zHO,Y as xsHO:, Y.
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respectively, where g; = 3, g5 = 1 and f,(wy) = 1/(e*s/T —1) is the gluon occupation number,

with )
my 408
Wy = 4t [( 3S ) =+ U?el

We consider the ground state only. The bound state formation cross-section appearing in
the above expressions reads

(B.5)

27172 WQESFO[]SB

Ofit+BgUrel = ~33 v Em Ssr(Cs, ¢B) ; (B.6)
t
where (1 2) C4
S (G- Ca) = S0(Gs) S 2 x4 G acot(Go). (B.7)
B
and o 1B
aS _ as
CS - _6vrel ’ CB B 3vrel . (B8)

Finally, the rate for the leading decay mode, B — gg, is

TBde = o7 mi(ad™)?*(ad)’. (B.9)

The couplings o in the above expressions denote the strong coupling, a5 = ¢2/(47), evaluated
at different scales:

on M fUrel 4mzal
Oég = as(mf) ) ass = Qs <l€26) ) a]: = Qs (és) ) O‘ESF = OéS(CUg) : (BlO)

C Lyman-a fit and fluid approximation

As discussed in section 3.1.2, [5] obtained a very good fit for @ and p (introduced in eq. (3.6)),
from dedicated N-body simulations. In the aforementioned reference, for a given WDM mass
mwbpM, the best fit is obtained for © = 1.12 and

mwonm \ 7 Qwon \ O 7 R\ 122 )
QWDM = Oprefactor <1keV) (025> (07> h™"Mpc, (C.1)

with aprefactor = 0.049. While this fit performs very well at masses of mwpwm S 3keV, which
was more than enough given the existing bounds at the time the fit was derived, at higher
WDM masses the accuracy degrades, leading to an error of a few percent. By comparing the
fit to the transfer functions obtained from CLASS, we find the following adjustments:

0.049 for mwpm < 3keV,
Qprefactor = § 0.045  for 3keV < mwpm S 6keV, (C.2)
0.043 for mMwDM 2 6keV .

We note that this prescription provides a very good fit to the thermal WDM transfer
functions obtained with CLASS, provided that the perfect fluid approximation of the code is
switched off. As discussed in [22], cLASS features a fluid approximation for NCDM models,
whereby the species is treated as a perfect fluid, which allows to solve the Boltzmann hierarchy
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FI SW
Parameter
Min Max Min Max
my [GeV] | 1.4x107° | 1.7x107° | 1.0x 107! | 3.2 x 10?
§ 0.5 1.0 0.5 1.0
REW — — 7.0x 10717 | 3.6 x 1077

Table 2. Parameter range for which the fits of egs. (3.8) and (3.9) have been optimised.

quicker. This results in a substantial speed-up in the computation. However, as already
discussed in [22], when considering smaller scales, such as those relevant for Lyman-a probes,
this approximation needs to be turned off, which can be accomplished in CLASS by setting
ncdm_fluid_approximation = 3. The validity of this approximation was also discussed
recently in the context of other NCDM models, namely DM interacting with neutrinos, in [83].

As the fluid approximation needs to be turned off for improved accuracy, the computa-
tion of these models in CLASS is substantially slowed down. This is further hindered by the
precise ¢g-sampling needed in the phase-space distribution to properly account for both FI and
SW contributions in the mixed scenarios. As such, obtaining the matter power spectrum for
each model takes between 20-40 minutes, which, unfortunately, makes running Markov Chain
Monte Carlo simulations infeasible. This justifies our choice to find alternative methods like
those described in section 3.1.

Based on the fit obtained in egs. (C.1) and (C.2), in section 3.1.2 we derived fits for pure
FI and SW models (egs. (3.8) and (3.9)). These fits have been optimised in the parameter
range described in table 2.
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