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Abstract In this work we present PRyMordial: A pack-
age dedicated to efficient computations of observables in
the Early Universe with the focus on the cosmological era
of Big Bang Nucleosynthesis (BBN). The code offers fast
and precise evaluation of BBN light-element abundances
together with the effective number of relativistic degrees
of freedom, including non-instantaneous decoupling effects.
PRyMordial is suitable for state-of-the-art analyses in the
Standard Model as well as for general investigations into
New Physics active during BBN. After reviewing the physics
implemented in PRyMordial, we provide a short guide
on how to use the code for applications in the Standard
Model and beyond. The package is written in Python, but
more advanced users can optionally take advantage of the
open-source community for Julia. PRyMordial is publicly
available on GitHub.

1 Introduction

The snapshot of the Universe approximately three minutes
after the Big Bang [1] can be regarded as one of the most
remarkable predictions of the Standard Model (SM) of Parti-
cle Physics in conjunction with the (so-called) concordance
model of Cosmology, ACDM.

While a theory for the origin of chemical elements based
on an epoch of high-energy densities and pressures was
already formulated by Alpher, Bethe, and Gamow more
than seventy years ago [2], the discovery of the quasi-
black body spectrum of the Cosmic Microwave Background
(CMB) [3,4] paved the road for the modern formulation of
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the theory of Big Bang Nucleosynthesis (BBN) [5]. Indeed,
thanks to the CMB, we know today that the SM particle
species were in a thermal state during an epoch dominated
by radiation. Extrapolating this cosmological picture back
in time when the Universe was not yet transparent to light,
within the standard lore of Cosmology and of Particle Physics
we can accurately predict [6—11]:

(1) The evolution of the number of relativistic degrees of
freedom until recombination, Nesf;

(2) The cosmological abundance of light nuclides synthe-
sized from protons and neutrons, as a function of the num-
ber density of baryons relative to photons, ng = ng/n,.

Regarding /), given the current knowledge of neutrino oscil-
lations [12], Negr is predicted in the SM via solving a set of
integro-differential equations for the neutrino density matrix
at finite temperature [13], yielding N g’%\ffl = 3.044 with an
error estimated to be below the level of per mil [14—16].

Concerning 2), a detailed analysis of CMB anisotropies in
temperature and polarization currently constrains np with 1%
accuracy or better [17], anchoring the primordial asymme-
try between baryons and anti-baryons to be O(10719) [18].
Assuming no large asymmetry in the lepton sector as well,
see e.g. [19], standard BBN turns into an extremely predictive
theory, often dubbed “parameter free”.

On the observational side, multi-wavelength astronomical
campaigns have been able to provide rich spectroscopic infor-
mation about emission and absorption lines of gas clouds
in metal-poor extra-galactic environments, see e.g. [20-23],
bringing us today to a percent-level determination of the
abundance of primordial deuterium and helium-4. Given the
predictions of the standard theory and the precision of those
measurements, together with the strong constraints on the
thermal history provided by the CMB [24,25], the study
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of the Early Universe around the BBN epoch offers unique
insight on New Physics (NP) [26-35].

Looking at the exciting prospects of next-gen CMB exper-
iments [36-38], and at the expected future sensitivity in the
field of observational astronomy [39,40], it is therefore very
timely to have tools at our disposal that allow for numeri-
cally efficient, yet precise computations that test the SM in
the Early Universe, and that are flexible enough to broadly
explore NP scenarios.

A few packages have already been developed to accurately
investigate the BBN era. A publicly available version of the
historical code of Ref. [41] (whose most up-to-date version
is currently adopted by the PDG [42]) is described in [43].
At the same time, publicly released codes dedicated to state-
of-the-art BBN analyses are also available; in particular:

— PArthENOPE [44-46] is a code originally written in
FORTRAN 77 that in its latest re-incarnation also enjoys
a graphical user interface; it offers a very efficient evalu-
ation of BBN light-element abundances based on fitting
formulae worked out for both weak rates and nuclear
cross sections.

— PRIMAT [47,48] is an user-friendly Mathematica pack-
age containing all the inputs and ingredients for an ab-
initio computation of neutron freeze-out and of weak
rates; moreover, it has tabulated the largest nuclear net-
work at hand in order to track the abundance of heavy
nuclides as well.

Both codes include a few built-in options to account for the
study of some specific NP scenarios. A1 terBBN [49,50] is a
C++ open-source software developed for broad investigation
of Physics Beyond the SM (BSM) in the BBN era. However,
while allowing for fast numerical evaluations, A1terBBN
does not implement the level of detail and accuracy in
its computation of light primordial abundances present in
PArthENoOPE or PRIMAT. In fact, these two packages may
currently represent the best tools to perform precision cos-
mological analyses [24,51].

While powerful and flexible, these public codes neverthe-
less suffer from a few limitations and/or missing features. A
precision tool for Cosmology, able to handle BSM Particle
Physics should:

— Allow for the evaluation of the physics of the thermal bath
in a fast but precise way, following, e.g., the approach
highlighted in [34,52,53], and implemented in the stan-
dalone code NUDEC_BSM;

— Interconnect a first-principle computation of the thermal
background with an ab-initio precise calculation of the
neutron-to-proton (n <> p) conversion, as the one imple-
mented in PRIMAT [47];
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— Render easily accessible exploration of the impact of
the input parameters characterizing the BBN era and the
uncertainties in the set of thermonuclear rates on the basis
of more model-dependent/more data-driven approaches
available, see [35,54,55];

— Adopt a user-friendly, modern programming language
compatible with numerical efficiency of the computa-
tions, while smoothly interfacing with standard libraries
for statistically advanced analyses like Monte Carlo (MC)
ones [56,57], see e.g. [58-60].

In this work, we introduce PRyMordial: A new public
tool for the community of Particle Physics and Cosmology
that precisely aims at filling in the above gaps for precision
studies on the physics of the Early Universe both within and
beyond the SM. The package is written and runs entirely
with Python 3. Moreover, for the most advanced users, the
resolution of the set of stiff differential equations for the BBN
nuclear-reaction network can be further optimized with the
optional switch to some routines of the SciML kit [58], the
open-source software for scientific machine learning in Julia.

Our article is organized as follows: In Sect. 2 we
present all the key ingredients of the physics implemented
in PRyMordial; In Sect. 3 we discuss in detail how
PRyMordial is structured and we provide several exam-
ples on the usage of the code; In Sect. 4 we comment on
future directions for further development of PRyMordial
along with possible interesting applications. We finally col-
lect in Appendix A a set of instructions for the installation of
the package and its dependencies.

2 Physics in PRyMordial

In this section we present the key equations present in
PRyMordial, which stand out as a reference for the physics
implemented within the code as well as representing a guide-
line regarding its use (see Sect. 3). We organize the pre-
sentation in three distinct topics: the thermodynamics of the
plasma; the weak rates for n <> p conversion; and the set of
thermonuclear rates for the key reactions responsible of the
non-zero primordial abundance of deuterium, helium-3 and
-4, and lithium-7.

2.1 Thermodynamics beyond instantaneous decoupling
approximation

The description of the thermal background during the BBN
era in ACDM follows from an isotropic, homogeneous Uni-
verse modelled by the Einstein field equation:

dloga 2 8
H? = = , 1
( dr ) 3M}%1 Prot (1)
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where H is the Hubble rate of space-time expansion, a the
scale factor of the FLRW metric, py the total energy density
present in the Universe, and Mp; = 1/./Gy, with Gy the
Newton gravitational constant.

Within an axiomatic characterization of the Early Uni-
verse provided by local thermodynamic equilibrium [59,60],
SM species are described according to the spin-statistics the-
orem and the temperature 7, of the thermal bath (provided
chemical potentials u can be neglected, i.e., u/T, < 1).
Standard BBN takes place during radiation domination, and
thus features contributions to pg largely from relativistic
species, i.e. Pt = Prad X T;‘ . This observation dramatically
simplifies the investigation of BBN, allowing one to decou-
ple the study of the thermal background from the nucleon
dynamics. Indeed, after the QCD crossover takes place [61]
nucleons are already non-relativistic, i.e. they are highly
Boltzmann-suppressed well before the MeV scale temper-
atures characteristic of the BBN era.

Hence, for temperatures 7, < O(10) MeV, one can accu-
rately describe p;,; in the SM as a sum of just three contri-
butions:

72 4 T2 4
Py ZI_STV lov,totzspv:m Y
2 4 [ /R -2
per = Ty fx G 1 D) @

where x, = m, /T, and we distinguish the temperature of the
electron-positron-photon system, T, from that of neutrinos,
T,.! Indeed, while the initial condition T}, = T,, must hold at
early times for the two systems to be in thermal (more pre-
cisely, in chemical and kinetic) equilibrium, around the MeV
scale neutrinos are expected to freeze out from the thermal
bath as weakly-interacting relativistic species [63]. Neglect-
ing tiny departures from a Fermi-Dirac distribution in v phase
space, one can study the evolution of the two systems accord-
ing to the momentum-integrated Boltzmann equations:

, ., .dT,
(py + ppx) o = —4H py — 3H (pet + pet) + 3C =

., dT,

Py tot 7 = —4 H py 10t +8C, 3)

with ' = d/dT, p the pressure density (equal to p/3 for
a relativistic species), §C the (momentum integrated) colli-
sion term, and where we have conveniently traded energy
densities for temperatures in light of Eq. (2). Due to energy-
momentum conservation, the sum over all §Cs must van-
ish, so that one recovers the continuity equation for the total
energy density of the Universe:

1 While 7, = T, follows from et being tightly coupled to photons via
fast QED processes, the approximation underlying 7, namely 7, =~
T,, >~ T,,, canbe motivated by the active flavor mixing of v oscillations
at T, of few MeV [62].

dprot
dt

+ 3H (ptot + pror) = 0. “®

In the SM, where Eq. (3) holds, such a constraint implies:
86C, = —68C,=. The collision term §C,, has been evaluated
in [63] under Maxwell-Boltzmann approximation, nicely
refined in [52,53] taking into account relativistic correc-
tions as well as finite mass effects from m, #* 0, and
more recently re-computed independently in [34]. Includ-
ing finite temperature QED corrections to the electromag-
netic plasma [64], one can solve the system of coupled dif-
ferential equations in Eq. (3), to find T, (¢), T,,(¢), and, as a
byproduct, 7, (7)) 2 Such a treatment naturally includes non-
instantaneous decoupling effects, and allows one to perform
a numerically fast, but accurate prediction of the effective
number of relativistic degrees of freedom from first princi-
ples, yielding (in the SM) at 7}, < MeV:

8 /11\*3 —
Nog = o (— Prad 7 Pv ) — 3,044 , (5)
7\ 4 Py

while also opening up novel explorations of BSM physics in
the Early Universe [33,34,53].3

Based on these results, one can also easily evaluate the
relic density of neutrinos (neglecting phase space spectral
distortions). From the CMB we know the photon tempera-
ture today is 7, o = 0.2348 meV; plugging this value into the
solution of Eq. (3) yields the temperature 7, o = 0.1682 meV,
corresponding to the cosmological abundance of SM neutri-
nos:

Tn? 3 M3 HZ
Qe — (7 g4 / TR0 ) — 570 x 1070
v 120 "0 87 h2 -

3¢(3) 3 MZ%H?
o= (15 ) /(25
i

=2 93@ ©
- .03eV
which reproduces the relic neutrino abundance computed,
e.g., in Ref. [65] to the per mil level.

In order to obtain T, (t) and T, (¢) from Eq. (3), we have
made use both of Eq. (1) together with Eq. (2). At this point,
to complete the study of the thermodynamic background, we
must extract the scale factor a as a function of time 7 and tem-
perature T,,. This can be accomplished by applying (again)

2 In the current version of PRyMordial we adopt the computation of
8C), as well as the next-to-leading (NLO) QED corrections to the elec-
tromagnetic pressure of the plasma directly from the numerical results
tabulated in NUDEC_BSM [53].

3 Equation (3) can be easily generalized to include new sectors. This
contrasts with typical existing BBN codes which compute the thermo-
dynamic background by interpolating the tabulated result of the (numer-
ically intensive) integro-differential Boltzmann equation, solved for the
neutrino phase-space density in the SM.

@ Springer
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the notion of local thermodynamic equilibrium, which allows
one to introduce the entropy density for each species i as:
si = (pi + pi — nini)/T;, where n; is the number density
of the species with associated chemical potential ;.

For negligible chemical potentials, the total entropy den-
sity of the Universe s;,; per comoving volume must be con-
served as a consequence of energy-momentum conservation,
Eq. (4). Then, during radiation domination s;,, roughly scales
as T; , underlying the approximate relationa o< 1/7),. Never-
theless, even under the assumption of u; / T; < 1, the entropy
of each species is generally not separately conserved due to
heat exchanges related to the interactions with other species.
The Boltzmann equation for s; generally follows (see, e.g.,
the discussion in Refs. [47,66]):

ds; 8C; i i
— +4+3Hsi = — — — | — +3Hn; | , 7
dr + Si T, T, + ni (7

where the first collision term (divided by the temperature) is
the one appearing in the Boltzmann equation for the density
pi, while the second collision term has been rewritten using
the Boltzmann equation for the number density 7;.* In the
SM, in the limit? e/ T, K 1, we use Eq. (7) for the elec-
tromagnetic bath to pin down the relation between a and 7 ;
with 51 = (s, + sei)/T;, we get:

d (gplT;cﬁ) 5C,

T,a)"3 = — = —
(Tya) dina HT? Mo &
" /Ty dT 35 + T3 ©
a =apexp | — —_— .
4 p TJ/,O T 3SP1 +Nv

Knowing all the thermodynamic quantities as a function of
T, in the integrand above, Eq. (8) allows one to extract a(7),)
up to the scale-factor value of today, ag, customarily defined
as 1. Note that for T, < m, one has EI;I = 0, and taking the
limit A, — 0, the expected scaling set by d (sya3) /dt =0
is easily recovered. The solution in Eq. (8) precisely tracks
the relation between the scale factor and T, in the case of
non-instantaneous decoupling of neutrinos. While in the SM
these effects are tiny (since V,, /3 < §p1), they could become
non-negligible in a BSM scenario.

It is worth noting that given T, (¢) from the solution of
Eq. (3) and a(T),) from Eq. (8), one obtains a(t) as a byprod-
uct, which allows to assess the evolution of the number den-
sity of baryons in ¢ or 7}, during the BBN era, since by defi-
nition: ng 1/a3.

4 Notice that in absence of interactions for the species i, entropy con-
servation can be guaranteed either by a negligible chemical potential,
ni < T; or by number density conservation per comoving volume,
d(n;a®)/dt = 0.

5 we/Ty < lis justified in the SM by ng ~ O(10719) and the condi-
tion of electric charge neutrality in the Early Universe.
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2.2 Neutron freeze out beyond the born approximation

Shortly after hadrons form, neutrons and protons are non-
relativistic species that do not contribute appreciably to the
total energy budget stored in the thermal bath. Nevertheless,
their abundance is eventually responsible for the tiny fraction
of light primordial elements relative to hydrogen which are
observable today in pristine astrophysical environments.

According to local thermodynamic equilibrium, the rel-
ative number density of nucleons is initially given by the
Maxwell-Boltzmann distribution:

3/2
Gl =) o (o -50) @
np ) 1T, > MeV mp T, T,

where Q = my — mp, LQ = tn — [p, Mn,p and [y p are
the mass and chemical potential of neutrons and protons. For
clarity, we have used 7\, = T, (valid for temperatures well
above MeV) in the O term, but retain T, explicitly in the u g
term. Assuming i, > jip (€.g. anegligible contribution from
lepton chemical potentials), Eq. (9) implies that at equilib-
rium n, > np. Indeed, fast electroweak processes efficiently
convert n < p, i.e. both:

Moy = Fnet™ — pv)+T(nv — pe)
+I'(n —> pe V),
pon=C(pe — n)+T(pv — ne")
+C(pe v — n),
are > H and govern the Boltzmann equations for the nucleon
yields Yn p = nnp/np = nnp/(mn + np):

dYy

dt = Fpan Yp - 1_‘n%p Yn

dy,

d_tp:r‘n—>pYn_Fp—>an (10)

that at equilibrium are: Y, = 1 — Yy, = 'y n/(Tp—n +
I'np) = 1/2, in agreement with Eq. (9). These reactions
guarantee chemical equilibrium among the involved species,
implying wo =~ —u,. Equation (9) thus demonstrates that
a primordial non-zero lepton asymmetry in the neutrino sec-
tor [67,68] can impact the initial conditions for BBN by alter-
ing the neutron-to-proton ratio, with notable cosmological
consequences [35,69].

At temperatures close to neutrino decoupling, n < p
conversion falls out of equilibrium, freezing out the neutron-
to-proton ratio to ~ 1/6 (in the SM), up to finite neutron
lifetime effects [59,60]. The weak rates for neutron freeze
out require the evaluation of an involved multi-dimensional
phase-space integral: e.g. for n e™ — p v (and similarly for
the others) [70]:

167*

np

Yo Tnet = pv) = /dl'[ndl'ledl'lpdl'[v |IM?
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x8W(Py+ Po— Py — P,) fufe(l — f)(1 = £1), (11)

where dI1; and P; are the Lorentz-invariant phase-space ele-
ment and 4-momentum of the particle i, f; is the relativistic
thermal distribution of the species i in the rest frame of the
thermal bath, and M is the full matrix element of the pro-
cess summed over initial and final spins. The latter can be
computed from the weak effective theory for 8 decay [71]:

Cr = —% Ve 50y e (0 | A1~ ga 79)p(2)

+2:1—Nav i o po] |+ ke, (12)

where GF is the Fermi constant [42], Vyq corresponds to the
Cabibbo angle [72], ga and « are the axial-current and weak-
magnetism constant of the nucleon of mass my [73], and
o =1 (Yu¥v — Yw¥u)/2. The computation of | M|? can be
found in detail in Appendix B of Ref. [47] (see also [70,74]).

While expressions like Eq. (11) can be reduced to a five-
dimensional integral in phase space by exploiting the sym-
metries of the problem, a dramatic simplification is obtained
in the limit of infinite nucleon-mass at fixed Q [70,74].
This is the so-called Born approximation, in which the
kinetic energy of the ‘infinitely’ heavy neutrons and pro-
tons may be neglected, leading to the simplification: |M|?> =
32GEV2(14383)E.E EpE, . Inthatlimit the n <> p rates
read:

(0.¢]
ree,, = G%/O dE, E,\J EX —m2 (E;)*

x [fAE)) fe(—Ee) + fu(—E}) fo(Ee)]

oo
T, = G%/ dE, E,\J EX —m2 (E))?

0

X [fv(Ej_)fe(_Ee)+fv(_Ej_)fe(Ee)] (13)

where Gr = GpVuay/(1 +3g2)/(273) and Ef = E, £

Q. The outcome of Eq. (13) are rates that generally depend
on both background temperatures and chemical potentials
(i.e. T, T, and w,). For T, = T,, (and negligible chemical
potentials) detailed balance follows as:

F,/ T, = exp(—Q/T)). (14)

The dimensionful factor G depends on Vyq, ga, and GF,
whose value is precisely determined by the muon lifetime.
However, this factor is often more conveniently extracted
from neutron decay in the vacuum, since in the SM:

= Gimd Fy (15)

where F, incorporates a phase-space statistical factor for
the neutron decay at zero temperature [75] plus electroweak
radiative corrections [76]. For a precise calculation of F;,
see the very recent reassessment in Ref. [77] and references

therein. This approach allows one to trade the combina-
tion Vuzd(l + 3gi) for the measured ,.° Using Eq. (15),
in PRyMordial one can choose to adopt either a normal-
ization of the weak rates based on the determination of the
neutron lifetime, or one involving the knowledge of the mod-
ified Fermi constant 51:.

In the SM the Born approximation predicts a neutron
freeze-out temperature of slightly below 1 MeV. At smaller
temperatures, the neutron-to-proton ratio is still affected by
B decay until the Universe cools down sufficiently enough
to preclude photo-dissociation of deuterium: for a binding
energy Bp = 2.2 MeV, this happens at temperatures around

Bp/log(1/np) ~0.1 MeV [59,60]. At that point, virtu-
ally all of the neutrons experience two-body nuclear reac-
tions, ultimately resulting in their binding in helium-4, the
most stable light element. As a result, the uncertainty on the
Born-level theory prediction for helium-4 is only a few % (see
Table 5 in [47]).

That said, the present percent-level inference of primordial
helium-4 and deuterium [42] and the sub-percent target of
future observational campaigns [39] demand the following
refinements to Eq. (13):

— QED radiative corrections (in the vacuum) to the n <> p
amplitudes of order O(aep,) via virtual- and real-photon
emission [82—85] must be computed;

— Finite nucleon-mass effects and non-zero weak mag-
netism, which induce relative shifts in the weak rates of
AT/T ~ O(1072) [70,74], must be taken into account;

— Finite-temperature effects [84,86] must be evaluated for
sub-percent accuracy.

PRyMordial implements all of these corrections, follow-
ing the treatment in PRIMAT (see Appendix B of [47]), where
particular care was taken to attempt to combine several exist-
ing state-of-the-art recipes for electroweak rates beyond the
Born approximation.

It is worth noticing that in the context of the SM, the
corrections to the Born rates due to the incomplete neu-
trino decoupling are only marginal [87,88]. Nevertheless,
NP could dramatically alter 7,(7)), a(T)) and a(t), and
the departure from the standard value for the weak rates
can impact the final BBN abundances in a non-negligible
way [31,33]. As aresult, the approach undertaken in Sect. 2.1
is particularly useful not only for the study of neutrino decou-
pling, but also for a careful assessment of the neutron-to-
proton ratio in BSM scenarios.

© Any treatment must confront both the neutron lifetime puzzle i.e. the
tension between “bottle” [78] and “beam” [79] measurements of 1,
see, e.2., [80]; and the Cabibbo angle anomaly [81], i.e. the extraction
of V4 from super-allowed $ decays and V,;s from semi-leptonic decays
versus unitarity in the Cabibbo—Kobayashi-Maskawa matrix [72].

@ Springer
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2.3 Thermonuclear reactions

Local thermodynamic equilibrium implies that at tempera-
tures above neutron decoupling, a nuclear species i of atomic
number Z;, mass number A;, spin s;, and binding energy
B; follows a Boltzmann distribution with internal degrees of
freedom: g; = 2s;+1;mass:m; = Zimp+(A;—Z;)mn—B; ;
and chemical potential: u; = Z;jup + (A; — Z;) ity. In terms
of the yield Y; = n;/np, this equilibrium distribution reads:

., A7 B;
Yi|Ty>MeV=gi BNy By N exp <T—l)
~ v

x <“3) "B>A"_1 m 1\ (16)
v mg impi—Zi 7
where we made use of: np/np = 3¢(3) Ty3/(2n2). This
expression holds for the nucleons (Ax = 1, By = 0) them-
selves, and is consistent with Eq. (9). Importantly, it offers
another handle on the estimate for the start of nucleosynthe-
sis as the time in which the relative abundance of neutrons
after freeze out becomes comparable to deuterium as dic-
tated by Eq. (16), and pointing again to a temperature of
about 0.1 MeV.
Starting from the initial conditions, abundances are deter-
mined by a network of Boltzmann equations that generalize

Eq. (10) (see, e.g., Refs. [89,90]) to include the relevant
nuclei:

YS;R)
dy; ® | B o
== dosr % H S
J I
S(R)
™ ] . (a7
[ ; SIER)!

where the sum R is performed over all reactions involving
the nuclear species i; Si(R) is the stoichiometric coefficient S
for the species i in the nuclear reaction R; and the products j
and & run over all of the initial and final states of the reaction
with (thermo)nuclear rate F(R_)) ; or FI(R)_>

Given the range of energies characterizing the BBN era,
the nuclear reaction rates of interest can be measured in the
laboratory, and are often tabulated as [91]

~ S;..§—1
Fzﬂ..l—)j‘..m = NA !

(Ci.d>j.mV) ,

where N4 is Avogadro’s number (typically expressed in
units of mol~!), and the velocity averaged cross section
is obtained by weighting the appropriate cross section
by the Maxwell-Boltzmann velocity distribution for the
non-relativistic species (see e.g. Ref. [92] for a detailed
description). By definition, for a given number-density rate
(Ui(.{?)_)mv), the corresponding abundance rate F,(R)_> is:
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S;..§ -1
Uidsjom =ng " {0i0sj.m V)

= (ng/NA)TS7 T 1 m. (18)

A priori, Eq. (17) includes the rates of both forward and
reverse reactions in the evolution of the abundance of the
nuclear species i. Nevertheless detailed balance implies for
T, 2 MeV:

S S
Y./‘ LY _ (010 j.m0)/(Si!. .. 5 (19)
o o ().m—i a0}/ (Sj!. .. Enl)’

PRREED 4

since local thermodynamic equilibrium ensures that the for-
ward and reverse reactions should balance. Thus, it is easy
to evaluate the reverse reaction rates given the forward ones.
It is customary to parameterize the relationship as:

(O..m—i..1V)

(Oi..d=j..mV)

= ag " exp(yr/To) (20)

with To =T,/ (109 K) and where the constants ag, Br, and
yr for a given process R from e.g. the up-to-date nuclear
database of Ref. [93] via Eq. (16).

PRyMordial solves the general system of equations
Eq. (17) following the strategy of Ref. [47] which conve-
niently breaks nucleosynthesis into three steps:

(1) We analyze n <> p conversion by solving Eq. (10) from
an initial temperature of O(10) MeV (and initial condi-
tions from Eq. (9)) down to standard neutron freeze out,
around MeV;,

(2) Weuse the values of Y, obtained from (1) together
with Eq. (16) and evolve with a network comprised of
the 18 key thermonuclear rates for the abundance of
n, p together with all of the nuclides up to A = 8
and Z = 57 down to the temperature where deu-
terium photo-dissociation becomes inefficient, around
0.1 MeV;,

(3) Wefurther evolve the network with the full set of ther-
monuclear processes and with initial conditions given
by the nuclide yields obtained in step (2), evolving
the abundances of the aforementioned nuclides down to
O(keV) (i.e., well below e annihilation), when BBN is
over.

7 In the current version of PRyMordial we include up to boron-8
in the nuclear chains, which is sufficient for an accurate prediction of
lithium-7, likely the heaviest nuclide of interest when confronting BBN
with observations [94]. For this purpose, the largest implemented set of
thermonuclear rates comprises 63 reactions, see Appendix B.
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The output of Step (3) is the abundances of the light-
element originating from BBN. To compare with data, it is
customary to quote helium-4 in terms of the primordial mass
fraction®

Yp =4 x Yige = payge/PB - 2D

The other primordial elements under the lamppost of astro-
physical observations are deuterium, helium-3 and lithium-
7 (see, e.g., [11] for a recent report on the status of these
measurements), which are usually quoted in terms of the rel-
ative number densities with respect to hydrogen:

i/H=Y;/Yy =n;/nu , wherei =D, *He, "Li.  (22)

Notice that the final yield of primordial helium-3 receives a
contribution from unstable species such as tritium; likewise,
the final amount of lithium-7 includes the decay of beryllium-
7.

The literature contains several publicly accessible com-
pilations of the thermonuclear rates relevant for BBN. It is
important to note that there are several different parameteri-
zations of these rates adopted in BBN studies, and they differ
not only with respect to the theoretical approach, but also
with respect to the measured nuclear reaction data included
in fitting them. To highlight a few of the more important
approaches:

— The NACRE II database [95] collects an extended evalu-
ation of reaction rates of charged-particle induced reac-
tions on target nuclides with mass number A < 16, adopt-
ing the so-called potential model [91] to describe nuclear
cross sections in the energy range of interest.

— PRIMAT tabulates an extensive catalogue (compris-
ing more than 400 reactions), characterized by sev-
eral nuclear cross sections evaluated via refined statis-
tical analyses within R-matrix theory [96-99] or com-
puted using dedicated numerical tools, e.g., the TALYS
code [100].

— PArthENoPE implements semi-analytic expressions
resulting from polynomial fits to nuclear data including
theory modeling of screening and thermal effects [92,
101]; data-oriented analyses relevant for BBN rates can
be also found in Refs. [102,103].

If one limits the scope to precise predictions of the
helium-4 and deuterium abundances, the relevant portion
of the nuclear network simplifies considerably, contracting

8 Notice that this definition differs at the sub-percent level from the
helium mass fraction adopted in the context of the CMB [24]: Yp :“MB=
(mayge/H) Yp /[(maye/HYp + mu (1 — Yp)], with my 4y, the atomic
mass of hydrogen and helium.

to O(10) processes [104]. Thus, PRyMordial offers the
option of restricting the BBN analysis to a small network of
12 key reactions [105], implemented according to two differ-
ent sets of thermonuclear rates: the firstis largely based on the
NACRE II compilation, whereas the second is based on the
tabulated rates in PRIMAT. These two sets differ marginally
in their predictions for helium-4, but lead to relevant differ-
ences in the prediction for deuterium, as discussed at length in
Ref. [54], after the important measurement carried out by the
LUNA collaboration [106].° For the most precise prediction
of lithium-7, PRyMordial offers the possibility to solve a
nuclear network including the 51 additional reactions listed
in Appendix B, by adopting part of the network in Ref. [100]
included in the PRIMAT database.

PRyMordial handles uncertainties on the tabulated ther-
monuclear rates T'® by providing (for each forward!”
nuclear reaction) a set of median values, (F(R )Y to gether with
an uncertainty factor AT®), corresponding to a sample of
temperatures. Following the method outlined in Refs. [107,
108], to perform a MC analysis with PRyMordial one
should treat the provided thermonuclear rates as log-normal
distributed, implying that for each nuclear process R a ran-
dom realization of the thermonuclear rate will be:

log TR = log (TR 4+ p® 1og ATR) | (23)

where p®) is a temperature-independent coefficient follow-
ing a normal distribution [109]. Hence, in order to properly
take into account the uncertainties of the thermonuclear rates
in a MC analysis of BBN, one should independently vary the
nuisance parameters p®) for all the reactions R included in
the study, see, e.g., the work carried out in Ref. [35] and the
MC examples presented in Sect. 3.

3 How to use PRyMordial

In this section we provide some example code that demon-
strates the use of PRyMordial. We start by detailing the
modules of the code including their inputs and key parame-
ters. We show how to implement a state-of-the-art analysis
of the BBN era within the SM. Finally, we provide a concise
description on how to use the code for the study of NP, and
discuss how to implement and analyze generic BSM scenar-
ios.

9 This fact has been more quantitatively acknowledged in Ref. [35]
which used a beta version of PRyMordial The impact of LUNA has
been explored for the first time in Refs. [48-50].

10 The corresponding reverse reactions are obtained via Eq. (20) from
the interpolated forward rates.
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fPRyM_main.py:\
Takes information
from all other
modules and
computes all the
key observables

Qt the end of BBN j

=J 1

Fig. 1 PRyMordial in a nutshell: Schematic of the modules making it up and their inter-relations

3.1 Structure of the code and Hello, World!

PRyMordial is a numerical tool dedicated to efficiently
and accurately evaluate in the SM and beyond all the key
observables related to the BBN era, discussed in Sect. 2,
namely:

e The number of effective relativistic degrees of freedom,
Netf, Eq. (5);

e The cosmic neutrino abundance today, Q h2, Eq. (6);

e The helium-4 mass fraction (both for BBN and CMB),
Yp,Eq. (21);

e The relative number density of deuterium, helium-3 and
lithium-7, Eq. (22) .

In contrast to other BBN codes available, PRyMordial
begins by computing the thermal background from first prin-
ciples. As a byproduct of the determination of Neg and Q. h2,
the relationship between time, scale factor and temperature of
relativistic species is determined precisely, including effects
from non-instantaneous decoupling within and beyond the
Standard Model.

Next, PRyMordial evaluates the weak rates for neutron
freeze out via a state-of-the-art implementation that includes
nucleon finite-mass effects, one-loop QED corrections and
finite-temperature effects. While the latter are typically neg-
ligible within current observational precision and can be con-
veniently stored between runs, the remainder are generally
recomputed for each iteration of a generic BBN analysis.

Finally, PRyMordial solves a network of nuclide reac-
tions for their yields within three different physical regimes:

@ Springer

(i) a high-temperature era in which one can restrict the study
to nucleons with an initial temperature of O(10) MeV
and a final temperature close to neutrino decoupling; (ii)
a mid-temperature era from O(1) MeV down to O(0.1)
MeV, during which photo -dissociation of nuclear bound
states is relevant; (iii) and a low temperature era starting at
0O(0.1) MeV during which PRyMordial follows all of the
nuclear species of interest, which ends at a temperature well
below e* heating of the thermal bath, i.e. down to O(1) keV.
Local thermal equilibrium sets the initial nuclide abundances
and detailed balance determines all of the reverse reactions
included in the chosen set of nuclear reactions. These three
regimes are matched such that the solution for each one pro-
vides the initial conditions for the successive period.

PRyMordial is a Python package with optional depen-
dencies which allow more advanced users to speed up execu-
tion by exploiting the Julia programming language. The rec-
ommended libraries and general requirements are tabulated
in Appendix A. As highlighted in Fig. 1, PRyMordial is
organized in five primary modules:

— PRyM_init.pyisaninitialization module where phys-
ical constants and Boolean flags for user-controlled
options are defined; in particular, three main blocks for
input parameters are found:

* Fundamental constants, masses (in natural units),
initialized according to the PDG [42]!!

' For the electroweak sector we adopt {ctem;, GF, Mz} as inputs and
derive the rest via tree-level relations.
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* Additional parameters needed for the evaluation of
the n <> p rates beyond the Born level;

* Cosmological inputs including the CMB tempera-
ture and the abundance of baryonic matter [24].

Boolean flags allow the user to switch on/off the follow-
ing options:

o verbose_flag: Allows the user to run the code
with all of the internal messages enabled;
onumba_flag: If True, speeds up some numeri-
cal integrations, if the Numba library is installed;
onumdiff_ flag: If True, performs numerical
derivatives using Numdifftools library;
oaTid_flag: Controlstheinclusion of incomplete-
decoupling effects in the determination of the scale
factor as a function of time and temperature;

o compute_bckg_flag: If True, recomputes
the thermodynamic background as presented in Sect.
2.1 (via save_bckg_flag the outcome can be
stored in a file for future runs);
oNP_thermo_flag:If True, includes the contri-
bution(s) of new (interacting) species to the dynamics
of the thermal bath (by default, one must also provide
a NP temperature);

oNP_nu_flag:If True, includes new species ther-
malized with the neutrino bath;

oNP_e_flag: If True, includes new species ther-
malized with the plasma;

o compute_nTOp_flag: If True, recomputes
weak rates beyond Born as discussed in Sect. 2.2 (via
save_nTOp_flag the outcome can be stored in a
file for future runs);

o nTOpBorn_flag: If True, adopts the Born
approximation for the neutron freeze out;

o compute_nTOp_thermal_flag: If True,
recomputes thermal corrections to n <« p rates
via Vegas (since this is numerically intensive,
we recommend save_nTOp_thermal_flag =
True);

o tau_n_flag: If True, uses the neutron lifetime
to normalize the weak rates, see Sect. 2.2;

o NP_nTOp_flag: If True, includes NP affecting
n <> p rates in units of the Born rates;

o smallnet_flag: If True, restricts the nuclear
network to the set of 12 key nuclear processes col-
lected in Table 1 of Appendix B;
onacreii_flag: If True, the key nuclear rates
adopted in PRyMordial will be mostly based on
NACRE II compilation rather than those of PRIMAT,
see Sect. 2.3;

o NP_nuclear_flag: If True, shifts the nuclear
rates due to NP in units of the standard ones;

ojulia_flag: If True, solves all of the systems
of ordinary differential equations using routines in
the SciML kit [58] developed for the Julia program-
ming language; the optional dependencies described
in Appendix A are then required.

This module also loads the tabulated nuclear rates (as
well as the coefficients of Eq. (20)).

— PRyM_thermo.py is the module where all of the ther-
modynamic quantities for the species contributing to the
expansion of the Universe during radiation domination
are defined, together with all the collision terms that enter
in Eq. (3) and Eq. (7).

— PRyM_nTOp.py is the module which imports the weak
rates for n <> p conversion described in Sect. 2.2, either
relying on the additional module PRyM_evalnTOp.py
— where the actual computation of the rates is performed
from scratch — or by loading pre-stored rates from a file.

— PRyM_nuclear_netl2.py and PRyM nuclear_
net63.py are the modules which set up the sys-
tems of ordinary differential equations — see Eq. (17) —
involving the nuclear rates loaded by PRyM_init.py.
The Boolean flag smallnet_flag controls whether
PRyMordial sets up and solves the smaller network of
12 key reactions or the full set of 63 nuclear processes.

— PRyM_main.py is the main module, which calls the
other modules to solve for the thermodynamic back-
ground, compute Neg and the cosmic neutrino abun-
dance, and solve for the nuclide yields. It contains the
Python class PRyMclass (), designated to return all
the cosmological observables in the package.

— PRyM_jl_sys.py isanoptional module which allows
the user to solve all of the systems of differential equa-
tions in PRyM_main.py by taking advantage of the
numerically efficient routines that are part of the SciML
kit [58] developed in Julia. In some cases, this signifi-
cantly speed up the execution time of the code (to a degree
depending on both the adopted precision of the computa-
tion as well as the specific choice of differential-equation
solver).

After downloading PRyMordial, the code can be used
immediately. To run a Hello, World!-style example,
the user would enter the package folder, start an interactive
Python session, and type: which executes a BBN computa-
tion and fills the array res with the values of:

[ Neir, Qu® x 10° (rel), 3 o/ Quh[eV], Y,
YEBN D/H x 10, *He/H x 10°, "Li/H x 1007,

Located in the same folder are:
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Fig. 2 Primordial abundances of helium-4, deuterium, helium-3, and
lithium-7 as predicted by PRyMordial within the SM, as a function of
the cosmic baryon density. Central predictions are shown without theory
uncertainties (i.e. using the nominal nuclear rates for the largest set
implemented in the package with the NACRE II compilation for the key
processes) and at the central values of all of the inputs. Measurements
of light-element abundances (orange) as well as the CMB constraint on
the baryon-to-photon ratio (cyan) follow from Figure 24.1 of the PDG
[42]

— a folder PRyM in which all of the modules described
above reside;

— afolder PRyMrates in which all the essential thermal,
weak and nuclear rates are present, and where new eval-
uations of them can be stored;

— a script named runPryM_julia.py that provides a
simple example for the user as to how to use the package,
with execution-time benchmarking in both standard and
Julia modes.

In the following subsections we present more sophisticated
examples illustrating PRyMordial’s capabilities.

@ Springer

3.2 Standard model examples: the PDG plot and Monte
Carlo analysis

In an interactive session in Python, any default value in
PRyM_init.py can be changed using the syntax: This
includes the Boolean flags listed in the previous subsec-
tion. Hence — to perform a run with: (i) the computation
of the thermal background from scratch, including non-
instantaneous decoupling effects; (ii) the ab-initio evaluation
of the weak rates for neutron freeze out; and (iii) the inclusion
of key nuclear processes based on the tabulated rates of the
NACRE II compilation — one should type: The array res is
assigned the same values asinthe Hello, World! exam-
ple, above. This code also stores the results for the thermal
background and n < p rates for future runs. Consequently,
a subsequent call with the same setup can be made faster:
While it may be necessary in general to recompute the ther-
mal background and/or the rates for neutron freeze out, there
are cases for which storing the outcome of these computa-
tions can be computationally advantageous. An example is
the classic PDG review BBN plot of the primordial abun-
dances as a function of the baryon-to-photon ratio np [42].
Once thermal background and weak rates have been stored,
the behaviour of the abundances in the PDG Figure 24.1
can be reproduced with PRyMordial: The outcome of this
code is illustrated in Fig. 2, which adopts the largest nuclear
network for the most accurate prediction of the relative abun-
dance of lithium-7. It is worth noting that the BBN prediction
for deuterium matches observations of quasar absorption sys-
tems, and is also in line with the cosmological abundance of
baryons independently determined from the CMB (without
a BBN prior). As pointed out in Ref. [54] and further scruti-
nized in Ref. [35], this test of concordance would fail if the
PRIMAT rates were to be adopted, i.e. nacreii_flag =
False.

To perform a Monte Carlo analysis of the SM predictions
taking into account uncertainties (similar to the one presented
in Ref. [35]):

The output maps out the probability distributions, shown
in Fig. 3, where the light elements at the end of the BBN era
are predicted within the SM via a MC analysis that involves:
(1) a cosmological prior on the cosmic baryon abundance; (ii)
a particle-physics measurement prior on the neutron lifetime;
and (iii) a dedicated treatment of the uncertainties in the rates
of the nuclear processes. Figure3 displays the “deuterium
anomaly” present for the PRIMAT compilation of the key
nuclear rates, and further shows that it is completely washed
out when one employs the NACRE II database.!?

12 The results in Fig.3 slightly differ from Ref. [35] due to an update
on the Gaussian prior for the neutron lifetime and the different choice
for the cosmological baryon abundance adopted in that study.



Eur. Phys. J. C (2024) 84:86

Page 11 of 20 86

B nacreii flag = True
B nacreii flag = False
Measurements — PDG 23
; ; ; . Mean =+ lo
. %%30' 0.24689(11) | 0.24680(14) | helium-4
S _
s o> 2.459(26) 2.53(10) | deuterium
. qﬁa- 1.042(13) 1.049(89) | helium-3
~
A q,-@ T 5.28(54) 5.16(86) | lithium-7
{D 4
g
S
w N
SR .
X \9’
= ®] O
:c[]:_) N
Q B
™ Q?)
o D 1
ER - -
% B
<O . - B
SEENE | |
\?D -' T T T -V T T T T L T T T T T T T T T
O D> & D H D D 5 D D LN DL
e LSRN GR2 Y 82 Y 4

Yp

Fig. 3 1D probability distributions (and 2D joint 68% and 95% prob-
ability regions) for the light primordial abundances predicted in the SM
with PRyMordial. Predictions are obtained using a Gaussian prior for
the neutron lifetime 7, = 878.4+0.5 s (comprising the eight best mea-
surements from ultra-cold neutron experiments combined in Ref. [42]),
and the cosmic baryon density, Qgh% = 0.02230+0.00020 (from Table

Figure 3 suggests that the “primordial lithium problem”
stands out as statistically significant, regardless of the
approach undertaken for the nuclear network. However, the
up-to-date analysis of the lithium problem in Ref. [94] points
out that the predicted primordial abundance of lithium-7
could be depleted via stellar (and cosmic-ray) nucleosyn-
thesis. Given this argument, the observational inference of
Figs.2 and 3, in which the observations lie below the the-
oretical prediction for primordial lithium-7, are consistent
with a resolution for this long-standing puzzle.

D/H x10°

SHe/H x10° "Li/H x10%

5 of Ref. [24] for the analysis with an uninformative Y p prior). The large
network of nuclear reactions has been used, implying an additional 63
nuisance parameters varied with a log-normal distribution. Two differ-
ent sets of key nuclear rates have been considered on the basis of the
Boolean flag nacreii_flag, and the statistics of the marginalized
distributions for each case is presented

3.3 New physics examples: new interacting sectors and big
bang nucleosynthesis

PRyMordial allows the user to perform state-of-the-art
analyses for Physics beyond the SM in the Early Universe.
A few options already built-in to the current release include:

e additional relativistic degrees of freedom contributing to

the expansion rate of the Universe in the form of a shift
of Negr, see Eq. (5);
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e a non-zero chemical potential for neutrinos, influencing
both the cosmological expansion rate as well as the equi-
librium distributions in the weak processes for neutron-
to-proton conversion;

e Boolean flags specific to the study of new species inter-
acting with the plasma and/or neutrino bath, as well as
flags implementing a new entire sector with temperature
Tnp # Ty,v 5

e a Boolean flag and a dedicated parameter encoding NP
effects as a phenomenological modification of n < p
conversion rates (in units of the Born rates);

e aset of parameters that allow one to similarly investigate
NP effects in the nuclear processes as a simple shift in
terms of the median rate of each process.

The first two have been extensively investigated in Ref. [35],
and thus we focus here on the others. The following is code
demonstrating how to implement an electrophilic species
in thermal equilibrium with the SM at BBN: One can
similarly evaluate a thermalized neutrinophilic species by
replacing the Boolean flag at the top of the script with:
PRyMini.NP_nu_flag = True.

In Fig.4 we present the results for NP scenarios of
this type, reproducing the qualitative features already well-
discussed, e.g., in Ref. [31]. In particular, we observe three
primary NP effects: (i) a change in the cosmological expan-
sion rate, affecting the time-temperature relation; (ii) an
impact on the evolution of the neutrino-to-photon tempera-
ture ratio, relevant for both neutrino and neutron decoupling;
and (iii) additional entropy released in the plasma, altering
the number of baryons per a given baryon-to-photon ratio.
Note that in Fig.4 we use the set of nuclear reactions from
PRIMAT (nacreii_flag = False) and as a result a
neutrinophilic species around ~ 10 MeV in mass appears
to be favored by current observations of primordial D/H
while remaining compatible with the other cosmological NP
probes based on helium-4 and Neg.

In contrast to the previous scripts, this code calls
PRyMclass () with three functions (of temperature) as
arguments: the contribution to the energy density, its deriva-
tive, and the pressure of the new species added to the bath.
More generally, one can include a new interacting sector
with its own temperature Tnp and non-trivial collision term
8Cnp along the lines of the recent work in Ref. [34]. In
PRyMordial one may study such “dark sectors” consis-
tently by generalizing the set of equations in Eq. (3) to fol-
low Tnp together with T, ,, and solving for the entropy
density involved in Eq (8) taking into account the effect
of the NP. To do this, one switches on the Boolean flag
NP_thermo_flag and codes all of the relevant contribu-
tions to the energy density, its derivative (which can option-
ally be evaluated numerically via Numdifftools), pres-
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sure and collision term for the NP sector, and passes them to
PRyMresults.

One can also study NP resulting in changes to the
weak rates for neutron freeze out and/or any of the imple-
mented thermonuclear rates. To modify the weak rates,
one sets the Boolean flag NP_nTOp_flag = True and
change the parameter NP_delta_nTOp from its default
of zero. Also, for the nuclear rates one switches on the flag
NP_nuclear_flagandmodifies the value of NP_delta_
R with R being the reaction of interest.

As an example, we consider NP which results in a small
change to the n <> p conversion rates. We perform a
Bayesian fit to Yp and D/H (as quoted by the PDG [42])
and allowing t,,, th, and the other key nuclear rates to
vary within their uncertainties (in line with the SM MC anal-
ysis of the previous subsection):

This code can be simply generalized to modify any of the
other nuclear reactions.

Figure5 shows the resulting 2D joint (68% and 95%)
probability regions for NP_delta_nTOp correlated with
the measurements of primordial helium-4 and deuterium.
To perform the statistical analysis, we adopt the emcee
package [56]. For the sake of computational efficiency, we
restrict the analysis to the network of 12 key reactions (with
nacreii_flag = True),asis sufficient given the focus
on helium-4 and deuterium. Figure5 indicates that BBN is
consistent with NP in the n <> p conversion rates at the level
of at most a few percent relative to the standard Born rates.
The tight correlation with Yp illustrates the importance of
neutron freeze out in determining the primordial helium-4
abundance.

4 Outlook

In this work we have presented PRyMordial: A new tool to
explore the physics of BBN in great detail, with an unprece-
dented eye toward applications for physics beyond the SM.
The package also allows for fast, user-friendly precision anal-
yses of the BBN era within the SM of Particle Physics, reach-
ing the same level of accuracy as the state-of-the-art codes
publicly available.

In Sect. 2 we provide in some detail a review of the BBN
era, highlighting the physics in the code. The main novelties
in PRyMordial are that it is:

— A package entirely written in Python, easy to install, run
and modify, efficient in the evaluation of the key quanti-
ties for the study of BBN; moreover, an optional depen-
dence on Julia allows the user to make the code run even
faster;

— A computation of the thermal background based on the
Boltzmann equations governing the evolution of the rel-
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Fig. 4 Investigation of the cosmological impact at the end of the BBN
era from a new relativistic species X with degrees of freedom corre-
sponding to a real/complex scalar (light/dark-blue lines), a real mas-
sive vector (magenta), or a Majorana/Dirac fermion (red/green); X is
assumed to be in thermal equilibrium with either the electron-positron-

ativistic species present at that time. This allows for an
accurate prediction of Negr from first principles and opens
up new avenues for the study of BSM Physics;

— A fast and accurate evaluation of the weak rates includ-
ing QED, nucleon-finite mass and thermal corrections
for a prediction of the neutron-to-proton ratio that con-
fronts the precision of current and next-generation mea-
surements;

— A BBN code that easily allows exploration of uncertain-
ties and changes in all of the input parameters and most
importantly, includes by default different treatments for

mx [MGV]

photon plasma (left panels) or with the SM neutrino thermal bath (right
panels). The orange bands represent the observational constraints at
the 20 level from Refs. [24,42]. Predictions with PRyMordialare
obtained at nominal inputs and rates

the nuclear rates in order to give to the user a better handle
on the overall theoretical systematics.

In Sect. 3 we describe the structure of the code and provide
examples of its usage within the Standard Model and for a
few interesting scenarios of NP.

There are many directions that can be pursued in the future
to make PRyMordial an even more compelling and flex-
ible tool for the community. One important aspect we plan
to expand upon is the characterization of the thermal back-
ground. At the moment, only a single common temperature
for neutrinos is considered and no evolution equation for pri-
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Fig. 5 Constraint on a relative change of the weak n <> p conversion
rates from NP, based on a Bayesian fit performed with PRyMordial
with the use of the emcee [56] package. Gaussian priors on the neu-
tron lifetime and the cosmic baryon abundance are assumed (as for

mordial chemical potentials is given by default. All of these
can be easily implemented along the lines of Ref. [53].

Also relevant for precision studies would be an approach
to efficiently include effects from phase-space spectral distor-
tions of relativistic species. In this regard, we plan to further
enrich the physics in PRyMordial with a dedicated frame-
work for neutrino decoupling that includes effects from oscil-
lations at non-zero lepton chemical potentials, see Ref. [110].

It would be a very interesting (though formidable) task
to improve the current next-to-leading order computation of
neutron freeze out in the Early Universe, filling in the gaps of
some of the approximations undertaken in the literature (see
Appendix B of [111] as well as the improvements brought by
the recent effective-field-theory study at zero temperature of
Ref. [77]). We eventually plan to include higher-order QED
corrections such as the ones available in Refs. [64] and [112],
as well as the NLO QED corrections to eTe™ <> v matrix
elements inspected in Ref. [113].

Finally, in the future we would like to enlarge the nuclear
network beyond the 63 nuclear reactions currently imple-
mented, which encode all of the processes involving nuclides
up to boron-8 in atomic and mass number (needed for an
accurate prediction of lithium-7 in the Standard Model).

With the public release of PRyMordial we hope to pro-
vide to the community an important new tool to address fun-
damental questions about the Early Universe, whose study
remains central to further progress in our understanding of
Nature. In the wise words of a giant of our time [1]:

“[Human beings] are not content to comfort them-
selves with tales of gods and giants, or to confine their
thoughts to the daily affairs of life; they also build tele-
scopes and satellites and accelerators, and sit at their
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Fig.3) and flags smallnet_flag and nacreii_flag are both
switched on. Helium-4, deuterium measurements correspond to the rec-
ommended values from the PDG [42]

desks for endless hours working out the meaning of the
data they gather. The effort to understand the universe
is one of the very few things that lifts human life a little
above the level of farce, and gives it some of the grace
of tragedy.”

Note about referencing: PRyMordial makes use of pre-
vious work in the literature. When using it, please be sure
to appropriately reference the original literature as well as
PRyMordial itself.
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Appendix A: How to install PRyMordial

PRyMordial is publicly released on GitHub. Once in the
desired directory, from your terminal type:

The code requires a modern distribution of Python
(Python 3 recommended) in order to properly run, and fea-
tures only a couple of standard libraries as mandatory depen-
dencies:

NumPy (mandatory) — pip install numpy;

SciPy (mandatory) — pip install scipy;

— Vegas (mandatory) — pip install vegas;

Numba (recommended) — pip install numba;
Numdifftools (recommended) — pip install numdifftools;
— PylJulia (optional) — pip install julia;

diffeqpy (optional) — pip install diffeqpy.

Indeed, the code can easily avoid dependencies on Numba
and Numdifftools. Giving up on Numba will slightly slow
down a few routines in PRyM_thermo . py which involve
SciPy integration. Also, the installation of Vegas library is
required only in the case where thermal corrections to the
weak rates governing neutron freeze out have to be recom-
puted. This is usually not the case, since those are already
tiny effects in the SM and can be reasonably neglected in
studies of NP during BBN.

The optional dependencies above require the Julia pro-
gramming language to be installed. It can be downloaded
at https://julialang.org. Once Julia is installed, it is recom-
mended to create a soft link from the terminal typing some-
thing like:

Then, launch Julia and install Differential
Equations. jl of the SciML kit (with Sundials wrapper):
After a successful installation of the package, one needs to
open a Python shell and type: At this point the user will be
able to exploit the SciML routines developed in Julia to solve
the nuclear-reaction network in PRyMordial, speeding up
the execution of time by a factor of two or more, and with
the possibility of cherry-picking from a large collection of
differential-equation solvers built-in in the package, see the
documentation here.

To use the SciML routines, the user must set the flag
PRyM_init.flag_julia = True. In some systems,
the very first call of PRyM_main. PRyMresults()
might need to be in Python and therefore requires initially

PRyM init.flag _julia = False. Also, the first
call in Julia will inevitably be slow, since it will compile
PRyM_Jjl_sys.py. As a concise example of the dedi-
cated script runPRyM_julia.py coming with the present
release, here below is how things should work in the Julia
mode:

Appendix B: Nuclear processes in PRyMordial

In this appendix we collect the 12 key reactions necessary
to accurately predict helium-4 and deuterium, see Table 1,
as well as the 51 additional reactions comprising the full
set recommended for a more robust prediction of lithium-
7, Table 2. For the general aspects of the evaluation of the
nuclear rates in the Early Universe as well as the theoretical
and statistical details behind the compilation of the nuclear

Table 1 The key nuclear reactions adopted in PRyMordial,
with corresponding references. The red (blue) column refers to the
option nacreii_flag = True (False), see Sect. 2.3 for fur-
ther details. Notice that the compilation of the blue column is present
also in the code PRIMAT [47]

Nuclear reaction References References
n+p — D+y [114] [114]
D+p — 3He+y [106] [106]
D+D — 3He+n [98] [115]
D+D — 3H+p [98] [115]
3H4p — *He+y [92] [92]
3H+D — “He+n [96] [115]
3H+*He — "Li+y [96] [115]
3He+n — 3H+p [96] [102]
3He+D — “He+p [96] [115]
3He+*He — "Be+y [98] [115]
"Be+n — 'Li+p [96] [103]
TLi+p — “He+*He [96] [115]

Table 2 Nuclear processes beyond the key ones implemented in the
package PRyMordial, with related references. Those processes are
particularly needed for a precise prediction of the primordial abundance
of lithium-7. Notice that the compilation above is part of the larger one
present in the code PRIMAT [47]

Nuclear reaction References
TLi+p — *He+*He+y [115]
"Be+n — “He+*He [116]
"Be+D — “He+*He+p [117]
D+*He — ®Li+y [118]
®Li+p — "Be+y [115]
Li+p — *He+*He [115]

@ Springer
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Table 2 continued

Nuclear reaction References
8B+n — “He+*He+p [119]
Li+’He — *“He+*He+p [119]
SLi+’H — *He+*He+n [119]
SLi+’H — 8Li+p [119]
7Li+*He — Li+*He [119]
8Li+’He — "Li+*He [119]
"Be+’H — OLi+*He [119]
8B+3H — "Be+*He [119]
8B+n — °Li+3He [119]
8B+n — "Be+D [119]
SLi+’H — "Li+D [119]
Li+3He — "Be+D [119]
"Li+’He — *He+*He+D [119]
8Li+3He — “He+*He+’H [119]
"Be+’H — *“He+*He+D [119]
"Be+’H — Li+’He [119]
8B+D — "Be+’He [119]
8B+3H — *He+*He+>He [119]
"Be+’He — p+p+*He+*He [119]
D+D — “He+y [115]
3He+’He — “He+p+p [115]
"Be+p — SB+y [115]
TLi+D — *He+*He+n [120]
D+n — 3H+y [121]
3H+*H — “He+n+n [121]
3He+n — 4He+y [90]
3He+’H — *He+D [117]
3He+’H — “He+n+p [117]
"Li+*H — *He+*He+n+n [117,122]
"Li+’He — *He+*He+n+p [117,122]
8Li+D — "Li+’H [123]
"Be+’H — “He+*He+n+p [117,122]
"Be+>He — *He+*He+p+p [117,122]
Li+n — *H+*He [117]
3He+’H — OLi+y [124]
4He+n+p — SLi+y [117]
®Li+n — "Li+y [122]
SLi+D — "Li+p [122]
°Li+D — "Be+n [122]
TLi+n — 8Li+y [122,125]
TLi+D — 8Li+p [122]
8Li+p — “He+*He+n [126]
4He+n+n — 6He+y [127]
p+p+n — D+p [117]
"Li+*H — *He+*He+n+n [117,122]

@ Springer

rates present in PRyMordial, we refer the interested reader
to Refs. [92,107,108].
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