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The Big Bang Nucleosynthesis (BBN) model is a great success of nuclear astrophysics due to the outstanding agreement between observational and predicted light elements abundances. One exception, however, is the so-called “lithium problem.” In this context, experimental efforts to measure the relevant reactions have been brought to an increased level of accuracy in measuring primordial abundances, and the introduction of indirect methods has allowed researchers to overcome the natural limitations of direct measurements in the energy range of interest for BBN. Here we review the results obtained from the application of the Trojan Horse Method to some of the most influential reactions of the standard network, such as 2H(d,p)3H, 2H(d,n)3He, 3He(d,p)4He, 7Li(p,α)4He, and 7Be(n,α)4He. The relevant cross sections have been then used as new inputs to a classical BBN code, resulting in important constraints that make suggestions for a possible solution for the lithium problem outside of nuclear physics.
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1. INTRODUCTION

Big Bang Nucleosynthesis (BBN) occurred when our universe was able to produce nuclei that happened just after the baryogenesis, most probably from the second to the 20th minute after the Bang, while temperature fell from more than 109–108 K. BBN has been widely studied for decades due to its importance for the understanding of the whole Big Bang Model, being one of its three mainstay pieces of evidence, together with the galactic recession and the Cosmic Microwave Background (CMB). As it is the oldest, it is a valuable tool with which to constrain the physical evolution of the Big Bang.

The model actually describing BBN is one of the major successes of nuclear astrophysics as a discipline, especially considering its Standard version (SBBN), which is the most accepted by the community. For this model to be Standard, it is necessary that the baryon-to-photon number densities ratio [image: image] is uniform in space and time during BBN; the neutrinos families Nν are three (this is known from the measurement of the Z0 width at CERN Tanabashi et al., 2018), as predicted by the Standard Model for Particle Physics, and no other particle is present in remarkable abundance except of neutrinos ν; And the neutron half-life τn has a value of 879.4 ± 0.6 s (Particle Data Group mean average from 2018 and 2019 updates), which significantly influences the weak interaction rate and the reaction rates of light elements synthesis and destruction. Moreover, SBBN is based on General Relativity and ΛCDM cosmology. Recent and complete reviews for SBBN are given in Cyburt et al. (2016) and Pitrou et al. (2018). This success relies on the outstanding agreement between what is predicted as the output, namely, the primordial abundances of the elements produced during BBN, and the same abundances resulting from the current observations (and brought back with other models to the primordial values). This is true not only for the compliance of nuclear physics and astronomy results but also for the model parameters obtained with methods completely outside of nuclear astrophysics, such as the CMB evaluation from the Planck satellite of η · 10−10 = 6.12 ± 0.06 (Planck Collaboration et al., 2018), impressively concordant with the BBN model result of 5.8 ≤ η · 10−10 ≤ 6.5, which was given in Cooke et al. (2018) and obtained by taking advantage of the most recent and precise measurements of the deuterium primordial abundance. With this recent and precise evaluation of η from the Planck mission, it is now possible to consider SBBN as a parameter-free model, described with computer programs where outputs are the desired primordial abundances and inputs are the cosmological parameters and the rates of the reactions through which light elements are produced.

The only thorn in our side is the Cosmological Lithium Problem, namely the discrepancy of a factor three between what is observed (as an example see Sbordone et al., 2010) and what is predicted by SBBN. Since the early 1980s the Spite plateau, i.e., the nearly constant lithium abundance with decreasing metallicity in halo stars, was assumed as a signature of primordial lithium. Since then, observational developments have confirmed its existence and its predicted cosmologic role. Nevertheless, what is calculated in BBN models is systematically higher than what is observed in halo stars and is assumed to be primordial. In recent times, much effort has been put to shore up the model, and, from an observational point of view, it is now claimed to have reached a precision of a few percent for some elements (Aver et al., 2015; Cooke et al., 2018). Currently, the nuclear measurements part appears to be one of the main sources of uncertainty, as it is difficult to obtain all the involved cross sections with the same degree of precision. Together with nuclear cross sections measurements (some involving the radioactive isotope 7Be interaction with neutron), relevant uncertainties in the prediction of primordial 7Li also arise from stellar physics (e.g., observations, stellar rotation, and transport mechanisms) that are far from being understood.

In fact, to study the origin and evolution of the light element abundances in the galaxy, one should take into account several competing processes besides the Big Bang cosmic-ray production, stellar depletion, and nucleosynthesis all of which are linked to the cosmic and chemical evolution (see e.g., Boesgaard et al., 2004 for a review).

In general, theoretical analyses of light element abundances in stars are still limited by the lack of precise information on the efficiency of envelope convection, microscopic diffusion, and radiative acceleration and on the possible presence of additional mixing mechanisms (e.g., induced by the stellar rotation, see Cayrel et al., 1999). Moreover, the predicted light element depletion strongly depends on the adopted physical input (besides nuclear reaction rates), such as the equation of state and the opacity of the stellar matter, which is still affected by relevant uncertainties (see e.g., Pinsonneault, 1997 for some results of evolutionary models). It is therefore not surprising that discrepancies persist between the predicted and observed light element abundances even for the determination of solar 7Li abundance or in the case of open clusters and halo or disk stars. It is also important to stress that for all the other primordial isotopes, predicted values of abundances and observed ones (in the appropriate astrophysical site) do match.

Despite all the efforts devoted to reduce the uncertainties, in most of the cases, directly measured cross sections are inadequate in the energy range of interest for BBN due to natural limitations, such as the Coulomb barrier presence for charged particle induced reactions, which reduces the cross sections to values so small that they are almost impossible to measure. However, direct measurement data sets have been selected here for all the reactions analyzed with the aim of discerning which set is still valid or not.

Recently, indirect measurements have been performed to overcome these difficulties, particularly using the Trojan Horse Method (THM). This has been applied to some of the most influential reactions of the SBBN network, such as 2H(d,p)3H, 2H(d,n)3He, 3He(d,p)4He, 7Li(p,α)4He as first (Pizzone et al., 2014), and then extended to 7Be(n,α)4He and 3He(n,p)3H. This extension takes advantage of the new applications of the THM to neutron-induced and radioactive-beam-induced reactions, which substantially widens the THM scope to almost all the interesting reactions for astrophysical scenarios. Cross sections thus obtained have been compared with direct measurements and used as new inputs for a classical BBN code. Here we review the main results of the measurements above together with the conclusions that can be drawn from the calculation outcome. In particular, we discuss the resulting constraints that suggest a possible solution for the lithium problem outside of nuclear physics.



2. NUCLEAR MEASUREMENT PROBLEMS

Particle interaction in the BBN environment took place with thermal energy E ~ kBT as kinetic energy, meaning that 100÷2 keV is the range of astrophysical interest (BBN universe had temperatures T ~ 108÷9 K), which is what laboratory experiments should concentrate on to better understand this first nuclear astrophysics scenario.

Unfortunately, it is very difficult, when not impossible, to have accurate cross section measurements at these energies for charged-particle-induced reactions, as they brutally decrease to values of nano- or pico-barns because of the Coulomb barrier penetration. Measurements are thus very challenging; the background is usually overwhelming, hence the need for extrapolation to the BBN energies. Neutron-induced reactions are instead complicated by the problems related to the production of neutron beams with sufficient intensity and energy precision to be helpful for astrophysical aims.

Extrapolation of the S(E) (the astrophysical factor) rather than the cross section is one of the means used to reach these very low energies because it keeps a nearly constant trend in cases of a non-resonant reaction. But the extrapolation cannot be a complete solution, as it does not solve cases with resonances and is not helpful in evaluating electron screening enhancement at ultra-low energies. Moreover, extrapolation can be source of a huge error because the presence and the effects of under-threshold resonances can be unknown.

Indirect measurements are complementary to the direct ones and have proven to always be more helpful in completing our knowledge on the astrophysically interesting yields. Among them, the Trojan Horse Method (THM) provides bare nucleus cross section without electron screening but mostly without suppression effects due to the Coulomb barrier (or centrifugal barrier in case of n-induced reactions), as discussed in detail in the review by Spitaleri et al. (2016, 2019).

The THM allows us to cover a wide energy range using only one beam energy (see for instance, Sergi et al., 2015; Cvetinović et al., 2018; Rapisarda et al., 2018). For this reason, the THM is used not only in contexts where light elements are present, as in the case of BBN scenario, but also for studying heavier species interaction, like 12C + 12C (Tumino et al., 2018), which are fundamental for stellar physics. Moreover, in recent years, it has been applied to measure n-induced reactions, bypassing all the problems related to the neutron beam production using deuterons as source of virtual neutrons (Lamia et al., 2008; Gulino et al., 2010; Guardo et al., 2017). On top of that, THM applications to radioactive ion beams (Cherubini et al., 2015; Pizzone et al., 2016) have paved the way to the unique possibility of studying the interaction between exotic beams and neutrons. We have also mentioned a recent measurement of the 3He(α,γ)7Be, by means of the ANC method, which has provided a new value of S(E = 0 = 0.534 ± 0.025 keV · b (see reference Kiss et al., 2020 for details).



3. THM MEASUREMENTS FOR THE BBN SCENARIO

Some of the most influential reactions for SBBN (as an example see Cyburt et al., 2016), i.e., 2H(d,p)3H, 2H(d,n)3He, 3He(d,p)4He, 7Li(p,α)4He, 7Be(n,α)4He, have been investigated using the THM in the energy range of interest, and their measurements were performed in an experimental campaign that took place within the last decade (Pizzone et al., 2003; La Cognata et al., 2005; Tumino et al., 2011). We will not go into the details of the THM because this is done elsewhere (see Spitaleri et al., 2003; Spitaleri et al., 2016, 2019; Tumino et al., 2013 and references therein), but it is necessary to recall that the THM provides a bare S(E), i.e., an astrophysical factor that is lacking in screening and barrier effects (Coulomb or centrifugal), for the reaction under investigation after studying an appropriate three-body one in the quasi-free (QF) kinematical conditions. The basic idea of the THM is to get the cross section at low energies of a two-body reaction, which is interesting for astrophysical scenarios:

[image: image]

extracting it by means of the QF mechanism of a proper three-body reaction

[image: image]

Consequently, we will measure the cross section of the a nucleus interacting with A, which is composed by the two clusters x, participating to the binary reaction in Equation (2), and s, namely the residual nucleus, or spectator, which will not take part in the binary reaction. The break-up of A is QF when s is emitted with the same momentum it had inside A.

Once the QF break up mechanism is disentangled from all other reaction mechanisms, and through the use of Plane Wave Impulse Approximation (PWIA), the three-body cross section can be factorized:

[image: image]

where the kinematical factor KF generally comes from Monte Carlo simulation, which considers the detectors geometrical position, while [image: image] is the momentum distribution of the spectator particle. From Equation (3) one can extract the HOES cross sections, [image: image], and then normalize it to OES one above the Coulomb barrier to the directly measured data. This cross section for the binary reaction a + x → c + C can be obtained as a function of the relative energy Eax, given by Eax = ECc − Q2b (where Q2b is the Q value of the binary reaction) from energy conservation. Indeed, in QF kinematics when px = 0, it results in the following:

[image: image]

This explains how the two-body reaction can be induced at such low energies, exploiting the compensation of the interaction energy for the TH nucleus binding energy.

Considering the temperatures of the universe at SBBN time, measurements of cross sections are interesting at energies of 101÷2 keV. The possibility to investigate this energy range with a unique beam energy is allowed by measuring small deviations from QF conditions. This means that Equation (4) becomes the following:

[image: image]

A small variation of the ps value and/or of the θs (the angle where the spectator is emitted) thus makes it possible to scan most of the desired energy range.

For the examined reactions, the S(E) factors were normalized and then compared with those available from direct measurements in literature. They have showed to be in fair agreement in the energy region where screening effects are negligible.


3.1. R-Matrix Fit

Details of this fit procedure are given in Pizzone et al. (2014).

Here we just recall that these fits have been done by means of AZURE, the multilevel and multi-channel R-matrix public code (Azuma et al., 2010). We used direct data together with THM data in the energy range where they were available and used only direct data where not, to fit the R-matrix output of the reactions in section 3. The parameterization of these functions has considered nR resonances, where Ej [MeV] are the resonance energies and Γj [MeV] the widths, which are the sum of polynomials and Breit-Wigner functions:

[image: image]

in [MeV · b]. We considered the ordinary χ2 statistics, as explained in Pizzone et al. (2014).



3.2. 2H(d,p)3H

The d + d reactions are among the most influential processes on the final abundance output, being at the base of the reaction chain that leads to the light element production. For this reason and for their interest in energy production with fusion, many measurements are available in the literature for each of the two mirror channels, 2H(d,p)3H and 2H(d,n)3He. We updated for each reaction the data sets from direct measurement to be compared with the THM one, to better estimate the impact of the indirect result. For the pt channel we have chosen data reported in Greife et al. (1995), Krauss et al. (1987), McNeill and Keyser (1951), Schulte et al. (1972), Brown and Jarmie (1990), Ganeev et al. (1957), Arnold et al. (1954), Raiola et al. (2002), Booth et al. (1956), Davenport et al. (1953), Von Engel and Goodyear (1961), Cook and Smith (1953), Moffatt et al. (1952), Tie-Shan et al. (2007), and Leonard et al. (2006).

The data set in Greife et al. (1995) shows an enhanced S-factor at very low energy values due to the electron screening effect. This effect has to be removed in order for us to use data sets for astrophysical applications. It is also noticeable that any data set is present at energies of 1 MeV, so the fitting procedure can hardly be reliable.

Experimental runs to extract the TH bare nucleus S-factor from three-body reaction 2H(3He,pt)H, with their data analysis started with an early work of Rinollo et al. (2005) and were followed by Tumino et al. (2011), Pizzone et al. (2013), and Tumino et al. (2014). In these latter works the energy range covered span from 2.6 keV up to 1.5 MeV with a 5% error. The TH result is shown in Figure 1 (blue filled circles) together with the data sets by direct measurements (red circles), used for comparison. The R-matrix fit to both direct and indirect data is indicated by a solid line, with parameters for an equivalent polynomial fit, using Equation (6), listed in Table 1.


[image: Figure 1]
FIGURE 1. Bare nucleus S-factor for the 2H(d,p)3H reaction obtained after putting together direct data (blue filled triangles) and with the THM ones (red filled circles) taken from (Tumino et al., 2014). The solid line is the R-matrix fit to direct and indirect sets, as in section 3.1. The resulting parameters of the equivalent fit (polynomial plus Breit-Wigner) are listed in Table 1. Energy range of interest for BBN is marked by the vertical dotted line. The figure is adapted from Pizzone et al. (2014).



Table 1. Fit parameters for the S-factors of the reactions 2H(d,p)3H and 2H(d,n)3He measured in TH experiments using Equation (6).

[image: Table 1]



3.3. 2H(d,n)3He

The n3He is the mirror channel of the previous reaction, and it is therefore not surprising that available literature measurements depict a state of the art before the THM measurement very similar to it, including that data sets are missing between 600 keV and 1 MeV. But, unlike the pt case, no experimental points in absolute units are present below 6 keV. We thus used data sets from Greife et al. (1995), Krauss et al. (1987), McNeill and Keyser (1951), Schulte et al. (1972), Brown and Jarmie (1990), Ganeev et al. (1957), Arnold et al. (1954), Raiola et al. (2002), Booth et al. (1956), Leonard et al. (2006), Davidenko et al. (1957), Hofstee et al. (2001), Preston et al. (1954), Belov et al. (1990), Ying et al. (1973), and Bystritsky et al. (2010).

TH bare nucleus S-factor obtained extracting the quasi-free mechanism from the 2H(3He,n3He)H (Tumino et al., 2011, 2014) is shown in Figure 2, with a 5% experimental error on the whole data set, from 2.6 keV up to 1.5 MeV, as blue filled triangles and red filled triangles are direct measurements. Also in this case the solid lines are the R-matrix fits (to direct and indirect data), with parameters for an equivalent polynomial fit, using Equation (6), listed in Table 1.


[image: Figure 2]
FIGURE 2. Bare nucleus S-factor for the 2H(d,n)3He reaction obtained after putting together direct data (blue filled triangles) and with the THM ones (red filled circles) taken from Tumino et al. (2014). The solid line is the R-matrix fit to direct and indirect sets, as in section 3.1. The resulting parameters of the equivalent fit (polynomial plus Breit-Wigner) are listed in Table 1. Energy range of interest for BBN is marked by the vertical dotted line. The figure is adapted from Pizzone et al. (2014).




3.4. 3He(d,p)4He

The 3He(d,p)4He fusion reaction is important in the ultra-low energy range for many different topic, e.g., Solar Physics, cosmology, pure, and applied physics. Its cross section was measured in the Gamow energy region by several authors through direct methods. For the 3He(d,p)4He we used the direct data from Engstler et al. (1988), Krauss et al. (1987), Bonner et al. (1952), Zhichang et al. (1977), Geist et al. (1999), Möller and Besenbacher (1980), Erramli et al. (2005), Schroeder et al. (1989), and Aliotta et al. (2001). Together with other indirect methods, the THM also offered an alternative approach by means of a dedicated experiment which was performed using 6Li as a Trojan Horse nucleus and extracting data from the quasi-free break-up channel to the 3He(6Li,pα)4He reaction. The astrophysical factor was consequently measured for Ecm = 0 ÷ 1 MeV and fitted following Equation (6), as reported in La Cognata et al. (2005). The result is portrayed in Figure 3 with red solid dots for THM data and full blue triangles for the direct data (Bonner et al., 1952; Krauss et al., 1987; Geist et al., 1999; Aliotta et al., 2001). The solid line is an R-matrix fit to the direct and THM data, as described in section 3.1. The coefficients for the polynomial plus Breit-Wigner fit are reported in Table 2.


[image: Figure 3]
FIGURE 3. Bare nucleus S(E)-factor for the 3He(d,p)4He process obtained with direct data (blue filled triangles) and with the THM (red filled dots) taken from La Cognata et al. (2005). Full description is reported in the text. The figure is adapted from Pizzone et al. (2014).



Table 2. Table of fit parameters for the S-factors of the reactions 3He(d,p)4He and 7Li(p,α)4He measured in TH experiments using Equation (6).

[image: Table 2]



3.5. 7Li(p,α)4He

The process that contributes most to Li destruction in cosmic environments is the 7Li(p,α)4He. This is therefore the determinant in the challenging scenarios of both primordial and stellar lithium destruction. In the BBN the discrepancy of about a factor of three between its predictions and the observed Li abundances in halo stars represents the well-known and still debated “cosmological lithium problem.” Many possible reasons for this discrepancy were suggested, from stellar depletion to non-standard Big Bang Nucleosynthesis models.

The 7Li(p,α)4He process was studied accurately in the last three decades either by means of direct methods (Engstler et al., 1988; Cruz et al., 2009) as well as by indirect ones (Aliotta et al., 2000; Lattuada et al., 2001; Pizzone et al., 2003; Lamia et al., 2012b), using the THM.

For this reaction we used data arising from the measurements performed by Schroeder et al. (1989), Mani et al. (1964), Cassagnou et al. (1962), Fiedler and Kunze (1967), Spinka et al. (1971), Rolfs and Kavanagh (1986), and Harmon (1989) as well as Engstler et al. (1992), Ciric et al. (1976), Spraker et al. (1999), Lee (1969), and Cruz et al. (2009). The most recent data set for the S(E) factor for this reaction, obtained with the THM after d quasi-free breakup, are plotted in Figure 4 (Lamia et al., 2012a) as red dots while the direct ones are reported as blue triangles. The solid line represents a R-matrix fit to both direct and indirect data following the prescription in section 3.1. The parameters for an equivalent polynomial expansion are reported in Table 2.


[image: Figure 4]
FIGURE 4. Bare nucleus S(E)-factor for the 7Li(p,α)4He reaction obtained with direct data (blue triangles) and with the THM (red dots) taken from Lamia et al. (2012b). The solid line is an R-matrix fit to the overall direct and indirect data sets as discussed in the text. The figure is adapted from Pizzone et al. (2014).




3.6. 7Be(n,α)4He

The evaluation of this reaction rate has been the subject of many efforts, being one of the most influential on the 7Li primordial abundance; it is simultaneously a difficult measurement, as it involves a neutron and a radioactive nucleus. For this reason literature data sets available are very few, and indirect methods have proved to be very helpful in this case (Hou et al., 2015; Kawabata et al., 2017). The use of the THM has led to a first reaction rate evaluation (Lamia et al., 2017) in which the cross section was derived from two measurements of 7Li(p,α)4He (described in section 3.5) using the charge symmetry hypothesis. Later, the S(E) of the 7Be(n,α)4He was obtained using the THM applied to the 2H(7Be,α 4He)H measurement, performed at the EXOTIC facility, whose results are shown in Lamia et al. (2019). Here the experimental difficulties are partially overcome by the use of the deuteron target as a neutron virtual inducer, as already successfully tested in many other TH experiments (Lamia et al., 2008; Gulino et al., 2010; Spartá, 2016; Guardo et al., 2017).

The obtained reaction rate is shown in Figure 5 as a ratio to the one obtained with the direct measurement of Hou et al. (2015), where they appear in fair agreement but the uncertainty is reduced in the indirect measurement.


[image: Figure 5]
FIGURE 5. Ratio of indirect (Lamia et al., 2019) on the direct (Hou et al., 2015) rates for 7Be(n,α)4He reaction, as a function of T9. Rates are in agreement and the uncertainty is reduced thanks to the indirect measurement. The figure is adapted from Lamia et al. (2019).




3.7. 3He(n,p)3H

The 3He(n,p)3H reaction is one of the most important neutron-induced processes in BBN and has an important impact on the primordial 3He and 7Li abundances. At the temperatures important for predicting Big Bang yields, the reaction rate is determined by the cross section in the energy range 0.03 ≤ Ecm ≤0.3 MeV. The first studies of this reaction were performed by Coon (1950) in the 0.1 ≤ Ecm ≤ 30 MeV using a neutron beam. Errors turned out to be around 30%. Other measurements, more focused at lower energies, were conducted by Batchelor et al. (1955) (direct one, 0.1 ≤ Ecm ≤ 1 MeV), Gibbons and Macklin (1959) (inverse measurement with larger uncertainties), and Costello et al. (1970) who measured directly in the range 0.3 ≤ Ecm ≤ 1.1 MeV. The most recent data belong to Drosg and Otuka (2015) in a wide energy range. Reaction rates were then calculated for astrophysical applications by Brune et al. (1999) and Adahchour and Descouvemont (2003), which show a similar trend at temperatures of astrophysical interest while the reaction rate calculated by Caughlan and Fowler (1988) is sensitively higher. In the energy range of interest, the existing data are therefore sparse and mostly measured more than 50 years ago after facing tough experimental challenges, several times resulting in errors as high as 30%. This is clearly reported in Figure 6.


[image: Figure 6]
FIGURE 6. Present day measurements of the 3He(n,p)3H cross section performed by different methods as reported in the text.


A measurement was recently performed by means of the THM with the same methodology reported for the other reactions. Data analysis is still in progress (Pizzone et al., 2020; Spampinato et al., 2020). A preliminary reaction rate, calculated upon the data shown in Pizzone et al. (2020) is plotted in Figure 7 with a comparison with the reaction rate published by Brune et al. (1999). In the energy region important for astrophysics a deviation up to 20% is present and will be investigated in future works.


[image: Figure 7]
FIGURE 7. Reaction rate for the 3He(n,p)3H calculated from THM data (red line) reported in Pizzone et al. (2020) compared with the calculations from Brune et al. (1999). The black vertical lines mark the temperature interval important for BBN.




3.8. From TH Data to Reaction Rates

These new compilation of direct and THM data has led to the numerical calculation of new reaction rates for the reactions in sections above, introducing the R-matrix fits in the reaction rate definition.

Then, these rates have been fitted with the Equation (7),

[image: image]

as it is the common procedure adopted in previous works (as for example Smith et al., 1993; Cyburt, 2004; Coc et al., 2012).

Equation (7) contains the relevant temperature dependence of the reaction rates during the BBN. Moreover, we also got the respective uncertainties in the rates including experimental errors in the calculations.

In Table 3 the ai coefficients for the 2H(d,p)3H and 2H(d,n)3He are listed, while the same are listed for 3He(d,p)4He and 7Li(p,α)4He in Table 4. The odd columns consider the rates coming from both THM and direct measurements, while the even ones consider the rates coming from the direct data sets (see next section for details).


Table 3. Parameters of the reaction rates of Equation (7) for 2H(d,p)3H and 2H(d,n)3He evaluated from the S-factors from TH + direct measurements and from direct measurements.

[image: Table 3]


Table 4. Parameters of the reaction rates of Equation (7) for 2H(d,p)3H and 2H(d,n)3He evaluated from the S-factors from TH + direct measurements and from direct measurements.

[image: Table 4]

To avoid the enhancement due to the electron screening, it is worth noticing that direct data for 3He(d,p)4He and 7Li(p,α)4He were considered for energies above 100 keV and above 10 keV for 2H(d,p)3H and 2H(d,n)3He.

Figures 8, 9 show the ratio of the THM reaction rates (“TH”) with those from other compilations, meaning our own fit to existing direct reaction capture data (“Direct”), the NACRE compilation (Angulo et al., 1999) (“Nacre”), from Smith et al. (1993) (SKM), and from Cyburt (2004) (“Cyb04”). Here the error bands are related to the error bars of the associated THM + direct S-factors.


[image: Figure 8]
FIGURE 8. (Left) Trojan Horse 2H(d,p)3H reaction rates as a ratio to the one obtained from direct data fit in the upper panel; the middle and lower panels show rates as a ratio to rates published in NACRE (Angulo et al., 1999; Cyburt, 2004). Lower and upper temperature of interest for BBN are marked by the vertical lines. Blue lines define the ±10% deviation from the unity. The figure is adapted from Pizzone et al. (2014). (Right) Same reaction rates ratios as in the left figure but for 2H(d,n)3He. The figure is adapted from Pizzone et al. (2014).



[image: Figure 9]
FIGURE 9. (Left) Trojan Horse 3He(d,p)4He reaction rates as a ratio to the one obtained from direct data fit in the upper panel; the middle panel shows the same as a ratio to rate in Smith et al. (1993). Lower and upper temperature of interest for BBN are marked by the vertical lines. Blue lines define the ±10% deviation from the unity. The figure is adapted from Pizzone et al. (2014). (Right) 7Li(p,α)4He reaction rates ratios from THM to the one obtained from direct data (upper panel), while in the middle and lower panels there TH rates ratios with rates published in NACRE (Angulo et al., 1999; Cyburt, 2004). Lower and upper temperatures of interest for BBN are marked by the vertical lines. Blue lines define the ±10% deviation from the unity. The figure is adapted from Pizzone et al. (2014).


For the four reactions considered, deviations up to 20% from previous compilations have been obtained, and for 7Li(p,α)4H above T9 ~ 4, a very large discrepancy with the reaction rate by Cyburt (2004) was found.

The 7Be(n,α)4He rate, discussed in section 3.6, has been compared to the direct and recent one in Hou et al. (2015), with the ratio of the two rates is shown in Figure 5. The TH rate is reported in tabular form in Table 5 as a function of T9 and with the Lower and Upper values, which take into account the error bars.


Table 5. Reaction rate table for 7Be(n,α)4He calculated from the TH measurement in Lamia et al. (2019) (Adopted) as a function of T9 and expressed in [image: image].
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4. RESULTS

The cross section measurements obtained with THM in the energy range of interest for BBN were used to evaluate the relative reaction rates; the parameters are listed in Tables 3–5. These have been put in a revised BBN code originally from Kawano and discussed in Pizzone et al. (2014).

The observational 4He mass fraction, Yp = 0.2565 ± 0.006 is from Izotov and Thuan (2010). The deuterium abundance is the mean average equivalent to Ω · [image: image] = 0.0213 ± 0.0013 from O'Meara et al. (2006). As for the 3He, the abundance is adopted from Bania et al. (2002) as a lower limit to the primordial abundance; finally, 7Li abundance is reported in Sbordone et al. (2010) from the observations of lithium plateau stars.

Primordial abundances are then calculated using different reaction rate sets: the first column of Table 6 shows the results from our own fit to the world direct data, while in the second column direct data for 2H(d,p)3H has been replaced by TH data from Tumino et al. (2014) (in section 3.2).


Table 6. Primordial abundances as predicted by the Kawano code changing the reaction rate sets (described in the text) and compared with the observational results (last column).

[image: Table 6]

The same holds for the other columns, adopting the reaction rate for 2H(d,n)3He (section 3.3), 3He(d,p)4He (section 3.4), and 7Li(p,α)4He (section 3.5), respectively, keeping the rest of the rates coming from direct measurements. The values in the column marked with All are obtained using the four TH reaction rates described in the sections mentioned above. These values from the code are affected by an uncertainty due to the propagation of the experimental errors. Finally, they can be compared to the last column, which reports the primordial abundances from observations.

Similar calculations have been carried out also for the 7Be(n,α)4He reaction in order to get the primordial values of lithium and beryllium abundances. Table 7 reports results from different calculations. In particular, 7Be(n,α)4 rates from different sources have been included in the THM rates reported in Pizzone et al. (2014): from Hou et al. (2015) in the first line, from Lamia et al. (2017) the second line, and from Lamia et al. (2019) in the third line.


Table 7. Predicted primordial abundances of 7Li, 7Be, and their sum, inserting reaction rates from Pizzone et al. (2014) (Table 6) and the 7Be(n,α)4He from Hou et al. (2015) in the first line, Lamia et al. (2017) in the second, and Lamia et al. (2019) in the third.
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5. CONCLUSIONS

Primordial abundances in Table 6 are obtained from direct and indirect reaction rates, while values in the last column refer to the observations. It can be seen that no relevant changes are obtained with these different sets of rates.

A similar result is the one proposed in Table 7, where it is worth noticing that all the three values calculated for lithium abundances are still larger than the one resulting from halo-stars observation in Sbordone et al. (2010) of [image: image]. This definitely leads to the idea that the cosmological lithium problem is not imputable to systematic errors in nuclear measurements, and no nuclear solution to the cosmological lithium problem can be foreseen. Proposed alternative ideas can be found in Bertulani (2019) or Mathews et al. (2020). Further measurements, such as the 7Be(n,p)7Li with THM, will probably be helpful to strengthen this result.
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