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1. Introduction

Since its initial proposal [1], leptogenesis has been one of the most well-studied mechanisms to explain matter-antimatter asymmetry.
An appealing additional aspect of this mechanism is its connection with neutrino masses and mixing. ULYSSES [2] is a Python package
that solves the semi-classical Boltzmann equations (BEs) for leptogenesis in the context of a type-I seesaw mechanism [3-9]. ULYSSES
version 1, presented in Ref. [2], provided code for solving the momentum-averaged BEs relevant to leptogenesis based on the out-of-
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Table 1
The combinations of assumptions used for each case where v~ denotes
when the assumption is applied and x when it is neglected.

Maxwell Boltzmann statistics RHN Kinetic Equilibrium
Case 1 v v
Case 2 v X
Case 3 X v
Case 4 X X

equilibrium decays of right-handed neutrinos (RHNs) for both resonant and non-resonant regimes. In addition, effects such as lepton
flavour, scatterings and spectator processes are available if the user wishes to apply them. In this updated version, we provide additional
BEs codes which solve the “complete” set of thermal leptogenesis BEs [10] that properly accounts for quantum statistics and does not
assume kinetic equilibrium for the RHNs. Furthermore, we provide state-of-the-art BEs for low-scale (also known as ARS) leptogenesis via
oscillations [11,12] and primordial black hole-induced thermal leptogenesis [13,14].

For a given point in the model parameter space, ULYSSES calculates the final baryon asymmetry (given in terms of the baryon-to-
photon ratio, 1p, the baryonic yield, Y, and the baryonic density parameter, 2zh?) and plots the lepton asymmetry number density as
a function of the evolution parameter. For the user who wishes to undertake a multi-dimensional exploration of the parameter space, we
have provided instructions on how to use MULTINEST [15] in combination with ULYSSES in the manual of ULYSSES version 1 [2]. ULYSSES
is designed modularly, separating the physics of the baryon asymmetry production from the parameter space exploration. In this paper,
we will not recapitulate on the BEs provided in version 1, but present the new features along with the basics of ULYSSES installation and
functionality. ULYSSES version 2 applies all of the same conventions (Yukawa matrix parametrisation, Higgs vacuum expectation value,
normalisation of number densities) as version 1, and we refer the reader to the previous version for discussion on such matters. Further,
we refrain from discussing the different regimes and subtleties of the leptogenesis mechanism and instead refer the reader to recent
reviews (see, e.g., Refs. [16,17] and references therein) on various aspects of thermal, resonant and low-scale leptogenesis.

The paper is organised as follows: in Section 2, we describe the new pre-provided BEs and follow in Section 3 with installation
instructions. In Section 4, we detail the usage of the ULYSSES version 2: namely, we write how to input the model parameters, introduce
the new functionality, (that is, the two-dimensional grid scan of the parameter space), and give specific examples on how to call the new
model files and their related example parameter cards. Finally, we make concluding remarks in Section 5.

2. Newly added built-in Boltzmann equations

In this section, we list and discuss the newly added BEs that are shipped with ULYSSES version 2. We note that version 2 contains
the same BEs as version 1, detailed in the previous manual version. In Section 2.1 and Section 2.2, which discuss the BEs for thermal
leptogenesis and leptogenesis via oscillations, standard cosmology is assumed. However, in Section 2.3, non-standard cosmology, including
a population of primordial black holes, is included in the evolution of the lepton asymmetry.

2.1. Thermal leptogenesis
The majority of papers in the literature apply the following two assumptions:

1. The phase space distribution functions, f;, of the particles species involved in leptogenesis, i = N, ®, [, when in thermal equilibrium,
are approximated by a Maxwell-Boltzmann distribution, f;? = e~£i/T. Within the Maxwell-Boltzmann statistics, it is also a good

approximation to neglect the quantum Pauli-blocking (Bose-enhancement) factors for fermions (bosons), i.e., 1 — fiecl ~1(1+ fieq ~1).

2. The RHNs are in kinetic equilibrium, fN/fl\e]cl ~ nN/nEq, where n(;q) is the (equilibrium) number density of RHNs.

The effects of dropping these assumptions were studied in detail in Ref. [10].

In Table 1, we show four cases where these assumptions are applied or neglected. For Case 1 - Case 4 only the decays and inverse
decays of the RHN are included; however, Ref. [10] outlines how to include the effect of scattering and we relegate the inclusion of such
an effect for a future ULYSSES version. In all cases, the initial RHN and lepton asymmetry abundance (Np_1) is set using an array yO0 in
the model files, and the default initial abundance is zero-valued.

Case 1 is simply the standard momentum-averaged, one decaying RHN, single-flavoured BEs in which Maxwell-Boltzmann statistics and
RHN kinetic equilibrium are assumed. This is shipped with ULYSSES under the code name etaB1BE1F.py and shortcut name 1BE1F
(already included in the first version of the code [2]). The BEs for this simple case are

dN

d—zNz—D(NN—Ngq), (1a)
dNg_

de L—eD (NN =N —WNp_, (1b)

where z= M;/T, M; is the mass of the lightest RHN and T is the temperature of the plasma; the quantities Nﬁq) and Np_j are
respectively the number of RHNs (when in thermal equilibrium) and B — L asymmetry in a comoving volume normalised to contain one
photon when z <« 1'; D and W are respectively the decay and washout parameters (see, e.g., Refs. [10,18] for specific expressions); and €

is the CP-asymmetry parameter.

1 Considering a Bose-Einstein distribution for photons, our choice of normalisation means that gV{(3)T303/7[2 =1, where a3 is the comoving volume, gy =2 are the
photon degrees of freedom and ¢ is the Riemann zeta function with ¢(3) ~ 1.20. Adopting this normalisation at z <« 1 within the Maxwell-Boltzmann statistics for RHNs
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Case 2 solves the following coupled differential system (Case D2 of Ref. [10]):

afn 22K
= () =
dNg_ 2K v e
deL:_4;(3)fdy’ / dy”_[ FNa-L =2€ (fu = fy )}’ (2
0 712
4yl

where K is the decay parameter, £y is the RHN energy normalised to temperature, y; is the modulus of the three-momentum of species
i normalised to temperature, and ff]q =e %N, As the RHN phase space distribution is not initially integrated over energy, there are two
integrals in the second coupled differential equation: the first is over the RHN three-momentum normalised to temperature (yn); the
second is over the three-momentum of the lepton | normalised to temperature (y;). Since there are two integrations per time step, Case
2 is computationally more expensive than Case 1. We note that fy is calculated on a grid of yy and then interpolated to perform this
integration. The BE code containing Case 2 is etab1BE1F_Case2.py and the shortcut name is 1BE1F_Case2.

Case 3 solves the following coupled differential system (Case D3 of Ref. [10]):

dNNn K B i w1 sinh [(én — yN) /2]
Frarie )O/d en (et 1) lOg{sinh<(5N+yN)/21}’ =
dNB—L r 4 eq
= 4{(3)/(1)/1 / d}’Ng_|:(f<D+ eqf )(gNBL-FZE) [+
}’4y!
N
—ZEK (1+f<1>)} (3b)

In the set of equations given above, quantum statistics are applied, but kinetic equilibrium for the RHN is assumed. The integral on the
right-hand side of the first equation has no simple analytic form, and it is necessary to perform the integration numerically. The BE code
containing Case 3 is etablBE1F_ Case3.py, and the shortcut name is 1BE1F_Case3.

Case 4 solves the following coupled differential system (Case D4 of Ref. [10]):

afn _ 22K fn(1+ef) -1 {Sinh[(gN—J/N)/Z]} (42)
9z Enyn  (eBN+1) sinh ((&n + yn) /2]
dNg_, _ 2°K T T YN 4 eq
5 ——44(3)/.@1 / d}’Na|:(fd>+fN) <§N37L+26>f1 +
0 4ylz—22
4y,
—2efn(1+ fqp):| , (4b)

where the quantum statistics have been correctly accounted for, and the kinetic equilibrium of the RHN is not assumed. The BE code
containing Case 4 is etablBE1F_Case4.py, and the shortcut name is 1BE1F Case4. In Fig. 2.1, we show the solutions of Cases 1
to 4 for weak (K =0.1) and strong (K = 10) washout. It is well known that, in the strong washout regime (K > 1), the set of BEs with
the assumption of kinetic equilibrium and Maxwell-Boltzmann statistics provides a solution that is quantitatively similar to that of the
complete BEs [10]. In the weak washout regime (K < 1) the difference can be up to a factor of ~ 2, mainly due to using the correct
Bose-Einstein equilibrium distribution function for the Higgs boson, substantially enlarging the phase space available for the inverse decay
process.

To solve Case 2 to 4, solve_ivp is used with Runge-Kutta order 5. Although this method was computationally more expensive than
the third-order Runge-Kutta method, it provides much more stable and accurate results. Finally, while the integrations in yy and y;
formally have infinity as an upper integration boundary, we found that an upper limit of 300 is more than sufficient for larger values, and
the distributions function is effectively zero-valued.

2.2. Leptogenesis with GeV-scale right-handed neutrinos

When the RHN masses are at the GeV-scale, the naive seesaw mechanism predicts that they have Yukawa couplings to the SM leptons
and Higgs of the order of ~ 1077 (see, e.g., Ref. [19]). Consequently, the RHNs are expected to be out of equilibrium in the early Universe,

and leptons leads to N 1=1/:0), while a more accurate Fermi-Dirac distribution would give Neq, = 3/4 (this discrepancy was also noted in Ref. [10]). As in the first
version of the code [2], we adopt the analytical approximation N 1(2) >~ (3/8)2%K3(2), Kn(z) being the modified n'™ Bessel functions of the second kind, to match the
Maxwell-Boltzmann statistics at z > 1 and get the correct normalisatlon condition when z < 1.

3
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Fig. 2.1. Time evolution of the comoving RHN number density (left) and the absolute value of the lepton asymmetry (right) assuming the decay and CP asymmetry parameter
have values K =10 (K = 0.1) and € = 10~ respectively for the top (bottom) panels. Solid/red line denotes Case 1, dotted green Case 2, dotted-dashed blue Case 3 and
dashed yellow Case 4. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

allowing a lepton asymmetry to be generated during their production and approach to equilibrium (“freeze-in") rather than exclusively
during their departure from it (“freeze-out”). This is the Akhmedov-Rubakov-Smirnov (ARS) mechanism for leptogenesis via oscillations of
RHNSs [11,12]. This mechanism, in which the observed baryon asymmetry can be generated prior to the electroweak phase transition from
the dynamics of GeV-scale RHNs, has been extensively studied in recent years (see, e.g., Refs. [19-30]) and has recently received further
attention because of its compatibility with couplings of the RHNs to the charged and neutral SM currents that could be accessible at future
accelerator and collider experiments [30-33] (for a recent review, see also Ref. [34]), as well as to current and upcoming experiments on
charged lepton flavour violating processes involving muons [35-37].

The asymmetry in ARS leptogenesis results from the interplay of CP-violating phases in the RHN Yukawa couplings and oscillation
phases among linear combinations of RHN mass eigenstates. Consequently, the semi-classical BE approach to thermal leptogenesis is
inadequate as it does not keep track of coherences among states. Instead, the RHN abundances should be modelled as a set of density
matrices, and a set of quantum kinetic equations (QKEs) must be solved for the simultaneous evolution of the RHN abundances and
lepton flavour asymmetries. SM flavour effects are essential: in the minimal ARS scenario, the initial lepton asymmetry sums to zero over
all flavours, and a net baryon asymmetry results only due to subsequent flavour-dependent washout of each flavour asymmetry [11,12].

The QKEs for the RHN density matrices consist of two types of terms: oscillation terms, consisting of commutators of the density
matrices with the mass terms in the Hamiltonian (originating from both tree-level and finite-temperature contributions), which account
for the oscillation phases; and collision terms, which produce/destroy specific linear combinations of RHN mass eigenstates and also
lead to decoherence. Some collision terms are independent of the chemical potentials in SM leptons and allow for the generation of initial
lepton flavour asymmetries. In contrast, other terms depend on the lepton chemical potentials and account for back-reactions and washout
of the lepton flavour asymmetries.

Since the oscillation phases depend on the momentum of the particular RHN state involved, one must in principle set up QKEs for
each RHN momentum mode and separately solve for the asymmetry generated by each mode. This is very computationally intensive and
impractical for large-scale studies. Therefore, it is more feasible to instead perform an average over RHN momentum in the oscillation
and collision terms and derive QKEs for the momentum-averaged RHN density matrices. Dedicated studies comparing the proper and
momentum-averaged treatments typically show agreement up to O(1) factors (although for individual points the discrepancy can be
higher) [28,38]; this level of precision is sufficient for most studies and so we adopt this procedure.”

We implement in ULYSSES the momentum-averaged QKEs relevant to ARS leptogenesis with two RHNs that are quasi-degenerate in
mass with masses M1 >~ Mj, including both lepton-number-conserving (LNC) and lepton-number-violating (LNV) terms. The LNV terms are
proportional to the RHN Majorana masses and are consequently suppressed by M%Z/T2 relative to the LNV terms for T >> M, but they

2 Momentum-dependent asymmetries were also computed in a related model where the oscillating states were produced in the decay of a heavy scalar, with similar
conclusions about the accuracy of the momentum averaging procedure [39,40].
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can be important for RHN masses close to or above the electroweak scale. The QKEs for ARS leptogenesis have been derived with varying
levels of refinement in Refs. [11,12,19,21,22,26,28,30-33,37,41,42]. We adopt a notation similar to that of Ref. [37] (see also Refs. [26,30]),
which is physically transparent and correct in the limit of relativistic RHNs, while also admitting a relatively simple approximation for
obtaining approximate results beyond the leading expansion in (’)(Mf 2/T2). The QKEs are written in terms of (Ry);j = (nN)”/nf\Jq and
(R#)1y, the RHN and anti-RHN density matrices normalised to the équilibrium abundance, as well as the lepton chemical potentials
normalised to the temperature, /4p/3—1, and . More specifically, the quantity uy is the reduced chemical potential in the lepton doublet
of flavour o, while ptp/3_1, parameterises the asymmetry in the anomaly-free charge B/3 — L, that is conserved by SM interactions (not
summed over gauge degrees of freedom in the lepton doublet). Spectator effects relate ptp/3-1, and pq according to [30]

Ha =2 Xap LB/3-Ly » (3)
B
257 20 20
=———| 20 257 20 |. 6
(onﬂ) 11 (6)
20 20 257
The relation to the B — L asymmetry yield (after summing over lepton gauge degrees of freedom) is
15
Yp_I = — L, 7
BL ; g s WB/3~Ly (7)

where g, s is the number of entropic degrees of freedom, and the ratio between the baryon and B — L asymmetries is the usual factor of
28/79.
The explicit form of the QKEs we implement is in dimensionless form,

Tew dR z 10 )
JewPAN ;2 [(H), RN] — T ) {FTF, Ry — 1} + MFTMF
Mo dz Tew 2 T T
®) )
1 z S
_ T >{FTMF,RN}— SN METF* M, Ry — 1)
2 T 212, T
2 D) 2 @
z z S
_Z bw >MFT//,F*M+ By {MFTWF*M, Ry}
T2, T 212, T
_ Tew R 4V )
Mo Yﬁ,q dz ’
27.[2 T d _ -1 (O) (])
Lew d/B/3-Lg Z——M(FRNFT—F*RNFT) —i—M(FFT) Ua
9¢(3) My dz 2 T aa T aa
@)
1
2 oo
)
z S
L2 Bl (F*MRNMF" — FMRgMFT)
212, T s
S)
2 (s 2ot
£ FM2F )
+ Tezw T ( ao Ha
22 <S;\Jz)> i T
_ 2PN (FMR<MF' + F*MRyMF ) , 8b
1 (FMRYMF' + F'MRyMFT) 1 (8b)

and the Ry equation is found by taking Ry — Ry, # — —u and F — F* in the QKE for Ry. We define z = Tew/T, Mg =
Mpi/(1.66,/855) ~ 7.1 x 10!7 GeV (so that the Hubble rate is H(T) = T%/Mo), u as the diagonal matrix of lepton doublet chemical
potentials 1, M as the diagonal matrix of RHN Majorana masses, and Tew ~ 131.7 GeV as the temperature of sphaleron decoupling.’

The thermally averaged Hamiltonian, including both tree-level masses and the effective potential induced by the medium in the high-
temperature expansion, is [26,30]

2 2
Tz 2 T%Tew

= +
3603)Tew ' 144¢(3)z

with I, J =1, 2 labelling the zero-temperature RHN mass eigenstates. Given that a multiple of the identity matrix can be added to the

Hamiltonian without changing the dynamics (it only leads to an irrelevant overall phase), we subtract the overall mass scale in M2,

allowing us to replace M? with a diagonal matrix with entries (0, M% — M%). This makes the computations faster as we do not need to
keep track of the irrelevant phase given by the overall mass scale.

(H)1 (FTF)y, (9)

3 We warn the reader on the different definition we have adopted in this context for the time variable z = Tey/T, while, in the other modules, we have used z= M;/T.
We adopt this convention because the asymmetry depends predominantly on the squared mass splitting M% - M% rather than on the absolute masses M 3, and consequently
it is more convenient to normalize to Tey.
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The reaction rates (stripped of coupling constants and powers of My ;) are labelled by (y,f,j)) for LNC rates and (S,(\{)), with j=0, 1, 2,
for LNV rates: note that the LNV processes are evaluated in the limit of highly relativistic RHNs and are accompanied in the QKEs with
multiplicative powers of M% 2/ T2, as expected. We perform a thermal average over the momentum-dependent, temperature-normalised

rates from Ref. [28].% The rates labelled with j = 0 are independent of the lepton chemical potentials, while those corresponding to j =1, 2
depend on lepton chemical potential, with the former being independent of RHN abundances and the latter depending on both lepton
chemical potentials and RHN abundances. The ratios (y?)/T and (SU)/T are largely independent of the temperature for T > Tey, and
so, by default, ULYSSES fixes these ratios to their values at T = 10> GeV. However, we have provided an option for the user to include the
temperature dependence of these ratios and to take into account higher-order non-relativistic contributions to the LNV terms as in [37]°
(further information is provided in Section 4).

The QKEs are solved from a user-specified initial time zg to a final time z =1, which is the time of sphaleron decoupling. The user can
also specify the initial RHN density matrix at z =z in the model file. Two typical choices of initial conditions are Ry =0 and Ry =1,
corresponding, respectively, to vanishing or thermal initial conditions; in the latter case, the asymmetry cannot be generated in the freeze-
in regime, as there is no initial net production of RHNs given that they start in equilibrium, and the asymmetry only results from the
freeze-out mechanism. The default abundance is set to be Ry = 0, but can easily be adjusted by the user by changing the y0 array. Other
choices of the initial condition can substantially enhance or decrease the resulting final asymmetry [27,39].

Typically, the QKEs are a stiff system of differential equations because multiple time scales exist corresponding to oscillation and
equilibration of the RHNs. Furthermore, the oscillation frequency increases at later times; this can present a challenge to the numerical
integration of the QKEs, particularly for earlier onsets of oscillations (equivalent to larger values of AM%1 = M% — M%). The determination of
the asymmetry is simplified by the fact that the generation of lepton flavour asymmetries is suppressed after the onset of rapid oscillations
because the positive and negative contributions to the lepton asymmetry average to zero at this point [12], and, consequently, there is
little value in tracking the phase information of RHNs past this point. The onset of RHN oscillations occurs around the dimensionless time
given by

1/3

1213

Zosc = % . (10)
AM3, Mo

For zosc > 0.1, the epoch of rapid oscillations is sufficiently close to the electroweak time z =1 that we solve the full set of QKEs including
all oscillations.

For zpsc < 0.1, we offer the user a “stitching” option to truncate the generation of the flavour asymmetries at a dimensionless time
Zeut > Zosc: the full set of QKEs are solved from zg to z¢yt, and the solutions at z¢y are used as the initial conditions for a new set of QKEs
with the off-diagonal components of Ry and Ry set to O (in the epoch of rapid oscillations the off-diagonal terms all average to zero).
This latter set of QKEs is then solved to the final time z = 1. The default value of z¢ is set to 1, equivalent to solving the full QKEs for
the entire time interval relevant for generating the baryon asymmetry. However, the user can specify an alternative value of the stitching
time by changing the parameter zcut. This approach allows for rapid integration of the equations for tracking washout effects if the
subsequent generation of the asymmetry beyond z., is known to be small. However, we warn the user that this stitching functionality
should only be applied if the necessary condition is met and that an appropriate value of z., has been selected: for instance, the final
result should not change under modest adjustments to z.y, meaning that the full solution has only been truncated when the off-diagonal
terms average to zero. Additionally, the user should validate their procedure for a few parameter points by comparing their solution using
the stitching option to the full solutions with z¢y = 1.

Validity and limitations: The QKEs and reaction rates implemented in ULYSSES are expected to be valid for GeV-scale RHNs (M1 2 < Tew)
and may give reasonable estimates for somewhat larger masses. However, increasing the RHN masses makes the LNV terms more relevant,
and the LNV rates exhibit a pronounced temperature dependence in the vicinity of the electroweak crossover. While our treatment of
the QKEs has an option to include this temperature dependence and, to some extent, the non-relativistic contributions for the LNV
terms as in Ref. [37], other effects are not currently treated in ULYSSES, such as (more precise) higher-order corrections to the energy-
momentum relation and a non-instantaneous treatment of sphaleron decoupling [43]. All these effects become more important for larger
RHN masses (especially above 100 GeV) and/or larger coupling (i.e., in the strong washout limit where all the RHNs and SM leptons of
each flavour come into equilibrium), and can affect the baryon asymmetry by up to an order of magnitude. In Ref. [32] a somewhat
detailed extrapolation of the production rates in the intermediate (T ~ M) and non-relativistic (T <« M) regimes is given, taking into
account also the effects of the broken electroweak phase at temperature close to the sphaleron decoupling. Interestingly, this allowed
the authors of Refs. [31,32] to extend the analysis of leptogenesis with oscillations to scales as large as 10 GeV, entering in the regime
typically associated to resonant leptogenesis and thus “unifying” the two leptogenesis mechanisms under the same formalism. At the
moment, caution is merited when using ULYSSES for RHN masses approaching or exceeding 100 GeV and/or in the strong washout limit,
but we aim to implement the aforementioned effects in future versions of the code and allow the user to explore more safely the scenario
of leptogenesis with oscillations in such regimes.

2.3. Leptogenesis from primordial black hole evaporation

After discovering Gravitational Waves from Black Hole mergers, analysing the properties and phenomenological effects in Astrophysics
and Cosmology of Black Holes has seen a renewed interest. One interesting effect is understanding the possible consequences of Primordial

4 The rates from Ref. [28] are provided in tabular form at http://www.laine.itp.unibe.ch/leptogenesis/. We thank Stefan Sandner for pointing us towards
this electronic database and the public AMIQS code at https://github.com/stefanmarinus/amiqs based on Ref. [37]. We have verified that our momentum-averaged reaction
rates agree with those from Ref. [37].

5 Non-relativistic corrections as in Ref. [37] for the LNC rates are negligible for mass scales below 100 GeV (see, e.g., left panel of Fig. 3 of Ref. [37]), but we still have
provided tables for interpolation for the user who wishes to include such corrections.
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Black Hole (PBH) evaporation on different particle phenomena in the Early Universe. Leptogenesis indeed can be affected if there existed a
non-negligible population of evaporating PBHs [13,14]. Since RHNs would be among the particles emitted by the PBHs, their CP-violating
decays could produce more baryon asymmetry than those created in the primordial plasma. Moreover, depending on when the evaporation
occurs, the washout effects could be out of equilibrium so that this new population of RHNs would not erase the pre-existing asymmetry.
Additionally, if the PBHs had large initial masses, the effect would be different; they inject a large amount of entropy that could dilute the
previous lepton asymmetry in the plasma. In order to determine the baryon asymmetry correctly, we need to track in detail the evolution
of all Universe components: radiation and PBH energy densities, together with the RHN and B — L number densities.

Kerr PBHs are characterised by their mass Mgy and spin parameter a, = ]/(GzMgH) €[0,1), with J being the BH angular momentum
and G the Newton’s constant. Due to the emission of Hawking radiation, the PBH mass and spin diminish with the rate given by the
following system of coupled equations

dMBH
= —F(Mgy, a , 11a
i (MBH, @) —5—5— M, (11a)
da _ . [G(Mgy, ax) — 2F (Mgy, a5)] (11b)
dt = * BH» Ux BH, Ux GzMgHa

where F(Mgy, a,) and G(Mgy, a,), denoted as evaporation functions, contain the dependence on all the degrees of freedom that can be
emitted, see Refs. [44-46] for further details. To compute these evaporation functions, we use the code FRIedmann Solver for Black Hole
Evaporation in the Early-universe FRISBHEE [47], whose main library BHProp . py is included in ULYSSES version 2 for convenience. For
further numerical convenience, we consider grams as the main units for the PBH mass. The a, parameter is dimensionless.

To describe in detail the cosmological evolution, we solve the following set of Friedmann equations for the comoving radiation (gr =
a*pr) and PBHs (opy = a® ppy) energy densities to be solved together with the BH evolution equations, Eqs. (11),

dﬂ _ _FSM(MBH,G*) ldlnMBH

= 12
ds FMpn,a) H dr oo (122)
dQBH 1dln Mgy
= — 12b
@ TR TEE (12b)
2 8 G 3x —4x
H (gsmo + 0r10 ) (120)

where & = logw(a/ao) is the logarithm in base 10 of the scale factor a, ag the initial scale factor taken to equal 1, H the Hubble rate.
Note that we evolve with respect to the dimensionless parameter £ instead of z= M7 /T since entropy is not conserved throughout the
evaporation, and thus we require a different independent variable.

Assuming that the PBH formation occurs in a radiation-dominated era, we have that the initial PBH mass is related to the particle
horizon mass as [48]

Pi

, (13)
3
Hin

Min =
BH= 3 J/
with y = (1/+/3)3 the gravitational collapse factor, and Hj, the Hubble parameter at the moment of PBH formation. Thus, by fixing the
initial PBH mass, we define the initial conditions of the thermal plasma. The initial PBH population is determined in ULYSSES via the
dimensionless B8’ parameter, defined as

_ g’ g m?
QlBr]l-[ 1/2 /3, ln - ]/2 ﬂ, 30 g*(Tll'l)Tlns (14)

where Q}{‘ corresponds to the initial SM radiation energy density, determined by the initial PBH mass via Eq. (13), using that Hj, o Ti2r1
during the initial radiation dominated era. Moreover, in this model, we assume a monochromatic PBH mass distribution, i.e., all black
holes possess the same initial mass Mg}_[ and spin ai*“. For later convenience, we also consider the explicit evolution of the SM thermal
plasma temperature, T

dT T TY 1 d
__:__:L_&<>__£B} (15)
dé A 8+ s(T) 4or dé
where A describes the change on the effective number of degrees of freedom g, s(T) in Eq. (12a)
T d T
A=ty & (16)
38.,s(T) dT

To determine the final baryon-to-photon ratio, we consider the momentum-integrated Boltzmann equations for the comoving thermal
(NT) and non-thermal (NBH) RHN densities [13,14]

dNLH TH eq FL
d& =—(Ny _NN)F’ (17a)
dNBH i r
N BH' N1 BH—N;
=—Ny Ngy—, 17b
dE o + NBH H ( )
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Listing 1: Minimal installation steps.

# Installation from within the source tree

git clone https://github.com/earlyuniverse/ulysses.git
cd ulysses

pip install . ——user

# Installation with pip or pip3 from pypi.org
pip install ulysses ——user

Listing 2: Minimal update steps.

# Updating installation
pip install ulysses==2.0.3 ——user

where FL], F%’;’ are the decay widths corrected by an inverse time dilation factor averaged over the plasma and BH temperature, respec-
tively,

[T.BH <%

Iy, , (18)
N En, >T.BH !

and I'y, is the RHN decay width. To address the generation of RHNs from the PBH density, we have included a source term in Eq. (17b)
equal to the comoving PBH number density, Ngy = opn/MgH, times I'py_n,, the total RHN emission rate per BH; see Ref. [13]. The
equation for the B — L asymmetry, Ng_j, is

dNB,L _ €
d¢ ~— H

1 (1 Np_t
[(NL“ - NOTR, + N,%“F%'j] - (EF,TVl NG+ y) N (19)

with qu being the lepton equilibrium abundance. The term proportional to Np_; corresponds to the washout processes, including the
AL =2 interactions. After obtaining the B — L number density, we similarly obtain 7p as for other leptogenesis scenarios. An important dif-
ference with the other models in ULYSSES should be noted here. The RHN neutrino abundances, both equilibrium and out-of-equilibrium,
for thermal and PBH sources are normalized with respect to the initial photon density, ni)f' = 2{(3)Ti3n/712.

In ULYSSES version 2, we solve the system of equations Eqs. (11), (12), (17), (19) together with the equation for the plasma temperature,
Eq. (15). The code containing the mentioned system of equations and their solution is etabPBH.py, with the shortcut name being
1BE1F_PBH, and we provide an example parameter card; details of their usage are found in Section 4. Since the time-evolution equations
for the PBH mass and spin become quite stiff when the evaporation enters the final stages, we have implemented an iterative approach
to evolve until the PBH mass reaches the Planck Mass, the point at which we stop the evolution. We solve the equations from the initial
black hole mass until 1% of the initial value and then take the found solutions as initial conditions for a new iteration. This is done until
the PBH mass arrives at the Planck scale. If thermal leptogenesis occurs after the PBH evaporation, we have added a second set of BEs,
which is solved using the solutions obtained after properly evolving the PBH particle production. Finally, the user can modify the initial
abundances of particles by adjusting the y0 array in the model file.

We note that PBH-domination forms a very specific non-standard cosmology for leptogenesis. In future versions of ULYSSES, we aim to
implement further scenarios of non-standard cosmologies for baryogenesis such as late-time decays of string moduli [49]. We also note
that ULYSSES currently includes the module etablBE1Fsf.py in which the evolution is done with respect to the scale factor. Thus,
such a module could be used as a basis for the implementation of a specific non-standard cosmology.

3. Installation

The code is hosted on https://github.com/earlyuniverse/ulysses. Once the git repository is pulled, the basic installation steps are shown
in Listing 1 and Listing 2. In addition, releases are packaged and available to install with pip from https://pypi.org/.
We note that, if the user has the first installation of ULYSSES, this can be updated to the current version.

3.1. Core dependencies

The code is written in Python3 and heavily uses the widely available modules NumPy [50,51] and SciPy [52] packages.® We accelerate
the computation with the just-in-time compiler provided by NumBa [53] where meaningful. At its core, ULYSSES solves a set of coupled
differential equations. To undertake this task we use solve_ivp and odeintw [54]. The former is a standard Python package for solving
initial value problems for ordinary differential equations, while the latter provides a wrapper of scipy.integrate.odeint that allows
it to handle complex and matrix differential equations; it is redistributed with ULYSSES and does not need to be downloaded separately.
These dependencies for ULYSSES are automatically resolved during the install process with pip. They provide the minimal functionality for
solving Boltzmann equations for a given point in the model parameter space. In ULYSSES version 2, Python packages ToqDM and TERMCOLOR
must also be pip-installed.

6 We note that outdated versions of NuMPy and SciPy may lead to numerical instabilities, especially for 1BE1F_Case2, 1BE1F_Case3 and 1BE1F_Case4, and thus we
recommend that the user upgrade to the latest, up-to-date versions.
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Table 2
Overview of global parameters and their default values. Neutrino mass squared splittings are taken from the
central values of NuFIT 5.1 global fit data (without atmospheric data from Super-Kamiokande) [55].

Parameter Variable name Default Unit
Higgs vacuum expectation value, v vev 174.0 [GeV]
Higgs mass, My mhiggs 125.35 [GeV]
Z boson mass, Mz mz 91.1876 [GeV]
Planck mass, Mpg mplanck 1.22 x 109 [GeV]
Neutrino cosmological mass, m, mstar 10-12 [GeV]
Degrees of freedom, g gstar 106.75
Solar mass squared splitting, Am? m2solar 7.42 x 1073 [GeV?]
Atm. mass squared splitting (normal), AmZ,, m2atm 2.515 x 1021 [GeV?]
Atm. mass squared splitting (inverted), Am%_ ;= m2atminv 2.498 x 102! [GeV?]
Table 3

Overview of the input parameters in the Casas-
Ibarra parametrisation.

Parameter Unit Code input example

) [°] delta 213.70
21 [°] a2l 81.60
31 [°] a3l 476.70
623 [°] t23 48.58
612 [°] t12 33.63
013 [°] t13 8.52

X1 [°] x1 90.00

Y1 [°] yl -120.00
X2 [°] x2 87.00
2 [°] y2 0.00

X3 [°] x3 180.00
V3 [l y3 -120.00
logyo (m13)  [eV] m -1.10
logyo (M7) [Gev] | M1 12.10
logo (M2) [Gev] | M2 12.60
log; (M3) [Gev] | M3 13.00

4. Usage of ULYSSES version 2
4.1. The model parameters

All global constants are defined in the __init__ function of the base class and they are shown in Table 2. We allow the user to set
their values via the standard Python keyword argument formalism using the variable names shown in the second column of Table 2. The
required input from the user is the set of model parameters which stems from the Casas-Ibarra parametrisation of the Yukawa matrix Y,
as shown below [56]:

Y = %U\/H%RT\/M , (20)

where v =174 GeV is the Higgs’s vacuum expectation value, U is the 3 x 3 unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) regulating
the neutrino (lepton) mixing, m, = diag(my, my, m3) is the diagonal light neutrino mass matrix, R is a 3 x 3 complex orthogonal matrix
and Mg = diag(M1, M2, M3) is the diagonal mass matrix of the RHNs. We apply the Particle Data Group convention [57] to parameterise
the PMNS matrix:

1 0 0 C13 0 S13€_i(S c12 Ss12 O 1 ‘821 0
U=]|0 c¢3 523 0 1 0 —s12 c12 O 0 e' 7 0 s (21)
0 —s23 23 —s13e® 0 3 0 0 1 0 0 et

where c;j = cos@jj, sij = sin6;j, § is the Dirac phase and o1, o371 are the Majorana phases [58] which, in general, can vary between
0 < a1, 31 < 2m. The R-matrix can be written in the following form:

1 0 0 Coy 0 Su, Cw; Swz O
R=10 cu Su 0 1 0 —Sw3 Cwy 0], (22)
0 —Sw, Co —Sw, 0 Cao, 0 0 1

where ¢, = coswj, Se; = sinw; and the complex angles are given by w; = x; +iy; for x, y free, real parameters. The R-matrix in Eq. (22)
have det(R) = 1. Often, in the literature, a phase factor ¢ = +1 is included in the definition of certain elements of the matrix R to allow
for the both cases det(R) = +1. However, one can extend the range of values of the Majorana phases to 0 < 31, 31 < 47 to effectively
account for both cases of det(R) =+ 1 and consider, in this way, the same full set of R and Yukawa matrices [59].

The Casas-lIbarra parameters (and their units) may be input by the user in the code and an example is given in Table 3. Specifically,
assigning a value to the code variables named delta, a21, a31, t23, t12, t13, x1, y1, x2, y2, x3, y3, M1, M2, M3 and m, the user
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Listing 3: Example of an input parameter card using the Listing 4: Example of an input parameter card for
Casas-Ibarra parametrisation. generic Yukawas and RHN masses.
m -1.10 Y1l _mag 0.01
M1 12.10 Y12_mag 0.01
M2 12.60 Yi3_mag 0.01
M3 13.00 Y21_mag 0.01
delta 213.70 Y22_mag 0.03
a2l 81.60 Y23_mag 0.05
a3l 476.70 Y31_mag 0.01
x1 90.00 Y32_mag 0.03
X2 87.00 Y33_mag 0.05
x3 180.00 Y11l_phs -1.11
yl -120.00 Y12_phs 2.89
y2 0.00 Y13_phs 1.32
y3 -120.00 Y21 _phs 2.88
t12 33.63 Y22_phs -0.23
tl13 8.52 Y23_phs -1.80
t23 49.58 Y31_phs -1.72
Y32_phs 2.96
Y33_phs 1.39
M1 12.0
M2 12.5
M3 13.0

fixes, respectively, the PMNS phases and angles in degrees, the real and imaginary parts of the three complex angles of the R-matrix
in degrees, the three RHN masses in GeV and of the lightest neutrino mass (that is either m; or ms3, depending on the ordering of the
light neutrino masses) in eV. In contrast, the two heavier neutrino masses are fixed at the best-fit values using the global fit data on solar
and atmospheric mass squared differences [55], the values of which, if necessary, can be changed directly by the user in ulsbase.py.
Since the last release, we have updated the neutrino parameters to the NuFIT 5.1 global fit central values [55]. We stress that, as an input,
the user fixes the logarithm in base 10 of the masses of the RHNs and the lightest active neutrino. In particular, using the example in
Table 3, which is also given separately in Listing 3 in the form of a parameter card, the lightest active neutrino mass is fixed at m; = 10~"1
eV and the RHN masses at M 3 = 10121:126.13 Gey,

The Casas-Ibarra parametrisation is one popular parametrisation of the Yukawa matrix that guarantees the correct prediction of the
observed pattern of light neutrino masses and mixing. However, ULYSSES also allows the user to provide their own Yukawa matrix
in polar coordinates and calculate the resultant baryon asymmetry. We note that, in the latter option, the user will need to ensure
independently that the oscillation data are satisfied. The input logic is such that each element of the Yukawa matrix, Y;j, is determined by
two independent parameters Yij_mag and Yij_phs, which are the absolute magnitude and phase (the polar coordinates) of the Yukawa
entry, respectively:

Yij=Yij_mag-exp(i Yij_phs) . (23)

An example input card for a generic Yukawa parametrisation in polar coordinates is shown in Listing 4.

The code for PBH-induced leptogenesis requires the user to specify also the parameters a,, A’ and M}ia“H introduced in Section 2.3.
Therefore, the user, in addition to the parameters of the type-I seesaw model described above, needs to fix also the parameters a,, 8/ and
Mg}_[ by assigning a value to each code variables named aPBHi, bPBHi and MPBHi (see further in Section 4.3 for a specific parameter card
and related example). MPBHi is the initial mass of the black holes in grams (monochromatic mass distribution) in logarithm of base 10,
aPBHi is the dimensionless parameter related to the spin and takes values between O (spinless) and 1 (maximally spinning) and, finally,
bPBHi is related to the initial number density of black holes (in logarithm of base 10).

4.2. Functionalities

For convenience, we ship four runtime scripts which use the ULYSSES module for the evaluation of np at a single point, as well as in
one-dimensional and in multi-dimensional parameter space explorations:

uls-calc
uls-scan
uls-nest
uls-scan2D

The first three of the functionalities listed above were already shipped with ULYSSES version 1 [2], while the new functionality shipped
with version 2 is uls-scan2D, which generalises uls-scan to two dimensions. We provide some examples of the usage of the function-
alities within ULYSSES version 2 in the next subsections.

4.3. Examples

To display the pre-provided BEs, including those discussed in Section 2, and the strings needed to load them from the command line
the user can call:

10
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Listing 5: Example of an input card for ARS leptogenesis Listing 6: Example of an input card for ARS
(2RHNosc.dat). leptogenesis ~ where the stitch is  required
m —100. (2RHNosc_examplestitch.dat).
M1 -100. m -100.
M2 0.0 M1 -100.
M3 4.34294e-9 M2 0.0
x1l 45. M3 9.34294e-9
yl 40.107 x1 45.
x2 0. yl 40.107
y2 0. x2 0.
x3 0. y2 0.
y3 0. x3 0.
delta 221. y3 0.
a2zl 322. delta 221.
a3l 0. a2l 322.
t12 33.8486 a3l 0.
tl3 8.60954 t12 33.8486
t23 48.5904 t13 8.60954
t23 48.5904

# display list of available models
uls—models

In addition to those BE codes shipped with ULYSSES version 1, we have included new codes with their own “shortcut names”. For
the cases of thermal leptogenesis discussed in Section 2.1, the “shortcut names” for Cases 2 to 4 are 1BE1F Case2, 1BE1F_ Case3,
1BE1F_Case4 respectively. An example call to uls-calc on 1BE1F Case4 is shown below:

# call 1BE1F_Case4 on input card 1N1F.dat and output 1BE1F_Case4.pdf
uls—calc —m 1BE1F_Case4 examples/1N1F.dat —o 1BE1F_Case4.pdf

which returns the baryon asymmetry (in terms of the baryon-to-photon ratio, the baryonic yield and the baryonic density) and a plot
(1BE1F_Case4.pdf) showing the time evolution of the lepton asymmetry and baryon-to-photon ratio.

For ARS leptogenesis, there are two modules with shortcut names BEARS and BEARS INTERP, which use temperature-independent
and temperature-dependent rates, respectively. The latter module also takes into account non-relativistic corrections to the LNV rates as
detailed in Ref. [37]. An example call for this code is

# call ARS BE with temperature independent rates on input card pars.dat
uls—calc —m BEARS examples/2RHNosc.dat

where the output displayed on the terminal consists of the Yukawa matrix and baryon asymmetry given in terms of ng, Yp and Qp. Note
that, to use the temperature-dependent rates in the above command, BEARS _INTERP should be used instead of BEARS.

In the above example, the input card is shown in Listing 5. In this case, the mass splittings are very small, and the oscillation length, as
discussed in Section 2.2, is zosc > 0.1 and no stitching of the solutions is required. There is a second example card, named 2RHNosc_ex-
amplestitch.dat, which has a larger mass squared splitting between the two right-handed neutrinos resulting in zesc < 0.1. The
integration time can be longer in this case, so the code allows the user to specify where the stitch should occur:

# call BE_ARS on input card pars.dat
uls—calc —m BEARS examples/2RHNosc_examplestitch.dat —zcut 0.6

where, in the above case, the cut is chosen to be at z¢, = 0.6. The example input card used in the above example is shown in Listing 6.
The ARS code also automatically outputs a plot of the absolute magnitudes of the chemical potentials as a function of z.

To call PBH-induced leptogenesis requires an input card not only with the usual Casas-Ibarra parametrisation but also with the PBH
parameters (a,, 8 and Mg}_l), as detailed in Section 2.3 and Section 4.1. An example input card shipped with ULYSSES version 2 is shown
in Listing 7. A code example where a one-dimensional scan in variable x; is performed using the parameters of Listing 7 is given below:

# call 1BE1F_PBH on input card PBH.dat
uls—scan —m 1BE1F_PBH examples/PBH.dat —o PBHscan.pdf

The one-dimensional scan’s illustrative output is given in the left panel of Fig. 4.1.
An example of applying uls-scan2D is given below:

# Use one of the built—in plugins
uls—scan2D —m 1BE1F examples/1N1F_2Dscan.dat —o example_2D.pdf

11
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Listing 7: Example of an input card (PBH.dat) for the Listing 8: Example of an input parameter card
PBH-assisted leptogenesis model. (IN1F_2Dscan.dat) for uls-scan2D using the
m —-0.576754 Casas-Ibarra parametrisation.
M1 14.0000 n 100
M2 14.4771 M1 14
M3 14.7785 M2 15
x1 0.0 90.0 M3 16
yl 0. x1 180
x2 45.0000 yl 1.4
y2 25.2495 x2 0. 45.
x3 0. y2 0. 45.
y3 0. x3 180
delta 194. y3 11
azl 0. delta 217.
a3l o. a2l o0.
t12 33.44 a3l o
tl3 8.57 t23 49.7
t23 49.2 t12 33.82
MPBHi 0.0 t13 8.610
aPBHi 0.0
bPBHi -5.68
45 0
—6.15- 401 - ~16000
~6.20- 37 L —32000
30+
—6.251 r —48000
2 25 S
3 6.30 B L _64000 =
e 20 &
- —80000
—6.351 151
- —96000
~6.40- 101
5 4 - —112000
—6.451
: . . : . 0 . . . : : . . . L 128000
0 20 40 60 80 0 5 10 15 20 25 30 35 40 45
x1 X2

Fig. 4.1. On the left is the one-dimensional scan output of 1BELF_PBH.py on the parameter card PBH.dat in Listing 7, while on the right is the contour plot output from
uls-scan2D using the input card 1N1F_2Dscan.dat in Listing 8.

where the input parameter card 1N1F_2Dscan.dat, shown in Listing 8, let the parameters x, and y; vary within the range [0°, 45°].
The code saves a pdf file depicting a contour plot of nz x 10'° as a function of varied parameters, as shown in the right panel of Fig. 4.1.
If the user wishes to obtain a text file with the numerical output, the following command can be used:

# Use one of the built—in plugins
uls—scan2D —m 1BE1F examples/1N1F_2Dscan.dat —o example_2D.txt

saving in the first and second columns of the output text file the values of the first and second varied parameters, respectively, while in
the third column the calculated np x 1010,

5. Summary and discussion

In this second release of ULYSSES we have implemented the Boltzmann equations for the complete phase-space evolution of thermal
leptogenesis, based on the work of Ref. [10], the equations for non-resonant leptogenesis in the context of a primordial black hole dom-
inated early Universe (see Refs. [13,14]) and, finally, the kinetic equations for leptogenesis via oscillations [11,12] based on a notation
similar to that of Ref. [37] (see also Refs. [26,30]). The functionality of ULYSSES has been expanded with the facility for a two-dimensional
scan. As stated in the first version of the manual [2], we view this as a community project and invite users to add and share their plugins
with others. This can be done via issues and pull requests on our GitHub repository.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

12



A. Granelli, C. Leslie, Y.F. Perez-Gonzalez et al. Computer Physics Communications 291 (2023) 108834

Data availability
No data was used for the research described in the article.
Acknowledgements

We would like to thank Roberta Calabrese and Serguey T. Petcov for useful feedback on the output of the code for PBH and ARS
leptogenesis, respectively, and we would like to thank Stefan Sandner and Dave Tucker-Smith for helpful discussions. This work used the
DiRAC@Durham facility managed by the Institute for Computational Cosmology on behalf of the STFC DiRAC HPC Facility (www.dirac.ac.
uk). The equipment was funded by BEIS capital funding via STFC capital grants ST/P002293/1, ST/R002371/1 and ST/S002502/1; Durham
University and STFC operations grant ST/R000832/1. DiRAC is part of the National e-Infrastructure. This work has made use of the Hamilton
HPC Service of Durham University. The work of BS is supported by Research Corporation for Science Advancement through Cottrell Scholar
Grant #27632.

References

[1] M. Fukugita, T. Yanagida, Phys. Lett. B 174 (1986) 45.
[2] A. Granelli, K. Moffat, Y.F. Perez-Gonzalez, H. Schulz, ]. Turner, Comput. Phys. Commun. 262 (2021) 107813, arXiv:2007.09150.
[3] P. Minkowski, Phys. Lett. B 67 (1977) 421.
[4] T. Yanagida, Conf. Proc. C 7902131 (1979) 95.
[5] M. Gell-Mann, P. Ramond, R. Slansky, Conf. Proc. C 790927 (1979) 315, arXiv:1306.4669.
[6] S. Glashow, NATO Adv. Stud. Inst. Ser. 61 (1980) 687.
[7] R.N. Mohapatra, G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912.
[8] J. Schechter, ].W.E. Valle, Phys. Rev. D 22 (1980) 2227.
[9] J. Schechter, ] W.E. Valle, Phys. Rev. D 25 (1982) 774.
[10] F. Hahn-Woernle, M. Plumacher, Y.Y.Y. Wong, J. Cosmol. Astropart. Phys. 08 (2009) 028, arXiv:0907.0205.
[11] EK. Akhmedov, V.A. Rubakov, A.Y. Smirnov, Phys. Rev. Lett. 81 (1998) 1359, arXiv:hep-ph/9803255.
[12] T. Asaka, M. Shaposhnikov, Phys. Lett. B 620 (2005) 17, arXiv:hep-ph/0505013.
[13] Y.F. Perez-Gonzalez, ]. Turner, Phys. Rev. D 104 (2021) 103021, arXiv:2010.03565.
[14] N. Bernal, C.S. Fong, Y.F. Perez-Gonzalez, ]. Turner, Phys. Rev. D 106 (2022) 035019, arXiv:2203.08823.
[15] F. Feroz, M.P. Hobson, M. Bridges, Mon. Not. R. Astron. Soc. 398 (2009) 1601, arXiv:0809.3437.
[16] D. Bodeker, W. Buchmuller, Rev. Mod. Phys. 93 (2021) 035004, arXiv:2009.07294.
[17] P. Asadi, et al., Early-universe model building, arXiv:2203.06680.
[18] W. Buchmiiller, P. Di Bari, M. Pliimacher, Ann. Phys. 315 (2005) 305, arXiv:hep-ph/0401240.
[19] J. Ghiglieri, M. Laine, ]. High Energy Phys. 05 (2017) 132, arXiv:1703.06087.
[20] M. Shaposhnikov, Nucl. Phys. B 763 (2007) 49, arXiv:hep-ph/0605047.
[21] T. Asaka, S. Eijima, H. Ishida, J. Cosmol. Astropart. Phys. 02 (2012) 021, arXiv:1112.5565.
[22] L. Canetti, M. Drewes, T. Frossard, M. Shaposhnikov, Phys. Rev. D 87 (2013) 093006, arXiv:1208.4607.
[23] B. Shuve, I. Yavin, Phys. Rev. D 89 (2014) 075014, arXiv:1401.2459.
[24] P. Hernandez, M. Kekic, ]. Lopez-Pavén, ]. Racker, N. Rius, ]J. High Energy Phys. 10 (2015) 067, arXiv:1508.03676.
[25] M. Drewes, B. Garbrecht, D. Gueter, ]J. Klari¢, J. High Energy Phys. 12 (2016) 150, arXiv:1606.06690.
[26] P. Hernandez, M. Kekic, J. Lopez-Pavon, J. Racker, ]. Salvado, J. High Energy Phys. 08 (2016) 157, arXiv:1606.06719.
[27] T. Asaka, S. Eijima, H. Ishida, K. Minogawa, T. Yoshii, Phys. Rev. D 96 (2017) 083010, arXiv:1704.02692.
[28] ]. Ghiglieri, M. Laine, ]. High Energy Phys. 02 (2018) 078, arXiv:1711.084609.
[29] M. Drewes, B. Garbrecht, P. Hernandez, M. Kekic, ]. Lopez-Pavon, ]. Racker, et al., Int. J. Mod. Phys. A 33 (2018) 1842002, arXiv:1711.02862.
[30] A. Abada, G. Arcadi, V. Domcke, M. Drewes, ]. Klaric, M. Lucente, ]. High Energy Phys. 01 (2019) 164, arXiv:1810.12463.
[31] J. Klari¢, M. Shaposhnikov, I. Timiryasov, Phys. Rev. Lett. 127 (2021) 111802, arXiv:2008.13771.
[32] J. Klari¢, M. Shaposhnikov, 1. Timiryasov, Phys. Rev. D 104 (2021) 055010, arXiv:2103.16545.
[33] M. Drewes, Y. Georis, J. Klari¢, Phys. Rev. Lett. 128 (2022) 051801, arXiv:2106.16226.
[34] EJ. Chun, et al., Int. J. Mod. Phys. A 33 (2018) 1842005, arXiv:1711.02865.
[35] A. Granelli, J. Klari¢, S.T. Petcov, Tests of low-scale leptogenesis in charged lepton flavour violation experiments, arXiv:2206.04342.
[36] K.A.U. Calder6n, 1. Timiryasov, O. Ruchayskiy, Improved constraints and the prospects of detecting TeV to PeV scale heavy neutral leptons, arXiv:2206.04540.
[37] P. Hernandez, J. Lopez-Pavon, N. Rius, S. Sandner, ]. High Energy Phys. 12 (2022) 012, arXiv:2207.01651.
[38] J. Ghiglieri, M. Laine, ]. High Energy Phys. 02 (2019) 014, arXiv:1811.01971.
[39] B. Shuve, D. Tucker-Smith, Phys. Rev. D 101 (2020) 115023, arXiv:2004.00636.
[40] J. Berman, B. Shuve, D. Tucker-Smith, Phys. Rev. D 105 (2022) 095027, arXiv:2201.11502.
[41] T. Hambye, D. Teresi, Phys. Rev. D 96 (2017) 015031, arXiv:1705.00016.
[42] S. Eijima, M. Shaposhnikov, 1. Timiryasov, J. High Energy Phys. 07 (2019) 077, arXiv:1808.10833.
[43] S. Eijima, M. Shaposhnikov, 1. Timiryasov, J. Cosmol. Astropart. Phys. 11 (2017) 030, arXiv:1709.07834.
[44] J.H. MacGibbon, B.R. Webber, Phys. Rev. D 41 (1990) 3052.
[45] J.H. MacGibbon, Phys. Rev. D 44 (1991) 376.
[46] A. Cheek, L. Heurtier, Y.F. Perez-Gonzalez, J. Turner, Phys. Rev. D 105 (2022) 015022, arXiv:2107.00013.
[47] A. Cheek, L. Heurtier, Y.F. Perez-Gonzalez, ]. Turner, Phys. Rev. D 106 (2022) 103012, arXiv:2207.09462.
[48] B. Carr, K. Kohri, Y. Sendouda, J. Yokoyama, Prog. Phys. 84 (2020) 116902, arXiv:2002.12778.
[49] R. Allahverdi, B. Dutta, K. Sinha, Phys. Rev. D 82 (2010) 035004, arXiv:1005.2804.
[50] T.E. Oliphant, A Guide to NumPy, vol. 1, Trelgol Publishing, USA, 2006.
[51] S. van der Walt, S.C. Colbert, G. Varoquaux, Comput. Sci. Eng. 13 (2011) 22.
[52] P. Virtanen, R. Gommers, T.E. Oliphant, M. Haberland, T. Reddy, D. Cournapeau, et al., Nat. Methods 17 (2020) 261.
[53] S.K. Lam, A. Pitrou, S. Seibert, in: Proceedings of the Second Workshop on the LLVM Compiler Infrastructure in HPC, 2015, p. 1.
[54] W. Weckesser, odeintw: Complex and matrix differential equations, https://github.com/WarrenWeckesser/odeintw, 2014.
[55] I Esteban, M.C. Gonzalez-Garcia, M. Maltoni, T. Schwetz, A. Zhou, J. High Energy Phys. 09 (2020) 178, arXiv:2007.14792.
[56] J.A. Casas, A. Ibarra, Nucl. Phys. B 618 (2001) 171, arXiv:hep-ph/0103065.
[57] K. Nakamura, S.T. Petcov, in: M. Tanabashi, et al., Particle Data Group collaboration, Phys. Rev. D 98 (2018) 030001.
[58] S.M. Bilenky, J. Hosek, S.T. Petcov, Phys. Lett. B 94 (1980) 495.
[59] E. Molinaro, S.T. Petcov, Eur. Phys. J. C 61 (2009) 93, arXiv:0803.4120.

13


https://www.dirac.ac.uk
https://www.dirac.ac.uk
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib654E1CF8D16D30855CCC736EBFFAD418s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib071FC8929BA1F326F13FC0A085CD1A25s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibADD2B090BFBF49417BB3AB7A01295D54s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib5BF9E2DBBCA42A64CDAE66A10E170751s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib882BADE8E896CBC1DEA7386BD15AA05Es1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibCDD9FBD35F7DC32210EE6E4987163DEBs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib60265ADB237F230363000E5769FFD3FCs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib6BE2131ED68EAF99B55EC9FEFA33B69Es1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibAC5550C4A4023874108BAEE3C77FC5FFs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib2632403BB46059C61F989B0208A56D5As1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibE00E34B2AB17B8180748D32FFDBB1502s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibCAB55A8BAA62B0D9E7AA79A687EC7834s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibE3FAACDBE2CBDC54B575B4F49D4C98A5s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib342B9DD98BA97197DBF826D08812C7F3s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib90C2833951AB92C24FB125542B3AD5A4s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib3F2D1A6000C3FD9EF0BA033F9AA54288s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib24C16699523D539D5ACEE9FE23E9B953s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib42AB86F14D9264934BA78C2E9C9CADD6s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib00E9039A347909CF77D017B8AF489FB8s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib258E0DF47452D0BF30253E9F86E62A1Fs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib4955D4D9A80F307F018B01A213D189B0s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib85FB4BD61711493228F211CCB8F4254Bs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib3A771BA70252770C022B24224968D009s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib784E9232BA04611B222B2BDABE77609As1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibB10B9B388736CC6ED37E01F9DFF40E4Ds1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibD9E6DCBCDEC3E179B39126C04BD5BAF3s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib49050E1CAAFF46E6CC3A3A604629C4E5s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibF1E601AC7EAC7459F9010DA99C04E402s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibD0694E2256E662FF86F1AD94AE4302B1s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib062BCC9F05B757D6C8CF8961A046E307s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibD6AD77154B13BCC88B2523F44D5D7195s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib00F55322707A66A9632E3AA254A08843s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibE11A25B244FFA14F73323682BE991714s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibC5945D16B9E83D2DC37DEECD316F23FEs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib47B73E0F0A6A936DA4114D78E7D0126As1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib50523888D5F86666580F0D3458800214s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibD1B5022DF2AAF487349E9C3E7B07C737s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib3B09398419A368E9E653DC4E8C26D7B4s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib64E4197E587467741D0662C1BB9B028As1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib94305DA26CCB229CF5713C15BE98A537s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibF5D265D319FC0549698AC56ADF1C963Bs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib4429B5BBAC90C39426D6EFE600F10A8Es1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib6775DE62AC17C28BD47AAF02E6D21E8Cs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibD9D7BF942A36EAEB8D98202C387759F8s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib78BB7128A57D2CB6F5C669FCB6AAE533s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib6DAD7CE5481494990B90D11CA68A62DDs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibD45AF548B06C865CA344B0B4C9B56B86s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib5CFA808E55AFF5CE8AA2A85B50FF0183s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibAA4D4F6171BED79B45BF392E23B721E5s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib52EA611C47546DAA2F4B17F17E655502s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibD49BE7191CBB8E2DA399C592BA185C47s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib45344B93C30D66F559C3965C435A8B2Fs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib4A2D8D56D78D67098041DF61E0C00100s1
https://github.com/WarrenWeckesser/odeintw
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibAFAD2A5DA7C81CFEFCC4ED6A71E069DFs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bibD81E93DCBE1965A5803C23795E3F2B6Fs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib296D9A4C8D19E9EAF3CD9DD482D473AEs1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib6566D3F0BAF07F7A36899FD877E9F111s1
http://refhub.elsevier.com/S0010-4655(23)00179-0/bib7A8FFD49C248F1DD6BE33E71A77A99AFs1

	ULYSSES, universal LeptogeneSiS equation solver: Version 2
	1 Introduction
	2 Newly added built-in Boltzmann equations
	2.1 Thermal leptogenesis
	2.2 Leptogenesis with GeV-scale right-handed neutrinos
	2.3 Leptogenesis from primordial black hole evaporation

	3 Installation
	3.1 Core dependencies

	4 Usage of ULYSSES version 2
	4.1 The model parameters
	4.2 Functionalities
	4.3 Examples

	5 Summary and discussion
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


