Eur. Phys. J. A 31, 357-364 (2007)
DOT 10.1140/epja/i2006-10274-6

THE EUROPEAN
PHYSICAL JOURNAL A

Regular Article — Hadron Physics

Neutron-proton mass difference in nuclear matter

U.-G. Meifiner':2, A.M. Rakhimov®, A. Wirzba?-®, and U.T. Yakhshiev?-

! Helmholtz-Institut fiir Strahlen- und Kernphysik (Theorie), Universitit Bonn, D-53115, Germany

2 Forschungszentrum Jiilich, Institut fiir Kernphysik (Theorie), D-52425 Jiilich, Germany

3 Institute of Nuclear Physics, Academy of Sciences of Uzbekistan, Tashkent-132, Uzbekistan

4 Physics Department and Institute of Applied Physics, National University of Uzbekistan, Tashkent-174, Uzbekistan

Received: 20 November 2006 / Revised: 14 February 2007
Published online: 12 March 2007 — © Societa Italiana di Fisica / Springer-Verlag 2007

Communicated by A. Schéfer

Abstract. Isospin-breaking effects in nuclear matter are studied in the framework of a medium-modified
Skyrme model. The proposed effective Lagrangian incorporates both the medium influence of the sur-
rounding nuclear environment on the single nucleon properties and an explicit isospin-breaking effect in
the mesonic sector. The approach predicts that the neutron-proton mass difference decreases in isospin-
symmetric nuclear matter but by a very small amount only.

PACS. 12.39.Dc Skyrmions — 14.20.Dh Protons and neutrons — 21.65.+f Nuclear matter

1 Introduction

The evaluation of isospin-breaking effects in a dense nu-
clear medium is an interesting problem in nuclear physics.
This is particularly the case for the Nolen-Schiffer anoma-
ly [1] in mirror nuclei which may be explained by a change
of the neutron-proton mass difference in the nuclear en-
vironment. Henley and Krein [2] argued that the Nolen-
Schiffer anomaly can be resolved if the neutron-proton
mass difference decreases rapidly in the medium. For this
reason various approaches for calculating the neutron-pro-
ton mass difference in a dense nuclear environment have
been proposed in the literature [3-9]. Some of these ap-
proaches indeed confirmed a decrease [3-7] of the neutron-
proton mass difference in the nuclear medium, while others
gave opposite results [8,9]. Since the Skyrme model [10,
11] treats the properties [12-14] and the interactions [15—
18] of the nucleons on an equal footing, it is interesting
to study what this model has to say for possible medium-
modifications of this quantity. Note also that the neutron-
proton mass difference is composed of a strong and an elec-
tromagnetic contribution of comparable size, which might
be affected differently in a dense medium.

In the present work we evaluate isospin-breaking ef-
fects in the baryonic sector of the Skyrme model by incor-
porating the influence of the surrounding nuclear environ-
ment on the nucleons as, e.g., in refs. [19,20]. In order to
perform our studies we modify the nonlinear o-model La-
grangian, which is generalized by explicit isospin-breaking
effects in the mesonic sector [21], based on the well-known

# e-mail: a.wirzba@fz-juelich.de

pionic field equations in the nuclear medium [22]. Further-
more, the usual Skyrme term is added in order to stabilize
the solitons of the model.

The paper is organized as follows. In sect. 2 we discuss
our model Lagrangian. Section 3 is devoted to the study
of the field equations to be solved. After an explanation
of the quantization procedure and the derivation of the
strong part of the density-dependent neutron-proton mass
difference in sect. 4, we will present the electromagnetic
(EM) part of that mass difference in terms of electromag-
netic form factors in sect. 5. The input values of the model
parameters used in this work are discussed in sect. 6. Sec-
tion 7 is devoted to the presentation and discussion of the
results. Finally, in sect. 8 our conclusions are summarized
and an outlook for further studies is given.

2 Medium-modified Lagrangian

We start from a generalized Lagrangian which incorpo-
rates an explicit isospin-breaking term in the mesonic sec-
tor
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where L, = UTBHU . The Einstein summation conven-
tion for repeated Greek or Latin indices is adopted, unless
stated otherwise. L5 is the usual Lagrangian of the nonlin-
ear sigma model, £4 is Skyrme’s stabilizing fourth-order
term. LgysB is a generalized pion-mass term proposed by
Rathske [21] which includes explicitly isospin-breaking ef-
fects in the second term. Note that the latter has the same
structure as the strong isospin-breaking fourth-order La-
grangian of chiral perturbation theory, see the term pro-
portional to the low-energy constant L7, Equation (6.16)
of ref. [23]'. Skyrme models with isospin-breaking terms
proportional to the p-w meson-mixing, as e.g. discussed in
refs. [24,25], are actually of the same order in the chiral
expansion, but more involved because of the additional
meson degrees of freedom. The parameter F is the pion
decay constant, while e is the dimensionless Skyrme con-
stant. The SU(2) matrix U(¢t,r) = exp{2iT - ®(t,r)/F;}
represents the isotriplet of pion fields ®. Their masses,
my+ and m o, enter the Lagrangian in the following com-
binations:

My =

(5)

The medium-modified Lagrangian, which takes into
account the influence of the surrounding nuclear environ-
ment on the pion fields, can be set up by following the
steps presented in ref. [19]. It has the form?
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Here, th,p and Xg,p are functionals of the low-energy
s- and p-wave pion-nucleon scattering lengths and vol-
umes, bg1 and cg,1, respectively [22]. They express the
influence of the medium on the charged and neutral pion
fields, 7+ and 7°. Furthermore, they depend on the densi-
ties of the neutron and proton distributions, p, and py,, of
the environment. One can check that the Lagrangian (6)
—in the linear approximation— generates the well-known
field equations (8,0" +m24 o + [IF0)7r+0 = 0 [22], where
the polarization operators IT*° have the schematic form

0 = Xsi70 + foo -V. (7)

! This is manifest when the isospin-breaking term is rewrit-
ten as in eq. (11). Because of UUT = 1, Rathske’s first term, the
pion-mass term, is compatible with the usual choice of explicit
chiral symmetry breaking proportional to Tr(U + U' — 2) [13].

2 From now on, an asterix indicates a density-dependent
quantity.
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The medium-modified Lagrangian (6) can be rewritten
in the following way:

L= L5+ Ly + Ligp + ALY, (8)
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where Ligp is the chiral-symmetry-breaking term and
AL* is the isospin-breaking term, separately. Note that
in the absence of AL* the Lagrangian (8) reduces to the
medium-modified Lagrangian presented in ref. [19].

In general, the strong isospin breaking in the bary-
onic sector is generated by two effects: an explicit isospin-
breaking in the mesonic sector (in the Lagrangian this
term is proportional to M2 ) and the isospin-dependent
influence of the medium on each of the pion fields, X;t — Xg
and x;;t — xY. For simplicity and in order to concen-
trate on the effects due to explicit isospin breaking in the
mesonic sector, we will consider from now on only isospin-
symmetric nuclear matter:

dmweop/
£ _ 0. _ 0p/M
Xo =% =X = T gimcopfn
Xs = Xg = Xs = —4m(bo)errp - (12)
Here n = 1+ m,o/my is a kinematical factor, my =

938 MeV is the nucleon mass, ¢’ is a correlation parame-
ter, cg is the p-wave isoscalar pion-nucleon scattering vol-
ume, (bo)emr is the corresponding effective s-wave isoscalar
scattering length in nuclear matter, and p is the density of
the surrounding medium [22]. Moreover, we will limit the
investigation to homogenous nuclear matter, p, = p, =
p/2 = const, and to the evaluation of the neutron-proton
mass difference in nuclear matter, Amy, = m; —mg.

To finish this section, we remark that the approach
used here should be distinguished from the method used
in refs. [26-28]. In these papers, all meson properties like
the masses, decay constants, etc. were assumed to be den-
sity dependent and taken from a microscopic model of the
meson dynamics. Here, the density dependence is parame-
terized in terms of phenomenological input, more precisely
the effective scattering length (bg)esr and volume cp.

The Lagrangian (6) is of course only one representative
of a larger class of Skyrme-type models with, e.g., higher-
order terms or vector-meson degrees of freedom which,
rooted in a hadronic language, do allow for a simulta-
neous description of nucleon properties and interactions.
However, the present choice with its scale-independent
dimensionless Skyrme parameter e can be considered as
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the simplest, but also as a generic one, with a minimal
number of derivatives and model parameters, that incor-
porates explicitly strong isospin breaking, stable solitons,
and medium modifications.

3 Classical solitonic solutions

Due to the isospin-breaking term of the Lagrangian (8),
the third component of the isovector field is singled out in
the field equations®:

acr oLt
00,8 0%

Oy (13)

Treating the (strong) isospin breaking as a small perturba-
tion, we can distinguish between a non-perturbed baryonic
background with m2, = m?2, and perturbative contri-
butions proportional to the very tiny strong-interaction—
induced part of m2, — m2, # 0. The non-perturbed
system has the usual time-independent classical (baryon
number B = 1) solutions ®(t = 0,r) = ¢(r) of the isospin-
symmetric Lagrangian, whereas a perturbation around the
classical background ¢(r) can be absorbed, e.g., by a time-
dependent modification.

We follow Rathske [21] by using for this purpose the
separation ansatz

®(t,r) =T(t) o(r),

where a manifest isospin breaking (with respect to the 3rd
isospin axis) is encoded in the time-dependent iso-rotation
matrix 7

(14)

cosa*t sina*t 0
—sina*t cosa*t 0
0 0o 1

T(t) = (15)

Here a* is a density-dependent global constant* which
would vanish in the absence of the small perturbation
Amg; = Mg+ — Mo, since then the system would reduce

to the non-perturbed configuration Arlgmﬂ0 LY = L{p-

The ansatz (14) together with (15), when inserted
into the Lagrangian (8) and after spatial integration, al-
lows to cancel the non-perturbative shift (IB-NP) pro-
portional to m?, — m2, that results from inserting the
non-perturbative (NP) background ¢(r) of the isospin-
symmetric case into the isospin-breaking part (IB) of
the Lagrange function against the isospin-breaking term
(IB-T) that results from the time-dependent rotation by

the 7 matrix:

a*?

L*= | £*d% = —M%p — M2A* + 7A*

= /CI’QP d3r+/£}‘B_NP d3r+/£fB_7—d3r. (16)

3 The explicit form of eq. (13) can be found in ref. [21] for the
free-space case. Note that the Skyrme term is omitted there.

* Note that a sign change of ¢ can be compensated by a sign
change of the angular velocity a™.
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Here MZp[¢] is the isospin-symmetric mass of the
non-perturbed configuration. The moment-of-inertia—type
quantities A* = A*[¢p] and A* = A* [¢], belonging to the
T-rotation and the non-perturbative shift, respectively,
are functionals of the pion fields. The global parameter a*
serves here as a constraint parameter, whereas in ref. [21]
—under the neglect of stabilizing higher-order terms— the
ansatz (14) also extremized the remaining action. Thus
the value of a*? is fixed here by the following condition
which implies the cancellation between the IB-NP and IB-
T parts in the Lagrange function:

A*

*2 2 -
a** =2M= T

(17)

As the iso-rotation matrix 7 is chosen in such a way that
—at the classical level and after spatial integration— the
isospin breaking is rotated out of the system, the clas-
sical field equations (13) effectively reduce to the non-
perturbed isospin symmetric case:

SMipld) _

o

In general, one should consider non-spherical time-
independent field configurations ¢(r) if the density gra-
dients of the surrounding nuclear environment are large.
In this case, the static field configuration acquires an ex-
plicit 6-dependence [20], i.e. ¢ = ¢(r,8), even if isospin-
breaking terms are absent. The above-presented “rota-
tion” procedure has the advantage that it remains applica-
ble for very non-uniform density-profile-dependent cases,
in other words, for finite nuclei. But as stated in sect. 2,
only the case of an isospin-symmetric homogeneous nu-
clear environment with a constant density is considered
here. Thus, the use of a spherically symmetric static con-
figuration ¢(r) = (r/r)F,F(r)/2 is still appropriate. Un-
der this hedgehog ansatz the terms defined in (16) are
given by

o0
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where F,. = dF'(r)/dr. Also the abbreviation S = sin F(r)
is used here.

The corresponding field equations (18) do not explic-
itly depend on the isospin index and therefore reduce to
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the simple radial form that is used in this work to deter-
mine the profile function F(r):

F? 2 sin 2F
T(I_Xp)<Frr+;Fr_ ) >

2 (2sin’ F sin 2F sin® F
L (L I ()
e T T T

2

—% (m2o + xs)sin F = 0.

(22)

Here F.. stands for the second derivative of the profile
function F(r) with respect to the radial coordinate r.
If the Skyrme term were omitted, the condition (17)

would reduce to a** = m2, —m2, and the results of the

work [21] would be reproduced in a natural way. However
in this case, due to the then profile-independent value of
the parameter a*, the density dependence of the isospin-
breaking effects would be lost®. From this point of view,
the presence of a higher-order term in the Lagrangian is
crucial, not only for its stabilization role, but also for the
description of the density dependence of the isospin break-
ing in the nuclear environment. Of course, there is a model
dependence due to the nature of the stabilizing term. We
reiterate that the Skyrme term is the most simplest choice,
with the least number of derivatives and model constants,
that guarantees the existence of stable baryons. In fact,
the chiral order of the Skyrme term is the same as the one
of the strong isospin-breaking term of chiral perturbation
theory.

To finish this section, let us state the expectation that
the above-mentioned shift induced by the isospin-breaking
terms and the compensating isospin-breaking rotation will
be manifest in the quantized theory, although they are
constrained to cancel each other at the classical level.

4 Quantization and the strong part of Am7

The standard quantization procedure of the Skyrme mo-
del [12] requires time-dependent rotations in space, R(t),
and isospin-space, Z(t):

Ult,r) = exp (%TT <I>(t,r)>

— U'(t,r') = exp <2Fir ACHL (t,Rl(t)r)> . (23)
where ®(t,r) is defined in eq. (14). The rotations R(t) and
iso-rotations Z(t) correspond to standard collective zero-
energy modes of the classical soliton, whereas the matrix
T of eq. (14) describes a constrained rotational mode with
respect to the classical soliton. The SO(3) matrices, Z(t)
and R(t), satisfy the conditions

Z.-ik (t)Z,;Jl (t) = EijlWl R;kl (t)Rkj (t) = —¢&ijl Ql s (24)

5 The isospin-breaking effects resulting from the pion-mass
variation in the nuclear medium are beyond the scope of the
present model.
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where w; and (2, are the angular velocities of the isospin
and spatial rotations, respectively, and the “dot” symbol-
izes a time derivative. Under these rotations and the con-
straint (17) the corresponding Lagrange function L* =
[ £* d3r takes the form

L* = —M{p+ A? (w— 9)2 +2a* (w3 — 23) . (25)
Note that the third components of the angular velocities
couple to the constrained angular velocity a*. Finally, the
usual Legendre transformation utilizing the canonical-con-
jugated operators T, = 0., L% jl = 0o, L* of w; and (2;,
respectively, leads to the quantum Hamiltonian:

N 2
R 72 T2 (T3 — A*a*)
H* — M* 1 2
et ot 21
T2 .
= Mp + MEA* + —a*Ts. (26)

2A*
There does not exist a canonical-conjugated momentum of
the angular velocity a* since this is a constrained quantity.
The mass shift term due to the explicit isospin breaking,
the second term of eq. (26), reappears —compared with
eq. (16) or eq. (25)— after applying the constraint (17)
to the induced term (A*/2)a*?. Moreover, note that the
isospin breaking in the mesonic sector is manifest at the
quantum level by the coefficient of the third component of
the isospin operator, see the fourth term of eq. (26). Con-
sequently, by evaluating the quantum Hamiltonian (26)
between appropriate nucleon states one can isolate the
strong part of the neutron-proton mass difference in the
nuclear medium as®

x(strong) _ _*(strong) __ (strong) _  x
m;, ms = Amy, =a".

(27)
This term is enhanced in comparison to the tiny mass shift
M?Z A% since the latter is quadratic and not linear in the
small parameter a*.

Finally, let us discuss the scaling under the expansion
in the number of colors N, of QCD, the underlying the-
ory of strong interactions. From the viewpoint of the non-
relativistic quark model, the mass difference of a large-
N, neutron (with (N, + 1)/2 d-quarks and (N, — 1)/2
u-quarks) and a large-N, proton (with (N, + 1)/2 wu-
quarks and (N, — 1)/2 d-quarks) is expected to scale as
mg — my ~ NO. Let us compare this with our eq. (27):
As usual, we start with the assumption that F; ~ 1/e ~
V/N., such that the soliton mass Myp, the moment-of-

inertia A* and also A* scale as O(N}). Assuming that
M _ scales as M, namely as O(N?)7, the constrained

*
n

6 Note that the sign of a* is now fixed by the known sign of
the strong nucleon-proton mass difference in free space.

7 Note that the N, scaling of the SU(3) low-energy constant
L7 ~ (1/48)F2 /m?, ~ O(N?) [23] would actually imply that
M?2 should scale as O(NZ) (see (4)), since the ’ would become
a Goldstone boson in the limit N, — oo (i.e., the 7' mass
scales as m,» ~ y/1/N). For N. = 3, however, the prefactor
is very tiny, such that the above-assumed O(N?) behavior of
M? = (m2.—m2)/2 is the more natural choice for the strong
pion-mass difference.
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constant a* (see eq. (17)) and the strong neutron-proton
mass difference (27) is of the same order O(N?). There-
fore, the N, scaling of eq. (26) is as it should be: the
non-perturbative isospin-symmetric mass term Myp and
the non-perturbative (via isospin-breaking—induced) mass
shift M2 A* scale both as O(N}); the quantization term

T2 /(24%) scales as O(N; '), as expected for the quanti-
zation of zero-modes of a soliton [12]; finally the isospin-
breaking term a*Ty resulting from the constrained iso-
rotation (with the enhancement by A* ~ N. relative to

the quantized isospin, see the first line of eq. (26)) scales
as O(N?).

5 Electromagnetic form factors and the
electromagnetic part of Amp,

The electric (E) and magnetic (M) form factors of the
nucleon are defined through the expressions

<%m%=%/&MMTWL
1

Gam%zgmN/d%émhxﬂﬂL (28)

where q? is the squared momentum transfer. Furthermore,
49 and j correspond to the time and space components of
the properly normalized sum of the baryonic current B,
and the third component of the isovector current V7, of

the Skyrme model, i.e.

1
* vraoa ﬁ
Bﬂ = m&fuyaﬁ Tr LY L*L s (29)
* i 1 v
VM(B) — 1—6T1“ {T3 (—Fg CMLM + 6_2 [L ,[Lu,LV]]>}
+(L — R), (30)
_ L, wu=0,
C“_{l—xp, nw=1223. (31)

Here €,,03 is the totally antisymmetric tensor in four di-
mensions and the definition R, = U8HU1L is used. Note
that the index p in eq. (30) is not summed over. By evalu-
ating these current operators between appropriate nucleon
states, one obtains the density-dependent electromagnetic
form factors of the nucleon [26-30].

Although the isoscalar (S) electric and magnetic form
factors of the nucleon

1 oo
Gy =—— /Fr sin® F' jo(qr) dr,
™
0

(e}
G = —% /FT sin? Fr2 2297 (ar) dr (32)
0

qr

do not explicitly depend on the density, there still exists
an implicit medium modification caused by the density
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Table 1. Masses and magnetic moments of the nucleons in
nuclear matter with a density p = Apo, where po = 0.5mf’ro is
the saturation density of ordinary nuclear matter.

A mp [MeV] myp [MeV]  pp [nm.]  pp [nm]
0 937.4 938.7 1.99 —-1.27
0.2 861.9 863.2 1.86 —-1.13
0.4 796.6 797.9 1.75 —1.02
0.6 739.6 740.9 1.65 —0.92
0.8 689.5 690.8 1.56 —0.83
1.0 645.2 646.4 1.48 —0.75

dependence of the profile function F. This holds also for
the isovector (V) electric form factor

(o)
i 2
ve T . 4 5 sin” F
o =g [ (7))

0

x sin? Fr? jo(qr) dr . (33)

The isovector magnetic form factor, however, has both
explicit and implicit density dependences:

.  2mmp T 4 sin? F
GYf = 3 /{F3(1—xp)+e—2<Ff+ 3 )}
0

2 Jilar) o
qr
The medium-dependent form factors of the proton and

()

neutron are defined as Gy, = G%’fM + Gy’ with the nor-
malization conditions G (0) = 1, GE*(0) = 0, G} (0) =
s G3f (0) = pyy, where py and py; are the in-medium mag-
netic moments of the proton and neutron, respectively.
Note that the magnetic moments are measured in terms
of the nuclear Bohr magneton (abbreviated as n.m. in ta-
ble 1) with the free-space nucleon mass my. Therefore,
my and not my is used in egs. (28), (32) and (34).
Finally, for calculating the electromagnetic part of the
neutron-proton mass difference, one can apply the formula

x sin?2 F'r (34)

" 40[ T * *
AmzEM) = - / dq{G% (a*)GE*(a”)
0

@ s N
GG (@) ).
N

2m (35)
see, e.g., ref. [31]. Here a = e?/4m ~ 1/137 is the elec-
tromagnetic fine structure constant (with e the elemen-
tary charge). Note also that the right-hand side of this
equation, after egs. (32) to (34) are inserted, does not de-
pend on the value of the nucleon mass and moreover that
AmiS™ scales as O(N?) like Amptrore),

6 Input parameters of the model

As input for the free mass of the neutral pion we take
the PDG value [32]: m, o = 134.977 MeV. This choice in-
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duces the values F; = 108.11 MeV and e = 4.826, if one
insists on reproducing the empirical (isospin-averaged)
masses of the nucleon and delta, mny = 938 MeV and
Ma = 1232MeV, in free space (p = 0) and without
isospin-breaking term (M_ = 0). The small differences
to the values F; = 108 MeV and e = 4.84 of ref. [13] are
caused by the value m, o = 138 MeV used there.

The mass m,+ of the charged pions, actually only
its strong contribution® to Am; = mgx — m o, is ex-
tracted as a variational parameter from the fit to the

empirical value Am{E*?) = 1.20MeV in free space. To
do this, we first calculate the electromagnetic part of

the neutron-proton mass difference in free space in anal-

ogy to the formula (35), AmE,EM) = —0.68 MeV. This
is in good agreement with the result of Ebrahim and
Savci [33] obtained long ago. Model calculations, which
include 7, p and w mesons, also lead to similar results [34].

Moreover, these results also are consistent with the value
AmEM = (20.76 + 0.30) MeV estimated from the Cot-

np =
tingham formula in ref. [31]. Finally, applying

ron 1
my =miy " F 3 AmG (36)
we find the following estimate of the neutron-proton mass
(strong)

difference due to the strong interactions: Amyyp =

AmE® _ ApEM = 1.97MeV which is fitted in the
present model by adjusting (the strong part of) Am, i.e.

the quantities M4 and M_ of eq. (5). In contrast to the

(strong)

sizable value of Ampnyp the pion-mass difference due to

strong interactions is very small®: Am™"%®) ~ 0.04 MeV,
compatible with the results of ref. [31].

Finally, the parameters of the pion self-energy are
taken from ref. [22], table 6.2: g) = 1/3, co = 0.21m3,
and (bp)e = —0.024m 1. The latter two are based on the
tabulated isospin 1/2 and 3/2 s;/2, p1/2 and p3/, pion-
nucleon scattering lengths from ref. [35] which are still
compatible with modern calculations in the framework of
chiral perturbation theory, see e.g. table 2 of ref. [36].

7 Results and discussion

The medium-dependent effective masses and magnetic
moments of the nucleons are presented in table 1 for a
couple of values of the nuclear density. As expected, the
effective masses decrease with increasing density of the nu-
clear medium. The most dominant contribution to these
changes comes from the explicit medium (1 — x,) factor
in the expression of the mass functional M{p of the non-
perturbed system (19).

Of course, it is well established that the effective mass
of the nucleon decreases in the medium [37,38]. However,

8 The electromagnetic contribution to m. 4+ is not considered
throughout this paper.

® In ref. [21], where the Skyrme term is absent, this value is
even = 0.01 MeV.
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Fig. 1. Density dependence of the strong part of the neutron-
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Fig. 2. Density dependence of the electromagnetic part of the
neutron-proton mass difference. The abscissa represents A =

p/po, while the ordinate represents Amflf,EM) in units of MeV.

the in-medium behavior of the neutron-proton mass differ-
ence is still under debate. Our results for the mass differ-
ence due to the strong interaction, Am;psmmg , and elec-
tromagnetic interaction, Amnp
and fig. 2, respectively.

It can be seen that both parts, the strong and electro-
magnetic one, have an almost linear dependence on the
medium density and decrease with increasing the density.
Note, however, that the absolute values of the changes are
very small: i.e., the strong part of Amy is almost flat
(see fig. 1), while the change in the electromagnetic part
is slightly more pronounced (see fig. 2). The difference in

their behavior follows from the fact that Angtmng) has

no ezplicit dependence on the medium functionals (see
egs. (17) and (27)), whereas Amie™ (35) explicitly de-
pends on the p-wave medium functional via the isovec-
tor magnetic form factor (34). However, there is a chance
that the corresponding shifts may be more pronounced
in isospin-asymmetric matter, due to the pertinent in-
medium functionals in the isospin-breaking term of the

, are presented in fig. 1
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Fig. 3. Density dependence of the total neutron-proton mass
difference. The abscissa represents A = p/po, while the ordinate
represents Am,,, in units of MeV.
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Fig. 4. Density dependence of the following neutron-
proton mass differences, normalized to their free-space val-
ues: Ama™ /AmEM | Ami§tons) f AmSirore) Am}, [ Aming
plotted by the dash-dotted, dashed and solid curves, respec-
tively. The abscissa represents A = p/po, while the ordinate
represents the three dimensionless ratios.

Lagrangian AL* (see eq. (11)) and the additional depen-
dence of the medium functionals on the difference of the
neutron-proton (distribution) densities of the surrounding
environment, 6p = p, — pp.

In fig. 3 the total neutron-proton mass difference Amy,
in the nuclear medium is shown as a function of the nu-
clear density. For convenience, we present also, normalized
to their free-space values, the neutron-proton mass dif-
ferences Ampt™ / AmSEM | Ao f Am(Siens) - and
Amy [Amyy, in fig. 4 by the dash-dotted, dashed and
solid curves, respectively.

From fig. 4 one can see that the change in the neutron-
proton mass difference is only ~ 4% at normal nuclear-
matter density and that the total value Amy  decreases
in the nuclear medium as a function of the density.
This result is in qualitative agreement with the result
of the quark-meson coupling model [7]. At the quantita-
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tive level, however, they differ: the absolute value of the
quantity Amy,, within the present approach, decreases
about 0.05MeV at normal nuclear-matter density (see
fig. 3), while in ref. [7] the decrease is about 0.85MeV.
One can conclude that in the Skyrme model, contrary
to the result of the work [7], Amy, remains positive —
even at high densities— if the surrounding environment
has an isospin-symmetric structure. Note that in isospin-
asymmetric matter this picture may change.

The density dependence of the neutron-proton mass
difference is approximately linear and can be parameter-
ized as

Am; . ~1.3MeV —Cp/po .

np —
Our calculation shows that C' ~ 0.05 MeV, which is almost
negligible in comparison with the calculation [6] in the
framework of QCD sum rules, C' ~ 1.1-1.7MeV.

8 Summary and outlook

We have investigated the isospin-breaking effects for nu-
cleons embedded into an isospin-symmetric nuclear envi-
ronment. In order to calculate these effects, a medium-
modified version of the Skyrme model, which also takes
into account explicit isospin breaking, has been proposed.
Our calculations within this framework show that, with
increasing density, the total neutron-proton mass differ-
ence as well as its strong and its electromagnetic part,
separately, decrease only by a very small amount.

A generalization of the present approach to finite nu-
clei, i.e. to calculations of the type presented in ref. [20],
would allow to evaluate the isospin-breaking effects in mir-
ror nuclei with the following qualifications:

— the strong part of the neutron-proton mass differ-
ence would separately depend on the s- and p-wave
medium functionals X;t,p: X(s)7p and, consequently, would
strongly depend on the parameterization of the latter
ones [22];

— the medium functionals would explicitly depend on the
neutron-proton density distributions Xi;,o = X;’f}?(ﬂn +
Pps Pn— Pp) [22], such that the main property of mirror
nuclei - .

My & SMyg=yMy

could be taken into account in a natural way;

— additional effects could arise due to an w-dependence
of the polarization operators II¥° = [I+0(w, k) in
eq. (7)19 e.g. from the Weinberg-Tomozawa [39,40]
and the so-called range terms [41], see also refs. [42,43];

— the evaluation of local isospin-breaking effects, ac-
cording to the nucleon-position R as measured from
the center of the nucleus [20], would lead to additional
possibilities.

The consequences of these additional modifications are
the subject of future studies.

10 Note that in the present work, the polarization operator,
because of the form of eq. (6) and the isospin symmetry of the
surrounding environment, is simply given by the static formula
IT*° = [T(w =m0, k).
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