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Introduction Method

Despite the successes of the Standard Model, we still have no clear explanation on how quarks and gluons The model has evolve over the last few years: The results are presented in the next figure which displays the general behavior of B/A as a function of the
form nucleons and nuclei. The Skyrme Model provides an alternative. It is a low-energy QCD effective meson 1- Adam et al [ASW]?): consists of £ + L alone (o = 8 = 0) with usual mass term baryon number for our model [BeM].
field theory where baryon emerges as topological solitons. However, the Skyrme Model seems unable to reproduce V(U) = —35Tr[l — U] = —4Tr[U_] where Uy = (2 £ U £ U")/4 The solutions are compactons. They saturate
the small binding energy in nuclei although it remains a relatively accurate picture of the nucleons. This suggests the Bogomol'nyi bound leading to zero binding energies and unstable nuclei.
that Skyrme-like models that nearly saturate the Bogomol'nyi bound may be more appropriate since their mass is 2- Near-BPS Model [BOM][4]: The choice of potential Vgom(U) = —%Tr [UJ]E} gives baryon density with
roughly proportional to the baryon number. unsatisfactory shell-like configuration.
. .. . . . 3 g
| We propose a Near-BPS Skyrme Model). It consists of terms up to order six in derivatives of the pion 3- Other Near-BPS Model [BHM]W: With Vaum(U) = _% Tr£U+U—] the baryon density is gaussian-like §
fields, including the nonlinear and Skyrme terms which are assumed to be relatively small. Our special choice of _ _ In(5Tr[U_]) - _ 3
. . . . . We are interested in a model that can reproduce the constant baryon density in nuclei. We propose an <
mass term leads to well-behaved analytical BPS-type solutions with approximately constant baryon density o d the Near-BPS Model [BeMT” s
configurations, as opposed to the usual shell-like configurations found in most extensions of the Skyrme Model. Mproved the fiear octel | (Sl
Fitting the 4 model parameters, we find a remarkable agreement for the binding energy per nucleon B/A with
8 ek : 2 SIS 1> / An Improved the Near-BPS Model [BeM]"':
respect to experimental data.
Baryon number A

MOtivatiOn Our approach proceeds th.rough of the following steps: Figure : Binding energy per nucleon B/A as a function of the baryon number for
Step 1: Introduce an appropriate V(U), here model [BeM] using the parameters of Fits I, Il, Ill, compared with experimental

In the absence of a clear explanation on how quarks and gluons form nucleons and nuclei form the Standard Veen(U) 112Tr [U Ug] (1—(14/5)In(Tr|[U_] /2)) (5) values.
. . . . . BeM — _ . . . . . . . .

Model, one has to rely on alternative approaches. One of the most attractive ideas in that regard is the Skyrme © 45 " 1 — \/1 — (14/5)In(Tr[U_] /2) The mass of each nucleus gets a contribution from static, (iso)rotational, Coulomb, and isospin breaking
Modell!, an effective meson (pion) field theory motivated by low-energy QCD arguments such as 1/N.. expansion in order to generate constant baryon density: energies. It is interesting to compare how these contributions affect binding energy per nucleon B/A. While they
or more recently holographic QCD!Z. In the Skyrme Model, the baryon and nuclei emerge as topological solitons Step 2: Find the analytical solution (o = 8 — 0) where & — ar with a — 11/ (18AN) emerge from a low-energy QCD effective meson field theory, the results are similar to that of the more empirical
(Skyrmions). This is somewhat odd since the model is usually constructed out of pion fields alone. Bethe-Weizsacker mass formula.

The Skyrme Model is relatively successful at describing pion and baryon physics with predictions that are an Fhem(z) = 7 — 2 arccos|exp (—,CUQ _ szl)] (6)
accurate to at least 30% (often to a few %) with regard to experimental data. However, it fails when it comes to s 10F
multibaryon physics or more precisely nuclei. For instance, the binding energies are much too large especially for The proposed model with Vgem(U) leads to a constant baryon density. =
small nuclei ( e.g. deuteron ~ 40 X observed value). Moreover, finding the lowest energy configurationsis | T o
numerically challenging so that only small A solutions are known. They lead to approximately toroidal, . g o
tetrahedral, cubic configurations for A = 1,2, 3 standard Skyrmions, respectively, S g,
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— E Figure : Contribution to the binding energy per nucleon B/A coming from the
A=2 A=3 A=4 ) o 20 static, (iso)rotational, Coulomb, and isospin breaking for Fits Ill, compared with
This is in contradiction to the constant densities observed in nuclei. Further analysis of various potential (mass) | o | | experimental values.
. | def o hioh oo - derivati dditi | lead t Figure : Baryon densities B"(z) for various models: compacton [ASW], shell-like _ _ _ _

SN, ROEMTEE CIa MRS, I CHEEr Welins [l CEMYEIES CIF el e APkl MEek (e.g- w, p,...) lead to configuration [BoM], gaussian-like density [BHM] and the constant baryon density The predicted masses (Fit Ill) are accurate to at least £0.4% with respect to the experimental values.
similar configurations and binding energies Near-BPS model [BeM]. Further analysis required:

Given that the mass of the nuclei are closely proportional to that of the nucleon, M,,cei = A - Mpucleon, and

PN : i : : : Step 3: Relax the constraint «, 5 = 0 and include £s + £, as small perturbations. The static energy then reads _ _ _ . _ _
’Ic\lhat BBF;)SSSOI;FonS fo\l/l\?wfs thI:S eXZFt Patl’:em, Vc\llelpropose a ﬁky.rme like mOdell In a rzg'm_e wf_ll_e;.e tlhed50|Ut'0“5 are P . P 2 4 P &Y » The size of nuclei or root mean square radius for the charge density is, as observed, proportional to A3 but is
ear- solitons. We further adjust the model so as to obtain a constant baryon density. This lead to a F 1503 )\ A yge’ 5 6830 + 0.4850 (1 + A2 64 5133 (1 + A2) + 1.882A° . Rt 1 B 1
<o_called Near-BPS Model s 93 uA A + — (2. + 0. (1+A%) +647wBa (5.138 (14 A%) + 1. ) slightly to.o large: <7“e”!> = (1.91 fm) As (Expt= (1.23 fm) AB).. |
» The rotational energy is small especially for large nucleus. It would imply for example that the mass difference

Step 4: Add the rotational energy _
Near-BPS Model LG il | | 42 between the A and the nucleon is Ma — My ~ 50 MeV
Y 4 4+ ( ) ,{2] » The model assumes that the parameters «, 5 are small in the Near-BPS approach. Since the pion decay

FE,=— — — —
In order to get closer to saturation of Bogomol'nyi bound without losing link with the Skyrme model, we 2 Vin Ut Uss Un Vi constant is F, = 4y/a < 186 MeV m, = pu+/2/a > 138 MeV , the link to soft-pion physics is yet unclear
consider an extension of the original Skyrme Model with the Lagrangian density where Us3, Uy, V1 are (iso)rotational moments of inertia. » Several aspects of the model (e.g. magnetic moments, vibrational and rotational excitations....) remain to be
Step 5: Add Coulomb energy E¢ from charge density p(x) = J%,, = 2B%(x) + o taX), studied
Lngps = Lo+ L 1 . . T Uss . |
NBPS LO U L: R (1) Step 6: Add isospin breaking term E; to account for proton-neutron mass difference using £ = a i3 with
BPS-solitons Skyrme _ (m AN
We th hat Lo+ Lg domi d treat L5 and £ [ bations. Th a = De— Fe) =AM :
S e BRI MR Lo <= 2o CRAMITENS Elile) UigEts o EINE) /o4 81 el €6 [PEnliAREes), IS Weimes el Step 7: The values of the parameters 1, o, 8 and X remain to be fixed. This is done by fitting these 4 Conclusion
respectively: parameters using our result for the nuclear mass:
E—E 4B+ FEe+E (7) The model includes both the NLo terms and the Skyrme term in order to retain some of the successes of the
» Lo=—p?V(U): the potential term (SB term) which is responsible the pion mass. t ; ¢ | Skyrme Model which is not the case for some pure BPS Skyrmion. Since the potential and the term of order 6 in
» Lo =—aTr|L,L"]: the quadratic NLo term. Once these parameters are fixed the masses and binding energies per nucleon can be predicted for all nuclei. derivatives dominate, it is possible to approximate the lowest energy solution by an analytical axial form. This

allows computing most of the relevant physical quantities contrary to the original Skyrme Model where it remains

Here, L, = U'0,U where the pion fields are introduced through the SU(2) matrix U = ¢ + i7;¢; with :
3+ 7 = 1. Results a challenge to even find the lowest energy solution.

We have demonstrated that it is possible to construct constant baryon and charge densities for all A.

- 2\ : . : :
» L4 = BTrng L, ) . the quartic Skyrme term (necessary to stabilize soliton in the Skyrme Model). .We first consider the case where a = 5 ~ 0 which provides. a_good estimate_ f(.)r .the.values of 1, a, B, and A Although it remains a prototype model, it leads to a remarkably accurate description of B/A and other properties
> Lo = —%1A—62Tr ([Lm L] [L’/, LA} L, Lu]) . the sextic term which remains quadratic in time derivatives. required in the 4-parameter model (1) and corresponds to the limit where the minimization of the static energy of the nuclei. More generally, it clearly supports the idea that nuclei could be Near-BPS Skyrmions.
leads to the exact analytical BPS solution in (6). For simplicity, we choose the mass of the nucleon and that of a

Finite energy solutions for the Skyrme fields are characterizes by a conserved topological charge which nucleus X with no (iso)rotational energy; the best choice turns out to be the nuclei H and “’Ca (Fit I). A second References/Acknow|edgements
Skyrme identified as the baryon number or mass number A in the context of nuclei fit is performed using the masses of 140 most stable isotopes (Fit Il). Finally, we optimize for the binding energy

per nucleon B/A with the same set of 140 most stable isotopes (Fit Ill).

[ 3.0 € 3 o 1] T.H.R. Skyrme, Proc. R. Soc. A 260, 127 (1961).
A= /d b= 2472 /d rTr(LiliL) (2) Fit | Fit Il Fit 111 2] T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113, 843 (2005); P. Sutcliffe, Phys. Rev. D 79, 085014 (2009).
When o, B = 0, the solutions are BPS-solitons so their masses are exactly proportional to A. u (1043|\/|eV22) 1.232 | 1.0226 1.3264 3] C. Adam, J. Sanchez-Guillen, A. Wereszczynski, Phys. Lett. B691, 105 (2010) [ASWI].
This allows us to choose an axially symmetric solution for U in the limit where a« = 8 = 0 a (107° MeV?) 0 1.48244 10.00016580 4] E. Bonenfant, L. Marleau, Phys.Rev. D 82, 054023 (2010) [BoM| ; E. Bonenfant, L. Harbour, L. Marleau
U B (107 MeV") 0 1.20427 0.00091319 ibid.85, 114045 (2012) [BHM].
U = cos F(r) + ifi - 7sin F(r) (3) A (1073 MeV—Y)| 4.741 | 5.7037 | 4.3991 5] M.O. Beaudoin, L. Marleau, arXiv:1305.4944 [BeM].

where 1 is the unit vector can be written in terms of the spherical coordinates 7, 6, and ¢. The masses of the nuclei including static, (iso)rotational, Coulomb, and isospin breaking contributions are * Work NSERC (C

= (sin 6 cos Ap, sin @ sin Ap, cos0) . (4) then computed using Eq. (7) which results in predictions that are accurate to at least 0.8% for the masses, even ork supported by NS (Canada).

for heavier nuclei, and within 10% for binding energy per nucleon B/A. The predictions remain surprisingly good
compared to that of the Skyrme model which overestimates the B/A by at least an order of magnitude.
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