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We provide a short review of some aspects of dark matter (DM) production in non-standard cosmology. Considering the simplest Higgs portal model as a definite particle physics setup, we consider the impact on the parameter space corresponding to the correct relic density and the complementary experimental constraints of the presence, during thermal production, of an exotic component dominating the energy density of the universe. In the second part of the work, we will focus on the case that such an exotic component satisfies the equation of state of matter and can produce DM non-thermally.
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1 INTRODUCTION
The solution to the dark matter (DM) puzzle is one of the biggest challenges of modern particle physics. The determination of the mechanism for DM production is a key ingredient in solving this puzzle. Thermal freeze-out is one of the most popular proposals as it relates the DM relic density to a single-particle physics input, the so-called thermally averaged DM pair annihilation cross section. Furthermore, the value of the latter quantity, favored by cosmological observations of the DM abundance (see [1]), is characteristic of weak interactions, leading to the so-called weakly interacting massive particle (WIMP) miracle. The thermal freeze-out paradigm is, however, in increasing tension with null results from DM searches, especially the ones based on the principle of direct detection (DD) (see, e.g., [2, 3] for some reviews). In light of this, an alternative production mechanism, dubbed freeze-in [4], is gaining increasing attention as it can accommodate the correct relic density for very small values of the coupling between the DM and standard model (SM) states, encompassing the aforementioned experimental tensions. Both conventional freeze-in and freeze-out mechanisms rely on the hypothesis of a standard cosmological history of the Universe implying, in particular, that the DM is produced in a radiation-dominated epoch. There are no reasons, in addition to minimality, to enforce a priori such an assumption as we have no confirmed experimental evidence about the cosmological history prior to the Big Bang Nucleosynthesis (BBN). It is then interesting to consider the impact on DM production of a non-standard cosmological evolution of the Universe. By this, we intend the possibility that at some epoch, comprised between the primordial inflation and the BBN, the energy budget of the Universe was dominated by an exotic component, i.e., different by ordinary (and dark) matter and radiation. Such an exotic component impacts DM production in a two-fold manner: it affects the Hubble expansion parameter and the evolution of the temperature of the Universe with time during DM thermal production; it might be itself a source of (non-thermal) production of DM. In this work, we will provide a brief review of some aspects of thermal and non-thermal production of DM in a non-standard cosmological history (please refer to [5] for more extensive discussions).
The remainder of this paper is organized as follows: in Section 2, we will describe the general set of equations for DM production in the presence of a single exotic component, to the energy budget of the Universe, characterized by an arbitrary equation of state parameter. Some analytical approximations for the solution of such equations, in the case that the new component is not a direct source of DM, will also be provided. In Section 3, a reference particle physics framework, i.e., the Higgs portal with scalar DM, will be introduced. The findings of Section 2 will be applied to it. Finally, in Section 4, the case of non-thermal production from an exotic matter component will be reviewed. Again, some examples of the solutions of Boltzmann’s equations will be applied to the scalar Higgs portal. The final section will be devoted to the conclusions.
2 BOLTZMANN EQUATIONS
Following [6], the most general set of Boltzmann equations describing the scenario under concern can be written as follows1:
[image: image]
where [image: image]. ρϕ represents the energy density of an exotic component [image: image], with an equation of state relating its energy density and pressure, [image: image]. This component can dominate the energy density of the Universe during certain stages. As further detailed in the next section, ω = 0 is the most popularly considered option, corresponding to a so-called “early matter domination period,” due, for example, to heavy metastable particles. On a similar footing, one might consider additional radiation components, i.e., ω = 1/3. Other popular examples are kination (ω = 1)-dominated [7–9] and quintessence (ω = −1)-dominated Universe [10, 11]. Different values of ω can be expected by considering scalar fields with suitable choices for their potentials (refer to [12, 13] for example). Finally, scenarios of braneworld cosmologies [14] and modified gravity theories [15, 16] can be described via the formalism illustrated below. For a more extensive review of the possible origins of non-standard cosmologies, we refer to [17]. The time evolution [image: image] is governed by a decay rate Γϕ, which must ensure that it disappears before the onset of BBN. At the moment of decay, the energy stored in [image: image] is passed to the primordial plasma, increasing its entropy, and possibly to the DM. As just pointed out, in light of the decay of [image: image], the entropy density s of the primordial plasma is not a conserved quantity any longer; consequently, we need to explicitly consider a Boltzmann equation (alternatively one can consider, instead, an equation for the energy density of radiation, refer to [18–21] for example). The last equation in (1) tracks the time evolution of the DM number density nχ. In addition to the Hubble expansion, it is governed by pair annihilation processes into SM pairs, described by the thermally averaged cross section ⟨σv⟩, which can be computed as shown in detail in [22] or via public available packages as micrOMEGAs [23, 24] or DarkSUSY [25, 26], and, possibly, by a non-thermal production term depending on Γϕ and on a parameter [image: image], measuring the fraction of the energy density of [image: image], which gets converted into DM. The system written in Eq. 1 should be combined witht the following equation for the Hubble expansion parameter [image: image].
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with
[image: image]
Let us consider the case where [image: image] so that [image: image] influences DM production only indirectly by altering the expansion rate of the Universe. A recent extensive semi-analytical study of the solution of Eq. 1 has been presented in [6], and we summarize below the results. The non-standard cosmology is parameterized mostly via three quantities:
[image: image]
where ω is the already mentioned equation of the state parameter; κ indicates, at a reference temperature, the amount of energy density of [image: image], compared to the one of radiation, and can be used to set the initial conditions for Eq. 1. [image: image] is finally the temperature at which the standard radiation domination era starts again after the [image: image]-dominated epoch. In the so-called instantaneous decay approximation, it can be determined by the following condition:
[image: image]
Such conditions can be used to set Γϕ as a function of [image: image] without relying on a specific model. To avoid tension with BBN, [image: image] ≥ 4 MeV is required [27–30]. The system Eq. 1 can be solved as function of the parameters listed in Eq. 2 without referring to a specific model. There are three additional temperature (and hence time) scales.
• The standard freeze-out temperature [image: image], i.e., the temperature at which DM annihilation becomes inefficient and DM starts to decouple from the primordial plasma, in the absence of exotic components in the energy budget of the Universe. The freeze-out temperature can be determined by solving the following equation:
[image: image]
with [image: image] being the internal degrees of freedom of the DM candidate. For values of ⟨σv⟩ around the thermally favored value, [image: image] ∼ 20 ÷ 30.
• The temperature [image: image] from which, give an initial value for κ, the [image: image] components becomes the dominant contribution to [image: image].
• The temperature [image: image] at which the presence of the exotic component starts altering the evolution of the plasma temperature with the scale factor.
Having in mind these relevant scales, one can achieve a semi-analytical determination of the DM abundance in some limiting regimes:
• Teq ≪ Tf.o.: DM freeze-out occurs similar to that in the standard radiation domination scenario. The main effect from [image: image] is represented by the entropy injection during its decay, causing a dilution of thermal abundance of the DM. In the instantaneous decay approximation, the DM relic density can be written as
[image: image]

• [image: image] ≪ [image: image] ≪ [image: image]: In such a regime, freeze-out occurs when the Hubble expansion parameter is dominated by the [image: image] component.
[image: image]
We are, however, far enough from its decay time so that the relation between the temperature and scale factor is the same as in standard cosmology. In such a case, the DM abundance is again given by the ratio of a thermal abundance and the same dilution factor defined in the previous case. However, the thermal abundance differs from the standard computation as a consequence of a different freeze-out time.
[image: image]
where xend = mχ/Tend and [image: image] refers to a modified freeze-out time, with respect to a standard cosmological history, given by
[image: image]

• [image: image] ≪ [image: image] ≪ [image: image]: In such a case, DM freeze-out is affected by the different relation between the temperature and scale parameter. The relic density can be approximated, this time, as
[image: image]
where the freeze-out temperature is obtained by solving the following equation:
[image: image]
• [image: image] ≪ [image: image]: the presence of an epoch dominated by the exotic component has no impact on DM production. The relic density is determined as in the standard cosmological model.
3 RESULTS IN A SPECIFIC CASE OF STUDY
As evident from the previous discussion, the framework under consideration can be analyzed in terms of a limited set of parameters without relying on a specific particle physics framework: the initial ratio κ between [image: image] and radiation energy densities, the equation of state parameter ω, [image: image], the DM mass [image: image], and the annihilation cross section ⟨σv⟩. However, for a better understanding of the impact of non-standard cosmologies on DM production, it is useful to consider a definite particle model. Our choice falls on the Higgs portal (see [31] for a review) with scalar DM as it allows for maintaining a low number of free parameters. Indeed, the latter model is fully characterized by the following Lagrangian equation:
[image: image]
Here, χ is a real scalar DM candidate2 and [image: image] is the Higgs doublet. After the Higgs obtains a vacuum expectation value (vev), the Lagrangian function generates a trilinear interaction between the Higgs boson and a pair of DM particles, which allows for DM annihilations into SM fermion, gauge boson, and Higgs boson pairs. In addition to the DM mass,
[image: image]
the coupling [image: image] is the only free parameter of the theory. By comparing the DM annihilation rate with the Hubble expansion rate during a radiation-dominated era, one finds that for [image: image] ≳ 10–5, the DM was capable of being in thermal equilibrium in the Early Universe. One could then apply the standard freeze-out paradigm and find that the correct relic density, Ωχh2 ≈ 0.12, is matched for O (0.1–1) values of the [image: image] coupling, with an exception of [image: image], where the s-channel resonant enhancement of the DM annihilation cross section allows for very small values of the couplings (see Figure 1). For λχ ≤ 10–6, the DM was not capable of thermalizing with the primordial plasma. Nevertheless, the correct relic density can be achieved for λχ ∼ O (10–11) via the freeze-in mechanism3. The parameter space corresponding to thermal freeze-out can be effectively probed experimentally. The most relevant constraints come from DM DD. For our analysis, we have considered the combination of the limits given by XENON1T [33] for [image: image] ≤ 10 GeV and by LZ [34] for [image: image] ≥ 10, GeV. For [image: image], DD constraints are well-complemented by the bounds from searches of invisible decays of the SM Higgs (refer to [35] for most recent results). In this work, we have adopted the limit [image: image] ≤ 0.11 and also considered projected increased sensitivities to 0.05 and 0.01 [36, 37].
[image: Figure 1]FIGURE 1 | Parameter space of the Higgs portal considering three non-standard cosmological scenarios identified by different assignations of the (ω, κ) pair. The different colored contours correspond to the correct value of the DM relic density for the assignations of [image: image] reported in the plots. The brown region is excluded by current DD constraints. The gray regions are, instead, ruled out by searches for invisible decays of the Higgs. The dashed gray line corresponds to future hypothetical limits [image: image] < 0.05, 0.01. For reference, we have shown the result relative to the correct relic density in a standard cosmological scenario as black dashed lines. The upper row refers to the solution in the regime Tend ≪ Tf.o, while the bottom row to Tc ≪ Tf.o. ≪ Teq (see main text for discussion).
Figure 1 illustrates, via some examples, the impact of a non-standard cosmological history, as illustrated in the previous section, on the parameter space of the scalar Higgs portal, with a focus on the [image: image] ≤ 100 GeV region, which is mostly subjected to experimental constraints. The different panels of the figure consider some assignations of the (ω, κ) pair and show, in the ([image: image], [image: image]) bi-dimensional plane, isocontours of the correct relic density for different values of [image: image] ranging from 5 MeV (approximately the lower bound from BBN) to 1 GeV. To be viable, such isocontours should be (at least partially) outside the brown- and gray-colored regions corresponding to, respectively, the exclusion bounds from DD and invisible Higgs decays. For reference, the isocontour corresponding to the standard freeze-out scenario has also been shown. From the outcome of the plots, one notices that non-standard cosmologies sensitively affect the parameter space corresponding to the correct DM relic density, allowing lower values of the DM couplings and, more interestingly, lower values of the mass. In the case of an additional matter component ω = 0, it remains very difficult to overcome experimental constraints for [image: image]. To achieve a viable parameter space at low DM masses, one needs to rely on more exotic components with ω = −1/3 and ω = −2/3.
4 THERMAL AND NON-THERMAL DM IN THE UNIVERSE WITH EARLY MATTER DOMINATION
The most commonly considered scenario with bχ ≠ 0 is the one in which ϕ is an additional matter component, i.e., ω = 0. In this setup, ϕ can be interpreted as a particle field that is always thermally decoupled from the primordial plasma. The existence of these fields is motivated by several particle physics frameworks (refer to [38–44] for some examples). In more recent times, primordial black holes have been proposed as this exotic matter component [45]. In this kind of setups, [image: image] is customarily referred to as reheating temperature [image: image]. Although we will adopt the phenomenological determination given by Eq. 3 and use, as well, the parameter κ to fix the initial conditions for the Boltzmann equations, one can determine Γϕ from the model parameters as follows:
[image: image]
where [image: image] depends on the specific underlying model and the initial energy density is assigned as [image: image]. In this setup, [image: image] can be extrapolated from the numerical solution of the Boltzmann equations (refer to [21] for a discussion). Equation 1 can be solved in the case of a new matter field Φ via the following change of variables [18, 21]:
[image: image]
Such a change in variables allows us to gauge out the terms linear with the Hubble expansion rate so that the system of equations can be rewritten as
[image: image]
where [image: image] is defined as
[image: image]
In the abovementioned equations, [image: image] represents the entropy effective degrees of freedom.
In the following, we will present some examples of numerical solutions to the equations above, again adopting the Higgs portal as a model for DM interactions with the SM. A similar scenario has also been considered in [46]. Before doing this, we briefly illustrate some approximate solutions, following the discussion of [20, 21] (detailed studies of Boltzmann’s equations for non-thermal DM production have also been conducted in [47–49]). Assuming that [image: image] is sufficiently lower than [image: image] so that the thermally produced component of the DM gets sufficiently diluted to account for Ωχ to a negligible extent, we distinguish two leading regimes for the solution of Boltzmann’s equations. In the case that interactions between the DM and SM are substantial, non-thermal production of DM can lead to a significant DM annihilation rate, i.e., Γann = ⟨σv⟩[image: image], becoming efficient again, compared to the Hubble expansion rate at low temperatures so that there is a compensation between non-thermal production and annihilations. This situation occurs when the number density of non-thermally produced DM exceeds the critical value given by
[image: image]
In the instantaneous decay approximation, the condition [image: image] can be re-expressed as [43]
[image: image]
evidencing that for a fixed [image: image], as [image: image] decreases, one would need stronger DM interactions (encoded in ⟨σv⟩) to match this condition.
In this regime, also dubbed as the re-annihilation regime in the literature [15, 50], the DM relic density can be approximated by an analogous expression as in the standard freeze-out case but replacing [image: image] with [image: image]:
[image: image]
where [image: image] is the relic density computed according to the conventional freeze-out paradigm assuming standard cosmology (we remember [image: image]). If the interactions between the DM and SM states are not efficient enough, a fraction of the energy initially stored in the Φ field, determined by the parameter [image: image], is directly transferred into DM particles. In such a regime, the DM relic density is directly proportional to [image: image] and reheating temperature [image: image].
[image: image]
Figures 2, 3 show some examples of the solution to Boltzmann’s equations for non-thermal production of DM.
[image: Figure 2]FIGURE 2 | Evolution of the DM co-moving abundance for [image: image] = 100 GeV and λχ = 10–2. The left plot considers the assignation TR = 1 GeV and different values of [image: image], ranging from 10–6 to 1, corresponding to the different colored lines. The right plots consider, instead, the fixed assignation [image: image] = 10–2 and a variation in [image: image].
[image: Figure 3]FIGURE 3 | Evolution of the DM co-moving abundance, with respect to x = mχ/T, for the assignation of the (mχ, bχ, TR) set, reported on the top of the figure. The different colored lines correspond to different assignations for DM coupling λχ reported on the plots.
Figure 2 considers the variation in DM abundance as a function of [image: image] and [image: image]. In all cases, κ = 10 is considered. As far as the particle physics input is concerned, the values of 100 GeV and 10–2 have been considered for, respectively, DM mass and coupling. These parameter assignations comply with the constraints from DD and invisible Higgs decay. The left panel of Figure 2 considers a fixed value of the reheating temperature, namely, 1 GeV, and different values of bχ. The DM abundance is very weakly dependent on the latter parameter for values above 0.01. This is because the latter is generated in the re-annihilation regime. Indeed, when the abundance of the non-thermally produced DM exceeds [image: image] (or, equivalently, [image: image]), it is described as the quasi-statical equilibrium (QSE) [50] number density:
[image: image]
until the latter drops below [image: image] and gets frozen. By further decreasing the value of [image: image], the amount of non-thermally produced DM is not sufficient to reactivate annihilation processes; hence, we have [image: image] ∝ [image: image]. Moving to the right panel of Figure 2, we see that [image: image] < 1 GeV increases as [image: image] decreases, while such a trend is reversed for [image: image] < 100 GeV. In agreement with the discussion of [19], this is due to the transition from the re-annihilation regime, corresponding to [image: image], occurring at a high reheating temperature, to the regime in which annihilations are not active, corresponding to Ωχ ∝ TR.
In Figure 3, we have considered the impact of a variation in the DM coupling λχ. Again, Figure 3 show the evolution of Yχ with DM mass. The values TR = 1 GeV and [image: image] = 0.01 have been considered. For values of [image: image] > 10–5, the DM is in thermal equilibrium in the first stages of the evolution of the Universe. For a value of [image: image], [image: image] starts deviating from the equilibrium value and the two competing effects become relevant: the dilution by the entropy injection due to the late decay of Φ and the non-thermal production process. The final DM abundance is inversely proportional to coupling [image: image] as the solution tracks the re-annihilation regime. For [image: image] < 10–5, the DM is initially produced via freeze-in. Such abundance is diluted away by the decay of the Φ field and replaced by a non-thermal population of DM without re-annihilation as the DM interaction rate is too suppressed. This explains the fact that the DM abundance is independent of the value of [image: image].
We conclude our analysis with a few remarks about the detection prospects of the scenarios discussed in this paper. On general grounds, distinguishing non-standard cosmological scenarios only via earth-scale experiments, such as the ones based on direct/indirect detection and collider searches, is complicated as they can reconstruct DM particle properties, like the size of the interactions with SM states, while being affected to a negligible extent by the cosmological ones. It is nevertheless evident that, in the presence of a non-standard cosmological history, the parameter space, corresponding to the correct relic density, can vary substantially with respect to the case of thermal freeze-out. Consequently, a hypothetical future signal, for example, at a current or next-generation direct detection facility, possibly incompatible with the expectations of the conventional freeze-out paradigm, would represent a very useful indication (refer to [6] for similar ideas). A conclusive statement would nevertheless require a complementary signal from a probe of pre-BBN cosmology. In this context, gravitational wave (GW) detectors capable of probing the primordial GW background can make a difference [51, 52]. As a final remark, we mention that scenarios of non-thermal production of DM, such as the one discussed in Section 4, in the re-annihilation regime, have already been effectively probed. Indeed, indirect detection experiments (refer to [53, 54]) and CMB probes ([1, 55]) are already sensitive to DM annihilation cross sections of the order of the thermally favored one. Consequently, scenarios of non-thermal production in the reannihilation regime, which reproduce the correct relic density for the annihilation cross section greater than the thermal one, might be strongly constrained or ruled out. Notice anyway that this statement is strictly valid for models with the s-wave-dominated annihilation cross section, i.e., the case in which the value of ⟨σv⟩ at freeze-out and CMB/present times substantially coincides. Finally, structure formation could also provide insights about non-thermal production scenarios as DM properties at that time could deviate from the conventional cold dark matter paradigm, leaving an imprint that could be traced by Lyman-α [56].
5 CONCLUSION
Thermal freeze-out is a very popular framework, leading to predictive models that are testable via a broad variety of complementary experimental search strategies. It relies, however, on the assumption of standard cosmological history during DM production. There are no a priori reasons to enforce such an assumption. We have provided a brief review of the scenario of thermal and non-thermal production of DM in a non-standard cosmological history, represented by an exotic component, possibly dominating the energy budget of the Universe during DM production and prior to BBN. Although the result might be illustrated in a very general perspective, we have found it convenient to identify a reference model corresponding to the Higgs portal with scalar DM. Assuming only the thermal production of DM, the non-standard cosmological evolution enlarges the parameter spaces complying with constraints from DD and invisible Higgs decays. In the second part of this review, we have focused on non-thermal production, focusing on the case in which the Universe encounters an early matter domination epoch. We have illustrated the relevant Boltzmann’s equations and discussed both numerical and analytical approximations of the solutions.
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FOOTNOTES
1The system of Boltzmann’s equations can actually be written in the considered form if the following assumptions hold: i) DM self-interactions influence to a negligible extent its number density (they should ensure anyway thermalization of the DM particle with themselves). Such an assumption can be easily satisfied by a suitable assignation of λs. ii) The DM is, during its whole production process, at least in kinetic equilibrium with the primordial plasma.
2The phenomenology would be totally analogous in the case of complex scalar DM.
3Assuming that an initial DM population was produced during inflation, the correct relic density would also be achieved for λχ = 0 [32].
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