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I discuss recent developments in nuclear lattice effective field theory, which is a premier tool in
the theory of nuclear structure and reactions. Topics include the wavefunction matching method
as a new tool for quantum many-body theory, allowing for accurate calculations at N3LO in the
chiral expansion, as well as applications of the precise forces in few- and many nucleon systems.
I also discuss a first step for precision hypernuclear physics, describe the solution of a puzzle
related to the “He monopole transition form factor, discuss the calculation of hyper-neutron
matter and give new insights how Big Bang nucleosynthesis constrains fundamental parameters
of the Standard Model.

1 Introduction

Understanding the formation of strongly interacting systems such a atomic nuclei from
first principles calculations is still one of the biggest challenges within contemporary the-
oretical physics. While the theory of the strong interactions, Quantum Chromodynamics
(QCD), is well tested in many processes, the matter that leads to life in our Universe is
based on nuclei, which are self-bound systems of nucleons (protons and neutrons). As the
nucleons themselves consist of quarks and gluons, and hence are not fundamental degrees
of freedom, the forces between nucleons are not completely given in terms of two-body
interactions, but include three-body and higher order interaction terms. Much progress in
the understanding of the structure and dynamics of nuclei has been made in the context of
Nuclear Lattice Effective Field Theory (NLEFT)!, which combines the so successful low-
energy chiral effective field theory of QCD with stochastic methods (Monte Carlo simula-
tions). While direct calculations of nuclei based on quarks and gluons in the framework of
lattice QCD are essentially impossible due to the severe sign problem, formulating the nu-
clear forces in terms of protons, neutrons and pions is not only more appropriate, but also
comes with the added value of the approximate Wigner SU(4) (spin-isospin) symmetry of
the underlying nuclear interactions. This symmetry in fact suppresses the sign oscillations
strongly, and in the limit of an exact Wigner SU(4) symmetry, spin-isospin saturated nuclei
like e.g. “He are free of any sign oscillation. In NLEFT simulations, Euclidean space-time
is discretized on a torus of volume L3 x L;, where L is the side length of the spatial di-
mension, and L; denotes the extent of the Euclidean time dimension. The lattice spacing
in the spatial (temporal) dimensions is a (a;). The maximal momentum on the lattice is
Pmax = 7/a, which serves as the UV regulator of the theory. Nucleons are point-like
particles on the lattice sites, and the interactions between nucleons (pion exchanges and
contact terms) are treated as insertions on the nucleon world lines via auxiliary-field repre-
sentations. Properties of multi-nucleon systems are computed by means of the projection
Monte Carlo (MC) method. Each nucleon is treated as a single particle propagating in a
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Figure 1. Left panel: Pictoral representation of wavefunction matching. The simple Hamiltonian H* is an easily
computable Hamiltonian while the high-fidelity Hamiltonian H is not. A unitary transformation on the two-
nucleon interaction with finite range R is used to produce a new Hamiltonian H’ that is close to HS. In each
two-body channel, the ground state wave function of H’ matches the ground state wave function of H forr > R
and is proportional to the ground state wave function of H® for r < R. Right panel: Results for nuclear binding
energies using wave function matching. Calculated ground state and excited state energies of some selected nuclei
with up to A = 58 at N3LO in chiral EFT and comparison with experimental data. The nuclei used in the fit of
the higher-order three-nucleon interactions are labelled with open squares, while the other nuclei are predictions
denoted with filled diamonds.

fluctuating background of pion and auxiliary fields. Both local and non-local smearings
are applied to the nucleon creation and annihilation operators. Euclidean time projection
is started from some initial state W4 for Z protons and N neutrons (with A = Z + N).
One calculates the ground state energy and other properties from the correlation function
Z(t) = (V| exp(—tH)|¥ 4) = Tr{ M}, in the limit of large Euclidean projection time
t, with M the normal-ordered transfer-matrix operator and L; the number of Euclidean
time steps. Higher-order contributions are computed as perturbative corrections to the LO
results. A much more detailed description is given in the monograph'.

2 Wavefunction matching

Quantum Monte Carlo (QMC) simulations are a powerful and efficient method that can
describe strong correlations in quantum many-body systems. No assumptions about the
nature of the system are necessary, and the computational effort grows only as a low power
of the number of particles. For many problems of interest, a simple Hamiltonian H*°
can be found that describes the energies and other observables of the many-body system
in fair agreement with empirical data and is easily computable using MC methods. On
the other hand, realistic high-fidelity Hamiltonians usually suffer from severe sign prob-
lems with positive and negative contributions to the averages cancelling each other, so that
Monte Carlo calculations become impractical. In Ref.?, this problem was solved introduc-
ing a new approach called wavefunction matching (WFM). While keeping the observable
physics unchanged, wave functionmatching creates a new high-fidelity Hamiltonian H’
such that wave functions at short distances match that of a simple Hamiltonian H* which
is easily computed. This allows for a rapidly converging expansion in powers of the dif-
ference H' — H®. WFM can be used with any computational scheme. In the following
analysis, we focus on the case of QMC simulations, where the method presents a promis-
ing and practical strategy for evading the sign problem in realistic calculations of nuclear
quantum many-body systems. The basic idea of WFM is easily described. Starting from a
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Figure 2. Left panel: Predictions for charge radii of nuclei up to A = 58 at N3LO in chiral EFT in comparison
to the experimental data. Right panel: Predictions for pure neutron matter energy per neutron and symmetric
nuclear matter energy per nucleon as a function of density at N3LO in chiral EFT. For comparison we show the
results Refs.>~®. The empirical saturation point is labeled with a black rectangular box.

realistic high-fidelity Hamiltonian H, WFM defines a new Hamiltonian
H =U'HU, e5)

where U is a unitary tansformation and U its Hermitian conjugate. More precsiely, we
consider the two-nucleon interaction here. In each two-body angular momentum chan-
nel, the unitary transformation U is active only when the separation distance between two
particles is less than some chosen distance R. Let us write ¥ (r), ¥ (), and 1§ (r) for
the ground state wave functions of H, H’, and the simple Hamiltonian H ¥, respectively.
The transformation U is defined such that ¢} (r) is proportional to 3 (r) for r < R. The
simple Hamiltonian is chosen so that the constant of proportionality is close to 1. For
r > R, however, U is not active and so 1((r) remains equal ¢o(r). This is illustrated in
the left panel of Fig. 1. In the NLEFT application discussed here, the simple Hamiltonian
consists of SU(4) invariant two-body forces as well as regularized one-pion exchange. All
higher order corrections are treated in first order perturbation theory. The short-distance
parts of the chiral three-nucleon (3N) interactions are then tuned to minimize errors in the
binding energies of selected light and medium-mass nuclei. A total of six additional 3N
parameters are adjusted, and it is found that with just one parameter, the root-mean-square-
deviation (RMSD) for the energy per nucleon drops from 1.2 MeV down to 0.4 MeV. With
the addition of a few additional parameters, the RMSD per nucleon drops further to about
0.1 MeV, as shown in the right panel of Fig. 1. Having fixed all parameters, we can now
make predictions. In the left panel of Fig. 2, the results for the charge radii of nuclei with
up to A = 58 nucleons are shown. No charge radii data were used to fit any interaction
parameters. The one-standard-deviation point estimate error bars represent computational
uncertainties due to MC errors, infinite volume extrapolation, and infinite time extrapola-
tion. The agreement with empirical results is quite good, with an RMSD of about 0.03 fm.
Note that the larger errors for the heaviest nuclei are statistical and can be decreased by
utilizing greater computational resources. This solves the long-standing “radius puzzle”
observed in all continuum ab initio many-body calculations, namely that when getting the
correct binding energies, the nuclear radii come out too small, see e.g. Refs.>*. In the right
panel of Fig. 2, lattice results for the energy per nucleon versus density for pure neutron
matter and symmetric nuclear matter are shown. None of the neutron matter and symmetric
nuclear matter data were used to fit any interaction parameters. The density is expressed
as a fraction of the saturation density for nuclear matter, py = 0.17 fm~3. For the neutron



matter calculations, we consider 14 to 80 neutrons in periodic box lengths ranging from
6.58 fm to 13.2 fm. For the symmetric nuclear matter calculations, we use system sizes
from 12 to 160 nucleons in a periodic box of length 9.21 fm. We see that the neutron
matter calculations agree well with previous calculations. Within the uncertainties due to
finite system size corrections, the symmetric nuclear matter calculations show saturation at
an energy and density consistent with the empirical saturation point labeled with the black
rectangular box. The relative uncertainties due to finite system size are at the 10% level for
the energy.

3 Testing the high-fidelity interactions

Next, the so determined N3LO high-fidelity interactions are tested in a number of calcula-
tions, which we discuss briefly.

3.1 Structure factors for hot neutron matter

In Ref.? the first ab initio lattice calculation of spin and density correlations in hot neutron
matter using the high-fidelity interactions at N3LO in chiral EFT was done. These correla-
tions have a large impact on neutrino heating and shock revival in core-collapse supernovae
and are encapsulated in functions called structure factors. Unfortunately, calculations of
structure factors using high-fidelity chiral interactions were well out of reach using existing
computational methods. To solve the problem, a computational approach called the rank-
one operator (RO) method is introduced. The RO method is a general technique with broad
applications to simulations of fermionic many-body systems. It solves the problem of ex-
ponential scaling of computational effort when using perturbation theory for higher-body
operators and higher-order corrections. Using the RO method, we compute the vector and
axial static structure factors for hot neutron matter as a function of temperature and density
given by:

1 —igm [/4 .
Sv(a) = 13 Y e [(p(n +n)p(n')) — (0°)7]
. nn’ (2)
—igm [/ A - 0)2
Sa(a) = 73 Y e [(pa(n+m)pa(n))) — ()],
nn’
where p and p, are the density and the spin-density operators, respectively, and n, nn/
represent coordinates on the L3 cubic lattice. The ab initio lattice results are in good
agreement with virial expansion calculations at low densities but are more reliable at higher
densities, see the left panel of Fig. 3. Random phase approximation codes used to estimate
neutrino opacity in core-collapse supernovae simulations can now be calibrated with these
precise ab initio lattice calculations.

3.2 Nuclear charge radii of silicon isotopes

The next test of the N3LO forces was done in collaboration with experimentalists from
FRIB'?. They determined the nuclear charge radius of 32Si using collinear laser spec-
troscopy, leading to R, (32Si) = 3.153(12) fm. The experimental result was confronted
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Figure 3. Left panel: Calculated momentum dependent neutron matter structure factors Sy and S, at T' =
10 MeV. WEM(N3LO) represents the NLEFT calculations with the WFM N3LO interaction. The insert fig-
ure shows calculated chemical potentials of canonical ensemble systems which are used for the construction of
grand canonial ensemble at the chemical potential i = —2.54 MeV and the density pg = 0.01758(4) fm—3.
Right panel: Experimental and theoretical differential mean square charge radii of Si. The NLEFT calculation
provided an uncertainty which is plotted as the gray band.

with ab initio NLEFT, valence-space in-medium similarity renormalization group, and
mean field calculations, highlighting important achievements and challenges of modern
many-body methods. The lattice simulations for the charge radii are new calculations
based upon the N3LO chiral interactions described in Ref.> with two additional improve-

ments made. Rather than a global fit to all nuclei, we fit the three-nucleon coefficients C(El)

and cg) to ensure good agreement with the binding energies of the silicon isotopic chain.
We also use the rank-one operator method introduced in Ref.? to compute the charge radii.
As shown in the right panel of Fig. 3, the NLEFT results are in good agreement with the
measured charge radii along the Si isotope chain from A = 28 to A = 32. The charge
radius of 2Si completes the radii of the mirror pair 3?>Ar - 32Si, whose difference is corre-
lated to the slope L of the symmetry energy in the nuclear equation of state. The NLEFT
result for L was determined from the calculations of pure neutron matter in Ref.2, giving
L = 55(7) MeV, which agrees with complementary observables.

3.3 The triton lifetime

Nuclear 8 and double-/3 decays are fine probes of the weak interactions in their interplay
with the strong force. Arguably the best example is the extraction of the CKM matrix
element V4 from superallowed 3 decays'!. Triton 3-decay is the process where >H decays
into *He, an electron, and an electron antineutrino, 3H — 3He + ¢~ + .. The matrix
elements of the weak transition are crucial to understanding this decay process. Thus,
this decay serves as a benchmark for calculating weak nuclear decays. In addition, it is
known that triton 3-decay, that is the triton lifetime, together with the binding energies in
the A = 3 system can lead to a robust determination of the low-energy constants c¢p and
cp parameterizing the leading three-nucleon forces in chiral EFT'2. The triton lifetime is
given in terms of two matrix elements (MEs), refered to as the Fermi and the Gamov-Teller
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in order. Here, 7,  is the isospin-raising operator and the o,, are the nucleon spin matrices.
Despite the success of the WFM method in improving theoretical precision, the calcula-
tions in Ref.?> were carried out using first-order perturbation theory. Since first-order per-
turbation theory only provides corrections to the energy and not to the wavefunctions, triton
[-decay calculations at N3LO, requiring higher-order perturbative corrections for realistic
wave functions, cannot be directly performed using the methods from Ref.2. One potential
solution to this challenge is to extend the calculations to second-order perturbation theory.
Recent advances in perturbative QMC methods, as detailed in Ref.13, provide an effective
framework for incorporating higher-order perturbative corrections, making it particularly
well-suited for applications to heavier nuclei. Alternatively, fully non-perturbative meth-
ods can be applied to light nuclear systems to generate realistic wave functions at N3LO,
as required for triton S-decay calculation. This was done in Ref.!. Performing this non-
perturbative calculation, the Fermi ME as well as the Gamow-Teller ME are simultane-
ously obtained,

(F) =0.99949(11) ,  (GT) = 1.6743(58) , )

where the uncertainty stems from the large L; extrapolation and the variation of the
strengths of the the one-pion exchange and contact term topologies of the three-
nucleon forces. These results are consistent with earlier theoretical calculations, con-
firming the robustness of our approach. The corresponding lifetime is given by
(1 + 6r)t1/2 fv = 1105.1(74) s, consistent with the empirical determinations, (1 +
Or)ti/2 fv = 1132.1(25)s. The remaining discrepancies are due to the fact that the
corrections to the pion exchange currents have not yet been included. This study marks a
significant advancement in the systematic application of NLEFT to nuclear S-decay pro-
cesses, paving the way for future high-precision calculations in more complex nuclear
systems, such as neutrinoless double-3 decay in *®Ca or "°Ge.

4 Towards Hypernuclei from NLEFT

Understanding the strong interactions in the light quark sector is crucial for a comprehen-
sive description of baryonic systems such as nuclei and hypernuclei. The study of hyper-
nuclei provides valuable insights into the baryon-baryon interactions, and an accurate de-
scription of the properties of hypernuclei requires a systematic formulation of interactions
between hyperons and nucleons, as well as constraining their low-energy constants (LECs).
The great success of both phenomenological potential models and chiral EFT for nucleons
is based on rich and precise NN-scattering data and nuclear binding energies. However,
due to the scarcity of hyperon-nucleon and hyperon-hyperon scattering data, the spectra
of hypernuclei are pivotal in constraining the hyperon-nucleon and hyperon-hyperon in-
teractions, deepening our understanding of SU(3) flavor symmetry breaking and charge
symmetry breaking in strong interactions. In Ref.!> we calculated the ground state and
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Figure 4. Left panel: A separation energies for different YNN forces (decuplet saturation: C7 = C3and Cy = 0,
decuplet plus spin: C7 = C3 and Cy # 0, final result: C; # C2 # C3 # 0). The large improvement resulting
from the introduction of the spin-dependent three-body force ~ C' is clearly visible. The experimental values
are taken from Ref.!®, where we averaged the four-body systems. Ground states are depicted in blue, excited
states in red. The uncertainties are indicated by the shaded areas. Right panel: Calculated monople form factor

of the 0; — Of transition in *He compared to the recent data from Mainz'8 (green squares) and the older data
(grey symbols). Blue dashed line: SU(4) symmetric strong interaction with all parameters determined in Ref.%’.
Red solid line: adding the Coulomb interaction perturbatively. The uncertainty bands in the lattice results include
stochastic errors and uncertainties in the Euclidean time extrapolation

excited state energies of hypernuclei up to A = 16. Our calculations employ the high-
fidelity chiral interactions at N3LO for nucleons from Ref. 2 and the leading-order S-wave
hyperon-nucleon (YN) interactions are given by

1 1
VYN:103S’N(]l_0'1'0'2)+1037’1N(3+0'1'0'2)‘ ©)

The LECs C;oijz; are determined by a fit to the unpolarized Ap — Ap cross section and the
hypertriton binding energy. The hyperon-nucleon-nucleon (YNN) interactions are given
by

VYNN = Cl(]]. — 092" 0'3)(3+T2 . Tg) +C20'1 . (0’2 +0’3)(IL — T2 -’7'3)
+03(3+0'2'0'3)(]].7T2'T3), (6)

and the LECs C| 5 3 are determined by hypernuclear systems with A = 4 and 5. For
the YNN interactions, we consider all possible forms of short-distance smearing. In our
analysis, we calculate the RMSD over all calculated hypernuclear separation energies with
A > 4, which are used to assess the accuracy of the YNN interactions in describing hyper-
nuclei. In the left panel of Fig. 4 we show results for hypernuclei from 3 He to 150, where
the hypernuclei with A < 5 shown here are included in the fit, while the other hypernu-
clei are predictions. We find that, within stochastic uncertainties of the MC simulations,
our Hamiltonian can accurately describe hypernuclear systems. Clearly, improvements in
the considered interactions here should be perforemd. We recommend including pion ex-
change forces in both the two-body and three-body sector. These forces not only allow



for an automatic inclusion of higher momentum contributions but also make excited states
available in typical multichannel calculations, Additionally, this approach enables the in-
clusion of higher orders in the chiral expansion, which are necessary for better phase shift
descriptions at higher orders that will also improve the description of the hypernuclei.

5 The puzzling “He transition form factor

The *He nucleus, the a-particle, is considered to be a benchmark nucleus for our un-
derstanding of the nuclear forces and the few-body methods to solve the nuclear A-body
problem!”. The attractive nucleon-nucleon interaction makes this highly symmetric four-
nucleon system enormously stable. Furthermore, its first excited state has the same quan-
tum numbers as the ground state, J© = 0 with J(P) the spin (parity), but is located about
20 MeV above the ground state. This large energy of the first quantum excitation makes the
system difficult to perturb. This isoscalar monopole resonance of the “He nucleus presents
a challenge to our understanding of nuclear few-body systems and the underlying nuclear
forces. The recent precision measurement of the corresponding transition form factor of the
first excited state to the ground state at the Mainz Microtrom MAMI'® compared with ab
initio calculations based on the Lorentz-integral transformation method using phenomeno-
logical potentials as well as potentials based on chiral EFT revealed sizeable discrepancies
as shown in Fig. 3 of Ref.'®. We addressed this issue in Ref.!® within the framework of
the minimal nuclear interaction that reproduces the ground state properties of light nuclei,
medium-mass nuclei, and neutron matter simultaneously with no more than a few percent
error in the energies and charge radii?*2!. The transition form factor F'(q) of the monopole
transition is related to the transition density pt, (1) by

Flg) = 2 / N pur(1)ogr)rdr = — i ﬂq”@"”m ()
Z Jo Z = 2x+1)! ’
with Z the charge of the nucleus under consideration. Here Z = 2, and py(r) =

(07 |p(7)|03 ) is the matrix element of the charge density operator /(i) between the ground
state 01 and the first excited 05 state. We also display the expansion in moments in
Eq. (7). The first excited state of *He is a resonance that sits just above the H+-p thresh-
old. In order to study this continuum state, we perform calculations using three differ-
ent cubic periodic boxes with lengths L = 10, 11,12 in lattice units, corresponding to
L = 13.2 fm, 14.5 fm, 15.7 fm. The corresponding ground and first excited state ener-
gies are £(0) = —28.30(3) MeV and E(05) = —7.96(9) MeV that compare well with
the experimental values of —28.30 MeV and —8.09 MeV, repsectively. Next, we turn to
the analysis of the transition form factor, denoted as F'(g). In the framework of NLEFT,
observables such as nucleon density distributions, charge radii and form factors can be
computed using the pinhole algorithm. First, we consider the SU(4)-symmetric interac-
tions without Coulomb. The resulting form factor is depicted by the blue dashed line in the
right panel of Fig. 4. It somewhat overshoots the data, although the error band associated
with stochastic errors and the large L; extrpolation almost encompasses the data. Including
the Coulomb interaction leads to an overall reduction of the transition form factor as shown
by the red solid line in the right panel of Fig. 4. Overall, we achieve a good reproduction
of the data and the uncertainty band is also somewhat reduced. This is due to the fact that



inclusion of the Coulomb interaction leads to smaller fluctuations in the Monte Carlo data
when extrapolating to large L;. Consequently, we find that the nuclear interaction defined
in Ref.??, which has already been shown to reproduce the essential elements of nuclear
binding, also leads to a good description of the a-particle transition 05 — 07 form fac-
tor without adjusting any parameters. Thus, the nuclear forces relevant to this system are
under good control, and we do not find the puzzle mentioned in Ref.'8, see also Refs.?>23.

6 Ab initio calculation of hyper-neutron matter

The equation of state (EoS) of neutron matter plays a decisive role to understand the neu-
tron star properties and the gravitational waves from neutron star mergers. At sufficient
densities, the appearance of hyperons generally softens the EoS, leading to a reduction in
the maximum mass of neutron stars well below the observed values of about 2 solar masses.
Even though repulsive three-body forces are known to solve this so-called “hyperon puz-
zle”, see e.g. Refs.?*?> so far performing ab initio MC calculations with a substantial num-
ber of hyperons has remained elusive. We addressed this challenge by employing NLEFT
in Ref.%%. First, we had to develop an algorithm that allows to go to densities beyond twice
nuclear matter densities reached so far in QMC simulations which is not sufficient for the
description of neutron stars. To achieve that, we combine the smeared nucleon operator
with the operator representing the A hyperon, as detailed in Ref.?. This enables simula-
tions of systems consisting of both arbitrary number of nucleons and arbitrary number of A
hyperons with a single auxiliary field. Second, we work with smeared concact interactions
only, which allows to include all possible interactions, that is NN, NY, YY, NNN, NNY and
NYY, which was never done in a QMC simulations before. The NN and NNN LECs are
determined from a combined fit to the S-wave phase shifts and the saturation properties of
nuclear matter, with pg = 0.17 fm 2 the nuclear matter density. This calculation generates
a very stiff neutron matter EoS as shown in the left panel of Fig. 5, and it required required
up to 232 nucleons in the finite volume to achieve densities of 5p¢ as in the interior of
neutron stars. Next, we show three different EoS when hyperons are included. The NNA
and NAA forces are constrained by the separation energies of single- and double-A hyper-
nuclei, spanning systems from 3 He to ,4 Be, denoted as HNM(I). It is difficult to probe the
behavior of the EoS at high densities encountered in neutron stars in terrestrial laboratories,
and various phenomenological schemes and microscopical models suggest that hyperons
emerge in the inner core of neutron stars at densities around p =~ (2 — 3)pg. Similar to
using the saturation properties of symmetric nuclear matter to pin down the three-nucleon
forces, we determined the NNA and NAA forces by using the separation energies of hy-
pernuclei and the A threshold densities pt* around (2 — 3)po simultaneously in HNM(II)
and HNM(III). We set p'" = 0.398(2)(5) fm~3 and 0.520(2)(6) fm—3 for HNM(II) and
HNM(III), respectively. The corresponding EoSs are also shown in the left panel of Fig. 5.
To fulfill the equilibrium condtion for the chemical potentials, p,, = pa, we needed 102,
92, and 32 As for HNM(I), HMN(I) and HNM(III), in order. The EoS becomes stiffer at
higher densities for these variants, indicating the inclusion of more repulsion in the three-
body hyperon-nucleon interactions. As anticipated, the inclusion of hyperons results in
a softer EoS and HNM(III) is the stiffest EoS when hyperons are included. The squared
speed of sound, 2, is also shown in the inset in the left panel of Fig. 5. It is observed that
the causality limit (c2 < 1) is fulfilled for both PNM and HNM. The EoS characterized
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Figure 5. Left panel: EoS for PNM and HNM. The orange solid curve denotes pure neutron matter, obtained from
the NN and NNN interactions. The red dashed line represents the EoS of HNM with hyperons interacting via
the two-body interactions (NA and AA) and the third set of three-body hyperon-nucleon interaction (NNA and
NAA). The blue dotted curve and the green dot-dashed curve are calculated with the first and second sets of three-
body hyperon-nucleon interactions. The A threshold densities pﬁ\h are marked by open circles. In the inset, the
speed of sound corresponding to the PNM and HNM EOSs is shown. The gray shaded regions are the inference
of the speed of sound for neutron star matter in view of the recent observational data®’. Right panel: Neutron star
mass-radius relation. The legend is the same as in the left panel. The gray horizontal dotted line represents 2M ).
The inner and outer contours indicate the allowed area of mass and radius of neutron stars by NICER’s analysis
of PSR J0030+04513° and PSR J0740+66203!. The excluded causality region is also shown by the grey shaded
region®2.

by nucleonic degrees of freedom exclusively demonstrate a monotonic increase in ¢ with
increasing energy density. The appearances of A hyperons, however, induces changes in
this behavior, leading to non-monotonic curves that signify the incorporation of additional
degrees of freedom. The onset of A hyperons precipitates a sharp reduction in the speed of
sound, marking a significant transition in the stiffness of the EoS. For comparison, the con-
straints on ¢2 within the interiors of neutron stars inferred by a Bayesian inference method
are also shown?’. The “holy grail” of neutron-star structure, the mass-radius (MR) relation,
is displayed in the right panel of Fig. 5. These relations for PNM and HNM are obtained
by solving the Tolman-Oppenheimer-Volkoff (TOV) equations®®? with the EoSs of Fig. 5
(left panel). The appearance of A hyperons in neutron star matter remarkably reduces the
predicted maximum mass compared to the PNM scenario. The maximum mass for PNM,
HNM(I), HNM(II), and HNM(II) is 2.19(1)(1) Mg, 1.59(1)(1) Mg, 1.94(1)(1) Mg, and
2.17(1)(1) Mg, respectively. Note that three neutron stars have been measured to have
gravitational masses close to 2M, that significantly constrain the EoS of dense nuclear
matter. Our results show that the inclusion of the NNA and NAA interaction in HNM(III)
leads to an EoS stiff enough such that the resulting neutron star maximum mass is com-
patible with the three mentioned measurements of neutron star masses. Therefore, the
repulsion introduced by the hyperonic three-body interactions plays a crucial role, since it
substantially increases the value of the A threshold density. Note that Ref.% also conatins
the first ab initio calculation of the universal I-Love-(Q relations, which connect the mo-
ment of inertia I, tidal deformability A, and the quadrupole moment ( in a slow rotation
approximation. In the next steps, one should include the proton fraction, other hyperons of
the baryon octet, and make use of the recently developed high-fidelity chiral interactions
at N3LO 2, though this will pose a formidable computational challenge.

10



7 Big Bang nucleosynthesis as a probe of fundamental constants

Element generation in Big Bang nucleosynthesis (BBN) is a fine laboratory to study the
possible variations of the fundamental parameters of the Standard Model, such as the quark
masses or the electromagnetic fine-structure constant gy, see e.g. Ref.>3. However, the
reaction network is also very sensitive to the nuclear physics input, which so far has not
been studied systematically. In Ref.* we investigated the dependence of primordial nu-
clear abundances on fundamental nuclear observables such as binding energies, scattering
lengths, neutron lifetime, etc. by varying these quantities. The numerical computations
were performed with four publicly available codes, thus facilitating an investigation of
the model-dependent (systematic) uncertainties on these dependences. Indeed deviations
of the order of a few percent are found. Moreover, accounting for the temperature de-
pendence of the sensitivity of the rates to some relevant parameters leads to a reduction
of the sensitivity of the final primordial abundances, which in some cases is appreciable.
These effects are considered to be relevant for studies of the dependence of the nuclear
abundances on fundamental parameters such as quark masses or couplings underlying the
nuclear parameters studied here. Based on that work, we studied in Ref.?> the dependence
of the primordial nuclear abundances as a function of agy, keeping all other fundamental
constants fixed. We updated the leading nuclear reaction rates, in particular the electro-
magnetic contribution to the neutron-proton mass difference pertinent to 3-decays, and
went beyond certain approximations made in the literature. In particular, we included the
temperature-dependence of the leading nuclear reactions rates and assessed the systematic
uncertainties by using four different publicly available codes for BBN. Disregarding the
unsolved so-called lithium-problem, we find that the current values for the observationally
based 2H and “He abundances restrict the fractional change in agy to less than 2% , which
is a tighter bound than found in earlier works on the subject. Further, in Ref.?’, we pre-
sented an improved calculation of the light element abundances in the framework of BBN
as a function of the Higgs vacuum expectation value v. We improved and corrected the
recent calculation of Ref.3® and earlier works on this topic by combining up-to-date lattice
data on the nucleon mass, the axial-vector coupling, etc, with chiral EFT methods. The
PDG result for the “He abundance can be explained within 20 by 0.004 < §v/v < 0.007.
For deuterium we find the constraint —0.0007 < dv/v < —0.0002. These bounds are
more stringent than what was found earlier, and, in partcular, the tightest bound is now
set by dueterium, not *He any more (as in all earlier works). This is a significant step
in the quest for finding the habitable universes as constrained by fundamental parameter
variations in nuclear structure and reactions.
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