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Constraining the neutron-proton effective mass splitting in neutron-rich matter
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Within Bombaci’'s phenomenological single-nucleon potential model we study the neutron-proton effective
mass splittingm,-my, in neutron-rich matter. It is shown that an effective mass splittingypf m, leads to a
symmetry potential that is inconsistent with the energy dependence of the Lane potential constrained by the
nucleon-nucleus scattering experimental data.
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One of the most fundamental properties characterizing the m, m. du_ |
propagation of a nucleon in nuclear medium is its effective m 1 +ﬁ<ﬁ o 1)
T =]

mass[1-3]. The latter describes to leading order the effects

related to the nonlocality of the underlying nuclear eﬁectivewherekF is the nucleon Fermi wave number in asymmetric
interactions and the F_’aull exchange_eﬁects_ln many-ferml_orﬁudear matter of isospin asymmetsy=(p,~py)/p with p,
systems. In neutron-rich matter, an interesting new queonBm and p, being the nucleon, neutron, and proton density,
arises as to whether the effective mass for neutrons is respectiv?ely. The effective mass defined in Ef) is the
higher or lower than that for protoms,,. Microscopic many-  sq.calleck mass which is identical to the total effective mass
body theories, e.g., the Landau-Fermi liquid thepty and  \when the single nucleon potential is energy independent
the Brueckner-Hartree-Fo¢BHF) approach3], predict that  [2 3). For the single nucleon potentidl,, following Rizzoet
m,>m, in neutron-rich matter. On the other hand, some ef|. [6] we use the phenomenological formalism of Bombaci
fective interactions within phenomenological approacheg13):

predict the oppositg6]. Unfortunately, up to now almost

nothing is known experimentally about the neutron-proton B , 2 B (1 ”
effective mass splittingm,-m, in neutron-rich medium. Udku,d) =Au+Bu=Z(o-D——| 5 +x3u &
Knowledge about nucleon effective mass in neutron-rich
matter is critically important for understanding several prop- N §A<} N ) 4 B (} ) -

. . . - Xo JU-— +X3 U’ |6
erties of neutron stari7—9]. It is also important for the re- 3 \2 30c+1\2
action dynamics of nuclear collisions induced by radioactive al1
nuclei, such as, the degree and speed of isospin diffusion, the + —[—(30— 4z)I.+(C+ 221)27,}
neutron-proton differential collective flow as well as the iso- S5plL2
spin equilibrium[6,10-12. Moreover, it influences the mag- C-8z
nitude of shell effects and basic properties of nuclei fare +<Ci Tlé)u-g(k), (2)

from stability [1]. However, even the sign of the neutron-

proton effective mass splitting remains rather controversm\lNhereuzp/po is the reduced density and # is for neutrons/

theoretically. It is thus imperative to constrain the neutron- S A :
) P . . protons. In the earlieZ,=[2/(2m)%]fd°kf (k)g(k), g(k) is a
proton effective mass splitting in neutron-rich matter usmgmomentum regulatog(k) = 1/[1+(k/A)2], andf (K) is the

experimental data. In a recent study by Rizzbal. [6], R .

nuclear reactions with radioactive beams were proposed asp%:ase S(P"?‘CG distribution funcyon. The param@terl.ﬂ(ﬂ .
means to disentangle the sign of the neutron-proton effectiv¥N€reKr is the nucleon Fermi wave number in symmetric
mass splitting in neutron-rich matter. In this note we take iuclear matter at normal densipy. With A=-144 Me.V,B
completely different approach for the same purpose. We:20_3'3 MeV,C=-75 MeV, ando=7/6 the B_omlqam fo_r-
show that an effective mass splitting m¢:<m; leads to a _mallsm repfo_d_uces all ground state properties including an
symmetry potential that is inconsistent with the energy de_mcompressmlllty 0f Ko=210 MeV of symmetric nuclear

pendence of the Lane potential constrained by existingatter[(ﬁ,lsj. It should be noticed that the Bombaci expres-
i

nucleon-nucleus scattering data. The effective mass splitting'°" 'Sf an el?(tenlszfor; of the well known GaIe—Bertsck;-Das
of m,<m_ is thus ruled out phenomenologically using ex- “E’tta C'Jl'rrTa isni14] trom Symmetfl? t?{ GLS)émThetr:jguc elar _
perimental data indirectly. matter. The various terms are motivated by the HF analysis

The effective massn. of a nucleont (n or p) is deter- using the Gogny effective interactigd5,1§. This potential

mined by the momentum-dependent single nucleon otentiaﬂe‘jends explicitly on the momentum buF not the total energy
y P 9 P of nucleons. Thus, th&mass obtained is the same as the

U-via 3] total effective mass. One should also mention that only the
last term is momentum dependent. Thus, theparameter
sets the scale of the momentum dependence of the nucleon

*Email address: bali@astate.edu potential U, and also the scale of the effective mass. The
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value of A parameter was determined by the ground state These two sets of parameters were shown to lead to rather
properties of symmetric nuclear matter. It can also appropridifferent results for several observables in heavy-ion reac-
ately reproduce the momentum dependence of the empiricéions induced by neutron-rich nuclig].

isoscalar nuclear optical potential as we shall show in the Our analysis is based on the consideration that both the

following. The expressions in Eq2) lead to an effective isoscalar and isovector parts of the single nucleon potential
mass[6,13: must have asymptotic values gtin agreement with the real

parts of the corresponding nucleon optical potentials con-
strained by nucleon-nucleus scattering experiments. We first

_ 2_mri<c+ ﬂé)u ' examine the isoscalar potentials with the two sets of param-
m, n> A2\7T 5 eters. The quantityU,+U,)/2 is a good approximation of
m =11+ keo |2 2 - 3 the isoscalar potential since th# in Eq. (2) is negligibly
! {1 + (—0> 1+ 5)2/3U2/3J small. It is now customary and a more stringent test of the

isoscalar potentials to compare them with the variational

many-body (VMB) predictions by Wiringa[15,17-19. In
It is noticed that the(1+8)**u?® term comes from the the VMB theory the single nucleon potential was obtained by
nucleon Fermi wave numbed. squared, and + is for using a realistic Hamiltonian that fits nucleon-nucleon scat-
=n/p. The three parametexg, X3, andz; can be adjusted to tering data, few-body nuclear binding energies and nuclear
mimic different predictions on the density-dependent symmatter saturation properties. It also reproduces the experi-
metry energy and the neutron-proton effective mass splittingmental nucleon optical potential available mainly at low en-
Two sets of parameters can be chosen to give two oppositrgies[20]. Shown in Fig. 2 is a comparison of isoscalar
nucleon effective mass splittings, but almost the same sympotentials using Eq(2) with the VMB predictions using the
metry energy Eg(p) [6]. The parameter setz, UV14 two-body potential and the VIl three-body potential
=-36.75 MeV,xy=-1.477, andx;=—1.01(case } leads to [17]. First of all, the isoscalar potentials are almost indepen-
m;>m* while the one withz;=50 MeV, x,=1.589, andx, dent of the neutron-proton effective mass splittings as one
=-0.195(case 2 leads tom;< m; at all nonzero densities expects. In both cases the isoscalar potentials usingZxq.
and isospin asymmetries. Shown in Fig. 1 are the nucleoare in good agreement with the VMB predictions up to about
effective masses as functions of density and isospin asymmé&=2.5 fni%. At higher momenta where combinations of dif-
try in both cases. It is seen that the neutron-proton effectivéerent two-body and three-body forces lead to somewhat dif-
mass splittings, opposite in signs, increase in magnitudes iferent predictions especially at high densitj@g], the Bom-
both cases with the density and isospin asymmetry. Thudaci formalism leads to slightly lower values. Nevertheless,
large magnitides of effective mass splittings can be obtainethe quality of agreement with the VMB predictions found
in dense neutron-rich matter. here is compatible with those using all other modéls,1§.
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FIG. 2. (Color onling Strengths of the isoscalar potential as a  Our finding here is consistent with that of the earlier work
function of density at the four wave numbers for caséldwver by Sjoberg in the framework of the Landau-Fermi liquid
window) and case 2upper window in comparison with the varia- theory[4], BHF predictiong5] as well as Hartree-Fock cal-
tional many-body calculations. culations using the Gogny effective interactidt®]. Within

the Landau-Fermi liquid theory, very interestingly, the

We now turn to the isovector part of the nucleon potentialnucleon effective mass splitting has the analytical and physi-
in both cases. The strength of the isovector nucleon opticagally transparent relatiof#]
potential, i.e., the symmetry or Lane potentjdll], can be
extracted fromJ, 4,.= (U,—U,)/25 at po. Systematic analy-
ses of a large number of nucleon-nucleus scattering experi-

ments at beam energies below about 100 M2¥] indicates (my, = m;)/mz 3nﬂ2n[f1nn+ (kp/kn)zflnp]

undoubtedly that the Lane potential decreases approximately X

[ ith i i ins 1.€. m k

linearly with increasing beam enerdy;,, i.e.: _ 31129 D[ PP 4 (kn/kp)zflnp], 5)
ULane: a- bEkin’ (4)

wherea=22-34 MeV andb=0.1-0.2[23,24.

Shown in Fig. 3 are the theoretical symmetry potentials inwhere ", fPP, and f;* are the neutron-neutron, proton-
the two cases in comparison with the Lane potential conproton, and neutron-proton quasiparticle interactions pro-
strained by the experimental data. The vertical bars are usgected on thd=1 Legendre polynomial, as for the effective
to indicate the uncertainties of the coefficieatandb in Eq.  mass in a one-component Fermi liquid. Microscopic NN in-
(4). It is seen that with the effective mass splittinﬁ> m; teractions predict alf;’s are negative in symmetric matter at
(case ] the strength of the symmetry potential decreasesiuclear matter density and in asymmetric matter at tree level.
with increasing energy. This trend is in agreement with thdt can be seen then that the proton effective mass is smaller
experimental indication. Moreover, the slope of the calcudin neutron-rich matter due to the coupling of the protons to
lated symmetry potential with respect to energy is about righthe denser neutron background, i.e., the tékyik,)*f” is
although the magnitude obtained is slightly higher. Since it isdlominant in Eq.(5) earlier, leading tom;> m; as shown
not the purpose of this work to find the best parameter set taumerically in Fig. 3 of Ref[4].
reproduce the empirical Lane potential, no attempt is made In summary, using the Bombaci phenomenological for-
to readjust any of the parameters first proposed in Refanalism for single nucleon potentials in isospin asymmetric
[6,13. In case 2, however, the most striking feature is thatnuclear matter we analyzed the isoscalar and isovector
the symmetry potential increases with the increasing beamucleon optical potentials in comparison with the empirical
energy. This is in stark contrast with the experimental indi-ones constrained by the experimental data. We found that a
cations. The characteristically wrong energy dependence afeutron-proton effective mass splitting rtmf]< m; leads to a
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