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Abstract: The subject of the present work is the study of the K~ meson interaction
with the nuclear medium. The K~ —nuclear states were generated across the periodic
table and calculated selfconsistently within the framework of the relativistic mean-field
theory. A wide range of the K~ binding energies was spanned by varying the K~
couplings to the meson fields. The K~ absorption in the nuclear medium was taken into
account using the optical model phenomenology. The strength of the absorptive potential
was constrained by kaonic atom data and the phase space reduction for decay products of
the K~ bound states was considered. We aimed at a detailed analysis of processes and
conditions, which determine the K~ decay width. Significant contribution from the

KN — mA conversion mode was found for the K binding energies in the range, where the
dominant decay channel KN — 73 is closed. The assumption of the p? density
dependence for the 2 N-absorption modes leads to further increase of the K~ conversion
width, especially for deeply bound K~ —nuclear states in lighter nuclei. Calculations of
nuclear systems containing several antikaons revealed that antikaon and nuclear densities
behave quite regularly with increasing number of K~ mesons, embedded in the nuclear
medium. The study of the p-wave interaction of the K~ meson with a nucleus indicates

that the p-waves play a minor role in heavier nuclear systems.

Keywords: K~ —nuclear bound states, density dependent interaction, relativistic

mean-field model
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Nazev prace: Interakce antikaonu s jadrem
Autor: Daniel Gazda
Studijni obor: Jaderné inzenystvi

Vedouci prace: RNDr. Jiif Mares CSc., Ustav jaderné fyziky AVCR, v. v. i.

Abstrakt: Predmétem predkladané prace je studium interakce K~ mesonu s jadernym
prostiedim. Jaderné stavy K~ mesonu byly studovany napii¢ periodickou tabulkou v
ramci relativistické teorie stfednich poli. Pokryli jsme Siroké spektrum vazbovych energii
K~ mesonu skalovanim vazbovych konstant antikaonu na mesonova pole. Absorpce K~
mesonu byla zahrnuta prostifednictvim fenomenologického optického modelu. Hloubka
imaginarntho potencidlu byla urcena z dat kaonovych atomii, navic jsme vzali do ivahy
redukci fazového prostoru pro rozpadové produkty vazanych stavi. Zamérili jsme se na
detailni analyzu procesu a podminek, které urc¢uji rozpadovou sitku K~ mesonu. Nalezli
jsme vyznamny piispévek do rozpadové sitky K~ mesonu, pochazejici z konverze

KN — mA pro oblast vazbovych energii K, kde je hlavni rozpadovy kandl KN — 7%
kinematicky uzavien. Ukazali jsme, ze predpoklad kvadratické hustotni zavislosti
dvou-nukleonového absopéniho kandlu vede k dalsimu rustu rozpadové sitky K~ mesonu,
obzvlasté pro hluboko vazané stavy K~ v leh¢ich jadrech. Vypocty jadernych systému
obsahujici vice K~ mesonu ukézaly regularni chovani jaderné hustoty s rostoucim poctem
vazanych K~ mesonu. Studium vlivu zapocteni p-viny do interakce K~ mesonu s jadrem

prokazalo maly vliv p-vlny v tézsich systémech.

Klicova slova: vazné jaderné stavy K, hustotné zavisld interakce, relativisticka teorie

sttednich poli
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1 Introduction

The subject of the present work is the study of the K~ meson interaction with the
nuclear medium. It is closely related to the one of the most important, yet unsolved,
problems in hadron physics — how the hadron masses and interactions change within the

nuclear medium.

The in-medium properties of antikaons in dense nuclear matter have attracted
considerable attention since the pioneering work of Kaplan and Nelson on the possibility

of kaon condensation in nuclear matter [1, 2J.

The existence of the KN A(1405) quasi-bound state lying about 27 MeV below the K~ p
threshold suggests that the K NV interaction is strongly attractive [3]. This is consistent
with low-energy K N scattering data [4] as well as with the measured energy shifts of the
1s atomic state of kaonic hydrogen [5]. The A(1405) as a K~ p quasi-bound state was also
corroborated in a meson exchange picture by Jiilich group [6], where the o and w mesons
act jointly to give strong attraction. The chiral SU(3) calculations showed that I =0
KN interaction is attractive enough to bound A(1405) [7].

The K-nucleus interaction is also strongly attractive (and absorptive), as derived from
the strong-interaction shifts and widths in kaonic-atom levels [8, 9, 10, 11, 12]. This claim
is further supported by enhanced production of K~ mesons observed in sub-threshold
and near-threshold heavy-ion collisions in the KaoS experiment at GSI [13, 14, 15].
Global fits of the kaonic-atom data based on a phenomenological density dependent
optical potential [8, 9, 11, 12] or a relativistic mean-field approach [12, 16, 17] yield
strongly attractive K ~—nucleus potential of depths between 150-200 MeV. On the
contrary, coupled-channel calculations using KN interaction adopted from chiral models
and fitted to the low-energy KN scattering data [4] result in much shallower K-nucleus

potentials of depth ~ 50 — 100 MeV [16, 18, 19, 20].

The K -nuclear interaction is strongly absorptive, which is due to one-nucleon absorption

reactions KN — 7Y with approximately 100 MeV (Y = ¥) and 180 MeV (Y = A)
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energy release for the final hyperon Y.

In recent years, the interest in this field has been focused on the question of possible
existence of deeply bound K -nuclear states. And sequentially, if such states exist, are
they sufficiently narrow to allow identification in the experiment? These issues have
attracted considerable interest recently when Kishimoto proposed to look for K-nuclear
states in in-flight (K, p) reactions [21]. Akaishi and Yamazaki suggested to search for
KNN I =0 state bound by over 100 MeV, for which the dominant KN — 7% decay

channel would become kinematically forbidden [22, 23].

Following these suggestions some experimental evidence has been claimed for deeply
bound K~ candidate states in (K~ gp,n) and (K~ gqp, p) reactions on *He provided by
the KEK-PS E471 experiment [24]. However, the peaks observed at KEK could be
interpreted in terms of K~ absorption by a pair of nucleons [25]. Indeed, new revised
experiment with better statistics have not confirmed the previously published results [26].
Interpretation in terms of K -nuclear states was also used to explain few statistically
weak irregularities measured in the in-flight (K ~,n) reactions on '°0O in the BNL-AGS
parasite E930 experiment [27]. Other candidates for K ~—nuclear states were reported by
the FINUDA collaboration in the Kg,, reaction on “’Li and '*C, detecting back-to-back
Ap pairs coming from K~ pp — Ap [28]. The FINUDA measurement suggested

interpretation in terms of quasi-bound K ~pp clusters. However, this interpretation was

again challenged in Refs. [29, 30].

The possible existence of deeply bound K ~—nuclear states was studied theoretically
within various approaches. Unfortunately, calculations strongly depend on the applied
model. As mentioned above, the fits to kaonic atom data, when extrapolated to the
nuclear matter density yield a strongly attractive K ~—nucleus potential with the depth in
the range 150-200 MeV. Consequently, these potentials support the idea of deeply bound
K ~—nuclear states. Dynamical calculations of such states, taking into account
polarization of the nuclear core due to strongly interacting K~ as well as reduction of

phase space for the decay of the deeply bound K~ meson provide a lower limit of



['k- ~ 50 MeV on the width of nuclear bound states for K~ binding energy in the range
Br- ~ 100 — 200 MeV. On the other hand, models based on a chiral KN amplitude,
giving much shallower optical potentials with the depth of 50-100 MeV, do not predict
narrow deeply bound K~ states. The early calculations [31, 32] of few-body systems,
which initiated the quest for K~ -nuclear states, did not use realistic K N and NN
interaction. Very recent calculations based on Faddeev coupled-channel equations [33]

give considerably larger widths than the above calculations of kaonic few-body systems.

As we have seen, the issue of deeply bound K nuclear states is still far from being
understood. Clearly, the detailed treatment of ‘realistic’ K N interaction is needed when
extrapolating to sub-threshold region. These extrapolations are still subject to
uncertainties, which can be reduced by more accurate threshold data. Also the treatment
of the NN interaction must be handled properly, since the short-range repulsion works
against the strong compression of the nuclear core proposed in Ref. [31]. Finally, further
studies of the multi-nucleonic absorption modes are essential, since these could
substantially contribute to the widths of the K ~—nuclear states at the binding energies,

where the dominant KN — 7% decay channel is kinematically forbidden.

In this paper, we present dynamical calculations of the K ~—nuclear states within the
relativistic mean field (RMF) approach [34]. Following up previous works in this field
[12, 35], our first aim was to explore in more detail the imaginary part of the optical
potential in the energy region, where the dominant decay channel KN — 7¥ is closed.
One such relevant modification has been done by incorporating the K N — 7A channel
with threshold some 80 MeV below the 73 threshold. Further, we have considered the
multinucleon absorption mode KNN — Y N to be p? density dependent. This is more
appropriate for the description of the double-scattering nature of this process. The next
goal of our calculations was to establish the effect of the p-wave interaction on the
observables such as the K~ binding energy and width. Though the role of the KN
p-wave interaction is marginal near threshold, it might become more important for

antikaons deeply bound in the nuclear medium [36]. Finally, we studied more exotic



nuclear systems, containing more than one antikaon in order to examine the behavior of

the nuclear medium under the influence of increasing strangeness.

In the next section we outline the K-nucleus RMF methodology used in this work and
describe our extension of the absorptive and p-wave interactions. The results are
presented and discussed in Section 3 and in Section 4 we summarize the present work

with conclusions and outlook.



2 Methodology

The K~ —nuclear states are studied using the theoretical framework of the relativistic
mean-field (RMF) theory applied to a system of nucleons and K~ mesons. The
interaction among hadrons is modeled through the exchange of scalar and several vector
meson fields. The calculations are performed fully dynamically by successively allowing
the K~ to polarize the nucleus and the polarized nucleus to affect the K ~—nuclear

interaction.

The K~ —absorption modes are included within the optical model approach. The optical
potential is constrained by the near-threshold K ~—atom data and follows the kinematical

phase-space reduction for deeply bound K~ —nuclear states.

2.1 RMF model

Our starting point is a model of relativistic quantum field theory, proposed by Walecka
and collaborators [37], which we have extended to incorporate (anti)kaonic sector. The
nucleons (¢) and (anti)kaons (K') are treated as Dirac and Klein—-Gordon fields,
respectively, interacting through the exchange of several meson fields.

The isoscalar-scalar o-meson field is responsible for the attraction between all hadrons
under consideration. The isoscalar-vector w-meson field acts repulsively between nucleons
as well as between antikaons but attractively between antikaons and nucleons. As a result
the K -nucleus interaction is strongly attractive in this approach.! The interaction of K
with the isovector-vector meson (p) plays a minor role and was not included in previous
works (e.g. [12]). This is a good approximation for N = Z nuclei, but not necessarily for
the heavier 2*Pb nucleus. We note in this respect that optical potential fits for kaonic

atoms, including data for nuclei with excess neutrons up to 2**U, found no need to

'In contrary to the case of kaons, for which the vector field is repulsive and, as a result, the kaons in
nuclear medium feel weak repulsion. This sign inversion of the vector interaction can be understood in

terms of G-parity conjugation. [38]



introduce isovector components [10]. Since one of our aims is to investigate the behavior
of multi-K systems, we have introduced the ¢-meson field. The ¢-meson (“ ¢ = 55 )
mediates the interaction exclusively between strange particles. Here we assume the ideal
mixing of nucleons (i.e. no strange content) and follow the so-called OZI-rule, known
from QCD, which, very roughly speaking, suppresses the interaction between quarks
belonging to different generations [39]. Finally, the photon (A) accounts for the
electromagnetic interaction. The 7- and n-mesons with unnatural parity are not included
because we are working with nuclear states which have well-defined parity. The model

Lagrangian density then reads:

L =9(ip—mn) 0

—i—la 08“0—1m202+g @Ewa—l—lg 03—1g ol
2" 277 N 3720 g”
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L FW R = e H(L+ At

+ (D,)N(D'K) — mi KK + gox mxKIKo
where the kaon and nucleon fields are treated as iso-doublets:

Py K
)= . K= . (2.2)
Vn K°

The arrows above indicate isovector quantities, the dot denotes inner product, and 7
stands for the usual triplet of Pauli matrices. Moreover, my, me, my,, m,, my and mg
are the nucleon, o-, w-, p-, ¢- and K-meson masses, respectively. The gon, gun, gon, €
are coupling constants for the o-, w-, p-meson and the photon with respect to the

nucleon, respectively, and g,k is the o-meson coupling constant for the (anti)kaon. The



field tensors for the vector mesons and the photon field in 2.1 are given by:

Q,uu = /,Lwl/ - auw,u )

—

Ry = 0upy — 0uPp — (9o + Gprc )P X P

(2.3)
H;w = ugbu - 8V¢M )
F,=0,A, -0,A,.
The coupling of the (anti)kaon to the vector meson fields is introduced through the
extended derivative D,, [40], which is defined as:

D, =0, +10ukwy +19k T+ Pu+1gsxd, +1e %(1 +73)A,, (2.4)
where gk, 9ok, ggx and e are the w-, the p, the ¢-meson and the photon coupling
constants with respect to the kaon.

Using the classical variational principle:
0L 0L
5/d4x$q-x,8q-x =0&0 [ 1— =0, 2.5
[J( ) NJ( )] 2 5(aqu> 5QJ ( )

where ¢; is a generalized coordinate, ¢; € {w, v, I, Ko, Wi Prus Py Au}7 one obtains

corresponding Euler-Lagrange equations of motion:
The Dirac equation for nucleons:
(10— my + gon 0 — Gun V! — Gon VT - P — efyu%(l +73)AF|Yp =0, (2.6)
the Klein-Gordon equation for the antikaon:
(DLD“ +m% — gox mro)KT =0, (2.7)

and the meson fields:

(O+ml)o = gontt + GoxmrKIK + goo® — gz0°

(O+m2) wp = gun ¥yt — gurcKICEK , —dw,(w,w”)

(O+m2) G = gon 07,7y — 9o KIFCOK + (gon + Gpic )P X Ry (2.8)
(O4m3) ¢, = — gox K'CYK |

04, = e&%(l + 73) V) — eICTC/SA)%(l + 73)IC,
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where the common factor C), is defined as:
y . = — — .
CF =10, + 295k [k + 9T - P+ Goxcdp + e 5(L+ 1) A (G =w,p,0,4). (2.9)

We see that although the Dirac equation for nucleons (2.6) is not directly affected by the
presence of antikaon the right hand sides of the equation of motion for the meson fields
(2.8) contain (besides common nucleonic sources) the additional source terms induced by
the antikaon. It is to be noted that in order to obtain the set of equations for the
intermediate vector meson fields in the form (2.8), one must prove that the relation
0,V# = 0 holds also for interacting fields. In Appendix B, we show that vector meson
fields are coupled to the conserved (Noether) currents and hence 9,V#* = 0 is satisfied for

our particular choice of the coupling scheme.

Equations (2.6)-(2.8) are non-linear quantum field equations and their exact solutions are
very complicated. Moreover, since we expect coupling constants (except e) to be large,
perturbative approaches are not useful. Fortunately, there exists approximative solution,
which becomes increasingly valid as the nuclear density increases [37]. As the source
terms on the r.h.s. of eq. (2.8) increase, the meson field operators can be replaced by

their vacuum expectation values, which are classical fields.

Further, symmetries simplify the calculations considerably. We are looking for the
nuclear ground states of doubly magic nuclei, and these are spherically symmetric. All
the K~ mesons are assumed to occupy s-state, hence the spherical symmetry is retained.
Rotational invariance implies, that space-like components of intermediate boson fields
vanish. In this case, the meson fields and also the source terms on their r.h.s. depend
only on the radial coordinate r. The electromagnetic charge conservation prohibits the
charged components of the p-meson from appearing as classical fields. Finally, since we

are looking for stationary states, the time-derivatives of the meson fields vanish. We can



then replace the meson fields by:

o(x) —(o(z)) =oa(r),
wu(®) —(wu(2)) = duow(r),
pu(@) —{p(x)) = 0u00" p(r), (2.10)
Gu(r) —(Du(x)) = 040 &(7) ,
Ap(x) —(Au(@) ) = 040 A(r)

With these assumptions we can rewrite field equations (2.6)-(2.8) in the form:

[—ia;V; + (my — gon0)B + gunw + gonTzp + €5 (1 + 73) Al = €95,
(s)

(=V2+m2)o = gonps + §20° — g30° + Goxmrpr.-

(=V2+ m2)w = gunps = Juk PK-

(=V2+m2)p = gonps — GprPrc— (2.11)
(— V2 + m¢)q§ =~ 9K PK~

VA= €Pp — EPK-
(~V24+m3% + g )K* = F%_K*,

where ¢; = 10,4;, Fx- =10, K* and the antikaon self energy is given by:

Rellg- = —goxmio — 2Ex-(gukw + goxp + o @ + €A) (2.12)
~(gorw + gorp = gorcd + eA)? .
The source terms on the r.h.s. of (2.11) are defined as:
ps =),
P = KK,
po =0T, Jdzp, =A, (2.13)
P3 :<W73¢> J&rps =Z-N,
pp =YL+ m)Y ), [&Pxp, =2,
k- =(Er- + guxk W+ gox p — gox ¢ + € Ag) K*K [ &Pz pr- =k,



and the vector densities are normalized accordingly to yield proper (conserved) charges.
The notation (: :) represents the vacuum expectation value of a normal ordered product
of field operators. The vacuum is then represented by filled nucleon shells and s
negatively charged antikaons K ~. At this stage we are able to solve the equations (2.11)

numerically. Details concerning the numerical solution can be found in Appendix C.

Finally, we derive the binding energy of the combined 4X + x K~ nuclear system:
B(A,Z, k) = Amy + kmg — Eyy (2.14)

where Fy,; is the total energy of the system given by the vacuum expectation value of the
Hamiltonian. The Hamiltonian is obtained by the Legendre dual transformation of the

Lagrangian:

Etot . H :)

{
<.

g — L)
= / 51,0@ +EK PK— — < $>)

:/ {3[(Vo)? +-m30?) = §((Vw)” +m2w?] = 3[(Vp)* + mip’] (2.15)

— %[(ng) + migz?] — %(VA)2 — %920'3 + %19304 + iduﬂ
+ (Ui[=1 V5 + my — gon0 + gunw + gonTsp + e5(1 4 73)|1hi o)
+(V;E*)(VK) + [ — goxmico
— (Bx- + gukw + gprp + goxcd + e A)*| K"K } .
The exponential decay of the meson fields at large distances permits the following partial
integration:
/d3x L(Vo)?+mio® = %/ddx o(=V?0 +m2o?)

1
— 3 /d3;1: o(gon — g202 + 9303 + goxmrg K*K) .

(2.16)

Similar manipulations for remaining fields, using the normalization conditions (2.13) and

10



Euler-Lagrange equations (2.11) lead to the final expression for the total binding energy:

B(A, Z, k) =0 (my — &) + K (mg — Ex-)
- % / A’z (—gon 0ps + gun Wpo + gpn pp3 + € Apy)
- %/d?’m (—2920° — 1gs0* + 2dw?)
+ %/d?’x (gor W+ Gox p+ gox @ + e A)pr- + goxmro K K] .

Then we can easily calculate the binding energy of the K—:
Bx- =B(A,Z,k) — B(A, Z,k —1). (2.17)

From the above expressions, it is evident that the K~ binding energy contains besides the
single particle energies (with subtracted masses) also the additional mean-field

contributions, which represent the rearrangement energy of the nuclear core.

2.2 Optical model phenomenology

As we have seen, the RMF approach can be naturally extended to incorporate antikaons
in the nuclear medium. We are then able to calculate the K~ binding energy and

estimate the dynamical response of the nuclear system to the presence of the K~ meson.
Nevertheless, there are still important properties of K ~—nuclear states or phenomena of
possible interest, which are not directly addressed by the traditional RMF methodology.

One must then resort to more phenomenological models.

Imaginary potential

In order to achieve physical relevance of our calculations, we considered the K~
absorption modes in the nuclear medium, hence evaluated the decay width. In our model,
the K~—nuclear states acquire a width by allowing the antikaonic self energy Ilx- to
become complex and replacing Ex- — Fx- —1 /20— Since the imaginary part of the

optical potential is not addressed by the RMF approach, the Im Il;- was adopted from

11



the optical model phenomenology 2. The optical potential depth was fitted to reproduce
K~ atomic data, while the nuclear density was treated as a dynamical quantity in our
selfconsistent calculations. Once the antikaon is embedded in the nuclear medium, the
attractive KN interaction causes the rise of the nuclear density and thus leads to the
increased K width. On the other hand, the phase space available for decay products is
reduced, especially in the case of deeply bound states. To render this, suppression factors
multiplying Im IT - were introduced, explicitly considering K binding energy for the

initial decaying state and assuming two-body final state kinematics.

The first considered decay channel is the pionic conversion mode on a single nucleon:
KN — 7%, A (70%, 10%) , (2.18)

with thresholds about 100 MeV and 180 MeV, respectively, below the KN total mass.
Due to the single scattering nature of these processes, corresponding part of the

pseudopotential is constructed in the first approximation:
I = (0.7f15 + 0.14) VY pu(r) (2.19)

where the factors 0.7 and 0.1 represent the branching ratios known from the CERN
bubble chamber experiments [42], Vo(l) comes from the kaonic atom fits and the

suppression factors fiy (Y = X, A) are given by:

fiy

- Mgl\/ [M2 = (my + my)?][M2 = (my — my)?] O(M, —my —my),  (2.20)

- MP\ [MG — (mr 4 my )M, — (my — mg)?]
with My = mg +mpy and My = My, — Bg-.

The second considered decay channel is the non-pionic conversion mode on two nucleons:
KNN - YN  (20%), (2.21)

with thresholds about m, ~ 140 MeV lower than the single-nucleon thresholds. Since
this channel is heavily dominated by the XN final state, the AN channel was not

2See e.g. Ref. [41].

12



considered and our attention focused on the quadratic density dependence of the related
part of the pseudopotential. The quadratic density dependence is a direct consequence of
a double scattering character of the multinucleon absorption process, demanding usage of
the second order term in the multiple scattering expansion for pseudopotential. The
corresponding part of the pseodopotential in its double-scattering approximation is given
by:

Im I = 0.2 fox Vi p2(r) /o (2.22)
where constant 0.2 represents branching ratio, py = 0.16 fm— appears from dimensional

requirements and VO(Q) is again determined from the kaonic atom data. The suppression

factor fix has the form:

e MgQ\/ (M = (my + mePJ[M5 = (o —mw)?) g0 223)

- M3\ Mg, — (my + ms)?][Mg, — (my — my)?]

with M02 = mg + 2mN and M2 = M02 — BK—.

p—wave interaction

In addition to the s-wave interaction we considered also p-waves. Though the KN p-wave
interaction, dominated by the 3(1385), plays only a minor role near threshold, it might
become more important for the K tightly bound in a nucleus [36]. In order to study the
role of p waves, we have extended the K~ self energy Ilx- to incorporate the p-wave
interaction through the phenomenological Kisslinger potential [43]:

) = 47 (1 + Ei) h [Vpo(r)] - oV, (2.24)

my

where ¢g is due to the contribution of the ¥(1385) p-wave resonance [44].
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3 Results and discussion

We performed calculations of the K ~-nuclear s states in 2C, 160, 4°Ca, and 2°Pb [34]
using both the linear (L-HS [45]) and non-linear (NL-SH [46], NL-TM1(2) [47])
parametrizations of the nucleonic Lagrangian density. These RMF parametrizations give
quite different predictions of the nuclear properties. In particular, the non-linear models
yield in general a lower value of the nuclear compressibility®. Therefore, stronger
polarization effects due to the presence of the K~ could be anticipated in comparison

with the linear models.

The (anti)kaon coupling constants to the meson fields were chosen as follows: The
coupling constant ¢° ;- was fixed to g%, = 1/3g,n following the simple quark model. The
constant g2, comes from the fits to kaonic atom data, which yielded ¢2, = 0.2 g, for
linear and ¢%; = 0.233 g,y for the non-linear parametrizations. Finally, the coupling
constants g,k and gsx were adopted from SU(3) relations: 2 g,x = \/§g¢K = 6.04 [40].
It is to be noted, that g%, and ¢°, were taken as a ‘reference’ point of our calculations.
In order to scan over different values of the K~ binding energies, a particular way of
varying the coupling constants was used. Starting from g;x = a; g% =0 (i = o,w), we
first scaled up a, — 1. Then we scaled up a, — 1 (for a, = 1), and finally we again

scaled up a,, until the binding energy of Byx- ~ 200 MeV was reached.

3.1 Effects of additional meson fields

The coupling of the p-meson to the K~ acts repulsively on the K~ and produces a small
decrease of the binding energy. Even for the case of 2%*Pb, where the most significant
effect can be anticipated due to large excess of neutrons, N > Z, the decrease of the
value of By~ reaches < 5 MeV for By- < 200 MeV for all the considered RMF

parametrizations. More interesting is that the p/KX~ coupling results in a weak isospin

3The compression modulus of nuclear matter is defined as: Ko, = 9p3 dd—;E JA
P=Po
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Figure 1: Isovector nuclear density p3 = p, — p, in 32O with and without the interaction
of K~ with the p-meson for the K~ binding energy Bx- = 100 MeV, using the NL-SH

parameter set.

deformation of the nuclear core. In Fig. 1 we show the effect of the p/K~ coupling on the
isovector nuclear density (p3 = p, — pn) in %0 using the NL-SH parameter set. The open
circles stand for the isovector nuclear density in the case when the K~ is bound by 100
MeV and does not interact via the p-meson and electromagnetic field. The dotted line
then illustrates the modification of the isovector nuclear density when the K~ interacts
electromagnetically but still not by the p-meson exchange. Finally, the solid circles
represent the isovector nuclear density, when both the p-meson exchange and Coulomb
interaction are switched on. The pK~ coupling leads to additional rearrangement of the
nuclear core. The proton denstity distribution is enhanced over the neutron distribution
in the central part of the nuclear core. Note that the situation is inverse when the p/K~
coupling is not considered. This rearrangement is also apparent in the nucleonic

single-particle energies presented in Fig. 2. First column shows the sequence of the
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Figure 2: Nucleonic single-particle energies in }°- O with and without the interaction of

K~ with the p-meson for Bg- = 100 MeV, using NL-SH parameter set.

nucleon single-particle energies for *O in the absence of the K~ using the NL-SH model.
The next column indicates the rearrangement of the single-particle energies produced by
the K~ bound by 100 MeV, but with no pK~ coupling. The last column displays further
modification of the single-particle energies when p/K~ coupling is also considered. The
most pronounced effect is observed for the 1s;/, states, which become significantly more
bound when the K~ is present. When the pK~ coupling is included, the 1s;/, proton and
neutron energies change their order. Further, the energy splitting between the proton and
neutron energy levels, caused by the Coulomb interaction, decreases since p-meson acts

against the Coulomb interaction.

The addition of the ¢-meson interaction produces a decrease of the K~ binding energy in
systems with more than one K~ meson, as it mediates interaction exclusively among
strange particles (see additional comments on Fig. 7). Generally, for all the considered
parametrizations and nuclei the ¢-repulsion increases with By - due to the increasing
source term (K~ density) on the r.h.s. of the equation of motion for the ¢-meson field in

(2.11) and amounts to several MeV for the binding energies By~ < 200 MeV.
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3.2 Optical model modifications

In Fig. 3 we show the calculated width '~ as function of the binding energy By~ for 1s
states in }2-C (upper panel) and - Ca (lower panel) for the nonlinear parameter set

NL-SH. In the K~ absorption via the mesonic channel, we considered either only the 73

200

50

150

100

M- (Mev)

50

0 50 100 150 200

Figure 3: Widths of the 1s K ~-nuclear state in ;2. C (upper panel) and 3_Ca (lower panel)
as function of the K~ binding energy, for absorption through KN — 7% with or without
KN — A and with p or p? dependence for KNN — LN (for the NL-SH model).
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Figure 4: Nuclear density py of }2-C (left panel) and 2 Ca (right panel) for several 1s
K~ -nuclear states with specified binding energy, for the NL-SH model. The dotted curves

denote the corresponding nuclear density in the absence of the K~ meson.

mode (circles) or both the 7% and wA decay modes (squares). The widths calculated
assuming p and p? density dependence of the 2N-absorption mode are denoted by solid
and empty symbols, respectively. Replacing p by p? for the density dependence of the
multi-nucleon absorption of the K~ leads to increased widths of the 1s K~ —nuclear states

as demonstrated in Fig. 3 for ;2. C and 32_Ca, and also in Fig. 5 and Fig. 6 for ;> O and

208
K-

Pb. The effect of the p? dependence of the 2N absorption mode clearly increases with
the K~ binding energy By- as a consequence of the increasing nuclear density. While it
is less than 10 MeV for Bi- < 100 MeV, for Bx- 2 150 MeV it amounts to ~ 20 MeV in
carbon and even = 30 MeV in calcium. It is to be noted that the increase of the width is
particularly pronounced in *°Ca for Bx- = 150 MeV. It is a consequence of much more

pronounced increase of the central nuclear density in Ca than in C due to the strongly

bound K, as demonstrated in Fig. 4.
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Figure 5: Widths of the 1s K -nuclear state in 12O for the NL-SH model (upper panel),

and 228 Pb for the L-HS model (lower panel) as function of the K~ binding energy.

For completeness, we present in Fig. 5 the widths I'x— in %O for the nonlinear model

NL-SH (upper panel) and in 2®*Pb for the linear model L-HS (lower panel). Switching on

the A adds further conversion width to K~ —nuclear states. In the energy range of

By~ ~ 100 — 160 MeV, the width I'x- increases by about 20 MeV. The wA conversion

vanishes at By~ ~ 175 MeV as illustrated in Figs. 3 and 5. The effect of the 7A
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Figure 6: Widths of the 1s K~ -nuclear state in ;- O as function of the K~ binding energy,
for the L-HS, NL-SH and NL-TM2 parameter sets.

conversion is almost uniform for both linear and nonlinear parametrizations in all nuclei
under consideration. On the other hand, the p? dependence of the multi-nucleon
absorption mode exhibits strong sensitivity to the considered nucleus and also to the
applied RMF model. In Pb, there is almost no difference between widths I'x- calculated
using the p and p? dependence. Nonlinear parametrizations, represented here by NL-SH
and TM2, give larger increase of the decay width I'x— due to the p? density dependence
of the 2N absorption mode than linear ones as could be anticipated from lower
compressibilities predicted by the nonlinear models. This model dependence is also
illustrated in Fig. 6 on the widths I'x— in %0 calculated with the linear L-HS and
nonlinear NL-SH and NL-TM2 parametrizations of the RMF model.

Finally, we studied the effect of the p-wave K~ -nucleus interaction. In Table 3.2 we show
the effect of the p-wave interaction on the K~ binding energy By -, single-particle

binding energy B;’_ and decay width I'x- for the 1s K~ nuclear states. We present here
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12C

40Ca

Bi- (MeV) BP_ (MeV) Tk (MeV)

Bi- (MeV) BP_ (MeV) Tk (MeV)

S
S+P

100.0
112.8

109.8
123.3

51.1
56.9

100.0
105.6

104.4
111.8

35.0
38.3

Table 1: The effect of the p-wave interaction on the K~ binding energy By -, single-particle
binding energy B;’_ = mg — Re Ex- and decay width '~ for the 1s K~ —nuclear states
in }2.C and %._0Ca, for the NL-SH parameter set.

results just for a single value of the K~ binding energy, Bx- = 100 MeV, and for the
NL-SH parametrization. The corresponding values for the linear L-HS model are almost
equivalent. In the Table, the results for only the s-wave K~ interaction are denoted by S
while the calculations including the p-wave interaction are denoted by S+P. As can be
seen, the introduction of the p-wave interaction leads to the increase of the binding
energy by ~ 12 MeV in }2.C and by ~ 5 MeV in 3)_Ca. The decay width is then
enhanced by ~ 6 MeV for carbon and by ~ 3 MeV for calcium. This enhancement of the
decay width is a consequence of the dependence of the I',- on the K~ binding energy
By~ in the relevant region of By~ (see Fig. 3) and also of the moderate increase of the

nuclear density distributions when compared to the purely s-wave interaction.

3.3 Systems with more antikaons

In figure 7 we present 1s K~ binding energies Br- and widths I'x— in 1°O with one and
two bound antikaons for the NL-SH parameter set. The K~ binding energy Bg- of the
2nd K~ in the double-K ~ nucleus 35 O is lower than the K~ binding energy in 15O for
the binding energies By~ below < 90 MeV. Primarily, this is a consequence of the
dominance of the mutual repulsion between the two K~ mesons over the polarization of
the nuclear core caused by the presence of the second K. It is to be noted that this
result is amplified by the larger width I'x— in the case of two antikaons, which acts

repulsively, and also by assuming just vector-meson exchanges at low binding energies
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Figure 7: 1s K~ binding energy (upper panel) and width (lower panel) in 0 with 1 and
2 antikaon(s) as function of the wK and oK coupling strengths, for the NL-SH model (a,

and a, are varied as indicated).

Bg-, which are repulsive between K~ mesons (in contrast to the scalar interaction *).
The situation becomes inverse at Bx- ~ 90 MeV when the K~ binding energy in 35O
becomes larger than in 1O, reflecting strong polarization of the nuclear core (see fig. 8
and 9). The enhancement of the binding energy By - in the double K~ nucleus is then
responsible for the crossings of the curves for the K~ decay widths '~ at Bx- ~ 90 and
170 MeV, caused by the binding energy dependence of the suppression factor. We witness
a sharp decrease of the width I'je— in 3% O at By- ~ 230 MeV, when the 2N-absorption

channel of K~ gets closed.

4If we consider that antikaons interact solely via the (scalar) o-meson exchange and switch off the

imaginary potential, the binding energy By - of the 2nd K~ in %%, O is always larger than By - in %%, 0.

22



0. 18 T I T T T

- oo 1k 0 -

— 2k 0
016 — E--8 1K' 208Pb

o:r\
E 014
la
0.12
0.1 L | L | L | L
0 50 100 150 200
B,- (MeV)

Figure 8: Average nuclear density p for 1°0O and 2*Pb with 1K~ and 2K s as function of
the 1s K~ binding energy, for the NL-SH model.

In figure 8 we show the average nuclear density p in 10 and ?°*Pb with one K~ meson
and two K~ mesons as function of the K~ binding energy. Adding the second K~ to the
nuclear system leads to further polarization of the nuclear core. The enhancement of the
average nuclear density is quite pronounced in light nuclei (**0O) while in heavy nuclei
(*%8PD) it is rather small.

The nuclear densities py(r) and the K~ densities pg-(r) due to one K~ and two K~
mesons embedded in the nuclear medium are compared in Fig. 9 for *O (top) and 2°*Pb
(bottom). The presented density distributions correspond to various selected values of
By~ as indicated. For comparison, we also show the density distribution py for the
nucleus without K~. The K~ density pg- is normalized to the number of antikaons x in
the system. The px- distributions indicate that the antikaons in the s-state are
concentrated near the nuclear center. This causes a sizable enhancement of the nuclear
density py(r) in the neighboring region, strongly localized within r < 2 fm. This is

particularly distinct in the case of Pb for higher values of By-.
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Figure 9: Nuclear density py (top) and K~ density pg- (bottom) in O with 1 K~ (left)
and 2 K ’s (right), for the NL-SH model. The dotted curve stands for the 90O density in

the absence of the K~ meson.
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Figure 10: Nuclear density py (upper panels) and K~ density pg- (lower panels) in 1¢O
and 2°Pb with 1, 2, 3 and 4 antikaons, for the NL-SH model. The last K~ is bound by
By~ = 100 MeV. The dotted curve stands for the °O density in the absence of the K~

meson.

In Fig. 10 we present density distributions py and px— in O and 2°®Pb with 1,2,3, and
4 antikaons calculated within the NL-SH parametrization. The K~ couplings were chosen
such that the last K~ was bound by 100 MeV. The K~ density is again normalized to
the number of antikaons k. The density distributions behave quite regularly as function
of x; we witness gradual increase of px-. The central nuclear density in ;% O, with a
small saddle at 7 ~ 0, is only about 50% larger than py in % _O. In 2**Pb, the central
nuclear density for x = 4 is enhanced even less, by about 30% compared to the nucleus

with one K~ meson embedded.
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4 Summary

In the present work, we analyzed in detail processes and conditions, which determine the
decay width of deeply bound K~ —nuclear states in the nuclear medium. We performed
fully selfconsistent dynamical calculations of the K~ —nuclear states within the RMF
approach. In our calculations we allowed for a few K~ mesons to be embedded in the

nuclear medium.

We verified that the interaction of the K~ meson with the p-meson field has a small
effect on the K~ binding energy and produces weak isospin deformation of the nuclear
core. For all considered nuclei and RMF parametrizations the p-meson exchange
decreases the K~ binding energy Br- by <5 MeV for Bg- < 200 MeV. Similarly, the
introduction of the ¢-meson exchange in systems with more K~ mesons leads to a

decrease of the K~ binding energy by several MeV in the considered range of By-.

The introduction of the wA decay channel in the single-nucleon absorption mode
enhances the K~ conversion width for the K~ binding energies By~ < 170 MeV. This
enhancement is almost uniform for both linear and nonlinear parametrizations in all
nuclei under consideration. The most remarkable contribution occurs for the K~ binding
energies in the range Bx- ~ 100 — 160 MeV and reaches =~ 20 MeV. The assumption of
the p? density dependence for the 2N-absorption mode adds further conversion width
especially to the deeply bound K ~—nuclear states. The increase is particularly large for
lighter nuclei and nonlinear parametrizations as anticipated from strong polarization

effects.

We studied nuclear systems containing a few K~ mesons. The calculations revealed that

the K~ and nuclear densities behave quite regularly with increasing number of antikaons

08

% PDb is only

embedded in the nuclear medium. The central nuclear density in }%O and ?
about 50% and 30%, respectively, larger than the central nuclear densities in systems

with one KX~ meson.

The calculations involving the p-wave interaction of the K~ meson with a nucleus
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indicate that the p-wave interaction plays only a minor role in heavier nuclear systems.
Since the influence of the p-wave interaction increases with the decreasing atomic

number, it may still become important for tightly bound few-body K~ systems.
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Appendices

A Notation and conventions

We adhere primarily to the conventions of Bjorken and Drell [48]. Physical units are

chosen with A = ¢ = 1.

Contravariant z* and covariant z, four-vectors are written as:

8
=
I
=
!
N

0 0
au:@—@’V)'

The Dirac equation for a free particle of mass M reads:

(i9.0" = M)y = (ig — M)y =0,

where we use Feynman “slash” notation ¢ = a,7*. The gamma matrices obey:

Y+t ={" " =29",
where g"” is a metric tensor given by:
9" = Diag (1,—-1,—-1,—-1,-1) .

In the standard (Dirac-Pauli) realization the gamma matrices are written as:

. 1 0 ) g 0
’y = Y ’y = J
0 —1 0 —c
with the Pauli matrices defined by:
0 1 0 —i 1 0
0’1 = y 0'2 = y 0'3 =
10 i 0 0 —1
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B Conserved currents

The existence of conserved currents is a direct consequence of the invariance of the
Lagrangian density (2.1) under the global transformations of the involved fields. Using

Euler-Lagrange equations (2.5), it follows that:

0L 0.7
0=02=—0¢; + ——— 6 (0,4))
0g; 0 (Ougy)
(B.1)
0.7 .
=0\ 577594 | = 0"
6 (0,;)
It is then straightforward, using Gauss—Ostrogradski—Green theorem, to show that:
dFr d
= == 3@Bzri% ) =0 B.2
i =) Trr@=0, (B:2)
i.e., F' represents a conserved quantity (charge).
At first we consider the global phase transformation of the nucleonic and kaonic
isospinors:
P — ey K — 5 IC, (B.3)

where Ay, A\x € R. The Lagrangian density (2.1) is evidently invariant under this
transformation. Using (B.3) and expanding transformed fields for Ay, A\x — 0, we obtain

field variations:

MY~ (14+1iAy)Y = 0 =iyt
M~ (1+iAg)E = K =i)MgK,

(B.4)

Following (B.1) one obtains conserved current induced by this symmetry transformation:

Jy = /\lewﬁﬁ (B 5)
- .
+ AKHi 0y + 200k [gorwy + 9ok T+ B + goxdp + € 3(1 4+ 13)A,] 1K .

The first part of j# can be identified with the baryonic current, thus the conserved
quantity (B.2) is the baryon number. The second part, connected to the kaon field, leads

to the conservation of the kaon number.
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The next transformation which clearly leaves the Lagrangian density invariant is the
same transformation as (B.3) but realized only on the upper components of the kaon and
nucleon isospinors:

Yy — eMh, . K — MK (B.6)

By similar manipulations as in the previous case we again get the field variations:
0, =1 AN, 0K =ilgK (B.7)
which by substituting into (B.1) lead to the following current:

G = ANy L (1 + 73)0
N R o 1 (B.8)
+ AxKT5(1 4 73) {1 O + 200k [GurWn + 9ok T - P+ GoxSu + € 5(1 4 73) A, ] } K,

which can be interpreted as the electromagnetic current and leads to the conservation of

the electromagnetic charge.

The last conserved current, which we need for derivation of the equations of motion for

the meson fields in (2.8), is induced by the isospin transformation:
I GRSy VR (B.9)

where 6 € R? may differ for each field, which is not indicated here for simplicity of the

following formulae.
It is not immediately evident, that this transformation leaves the Lagrangian density
invariant. We can restrict ourselves to the infinitesimal transformations:

b — (L+i6 -7,

K— (1+i6-P)K,

Pl — (L4+10:(T3)j)ph = [1+160;(—ieyn) ),

:(ﬁu+exp7i)j7

(B.10)

since every finite transformation can be obtained as infinite set of infinitesimal
transformations. Next we can show, that the isospin transformation preserves squares of

the following quantities:
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[ ] Z/_}le/J — (IE — i’l/_JeiTi)Tj (1/} + 1‘9ﬂ'ﬂp) = "LElep + i’l/_}TjeiTﬂ/} — i"(zeﬂ',ﬂ'jw + 0(02)
o~ i) + 190y, T = P + 1002 i)Y = YTy — 209(0 x F) 0
= (VTY)? — (PT9)? + O(6°)
e similar manipulations for the kaonic field IC lead to the same result:
(KITK)? — (KT7K)? + O(6?)

e and evidently: (7,)* — (p,)* + O(6?)

Since our Lagrangian density (2.1) contains only terms with 5?-like behavior, the

rotations in the isospin space are symmetry transformations.

The conserved current associated with this transformation reads:

ju = )\szfﬁﬂjw + App” X éyy
. (B.11)
+ )\KICTF{I 6?# + 2ng [ngwu + ngF' ﬁu + g¢K¢u +e %(1 + Tg)Au] } K ,

for any arbitrary Ay, Ag, Ax € R.

Using these results and equations of motion for massive vector meson fields, which follow

from the Lagrangian density (2.1):
aMFMV - m<I>CI)V = .]SI)) 9 (B12)

(@) .
where ]l(, ) is a conserved current, we can show that:

O OME,, —med”®, = 05 (B.13)

and thus:
0,9" =0 (B.14)

for any ®, € {wy, pu, u}-
For massless photon field, one has a freedom of gauge transformation:

Ay — A+ Ouf, (B.15)
which can be constrained by Lorentz condition:

9,A" = 0. (B.16)
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C Numerical solution

> Although the baryon field in (2.11) is still an operator, the meson fields are classical. It

means that Dirac equation is linear and we can seek normal-mode solutions of the form:
P(x) = e P() .
This leads to:

HY(T) = (D)
H = [—10;V; 4+ (my — gon 0)B+gun wo + gon Tspo + € 5(1 4 73) Ag] (C.1)

where 7 is the single-particle Dirac Hamiltonian. Considering both positive and
negative energy solutions u, () and v,(Z), the baryon field operator can be expanded as:

D(T) =Y datia(F) + bLva () (C.2)

«

in the Schrodinger picture. Here, a! and 5L are creation operators for baryons and
antibaryons, respectively. The label a specifies the full set of quantum numbers
describing the single-particle solutions. Since the system is assumed spherically
symmetric and parity conserving, o contains the angular momentum and parity quantum

numbers (for details see e.g. Ref. [48]).

For the the single-particle angular momentum operator:

-

L 12
J:L+S::i’><ﬁ+52, (C.3)
where ¥ = (i /2)e;7* or:
- g 0
Y= ) (C4)
0 ¢
it holds:
[, J]) =] =0, for i=1,23, (C.5)

SFollowing text was partly adopted from Ref. [37] and modified in order to incorporate antikaons.
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i.e., S is rotationally invariant. Consequently, the j and m quantum numbers of the
angular momentum may be used to label the states. Although L? does not commute with
. the spin operator 52 = $2/4 obeys [#,52] = 0, so the spin s = 1/2 is another

constant of motion. Moreover, if we define the operator:
H =% T=1/2] =4°[S - L + 1] (C.6)
then [, %] = 0, which also provides a constant of motion. Since:
HP=[*+% - L+1=J+1/4 (C.7)
it follows that the eigenvalues (—k) of the operator .# obey:
k==2(j+1/2) (C.8)

and k is a nonzero integer. If we act on the upper and lower two-component wave function

TS (©9)
Vg
with the operator 7"
A= —rifp = —ra | (E-L:L 1)a | (C.10)
—li'(ﬁB —(0_" . L + 1)77DB

i.e., 14 and g are eigenstates of (7 - L+ 1) with opposite eigenvalues. For

[2=J2—%.L—3/4, it follows that:

EzwA =[(j+1/2)* + Kl = 1a(la + )P4,

) (C.11)
L*p = [(j+1/2)> — &l = lp(lp + )¢5 .

Thus, although ) is not an eigenstate of 52, the upper and lower components are

separately eigenstates. For given j and k, the values of [ may be determined from:

JU+1D) —lala+1)+1/4=—k, (€.12)

jG+1) —lg(lp+1)+1/4=k.
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Since the two-component wave functions have fixed j and s = 1/2, I4 and [ must be
j £1/2. Their angular momentum and spin parts are therefore spherical harmonics:

O = > <Ly 1/2my[11/25m > Yigu(6, 6)Xom,

mpms
, K k>0
j=1kl=1/2, 1= : (C.13)
—(k+1) k<O

where Y},,, is a spherical harmonics and Y, is a two-component Pauli spinor. For a
given k, eq. (C.8) and the first relation in (C.12) uniquely determine j and [, as indicated

in (C.13). Thus the single-particle wave functions in a central, parity-conserving field

may be written as:

Yal@) = V(@) = | NP ) (©.14)
_[ant(r)/r]q)—ﬁm

Since the Hamiltonian 7 also commutes with the isospin operator T3 and TQ, the states
may be labeled by their charge or isospin projection ¢ (¢t = 1/2 for protons, t = —1/2 for
neutrons), and (; is a two-component isospinor. The principal quantum number is
denoted by n. The phase choice in (C.14) leads to real bound state wave functions F' and

G for real potentials in eq. (C.1).

Using the general form of the solutions (C.14), we evaluate the local source terms in the
meson field equations. We assume that the ground state consists of filled shells up to
some n and k. (This is consistent with spherical symmetry and is appropriate for doubly
magic nuclei.) In addition, we assume that all bilinear products of baryon operators are

normal ordered.

With these assumptions, the baryon density becomes:

puo(r) = ( YT (@)Y() )
= Zug(f) U (T)

o
occ

=Y (D (G + IR0, 1)
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where a = {n, k,t} denotes remaining quantum numbers. The other densities may be

calculated analogously.

With these results, we rewrite the meson field equations as:

2 2d

(@ + T m2) o(r) = — gon ps(r)
—g20°(r) + g30°(r) — gox mKP&?— (7)
occ 2ja + 1
S &= [CACIETAGH
— g202(r) + g3 0>(r) — Gor MEP
2 24 ,
(g + = m2)w(r) = = g ulr) + () + g prc—(r)
occ 2](1 +1
= — guN Z < 12 ) [|Ga(r)|? + |Fa(r)]?],
+dw?(r) + gok pr-(r)
e 24, (C.16)
(ﬁ T my,) p(r) = — gon p3(r) + gor prc—(1) 5
occ 2]a + 1 3
= — gpN Z < - ) [|Ga(r)|? + |Fu(r) 2 (1) "12
+ 9o P (1)
d? 2d
(@ e mg,) ¢(r) =+ gex pr-(7)
d? 2d
(W + ;5) A(r) = —epp(r) +epk-(r)

occ

S G = IO LACTORRTE)

Amr?
+epr- (T) )
where the densities are given in (2.13).
The equations for baryon wave functions follow immediately upon substituting (C.14)
into (C.1):

e+ EGalr) = [Ba = gurc () — tagn o(r)

dr (C.17)

—(ta + %) eA(r)+ M — gono(r)|Fo(r) =0,
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T Falr) =~ Gulr) + [Ba — gurc w(r) = tagon p(r) (C.18)

—(t, + %) e A(r) — M + gon 00(r)]Ga(r) = 0.

The normalization condition for nucleons reads:
/dr (G ()2 + | Fu(r)2) = 1. (C.19)

The coupled nonlinear differential equations (2.11) have to be solved by an iterative
procedure. For a given trial set of meson fields, the Dirac equations (C.18) are solved by
Runge-Kutta integration, integrating outward from the origin and inward from large r,
matching solutions at some intermediate radius to determine the eigenvalue E,. Analytic
solutions in the regions of large and small r allow proper boundary conditions to be
imposed. The Klein-Gordon equation for the antikaon is solved with this trial set of

meson fields as well, with the reasonable estimate of the antikaon energy Fy-.

Once the baryon and antikaon wave functions are determined, the source terms in the
meson Klein-Gordon equations are calculated and the meson fields recomputed by

integrating over the static Green’s function:

D(r,r";m;) = — sinh(m;r.) exp(—m;rs) . (C.20)

mgrr’
The Green’s function embodies the boundary conditions of exponential decay at large r

and vanishing slope for the fields at origin. For example, the solution of the

Klein—Gordon equation for the scalar field reads:

oA0) = [ s ) = ) £ o) = g KGR

x D(r,r';mg) .

The new meson fields are then introduced in the equations of motion for nucleons and the

antikaon. The entire procedure is repeated until selfconsistency is achieved.
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