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 1.
Nuclear  and  Hypernuclear

Spin-Orbit Forces:
Phenomenology
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F igure2-23 Sequence ol one-part icle orbits. The f igure is taken from M. G. N' la) 'er an.:

J. H. D. Jensen, Elenerttary Theory oJ' N uclear Shell Struct ure, p. 58, Wiley, New York, I 95 5

Spectra of odd-A nuclei ('onryare(l x'ith predic'tions of one-particle tltot/t !

(Fiq. 2-24)

The evidence on the spins and parit ies of the low-lying states of oclti- l

nuclei is summarized in Fig. 2-24 and is compared with the predictions ol thr'

simple one-particle model described ir-r the text.

Since the one-particle model assumes that the core remains in the 1n - 0 -

configuration of the even-even ground state. we must expect to find states foreigrl

to  th is  model  at  exc i tat ion energies of  the order  of  the energy,  E(2*) .  o f  t i rc

first excited In : 2+ states ofeven-even nuclei (for the observed values ofE(l .- r.

see Fig.  2-17) .  Thus.  \ \ 'e  have inc luded in F ig.  2-21 only the states rv i th  exc i t r t i , ' r r

energies less than tE(2+ )  in  the case of  s tates u ' i th  the same par i ty  as the groun. :

s tate:  lor  s tates of  the opposi tc  p i i r i ty .  the h ighest  exc i tat ion e l tergy inc lLrdc. :

Nuclear Shell Model Phenomenology

M. Goeppert-Mayer,  J.H.D. Jensen (1955) 

 Spin-Orbit Interaction

∆HLS =
ULS

r

df(r)

dr
!L ·!s

f(r) =
ρ(r)

ρ0

=

(

1 + exp
r − R

a

)

−1

ULS ! 30MeV · fm
2

!L = −i!r ×∇ !s =
1

2
!σ

     unusually large: 
one order of magnitude larger than 
expectation from Thomas term 
based on single particle potential
and opposite sign

!



Skyrme Phenomenology

Energy Density of slightly inhomogeneous nuclear matter

Spin-Orbit part of energy density functional

∆ELS[ρ] = FLS(ρ) "∇ρ ·
∑

α∈F

Ψ
†
α
("r) i"σ × "∇Ψα("r)

FLS(ρ0) ! 90MeV · fm
5

Relation between shell model phenomenology 
and Skyrme parametrization

2ρFLS(ρ) = ULS(ρ)



Phenomenology (part I): 
Strong Scalar-Vector Mean Fields

Short-distance contribution to spin-orbit interaction

Fsr
LS =

GS + GV

4M∗

N

=
1

4M∗

N

(

g2
σ

m2
σ

+
g2

ω

m2
ω

)

Equivalent descriptions:
“sigma-plus-omega” boson exchange models á la Walecka
contact terms in NN Effective Field Theory

strong scalar-vector mean fields from QCD Sum Rules
ΣS = −GS ρS

GS !

σN MN

m2
π
f2
π

! 10 fm
2

ΣS

ΣV

!

σN

4(mu + md)

(

ρS

ρ

)

∼ 1
ΣV = GV ρ

Result:
“understood” at Hartree level in terms of 

short-distance NN dynamics 

FLS(ρ0) ! 90MeV · fm
5empirical

(Cohen, Furnstahl;  PRL 67 (1991) 961)

−

− 1



Phenomenology (part II):  Fujita-Miyazawa Mechanism

N N N

N

N
π

π

π

π
strong 
3-body

interaction
∆

β∆ =
g2
A

f2
π
(M∆ − MN)

∼ 5 fm3

( J. Fujita, H. Miyazawa;  Prog. Theor. Phys. 17 (1957) 360 )

large
spin-isospin polarizabilty

Vc(r) = −

9g2
A

32π2 f2
π

β∆

e−2mπr

r6
P(mπr)

Pionic Van der Waals - type intermediate range central potential

N. Kaiser, S. Fritsch,  W. W.  
Nucl. Phys.  A750 (2005) 259 

Large contribution to spin-orbit interaction

F
(∆)
LS

! (50 − 70)MeV fm
5

How can there be a coexistence in the spin-orbit force between  
                    short-distance  and Fujita-Miyazawa two-pion exchange mechanisms ?



Spin-Orbit Coupling in   -Hypernuclei

unusually small: 
more than 20 times smaller 

Λ

spin-orbit splitting (~ 5 MeV)
for nucleons in nuclei

p1/2 − p3/2

EΛ(p1/2) − EΛ(p3/2) =

(152 ± 54 ± 36)keV

Central Potential U
(Λ)
0 !

1

2
U

(N)
0

Spin-Orbit Potential U
(Λ)
LS

≤
1

20
U

(N)
LS

than the

!

1

2
Λ

Λscalar-
vector
mean
fields

... cannot be understood 
in terms of 

short-distance dynamics



 2.
Chiral Dynamics

and
Spin-Orbit Interactions



CHIRAL DYNAMICS APPROACH to the 
NUCLEAR MANY-BODY PROBLEM

PIONS (and DELTA isobars) as explicit degrees of freedom

  pion exchange in presence of filled Fermi sea
π

π

π

+ +   ... “ in medium”

   IN-MEDIUM CHIRAL PERTURBATION THEORY

N N

short-distance dynamics:  contact interactions

N,∆N N N N

 Relevant “small” scales:

2nd order TENSOR force  +  nucleon’s SPIN-ISOSPIN polarizability

pF ∼ 2mπ ∼ M∆ − MN << 4π fπ ∼ 1GeV



spin-dependent nucleon self-energy
                                                               in (slightly) inhomogeneous nuclear matter

result:     realistic nuclear matter equation of state 

Compute energy density  E(pF)
in-medium chiral perturbation theory 

(3-loop order)

using

CHIRAL DYNAMICS APPROACH to the 
 NUCLEAR MANY-BODY PROBLEM   (contd.)

2nd order tensor force from iterated one-pion exchange

N. Kaiser, S. Fritsch, W.W. (2002-2005)

ΣLS(!p, !q) = ULS(pF) i!s · (!q × !p)

produces strong spin-orbit term

. . .  of  “wrong”  sign!
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Figure 5: The strength function Fso(ρ) of the spin-orbit coupling term "∇ρ · "J in the nuclear
energy density functional versus the nuclear density ρ. Dashed line: 1π- and iterated 1π-
exchange only. Full line: 2π-exchange and three-body contributions added.

intimate connection between the strong Lorentz scalar and vector mean-fields and the (short-
range) spin-orbit part of the NN-potential has been elucidated in ref.[25] via (relativistic) Dirac-
Brueckner calculations of the in-medium nucleon self-energy.

Moreover, we note that the spin-orbit coupling strength generated by the irreducible 2π-
exchange as a relativistic 1/M-correction (see eq.(31) in section 3.6) contributes little to the can-
cellation between ”wrong-sign” and ”correct-sign” parts shown in Fig. 5. At ρ0/2 = 0.08 fm−3

this piece amounts to just about −4.0 MeVfm5. Furthermore, we have convinced ourselves that
the spin-orbit NN-amplitudes from 2π-exchange with ∆-excitation (VSO and WSO collected
in the appendix of ref.[20]) lead to an even smaller effect. These NN-amplitudes make up a
two-body contribution to Fso(ρ) that scales again with 1/M .

Finally, we show in Fig. 6 the strength function FJ(ρ) belonging the squared spin-orbit
density "J 2 in the nuclear energy density functional as a function of the nuclear density ρ. One
observes that the inclusion of the subleading 2π-exchange strongly reduces the values of FJ(ρ).
In comparison to the (narrow) band spanned by phenomenological Skyrme forces [3, 4, 5, 6] our
prediction for the strength function FJ(ρ) is much larger in the whole density region 0 < ρ < ρ0.
In addition, the density dependence of FJ(ρ) comes out markedly different, due to the long-range
character of the pion-exchange interactions. For orientation, we reproduce by the dashed-dotted
line in Fig. 6 the leading contribution from the 1π-exchange Fock diagram (see eq.(11)). We
also note that in comparison to the calculation based on the Negele-Vautherin density-matrix
expansion the magnitude of the strength function FJ(ρ) has substantially increased (see Fig. 5
in ref.[16]).

Besides representing the non-local Fock contributions from tensor forces etc. in the energy
density functional the "J 2-term leads to another interesting side effect. Namely, it gives rise
to an extra spin-orbit single-particle mean-field 2FJ(ρ) "J in addition to the ”normal” one,

14

+   Fujita-Miyazawa type 
   3-body term

“wrong sign” spin-orbit term
from 2nd order tensor force

Iterated ONE-PION EXCHANGE 
 - Kaiser´s  “WRONG SIGN”  Spin-Orbit Interaction - 

N. Kaiser
PRC70 (2004) 034307 

N. Kaiser,  W. W.  
 NPA804 (2008) 60 

F
(ππ)
LS

(ρ) = −

3

64π

MN

mπ

(

gA

fπ

)4 [

5

16

m4
π

p4
F

ln

(

1 +
4p2

F

m2
π

)

−

m3
π

p3
F

arctan
2pF

mπ

+
3

4

m2
π

p2
F

]

+ exch.

...+

N. Kaiser,  W. W.  
arXiv:0912.3207 

cancellation

mπ

64π
2(M∆ − MN)

(

gA

fπ

)4

F

(

pF

mπ

)

F
(∆)
LS

(ρ) =

Strong cancellation between Miyazawa type 
two-pion exchange / three-body terms
and 2nd order tensor contributions



Intermediate Summary: Balance of Spin-Orbit Terms

Three major contributions to nuclear spin-orbit interactions: 

Learn more about underlying mechanisms by comparison 
with hypernuclear spin-orbit forces (different balance of terms)

Short-distance component 
(strong scalar and vector fields)

“Wrong-sign” spin-orbit term generated by 
2nd order pion exchange tensor force 

Three-body term induced by two-pion exchange
with intermediate Delta(1230) (á la Fujita-Miyazawa)

cancellation

survives



 3.
Chiral SU(3) Dynamics

and
Spin-Orbit Interaction

in
       - HypernucleiΛ



Λ

Λ

Λ

Λ

Σ

π

π

medium

insertion

K

medium

insertions

Λ

Σ

Λ

HYPERON  SELF-ENERGY

Λ

Λ

Λ

Λ

Σ

π

π

medium

insertion

K

small:

large:

short-distance (contact) terms

Λ

!

1

2
Λ

Λ

 ( e.g. scalar-vector mean fields ) ( K exchange Fock term )

two-pion exchange mechanisms

ΣLS(!p, !q) = ULS(pF) i!s · (!q × !p)

2nd order tensor force produces spin-orbit term

N. Kaiser,  W. W. 
PRC71 (2005) 015203 

(Λ) (Λ)



Spin-Orbit Coupling in   -HypernucleiΛ

N. Kaiser,  W. W. 
PRC71 (2005) 015203 

U
(Λ)
LS

= C

(

MΛ

MN

)2

U
(N)
LS

for short-distance terms

N

Λ

cancellation between 
short-distance (contact) and two-pion exchange terms

NO  three-body terms á la Miyazawa:   no hyperon Fermi sea

Λ-hyperons in nuclear medium

Λ-nuclear spin-orbit coupling:

Spin-dep. part of Λ-selfenergy in weakly inhomogeneous nuclear matter

Σspin =
i
2

!σ · (!q × !p ) UΛls(kf ) , Hls = UΛls(kf 0)
1

2r
df (r)

dr
!σ · !L

2π-exch. with intermediate Σ-hyperons generates ”wrong-sign” spin-orbit

term: !σ · (!l + !q
2
)!σ · (!l − !q

2
) = i !σ × !q ·!l + ..., !p ·!l from energy denominator
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C
ls
=2/3

C
ls
=1/2 second order 1π-exchange tensor force

long-range plus short-range pieces:

UΛls(kf )
tot = UΛls(kf )

2πΣ + Cls
M2

N
M2

Λ
UNls(kf )

almost complete cancellation: UΛls(kf 0)
= (24.8Cls − 16.72πΣ + 1.6Pauli) MeVfm2

for nucleons: “wrong-sign” spin-orbit interaction from

iterated 1π-exchange exists also, but canceled by three-

body contribution from 2π-exchange with ∆-excitation

N. Kaiser Chiral dynamics of nuclear matter

U
(Λ)
LS

ρ [fm−3]

Λ

Λ

Λ

Λ

Σ

π

π

medium

insertion

K

medium

insertions

Λ

Σ

Λ

+ ...

“wrong sign”

 ... + 

Λ

Λ

short-
distance

C = 1/2

C = 2/3



Finite Systems

translate  in-medium chiral dynamics     density functional
add surface terms (calculable)

very satisfactory results for systematics of nuclei and hypernuclei

example: 16
OΛ

C

εΛ(p1/2) − εΛ(p3/2)

[MeV]
Λ

Λ

short-
            distance

2nd order
tensor

ππ

P. Finelli, N. Kaiser, 
D. Vretenar, W. W.   
PLB658 (2007) 90 

+



Finite Systems  (contd.)

P. Finelli, N. Kaiser, D. Vretenar,  W.W.
Nucl. Phys.  A831 (2009) 163 



Table 2
Binding energies (in MeV) of single-Λ levels in 13

ΛC, 16
ΛO, 40

ΛCa and 89
ΛY. Experimen-

tal energies [1] are shown in comparison with the results of the present calculations,
using the input parameters of Table 1 and ζ = 0.5 (column FKVW). Also listed are
results of five different models: Quark Meson Coupling (QMC) [12,13], Fermi Hyper-
netted Chain (FHNC) [18], Skyrme (SK) [16], Brueckner-Hartree-Fock (BHF) [19]
with the Njimegen SC97F potential [50], and RMF models with a tensor coupling
[11] (RMFI with fΛ

ω /gΛ
ω = −1) and density-dependent couplings [14] (RMFII).

Nucleus εs.p. Expt. FKVW QMC FHNC SK BHF RMFI RMFII

13
ΛC 1s1/2 11.38 ± 0.05 12.3 − 8.3 11.7 13.7 12.5 11.7

1p3/2

1p1/2

0.38 ± 0.1
0.1

0.0
− − 0.9 1.4

1.1

0.8

1.1

0.0

16
ΛO 1s1/2 12.42 ± 0.05 12.6 16.2 12.00 13.3 15.5 12.9 12.8

1p3/2

1p1/2

1.85 ± 0.06
2.0

1.9

6.4

6.4
1.8 3.0 3.7

3.3

3.0

2.8

1.4

40
ΛCa 1s1/2 20.0 ± 1.0 18.9 20.6 20.0 18.0 20.7 19.0 17.6

1p3/2

1p1/2

12.0 ± 1.0
10.1

10.1

13.9

13.9
10.6 10.1 11.5

10.7

10.5

9.1

7.8

1d5/2

1d3/2

1.0 ± 1.0
1.6

0.9

5.5

5.5
1.6 1.6 2.0

2.7

2.4

1.5

1.5

89
ΛY 1s1/2 23.1 ± 0.5 23.4 24.0 23.3 21.1 24.1 23.7 23.2

1p3/2

1p1/2

16.5 ± 4.1
17.2

17.2

19.4

19.4
16.9 15.6 17.8

17.6

17.4

17.2

16.3

1d5/2

1d3/2

9.1 ± 1.3
10.2

9.8

13.4

13.4
10.1 9.1 10.4

10.7

10.5

10.3

8.9

1f7/2

1f5/2

2.3 ± 1.2
2.8

2.0

6.5

6.4
− 2.1 2.4

3.7

3.4

3.1

1.0

The present calculations (column FKVW) are evidently in very good agree-
ment with data, and comparable in quality or superior (especially for heav-
ier hypernuclei) to the energy spectra calculated with other approaches. The
QMC model in its original form included a phenomenogical spin-orbit correc-
tion and the Pauli-blocking effect at the quark level. Without these corrections
the resulting energy levels show a strong overbinding (cf. Tab. 4 in Ref. [12]).
A very recent improvement [13] solved the overbinding problem, introducing
the scalar polarizability of the nucleon in a self-consistent way instead of the

20

P. Finelli, 
N. Kaiser, 

D. Vretenar,  
W.W.

Nucl. Phys.  
A831 (2009) 163 
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ΛC, 16
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tal energies [1] are shown in comparison with the results of the present calculations,
using the input parameters of Table 1 and ζ = 0.5 (column FKVW). Also listed are
results of five different models: Quark Meson Coupling (QMC) [12,13], Fermi Hyper-
netted Chain (FHNC) [18], Skyrme (SK) [16], Brueckner-Hartree-Fock (BHF) [19]
with the Njimegen SC97F potential [50], and RMF models with a tensor coupling
[11] (RMFI with fΛ

ω /gΛ
ω = −1) and density-dependent couplings [14] (RMFII).
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ΛC 1s1/2 11.38 ± 0.05 12.3 − 8.3 11.7 13.7 12.5 11.7
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0.38 ± 0.1
0.1

0.0
− − 0.9 1.4
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1.1

0.0
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1.85 ± 0.06
2.0

1.9

6.4

6.4
1.8 3.0 3.7

3.3

3.0

2.8

1.4
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ΛCa 1s1/2 20.0 ± 1.0 18.9 20.6 20.0 18.0 20.7 19.0 17.6

1p3/2

1p1/2

12.0 ± 1.0
10.1

10.1

13.9

13.9
10.6 10.1 11.5

10.7

10.5

9.1

7.8

1d5/2

1d3/2

1.0 ± 1.0
1.6

0.9

5.5

5.5
1.6 1.6 2.0

2.7

2.4

1.5

1.5

89
ΛY 1s1/2 23.1 ± 0.5 23.4 24.0 23.3 21.1 24.1 23.7 23.2

1p3/2

1p1/2

16.5 ± 4.1
17.2

17.2

19.4

19.4
16.9 15.6 17.8

17.6

17.4

17.2

16.3

1d5/2

1d3/2

9.1 ± 1.3
10.2

9.8

13.4

13.4
10.1 9.1 10.4

10.7

10.5

10.3

8.9

1f7/2

1f5/2

2.3 ± 1.2
2.8

2.0

6.5

6.4
− 2.1 2.4

3.7

3.4

3.1

1.0

The present calculations (column FKVW) are evidently in very good agree-
ment with data, and comparable in quality or superior (especially for heav-
ier hypernuclei) to the energy spectra calculated with other approaches. The
QMC model in its original form included a phenomenogical spin-orbit correc-
tion and the Pauli-blocking effect at the quark level. Without these corrections
the resulting energy levels show a strong overbinding (cf. Tab. 4 in Ref. [12]).
A very recent improvement [13] solved the overbinding problem, introducing
the scalar polarizability of the nucleon in a self-consistent way instead of the

20

(contd.)



Table 3
Binding energies (in MeV) of single-Λ levels in 139

Λ La and 208
Λ Pb (continued from

Table 2).

Nucleus εs.p. Expt. FKVW QMC FHNC SK BHF RMFI RMFII

139
Λ La 1s1/2 24.5 ± 1.2 24.7 − − 22.1 25.3 25.2 25.2

1p3/2

1p1/2

20.4 ± 0.6
20.0

20.0
− − 17.9 20.5

20.4

20.4

20.5

20.2

1d5/2

1d3/2

14.3 ± 0.6
14.3

14.1
− − 12.8 14.5

14.8

14.6

14.9

14.1

1f7/2

1f5/2

8.0 ± 0.6
8.0

7.4
− − 6.9 7.8

8.6

8.4

8.5

7.1

1g9/2

1g7/2

1.5 ± 0.6
1.5

0.5
− − 0.6 0.6

2.4

2.0

2.2

0.2

208
Λ Pb 1s1/2 26.3 ± 0.8 25.8 26.9 27.6 23.1 26.5 26.5 27.2

1p3/2

1p1/2

21.9 ± 0.6
22.0

22.0

24.0

24.0
22.8 19.6 22.4

22.7

22.6

23.4

23.1

1d5/2

1d3/2

16.8 ± 0.7
17.4

17.3

20.1

20.1
17.4 15.4 17.5

18.0

17.9

18.5

17.9

1f7/2

1f5/2

11.7 ± 0.6
12.2

11.8

15.4

15.4
− 10.5 11.8

12.7

12.5

13.2

12.1

1g9/2

1g7/2

6.6 ± 0.6
6.5

5.8

10.1

10.1
− 5.1 5.6

7.1

6.9

7.5

5.8

Pauli blocking correction. In Tables 2 and 3 we have included the latest update
of these calculations.

Figure 3 provides a further test of the sensitivity of calculated single-Λ ener-
gies with respect to a variation of the ratio ζ = GΛ(0)

S,V /G(0)
S,V between contact

terms representing the in-medium condensate background fields for the hy-
peron and the nucleons. For the six hypernuclei listed in Tables 2 and 3, the Λ
binding energies calculated with the FKVW parameters plus the three best-fit
parameter sets from Table 1 that determine the ΛN couplings, are plotted as
functions of the mass number and compared with empirical energies. Calcula-
tions with all three parameter sets of the ΛN interaction reproduce the data
with high accuracy for a wide range of hypernuclear masses, using a reason-
able band width of ζ values between the QCD sum-rule estimate (ζ ∼ 0.4)
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Chiral dynamics of ! hyperons in the nuclear medium
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Using SU(3) chiral perturbation theory, we calculate the density-dependent complex mean field U!(kf ) +
i W!(kf ) of a ! hyperon in isospin-symmetric nuclear matter. The leading long-range !N interaction arises
from one-kaon exchange and from two-pion exchange with a ! or a " hyperon in the intermediate state. We
find from the !N → "N conversion process at nuclear matter saturation density ρ0 = 0.16 fm−3 an imaginary
single-particle potential of W!(kf 0) = −21.5 MeV, in fair agreement with existing empirical determinations. The
genuine long-range contributions from iterated (second order) one-pion exchange with an intermediate ! or "

hyperon sum to a moderately repulsive real single-particle potential of U!(kf 0) = 59 MeV. Recently measured
(π−,K+) inclusive spectra related to !− formation in heavy nuclei give evidence for a !-nucleus repulsion of
similar size. Our results suggest that the net effect of the short-range !N interaction on the ! nuclear mean field
could be small.

DOI: 10.1103/PhysRevC.71.068201 PACS number(s): 13.75.Ev, 21.65.+f, 21.80.+a, 24.10.Cn

The !-nucleus optical potential describes the behavior
of a ! hyperon in the nuclear medium. The quantitative
determination of this (complex) potential is a subject of
current interest. Whereas an earlier analysis of the shifts
and widths of x-ray transitions in !− atoms came up with
an attractive (real) !-nucleus potential of about −27 MeV
[1] (i.e., almost equal to the well established attractive
"-nucleus potential of depth −28 MeV [2]), there is currently
good experimental and phenomenological evidence for a
substantial !-nucleus repulsion. A reanalysis of the !−-atom
data by Batty, Friedman, and Gal [3], including the then
available precise measurements of W and Pb atoms and
employing phenomenological density-dependent fits, has lead
to a !-nucleus potential with a strongly repulsive core (of
height ∼95 MeV) and a shallow attractive tail outside the
nucleus. However, because of the poor penetration of the
!− hyperon into the nucleus, such fitted potentials are not
well defined by the !−-atom data in the nuclear interior.
The inclusive (π−,K+) spectra on medium-to-heavy nuclear
targets measured at KEK [4,5] give more direct evidence for
a strongly repulsive !-nucleus potential. In the framework of
the distorted-wave impulse approximation, a best fit of the
measured (π−,K+) inclusive spectra on Si, Ni, In, and Bi
targets is obtained with a !-nucleus repulsion of about 90 MeV
[5]. In addition, a nonzero value of the imaginary !-nucleus
potential (with a best fit value of about −40 MeV [5]) is also
required in order to reproduce the observed spectra of the
double differential cross section d2σ/d&dE. Very recently,
Kohno et al. [6] have calculated the (π−,K+) inclusive spectra
on Si within a semiclassical distorted wave model, and they
found that the KEK data can also be well reproduced with
a complex !-nucleus potential of strength (30 − 20 i) MeV.
The different result from Ref. [5] may be due to avoiding
the factorization approximation by using an average cross
section [6]. For an up-to-date and comprehensive overview
of hypernuclear physics, see Ref. [7].

In the standard one-boson exchange models for hyperon-
nucleon interaction, there are appreciable uncertainties in

various meson-baryon coupling constants, although SU(3)
relations are imposed. Most of these models give an attractive
(real) !-nucleus potential [8–10], but the Nijmegen model
F [11] leads to repulsion, estimated to be about (4−8 i) MeV in
nuclear matter [12]. A nonrelativistic SU(6) quark model for
the unifying description of octet baryon-baryon interactions
has been developed by the Kyoto-Niigata group [13]. G-matrix
calculations in lowest order Brueckner theory [14] with this
hyperon-nucleon interaction showed that the real part of the
! nuclear mean field is repulsive of the order of 20 MeV due
to a strong repulsion in the total !N -isospin 3/2 channel
which originates from Pauli blocking effects at the quark
level. The same calculation [14] has found an imaginary
part of the ! single-particle potential in nuclear matter of
−20 MeV, comparable to the value −16 MeV extracted in the
earlier analysis of the !−-atom data [1]. The basic physical
mechanism behind this sizeable (negative) imaginary part is, of
course, the strong conversion process !N → "N in nuclear
matter.

More recently, chiral effective field theory approaches
have opened new perspectives for dealing with binding and
saturation of nuclear matter as well as single-particle properties
of nucleons [15] and " hyperons [16] in the nuclear medium.
A key element in these approaches is the separation of
long- and short-distance dynamics and an ordering scheme
in powers of small momenta. At nuclear matter saturation
density ρ0 = 0.16 fm−3, the Fermi momentum kf 0 and the pion
mass mπ are comparable scales (kf 0 $ 2mπ ), and therefore
pions must be included as explicit degrees of freedom in the
description of the nuclear many-body dynamics. In this work,
we extend such a field-theoretical approach to the complex
single-particle potential of a ! hyperon in isospin-symmetric
nuclear matter.

Our calculation is based on the leading order chiral meson-
baryon Lagrangian in flavor SU(3) [17],

LφB = D

2fπ

tr(B̄ %σ · { %∇φ, B}) + F

2fπ

tr(B̄ %σ · [ %∇φ, B])+ . . . ,

(1)
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FIG. 1. One-kaon exchange Fock diagram and iterated one-pion
exchange Hartree diagrams with ! or " hyperons in the intermediate
state. The horizontal double line symbolizes the filled Fermi sea of
nucleons, i.e., the medium insertion −θ (kf − | "p |) in the in-medium
nucleon propagator [15]. Effectively, the medium insertion sums up
hole propagation and the absence of particle propagation below the
Fermi surface | "p | < kf .

where the traceless hermitian 3 × 3 matrices B and φ
collect the octet baryon fields (N,",!,%) and the pseu-
doscalar Goldstone bosons fields (π,K, K̄, η), respectively.
The parameter fπ = 92.4 MeV is the weak pion decay con-
stant, and D and F denote the SU(3) axial-vector coupling
constants of the octet baryons. We choose as their values
D = 0.84 and F = 0.46. This leads to a KN! coupling con-
stant of gKN! = (D − F )(MN + M!)/(2fπ ) = 4.4, a π"!
coupling constant of gπ"! = D(M" + M!)/(

√
3fπ ) = 12.1,

and a π!! coupling constant of gπ!! = 2FM!/fπ = 11.9,
consistent with the empirical values summarized in Tables 6.3
and 6.4 of Ref. [18]. The π"! coupling constant used in the
present work is also consistent with the value gπ"! = 12.9 ±
0.9 extracted recently from hyperonic atom data in Ref. [19].
Furthermore, the pion-nucleon coupling constant has the value
gπN = gAMN/fπ = 13.2 [20], with gA = D + F = 1.3. The
ellipsis in Eq. (1) stands for the chiral-invariant interaction
terms with two or more Goldstone boson fields, which do not
come into play in the present calculation.

Consider the density-dependent complex self-energy
U!(kf ) + i W!(kf ) of a zero-momentum ! hyperon ( "p! = "0)
placed as a test particle into isospin-symmetric nuclear matter.
The value U!(kf 0) + i W!(kf 0) at nuclear matter saturation
density ρ0 = 0.16 fm−3 fixes the strength of the !-nucleus
optical potential. We calculate the long-range contributions
to the ! nuclear mean field U!(kf ) + i W!(kf ) generated
by the exchange of light Goldstone bosons between the
! hyperon and the nucleons in the filled Fermi sea. The only
nonvanishing one-meson exchange contribution comes from
the kaon-exchange Fock diagram in Fig. 1, from which we
obtain the (small and) repulsive contribution to the real part of
the ! nuclear mean field,

U!(kf )(K) = (D − F )2

(2πfπ )2

{
k3
f

3
− m2

Kkf + m3
K arctan

kf

mK

}

,

(2)

with mK = 496 MeV the average kaon mass. At densities at
and below nuclear matter saturation density ρ ! 0.16 fm−3

(corresponding to Fermi momenta kf ! 263 MeV), the kaon
exchange can already be regarded as short range. The ratio
kf /mK ! 0.53 is small, and the expression in curly brackets

in Eq. (2) is dominated by its leading term k5
f /5m2

K in the kf

expansion.
The truly long-range interaction between the ! hyperon

and the nucleons arises therefore from two-pion exchange. The
corresponding two-loop diagrams with a ! or a " hyperon in
the intermediate state are shown in Fig. 1. Their relative isospin
factor (for the !- and "-intermediate state) is 6(F/D)2 % 1.8.
We find from the second diagram in Fig. 1, with one medium
insertion [15] and a ! hyperon in the intermediate state, the
following long-range contribution to the real part of the !
nuclear mean field,1

U!(kf )(2π!) = F 2g2
AMB m2

π

8π3f 4
π

×
[
−3mπkf +

(
2k2

f + 3m2
π

)
arctan

kf

mπ

]
, (3)

with mπ = 138 MeV the average pion mass. The mean baryon
mass MB = (2MN + M" + M!)/4 = 1047 MeV serves the
purpose of averaging out small differences in the kinetic
energies of the various baryons involved. Note the large scale
enhancement factor MB in Eq. (3) which stems from the
energy denominator of the 2π -exchange diagram. Because
of this characteristic property, the notion of iterated (second
order) one-pion exchange is actually more appropriate (see
also Sec. 4 in Ref. [21] for the analogous classification of the
2π -exchange NN interaction). The third diagram in Fig. 1 with
two medium insertions represents a Pauli blocking correction.
With an intermediate ! hyperon, the contribution to the real
part of the ! nuclear mean field can be expressed as

U!(kf )(2π!)
Pauli = F 2g2

AMB

(2πfπ )4

{
2k4

f − m4
π

∫ u

0
dx

× −
∫ 1

−1

dz

z

[
1
S

+ 2 ln S

]}
, (4)

with the auxiliary function S = 1 + u − x + 2xz2 +
2z

√
x(u − x + xz2) and the abbreviation u = k2

f /m2
π . The

symbol −
∫ 1
−1 dz in Eq. (4) denotes a principal value integral.

We also note that the total imaginary part W!(kf )(2π!) +
W!(kf )(2π!)

Pauli vanishes identically.
Next, we come to the iterated one-pion exchange diagrams

with an intermediate " hyperon. The small !"-mass splitting
M! − M" = 77.5 MeV, which comes into play here, is
comparable in magnitude to the typical kinetic energies of the
nucleons. Therefore, it has to be counted accordingly in the
energy denominator. By the relation M! − M" = )2/MB ,
we introduce another small mass scale ), whose magnitude
) % 285 MeV is close to the Fermi momentum
kf 0 % 263 MeV at nuclear matter saturation density.
Putting all the pieces together, we find from the second

1We have used dimensional regularization (where a linear diver-
gence

∫ ∞
0 dl 1 is set to zero) to evaluate the loop integral. In cutoff

regularization, one would get in addition a term linear in the cutoff
and the density ρ. Since such a term is indistinguishable from the
effect of a zero-range contact interaction, it does not belong to the
genuine long-range contributions.
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diagram in Fig. 1 with an intermediate ! hyperon the
following long-range contribution to the complex " nuclear
mean field

U"(kf )(2π!) + i W"(kf )(2π!) = D2g2
AMBm4

π

48π3f 4
π

$

(
k2
f

m2
π

,
%2

m2
π

)

,

(5)
where the complex function

$(u, δ) = −(δ + 3)
√

u − i

4
(u + 2δ + 6)

√
u(4δ + u)

+ (2u + δ2 + 4δ + 3)

{

arctan
√

u

1 + δ

+ i ln
2 + 2δ + u +

√
u(4δ + u)

2[(1 + δ)2 + u]1/2

}

(6)

emerges from the combined loop and Fermi sphere integration
with the abbreviation δ = %2/m2

π . The corresponding Pauli
blocking correction to the real part of the " nuclear mean field
can be expressed as a numerically easily manageable double
integral of the form

U"(kf )(2π!)
Pauli = D2g2

AMBm4
π

6(2πfπ )4

∫ u

0
dx

∫ u

0
dy

1
(2δ + 1 + x − y)2

×
[

4(y − x − 2δ − 1)
√

xy

(1 + x + y)2 − 4xy

+ (2x − 2y + 4δ + 1) ln
1 + x + y + 2

√
xy

1 + x + y − 2
√

xy

+ (2δ + x − y)2 ln
|δ − y − √

xy|
|δ − y + √

xy|

]

. (7)

In the case of the imaginary part of the " nuclear mean field,
the Pauli blocking correction can even be written in closed
analytical form:

W"(kf )(2π!)
Pauli = D2g2

AMBm4
π

96π3f 4
π

θ (
√

2kf − %)

×
[

u2

4
+ 3

2
(u − δ2) + (u − 3)δ

+ 1
4

(u + 2δ + 6)
√

u(4δ + u) − (2u + δ2)

× ln
2 + 2δ + u +

√
u(4δ + u)

2 + 2u−1δ2
− (3 + 4δ)

× ln
2 + 2δ + u +

√
u(4δ + u)

2 + 4δ

]

. (8)

It is interesting to observe that there is a threshold condition
kf > %/

√
2 for Pauli blocking to become active in the imag-

inary part of the " nuclear mean field. This threshold corre-
sponds to the subnuclear density ρth = 0.072 fm−3 = 0.45 ρ0.
Furthermore, as a simple check, one verifies that the total
imaginary " nuclear mean field W"(kf )(2π!) + W"(kf )(2π!)

Pauli
vanishes identically in the limit of "!-mass degeneracy, i.e.,
δ = 0. We have also evaluated the contributions to U"(kf )
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FIG. 2. The complex mean field U"(kf ) + iW"(kf ) of a zero-
momentum " hyperon in isospin-symmetric nuclear matter versus
the nucleon density ρ = 2k3

f /3π 2. The imaginary part W"(kf )
(lower solid line) originates from the conversion process "N → !N

induced by one-pion exchange. The real part U"(kf ) (upper solid line)
includes only genuine long-range contributions.

from irreducible two-pion exchange (which do not carry the
large scale enhancement factor MB ) and found that they sum up
to zero in isospin-symmetric nuclear matter. For comparison,
the same exact cancellation is at work in the isoscalar central
channel of the 2π -exchange NN potential (see Sec. 4.2 in
Ref. [21]). As an aside, we note that the Pauli blocking
corrections Eqs. (4, 7, 8) could also be interpreted as the effects
of the 2π -exchange "NN three-body interaction [22]. This
equivalence becomes immediately clear by opening the two
nucleon lines (with horizontal double lines) of the last diagram
in Fig. 1.

Summing up all calculated terms, we show in Fig. 2 the
resulting complex " nuclear mean field U"(kf ) + iW"(kf )
as a function of the nucleon density ρ = 2k3

f /3π2. The lower
curve for the imaginary part W"(kf ) displays clearly the
onset of the Pauli blocking effects at the threshold density
ρth = 0.072 fm−3. It is very astonishing that the total real "
nuclear mean field U"(kf ) follows to a good approximation
a straight line, whereas individual components possess a
much more nonlinear dependence on the density ρ, driven
by the relevant dimensionless variable

√
u = kf /mπ . At

normal nuclear matter density ρ0 = 0.16 fm−3 (corresponding
to a Fermi momentum of kf 0 = 263 MeV), one finds for
the real and imaginary part, respectively U"(kf 0) = [0.4 +
(40.9 + 16.1) + (8.2 − 6.6)] MeV = 59 MeV and W"(kf 0) =
(−29.0 + 7.5) MeV = −21.5 MeV, where the individual
entries correspond to the respective terms written in
Eqs. (2)–(8), in that order. As could be expected from the small
KN" coupling constant gKN" = 4.4, the kaon-exchange
contribution is completely negligible. The genuine long-range
terms from iterated one-pion exchange with the intermediate
" and ! hyperons written in Eqs. (3),(5) build up a sizeable
repulsion of 49 MeV which is furthermore enhanced (by about
20%) by the Pauli blocking corrections of Eqs. (4),(7). Note
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FIG. 1. One-kaon exchange Fock diagram and iterated one-pion
exchange Hartree diagrams with ! or " hyperons in the intermediate
state. The horizontal double line symbolizes the filled Fermi sea of
nucleons, i.e., the medium insertion −θ (kf − | "p |) in the in-medium
nucleon propagator [15]. Effectively, the medium insertion sums up
hole propagation and the absence of particle propagation below the
Fermi surface | "p | < kf .

where the traceless hermitian 3 × 3 matrices B and φ
collect the octet baryon fields (N,",!,%) and the pseu-
doscalar Goldstone bosons fields (π,K, K̄, η), respectively.
The parameter fπ = 92.4 MeV is the weak pion decay con-
stant, and D and F denote the SU(3) axial-vector coupling
constants of the octet baryons. We choose as their values
D = 0.84 and F = 0.46. This leads to a KN! coupling con-
stant of gKN! = (D − F )(MN + M!)/(2fπ ) = 4.4, a π"!
coupling constant of gπ"! = D(M" + M!)/(

√
3fπ ) = 12.1,

and a π!! coupling constant of gπ!! = 2FM!/fπ = 11.9,
consistent with the empirical values summarized in Tables 6.3
and 6.4 of Ref. [18]. The π"! coupling constant used in the
present work is also consistent with the value gπ"! = 12.9 ±
0.9 extracted recently from hyperonic atom data in Ref. [19].
Furthermore, the pion-nucleon coupling constant has the value
gπN = gAMN/fπ = 13.2 [20], with gA = D + F = 1.3. The
ellipsis in Eq. (1) stands for the chiral-invariant interaction
terms with two or more Goldstone boson fields, which do not
come into play in the present calculation.

Consider the density-dependent complex self-energy
U!(kf ) + i W!(kf ) of a zero-momentum ! hyperon ( "p! = "0)
placed as a test particle into isospin-symmetric nuclear matter.
The value U!(kf 0) + i W!(kf 0) at nuclear matter saturation
density ρ0 = 0.16 fm−3 fixes the strength of the !-nucleus
optical potential. We calculate the long-range contributions
to the ! nuclear mean field U!(kf ) + i W!(kf ) generated
by the exchange of light Goldstone bosons between the
! hyperon and the nucleons in the filled Fermi sea. The only
nonvanishing one-meson exchange contribution comes from
the kaon-exchange Fock diagram in Fig. 1, from which we
obtain the (small and) repulsive contribution to the real part of
the ! nuclear mean field,

U!(kf )(K) = (D − F )2

(2πfπ )2

{
k3
f

3
− m2

Kkf + m3
K arctan

kf

mK

}

,

(2)

with mK = 496 MeV the average kaon mass. At densities at
and below nuclear matter saturation density ρ ! 0.16 fm−3

(corresponding to Fermi momenta kf ! 263 MeV), the kaon
exchange can already be regarded as short range. The ratio
kf /mK ! 0.53 is small, and the expression in curly brackets

in Eq. (2) is dominated by its leading term k5
f /5m2

K in the kf

expansion.
The truly long-range interaction between the ! hyperon

and the nucleons arises therefore from two-pion exchange. The
corresponding two-loop diagrams with a ! or a " hyperon in
the intermediate state are shown in Fig. 1. Their relative isospin
factor (for the !- and "-intermediate state) is 6(F/D)2 % 1.8.
We find from the second diagram in Fig. 1, with one medium
insertion [15] and a ! hyperon in the intermediate state, the
following long-range contribution to the real part of the !
nuclear mean field,1

U!(kf )(2π!) = F 2g2
AMB m2

π

8π3f 4
π

×
[
−3mπkf +

(
2k2

f + 3m2
π

)
arctan

kf

mπ

]
, (3)

with mπ = 138 MeV the average pion mass. The mean baryon
mass MB = (2MN + M" + M!)/4 = 1047 MeV serves the
purpose of averaging out small differences in the kinetic
energies of the various baryons involved. Note the large scale
enhancement factor MB in Eq. (3) which stems from the
energy denominator of the 2π -exchange diagram. Because
of this characteristic property, the notion of iterated (second
order) one-pion exchange is actually more appropriate (see
also Sec. 4 in Ref. [21] for the analogous classification of the
2π -exchange NN interaction). The third diagram in Fig. 1 with
two medium insertions represents a Pauli blocking correction.
With an intermediate ! hyperon, the contribution to the real
part of the ! nuclear mean field can be expressed as

U!(kf )(2π!)
Pauli = F 2g2

AMB

(2πfπ )4

{
2k4

f − m4
π

∫ u

0
dx

× −
∫ 1

−1

dz

z

[
1
S

+ 2 ln S

]}
, (4)

with the auxiliary function S = 1 + u − x + 2xz2 +
2z

√
x(u − x + xz2) and the abbreviation u = k2

f /m2
π . The

symbol −
∫ 1
−1 dz in Eq. (4) denotes a principal value integral.

We also note that the total imaginary part W!(kf )(2π!) +
W!(kf )(2π!)

Pauli vanishes identically.
Next, we come to the iterated one-pion exchange diagrams

with an intermediate " hyperon. The small !"-mass splitting
M! − M" = 77.5 MeV, which comes into play here, is
comparable in magnitude to the typical kinetic energies of the
nucleons. Therefore, it has to be counted accordingly in the
energy denominator. By the relation M! − M" = )2/MB ,
we introduce another small mass scale ), whose magnitude
) % 285 MeV is close to the Fermi momentum
kf 0 % 263 MeV at nuclear matter saturation density.
Putting all the pieces together, we find from the second

1We have used dimensional regularization (where a linear diver-
gence

∫ ∞
0 dl 1 is set to zero) to evaluate the loop integral. In cutoff

regularization, one would get in addition a term linear in the cutoff
and the density ρ. Since such a term is indistinguishable from the
effect of a zero-range contact interaction, it does not belong to the
genuine long-range contributions.
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diagram in Fig. 1 with an intermediate ! hyperon the
following long-range contribution to the complex " nuclear
mean field

U"(kf )(2π!) + i W"(kf )(2π!) = D2g2
AMBm4

π

48π3f 4
π

$

(
k2
f

m2
π

,
%2

m2
π

)

,

(5)
where the complex function

$(u, δ) = −(δ + 3)
√

u − i

4
(u + 2δ + 6)

√
u(4δ + u)

+ (2u + δ2 + 4δ + 3)

{

arctan
√

u

1 + δ

+ i ln
2 + 2δ + u +

√
u(4δ + u)

2[(1 + δ)2 + u]1/2

}

(6)

emerges from the combined loop and Fermi sphere integration
with the abbreviation δ = %2/m2

π . The corresponding Pauli
blocking correction to the real part of the " nuclear mean field
can be expressed as a numerically easily manageable double
integral of the form

U"(kf )(2π!)
Pauli = D2g2

AMBm4
π

6(2πfπ )4

∫ u

0
dx

∫ u

0
dy

1
(2δ + 1 + x − y)2

×
[

4(y − x − 2δ − 1)
√

xy

(1 + x + y)2 − 4xy

+ (2x − 2y + 4δ + 1) ln
1 + x + y + 2

√
xy

1 + x + y − 2
√

xy

+ (2δ + x − y)2 ln
|δ − y − √

xy|
|δ − y + √

xy|

]

. (7)

In the case of the imaginary part of the " nuclear mean field,
the Pauli blocking correction can even be written in closed
analytical form:

W"(kf )(2π!)
Pauli = D2g2

AMBm4
π

96π3f 4
π

θ (
√

2kf − %)

×
[

u2

4
+ 3

2
(u − δ2) + (u − 3)δ

+ 1
4

(u + 2δ + 6)
√

u(4δ + u) − (2u + δ2)

× ln
2 + 2δ + u +

√
u(4δ + u)

2 + 2u−1δ2
− (3 + 4δ)

× ln
2 + 2δ + u +

√
u(4δ + u)

2 + 4δ

]

. (8)

It is interesting to observe that there is a threshold condition
kf > %/

√
2 for Pauli blocking to become active in the imag-

inary part of the " nuclear mean field. This threshold corre-
sponds to the subnuclear density ρth = 0.072 fm−3 = 0.45 ρ0.
Furthermore, as a simple check, one verifies that the total
imaginary " nuclear mean field W"(kf )(2π!) + W"(kf )(2π!)

Pauli
vanishes identically in the limit of "!-mass degeneracy, i.e.,
δ = 0. We have also evaluated the contributions to U"(kf )
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FIG. 2. The complex mean field U"(kf ) + iW"(kf ) of a zero-
momentum " hyperon in isospin-symmetric nuclear matter versus
the nucleon density ρ = 2k3

f /3π 2. The imaginary part W"(kf )
(lower solid line) originates from the conversion process "N → !N

induced by one-pion exchange. The real part U"(kf ) (upper solid line)
includes only genuine long-range contributions.

from irreducible two-pion exchange (which do not carry the
large scale enhancement factor MB ) and found that they sum up
to zero in isospin-symmetric nuclear matter. For comparison,
the same exact cancellation is at work in the isoscalar central
channel of the 2π -exchange NN potential (see Sec. 4.2 in
Ref. [21]). As an aside, we note that the Pauli blocking
corrections Eqs. (4, 7, 8) could also be interpreted as the effects
of the 2π -exchange "NN three-body interaction [22]. This
equivalence becomes immediately clear by opening the two
nucleon lines (with horizontal double lines) of the last diagram
in Fig. 1.

Summing up all calculated terms, we show in Fig. 2 the
resulting complex " nuclear mean field U"(kf ) + iW"(kf )
as a function of the nucleon density ρ = 2k3

f /3π2. The lower
curve for the imaginary part W"(kf ) displays clearly the
onset of the Pauli blocking effects at the threshold density
ρth = 0.072 fm−3. It is very astonishing that the total real "
nuclear mean field U"(kf ) follows to a good approximation
a straight line, whereas individual components possess a
much more nonlinear dependence on the density ρ, driven
by the relevant dimensionless variable

√
u = kf /mπ . At

normal nuclear matter density ρ0 = 0.16 fm−3 (corresponding
to a Fermi momentum of kf 0 = 263 MeV), one finds for
the real and imaginary part, respectively U"(kf 0) = [0.4 +
(40.9 + 16.1) + (8.2 − 6.6)] MeV = 59 MeV and W"(kf 0) =
(−29.0 + 7.5) MeV = −21.5 MeV, where the individual
entries correspond to the respective terms written in
Eqs. (2)–(8), in that order. As could be expected from the small
KN" coupling constant gKN" = 4.4, the kaon-exchange
contribution is completely negligible. The genuine long-range
terms from iterated one-pion exchange with the intermediate
" and ! hyperons written in Eqs. (3),(5) build up a sizeable
repulsion of 49 MeV which is furthermore enhanced (by about
20%) by the Pauli blocking corrections of Eqs. (4),(7). Note
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diagram in Fig. 1 with an intermediate ! hyperon the
following long-range contribution to the complex " nuclear
mean field
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emerges from the combined loop and Fermi sphere integration
with the abbreviation δ = %2/m2

π . The corresponding Pauli
blocking correction to the real part of the " nuclear mean field
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inary part of the " nuclear mean field. This threshold corre-
sponds to the subnuclear density ρth = 0.072 fm−3 = 0.45 ρ0.
Furthermore, as a simple check, one verifies that the total
imaginary " nuclear mean field W"(kf )(2π!) + W"(kf )(2π!)

Pauli
vanishes identically in the limit of "!-mass degeneracy, i.e.,
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FIG. 2. The complex mean field U"(kf ) + iW"(kf ) of a zero-
momentum " hyperon in isospin-symmetric nuclear matter versus
the nucleon density ρ = 2k3

f /3π 2. The imaginary part W"(kf )
(lower solid line) originates from the conversion process "N → !N

induced by one-pion exchange. The real part U"(kf ) (upper solid line)
includes only genuine long-range contributions.

from irreducible two-pion exchange (which do not carry the
large scale enhancement factor MB ) and found that they sum up
to zero in isospin-symmetric nuclear matter. For comparison,
the same exact cancellation is at work in the isoscalar central
channel of the 2π -exchange NN potential (see Sec. 4.2 in
Ref. [21]). As an aside, we note that the Pauli blocking
corrections Eqs. (4, 7, 8) could also be interpreted as the effects
of the 2π -exchange "NN three-body interaction [22]. This
equivalence becomes immediately clear by opening the two
nucleon lines (with horizontal double lines) of the last diagram
in Fig. 1.

Summing up all calculated terms, we show in Fig. 2 the
resulting complex " nuclear mean field U"(kf ) + iW"(kf )
as a function of the nucleon density ρ = 2k3

f /3π2. The lower
curve for the imaginary part W"(kf ) displays clearly the
onset of the Pauli blocking effects at the threshold density
ρth = 0.072 fm−3. It is very astonishing that the total real "
nuclear mean field U"(kf ) follows to a good approximation
a straight line, whereas individual components possess a
much more nonlinear dependence on the density ρ, driven
by the relevant dimensionless variable

√
u = kf /mπ . At

normal nuclear matter density ρ0 = 0.16 fm−3 (corresponding
to a Fermi momentum of kf 0 = 263 MeV), one finds for
the real and imaginary part, respectively U"(kf 0) = [0.4 +
(40.9 + 16.1) + (8.2 − 6.6)] MeV = 59 MeV and W"(kf 0) =
(−29.0 + 7.5) MeV = −21.5 MeV, where the individual
entries correspond to the respective terms written in
Eqs. (2)–(8), in that order. As could be expected from the small
KN" coupling constant gKN" = 4.4, the kaon-exchange
contribution is completely negligible. The genuine long-range
terms from iterated one-pion exchange with the intermediate
" and ! hyperons written in Eqs. (3),(5) build up a sizeable
repulsion of 49 MeV which is furthermore enhanced (by about
20%) by the Pauli blocking corrections of Eqs. (4),(7). Note
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It is interesting to observe that there is a threshold condition
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2 for Pauli blocking to become active in the imag-

inary part of the " nuclear mean field. This threshold corre-
sponds to the subnuclear density ρth = 0.072 fm−3 = 0.45 ρ0.
Furthermore, as a simple check, one verifies that the total
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vanishes identically in the limit of "!-mass degeneracy, i.e.,
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FIG. 2. The complex mean field U"(kf ) + iW"(kf ) of a zero-
momentum " hyperon in isospin-symmetric nuclear matter versus
the nucleon density ρ = 2k3

f /3π 2. The imaginary part W"(kf )
(lower solid line) originates from the conversion process "N → !N

induced by one-pion exchange. The real part U"(kf ) (upper solid line)
includes only genuine long-range contributions.

from irreducible two-pion exchange (which do not carry the
large scale enhancement factor MB ) and found that they sum up
to zero in isospin-symmetric nuclear matter. For comparison,
the same exact cancellation is at work in the isoscalar central
channel of the 2π -exchange NN potential (see Sec. 4.2 in
Ref. [21]). As an aside, we note that the Pauli blocking
corrections Eqs. (4, 7, 8) could also be interpreted as the effects
of the 2π -exchange "NN three-body interaction [22]. This
equivalence becomes immediately clear by opening the two
nucleon lines (with horizontal double lines) of the last diagram
in Fig. 1.

Summing up all calculated terms, we show in Fig. 2 the
resulting complex " nuclear mean field U"(kf ) + iW"(kf )
as a function of the nucleon density ρ = 2k3

f /3π2. The lower
curve for the imaginary part W"(kf ) displays clearly the
onset of the Pauli blocking effects at the threshold density
ρth = 0.072 fm−3. It is very astonishing that the total real "
nuclear mean field U"(kf ) follows to a good approximation
a straight line, whereas individual components possess a
much more nonlinear dependence on the density ρ, driven
by the relevant dimensionless variable

√
u = kf /mπ . At

normal nuclear matter density ρ0 = 0.16 fm−3 (corresponding
to a Fermi momentum of kf 0 = 263 MeV), one finds for
the real and imaginary part, respectively U"(kf 0) = [0.4 +
(40.9 + 16.1) + (8.2 − 6.6)] MeV = 59 MeV and W"(kf 0) =
(−29.0 + 7.5) MeV = −21.5 MeV, where the individual
entries correspond to the respective terms written in
Eqs. (2)–(8), in that order. As could be expected from the small
KN" coupling constant gKN" = 4.4, the kaon-exchange
contribution is completely negligible. The genuine long-range
terms from iterated one-pion exchange with the intermediate
" and ! hyperons written in Eqs. (3),(5) build up a sizeable
repulsion of 49 MeV which is furthermore enhanced (by about
20%) by the Pauli blocking corrections of Eqs. (4),(7). Note
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