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A density-dependent effective potential for the baryon-baryon interaction in the presence of the
(hyper)nuclear medium is constructed, based on the leading (irreducible) three-baryon forces de-
rived within SU(3) chiral effective field theory. We evaluate the contributions from three classes:
contact terms, one-pion exchange and two-pion exchange. In the strangeness-zero sector we recover
the known result for the in-medium nucleon-nucleon interaction. Explicit expressions for the AN
in-medium potential in (asymmetric) nuclear matter are presented. Our results are suitable for
implementation into calculations of (hyper)nuclear matter. In order to estimate the low-energy
constants of the leading three-baryon forces we introduce the decuplet baryons as explicit degrees of
freedom and construct the relevant terms in the minimal non-relativistic Lagrangian. With these,
the constants are estimated through decuplet saturation. Utilizing this approximation we provide
numerical results for the effect of the three-body force in symmetric nuclear matter and pure neu-
tron matter on the AN interaction. A moderate repulsion that increases with density is found in
comparison to the free AN interaction.
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I. INTRODUCTION

Three-body forces (3BFs) are an indispensable ingredient of any modern calculation of few-nucleon systems. Specif-
ically, for the three- and four-nucleon systems where rigorous computations can be performed based on the Faddeev
or Faddeev-Yakubovsky equations there is clear evidence that agreement with experimental data cannot be achieved
if one resorts to nucleon-nucleon (NN) forces alone. Three-nucleon forces are required to reproduce correctly the
binding energies in the few-nucleon sector but also for scattering observables such as the proton-deuteron differential
cross section at incident proton energies around 100-200 MeV. For a recent review on these topics see, for example,
Ref. [1]. Accordingly, one expects that such three-body forces are also important for heavier nuclei as well as for
the properties of nuclear matter. Indeed, in the latter case standard calculations based on two-body interactions
and utilizing the Bethe-Goldstone equation are unable to describe the saturation point correctly, i.e., to obtain the
empirical energy per nucleon, of E/A = —16 MeV, at the saturation density, pg = 0.17 fm 3. Three-nucleon forces
are considered as an essential mechanism that could resolve this problem [2-5].

Likewise, three-body forces are expected also to play an important role in strangeness nuclear physics [6], in
particular the Lambda-nucleon-nucleon (AN N) interaction. It has been argued in the context of (exotic) neutron star
matter that strongly repulsive 3BFs are needed in order to explain the recent observation of two-solar-mass neutron
stars, i.e., to resolve the so-called hyperon puzzle [7-11]. For example, a phenomenological AN N three-body force has
been introduced in Ref. [11], with a repulsive coupling strength chosen large enough just so that the A is prevented
from appearing in dense matter and the equation-of-state remains sufficiently stiff to support a 2 My neutron star.
The situation is less clear when it comes to light hypernuclei such as the hypertriton 3 H, or iH and f}\He, owing to
the fact that the two-body interaction in the relevant AN and XN systems is not well determined from the scarce
experimental data presently available.

Utilizing realistic models of the three-baryon force directly in many-body calculations or in the Brueckner-Bethe-
Goldstone approach (e.g., via the Bethe-Faddeev equations [12]) is a very challenging technical task. Therefore, it
has become customary to follow an alternative and simpler approach that consists in employing a density-dependent
two-body interaction derived from the underlying three-body forces. For the nucleonic sector such a density-dependent
in-medium NV interaction, generated at one-loop order by the leading chiral three-nucleon force, has been constructed
in Ref. [13]. It has been shown in subsequent studies [14, 15] and by several other calculations in the literature [16-21]
that his approximate treatment of three-body forces works very well.

In the present work we investigate the effect of the AN N three-body force on the AN interaction in the presence of a
nuclear medium. We start from the leading (irreducible) 3BFs, cf. Fig. 1, which have been derived recently [22] within
SU(3) chiral effective field theory (YEFT), a systematic approach that exploits the symmetries of the underlying
QCD. Among other advantages, this approach ensures that the three-body forces are constructed consistently with
the corresponding two-baryon interactions (e.g. AN, XN) (23, 24]. In our derivation we follow closely the work
of Ref. [13] and extend those calculations to sectors with non-zero strangeness. As a result one obtains a density-
dependent effective baryon-baryon interaction which facilitates the inclusion of effects from 3BFs into many-body
calculations.

The irreducible chiral 3BFs appear formally at next-to-next-to-leading order (NNLO). However, in the nucleonic
sector one has observed that some of the corresponding low-energy constants (LECs) are much larger than expected
from the hierarchy of nuclear forces. This feature has its physical origin in the strong coupling of the 7N system to the
low-lying A(1232)-resonance. It is therefore natural to include the A(1232)-isobar as an explicit degree of freedom in
the chiral Lagrangian (cf. Refs. [25-29]). The small mass difference between nucleons and deltas (293 MeV) introduces
a small scale, which can be included consistently in the chiral power counting scheme and the hierarchy of nuclear
forces. The dominant part of the three-nucleon interaction mediated by two-pion exchange and virtual A(1232)
excitation is then promoted to next-to-leading order (NLO). The appearance of the inverse mass splitting explains
the large numerical values of the corresponding LECs [30-33].

In SU(3) xEFT the situation is similar. Specifically, in systems with strangeness S = —1, like ANN, intermediate
baryons such as the spin-3/2 ¥*(1385)-resonance could play an analogous role as the A(1232) in the NNN system.

Figure 1. Leading chiral three-baryon interactions: two-meson exchange, one-meson exchange and contact term.
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Figure 2. Three-baryon forces arising from virtual decuplet excitation (represented by double lines).
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Figure 3. Effective two-baryon interaction from genuine three-baryon forces. Contributions arise from two-pion exchange (1),
(2a), (2b), (3), one-pion exchange (4), (5a), (5b) and the contact interaction (6).

Indeed the decuplet-octet mass splittings are on average smaller than the delta-nucleon splitting. Also in SU(3)
XEFT the mass splitting (in the chiral limit) should be counted together with external momenta and meson masses as
O(q) and therefore parts of the NNLO three-baryon interaction are promoted to NLO by the explicit inclusion of the
baryon decuplet, as illustrated in Fig. 2 (see also Refs. [26, 32, 34]). One expects that these NLO contributions give
the dominant part of the 3BFs and thus should provide a reasonable basis for investigating the effects of the ANN
interaction. Of particular interest is the long-range contribution arising from two-pion exchange.

In the present paper we exploit the mechanism of decuplet saturation to estimate the strengths of chiral 3BFs. By
including decuplet baryons not only parts of the two-pion exchange 3BF are promoted to NLO but also contributions
that involve contact vertices. This is illustrated in Fig. 2. In the purely nucleonic case such contributions do not
arise because a leading-order ANNN four-baryon contact vertex is forbidden by the Pauli principle. The decuplet
induced 3BF of short range still involve two unknown parameters and, therefore, a reliable quantitative estimate of
3BF effects in the strangeness S = —1 sector is difficult to make at present. Contrary to the practice in the nucleonic
sector, a direct determination of the LECs from experimental information on few-baryon systems with strangeness
S = —1is not (yet) feasible because of the limited amount and accuracy of the data.

This paper is organized as follows. In Sec. II we present the general expressions for the effective two-baryon
potential derived from the irreducible chiral three-baryon forces for all strangeness sectors. As an example we give
the explicit results for the AN interaction in symmetric and asymmetric nuclear matter. In Sec. I we introduce the
pertinent chiral Lagrangians including decuplet baryons and estimate the LECs of the 3BFs via decuplet saturation.
Finally, in Sec. [V, we present numerical results for the in-medium AN interaction within this approximation. In the
appendices we collect for comparison the explicit expressions for the antisymmetrized NN in-medium interaction in
isospin-symmetric nuclear matter. Furthermore, details related to the construction of the decuplet Lagrangian are
presented.

In this work we consider only those medium corrections which arise from irreducible three-baryon forces. Further
density-dependent contributions originating from reducible three-baryon processes are also known to be important. A
prominent example is the reducible AN N interaction involving two-pion exchange and a ¥ hyperon in the intermediate
state. An investigation of these reducible contributions in the many-body sector goes beyond the scope of the present
paper. In proper few-body calculations incorporating both A and ¥ hyperons as explicit degrees of freedom, such
reducible contributions are generated automatically by coupled-channel Faddeev and Yakubovsky equations from
iterated AN + XN interactions [35].

II. IN-MEDIUM BARYON-BARYON INTERACTION

In this section we derive the effect of a three-body force on the baryon-baryon interaction in the presence of a
(hyper)nuclear medium. We follow closely the work of Ref. [13], where density-dependent corrections to the NN
interaction have been calculated from leading-order chiral three-nucleon forces. In order to obtain an effective baryon-
baryon interaction from the irreducible 3BFs in Fig. 1, one closes two baryon lines which represents diagrammatically
the sum over occupied states within the Fermi sea. Such a “medium insertion” is symbolized by short double lines on



a baryon propagator. All types of diagrams arising this way are shown in Fig. 3.

We restrict ourselves to the contact term and to the contributions from one- and two-pion exchange processes which
are expected to be dominant. Hence, the calculation is done for equal meson masses. In principle, within SU(3) YEFT
further contributions arise that involve the exchange of at least one heavier meson (kaon or eta meson). At moderate
densities these contributions of much shorter range can effectively be absorbed into a contact term representing the
short-range part of the three-baryon force. When evaluating diagrams the medium insertion provides the factor
—2m0(ko)O (ks — |k|). An additional minus sign comes from a closed fermion loop. Equivalently, the effective two-body
interaction can be constructed from the expressions for the three-baryon potentials in Ref. [22] via the relation

Vig=) tr / ﬂV (1)
12 — — g3 ‘]glgka (27T)3 123

where tr,, denotes the spin trace over the third particle and the sum goes over all baryon species B in the Fermi sea
(with Fermi momentum k#). In the following, we derive the general expressions of the effective potentials for a single
baryon species B. The full potential is given by a sum over all species. The density of the baryon species B is given
by
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= [ Ok k) @)
k| <kB (2m)

and the full density is obtained by summing over all species in the (hyper)nuclear medium, p = )" 5 pp.
As done in Ref. [13], we consider the scattering of two baryons within the medium in the center-of-mass frame

Bi(P) + B2(—p) = Bs(p') + Ba(—p") , 3)

for on-shell kinematics: p? = p’2. For direct diagrams the relevant momentum transfer is ¢ = p” — p, for the exchange-
type diagrams the relevant momentum transfer is k= P+ p.

In the course of the calculation one encounters integrals of one pion propagator or the product of two pion propa-
gators over a Fermi sphere. The loop functions I'; involving a single pion propagator are defined by

1 Lo(p, kF)
e - ST
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The loop functions G; involving two different pion propagators are given by
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The explicit formulas for the loop functions can be found in Section III.A. of Ref. [13]. Note that in some cases the
expression on the left-hand side of Eq. (5) (with two pion propagators) appears with the substitution p’ — —p”’.
Consequently, this substitution has also to be done on the right-hand side and the arguments of GG; are changed to

A. Contributions from two-pion exchange

Let us start with the two-pion exchange contribution to the in-medium baryon-baryon interaction. The corre-
sponding three-baryon potential for a prototype two-meson exchange diagram is given in Eq. (34) in Ref. [22] and it
reads

V =
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X med,2a,D med,2a,E med,2b,D med,2b,E
3 3 3 3 3 3 3 3
X1 N3ps — Nipa Nip3 — Nips Np43 — Nisp Npsq — Niyp
12B B12 12B B12 2B1 2B1 2B1 2B1
1 1 1 1
Xo N3py Nips Npy3 Np34
12B 12B 2B1 2B1
1 1 1 1
X3 N3pa Nips Nisp Nsyp
B12 B12 2B1 2B1
2 3 2 3 2 3 2 3
X4 —N3ps — N3pa —Nips — Nips —Np43 — Npys —Npi34 — Nz
12B 12B 12B 12B 2B1 2B1 2B1 2B1
X Nip, — N3 Nips — NZ Nisp — Ni N3 — N3
5 3B4 3B4 4B3 4B3 43B 43B 348 34B
B12 B12 B12 B12 2B1 2B1 2B1 2B1

Table I. SU(3) factors for the two-meson-exchange contributions of type (2).

adopting the same definitions and conventions as in Ref. [22]. The quantity fo = 93.0 MeV is the meson-decay
constant in the chiral limit and my,,my, are the masses of the two exchanged meson. The potential V in Eq. (6)
involves a variety of combinations of SU(3) factors

cf
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cf=dy,ds,dg

Following the detailed exposition of all possible diagrams in Fig. 5 of Ref. [22], we close the two baryon lines Bs and
Bg for each three-body diagram. This leads to the topologies (1), (2a), (2b), and (3) shown in Fig. 3.

Performing the spin trace and integrating over a Fermi sphere according to Eq. (1) for the diagrams leading to the
topology (1) in Fig. 3, one obtains for the direct effective potential (involving the momentum transfer ¢ = p’ — p)
generated by the Fermi sea of the baryon species B

Vmed71,D:pi01'qU2'q Nl — N2..4%) . 8

13 @ +m2e g Mgt ®)
The resulting interaction is proportional to the density pp of the baryon species B. The exchange diagrams (involving
the momentum transfer k = p” + p') lead to the same contribution with different factors N:

o PB G-k G-k
o (N3gy — Nipyk?). 9)

Vmed,l,E _
413 (k2 +m2)? " 381 9B1

It can be obtained from the direct contribution by multiplying with the negative spin-exchange operator, —P(?) =
—2(1+ & - G2), and substituting p” — —p” (and therefore also ¢ — —k).
Similarly, the topology (2a) of Fig. 3 gives rise to the following direct potential:

1
1672 ¢ (q% +m2)

+ (Xo6 - G G2 p' + X361 -9’ G2+ @) [Co(p, k7)) + Ti(p, k7))
2

2
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3
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written in terms of the loop functions I';. The relevant SU(3) factors X; are given in the first column of Tab. I. The
exchange diagrams lead to the same contributions as the direct ones, again multiplying with —P(°) and making the

substitution p” — —p” (and therefore also § — —E):

Vmed,2a,E — _P(U)Vmed,Qa,D

(11)




X med,3,D med,3,E
X Nisp + NE Niup + NE
1 43B B43 34B B34
Bl2 12B Bi2 12B
2 2 2 2
X2 —Nisp — Npas —N3up — Npsy
Bl2 128 Bi2 12B
3 3 3 3
X3 Nisp — Nzus Niyp — N3y
Bi2 12B Bi2 12B
1 1 1 1
X4 Nisp + Npys N3sp + Npsy
Bi2 12B Bi2 12B
2 3 2 3 2 3 2 3
X5 —Nizp — Nisp — Naz + Npas —N34p — N3yp — Njsa + Nisy
Bi2 Bi2 12B 128 Bi2 Bi2 12B 12B
1 1 1 1
Xe —Nisp + Npas —N34p + Npsy
Bi2 12B Bi2 12B
2 3 2 3 2 3 2 3
X7 Nisp — Nizsp — Npas — Npus Niyp — N3ap — Npsg — Niag
Bi2 B12 128 128 Bi2 B12 12B 12B

Table II. SU(3) factors for two-meson-exchange contribution of type (3).

Furthermore, the coefficients X; have to be inserted according to the second column of Tab. I. The reflected topology
(2b) in Fig. 3 leads to a result similar to that of topology (2a):

1
162 [ (g2 +m2)
— (X281 - @2 P+ X351 -9 2 7)[To(p, k}g) +T'1(p, kf)]

2
— (X461 - 7 G P+ X551 - P ~q‘)% [To(p, kF) + 201 (p, k7)) + Ts(p, k7))

2
ymed;2b.D _ {X GG G G [g(kf’)3 —m2To(p, k7))

+(X4+X5)51'(752'5F2(Pak}3)}7 (12)

where the SU(3) factors X; are now given in the third column of Tab. I. For the corresponding exchange diagrams
one obtains again

Vmed72b,E _ _P(U)Vmed,2b,D , (13)
p'——p’
with the X; listed in the fourth column of Tab. I.
The diagrams contributing to the topology (3) in Fig. 3 lead to the following direct potential
Vmed,3,D _ 1 X 1 o kB 2 ) 2 G, kB
**W 15[ o(ps f)*(q + 2mz)Go(p, 4, f)]
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+§(q p) - (F1+ 02 [X4<Go pakaf)+2G1(paQ7kf)>
+ X5 (2ro<p, KF) + 201 (p, k) — (2 + 2m2) (Golp, . kF) +2G1 (p. . kD)) )|
i
+5(@x7P) [X (Go (psa,k7) +2G1(p, a, kF ))
+ Xrs (m(p, kF) + 201 (p, k) — (7 + 2m2) (Golp, . kF) +2G1 (p. . kD)) )| } )

where the new SU(3) factors X; are given in the first column of Tab. II. In order to write out this potential both loop
functions T'; and G; are needed. The exchange diagrams lead to the same contribution, multiplying with —P(?) and



substituting ¢ — —k:

Vmed,S,E — —P(U)Vmed’S’D , (15)

where the appropriate combinations X; are given in the second column of Tab. II.

B. Contributions from one-pion exchange

Let us now turn to the one-meson exchange three-baryon interaction. We take the prototype one-meson exchange
potentials (written in Eq. (29) of Ref. [22]) and antisymmetrize the four-baryon contact vertex, (this means the four
diagrams in each line of Fig. 3 of Ref. [22] are summed up). This leads to the expression:

1 da-qu ( 1 9 3 .
qiN Gg-Gi+ N2 Go-Gi+ N3 i(Gg x& *) 16

where the momentum transfer gj; is given by ¢j; = p; — p; and the new SU(3) coefficients read

10
N%:NBZM(ZDJCN{?V QZDJ:N%? Z DfN,J;”Tg 2ZDfJ\fTJ;jn + Z Dme]n )
f=1 f= f=11
10
Ny = Nous ¢(ZDfNﬂ;W ~1 ZDfN b+ Z DNy ; ~ 4 ZDmen, Z DN 5)
=1
14 14
Nf_;],m NBZB¢<ZDmeI? ZDfN,{m ¥z ZDfN,{m ZDmen )} (17)
K f=11

Next we have to consider all 9 rows of diagrams in Fig. 3 of Ref. [22] corresponding to all possibilities to close the
baryon lines B3 and Bg. This procedure leads to the three one-pion exchange topologies (4), (5a) and (5b) displayed
Fig. 3.
Topology (4) gives rise to a direct contribution to the in-medium baryon-baryon potential of the form
Vmed,4,D — PB =

01-q0 Nl s+ N 18
s+ T Tt Ny 18)

which depends linearly on the density pp of baryon species B. Similarly, the exchange diagrams yield

ymeddB _ __ PB p(@)z kG k(N 4+ N2 + 2N3m0 + NL o 4+ N2, — 2N3, ) . 19
122 )L 01k G2k (Nipy o Nipg + 2Nipg + Nygy + Nyggs = 2Ngap) (19)

Furthermore, one obtains from topology (5a) in Fig. 3 the following effective baryon-baryon potential:

1
Vmcd,5a —
82 f2

L2 3
{(Xl —|—X20’1 . O'Q)(g(k?) — mfrfo(p, k]]?))
+ X3[01 -9 G20 (Do(p, kF) + 201 (p, k7 ) + Ta(p, k7)) + Da(p, k7 )G1 - G2) } : (20)

where the coefficients X; are listed in the first column of Tab. ITI. The mirror topology (5b) in Fig. 3 gives rise to
the same result, but with the replacement p” — p, due to the reflection of the pion loop from the final state into the
initial state:

Vmed 5b Vmed 5a| . (21)

and with the modified coefficients X; given in the second column of Tab. III.



X med,5a med,5b
1/l 2 3 1 2 3 1/ a7l 2 3 1 2 3
X4 5(N34B + N3y + 2N3up + Nips + Nips _2N4B3) §(NB34+N334+2NB34+NB34+NB34 _QNB34)
Bi2 Bi2 Bi2 B12 B12 B12 2B1 2B1 2B1 12B 12B 12B
X 1 N2 _ Nl Nl _ N2 1 Nl _ N2 N2 _ Nl
2 PACAEYY:) 348 T INiB3 iB3 3 (VB34 B34 T NB3g B34
Bi2 Bi2 B12 B12 2B1 2B1 12B 12B
1 3 2 3 2 3 1 3
X3 Nsup — N3yp + Nips + Nips Npsy — Npgss + Npay + Npay
Bi2 B12 B12 B12 2B1 2B1 128 12B

Table III. SU(3) factors for one-meson-exchange contributions of type (5).

C. Contributions from contact terms

Finally, we have to study the contact interaction, this means the topology (6) in Fig. 3. The fully antisymmetrized
three-baryon contact potential reads (see Egs. (8) and (12) in [22])

V = — | Nisg + Nisc01 - G2 + Nisg0 - 03 + Nilsg0'2 - 03 + Nisg i1 - (62 ¥ 53)} : (22)

123 123 123 123 123
Here, the spin trace over the third particle eliminates the last three term and the (trivial) Fermi sphere integration
gives a factor ppg, such that one obtains the following momentum-independent in-medium potential:

ymedS — 5 (Nl g + N2 g6y - 02) . (23)
12B 12B

The complete in-medium baryon-baryon potential due to the baryon species B in the Fermi sea is then given by
the sum of the contributions written in Egs. (8)—(15), (18)—(21) and (23).

D. In-medium lambda-nucleon interaction

In view of its outstanding role in hypernuclear physics, we present here as an example the explicit expressions for
the effective AN interaction in isospin-symmetric as well as isospin-asymmetric nuclear matter (p, # p»), as it results
from two-pion-exchange, one-pion-exchange and contact ANN three-body forces. Only the expressions for the An
potential need to be given. The Ap potential can be easily written by interchanging the Fermi momenta k? with k¥
(or the densities p, with p,) in the expressions for An. Note that this relation between the An and Ap potentials
provides a non-trivial check of our calculation.

The following expressions result from summing up the contributions from the protons and neutrons in the Fermi
sea. Note that the topologies (1), (2a) and (2b) vanish here due to the non-existence of an isospin-symmetric AAx
vertex. Therefore, the two-pion exchange contribution to the effective An potential stems solely from the topology
(3) and it reads

2

m 1. ~ -

Vined 3D — 79’3 24 (3bo + bp)m2 = [2T(p) — (¢* + 2m2)Go(p, q)]
127212 2

8
3
(7% ) - G2 (3bo + bp)m2(Go(p. ) + 2G1 (p.4)) +

+ (2b2 + 3b4)% [2 ()% + 2(k5)%) — 4(g* + 2m2)To(p) — 2¢°T1(p) + (¢* + 2m2)*Go(p, ¢)]

)
22y 4 30,) (2o (p) + 24 ()

— (¢* +2m2)(Go(p, q) + 2G1(p, q)))} } 7 (24)

where we have introduced the linear combinations T';(p) = Ty(p, k%) + 20y(p, k) and Gi(p,q) = Gi(p,q,k}) +

2G;(p, q, k?) Note that the exchange contribution vanishes identically (in the case of two-pion exchange), V/ir:fd’&E =

0. The potential in Eq. (24) depends on the axial-vector coupling constant g4 and on several LECs (b’s) of the
sub-leading chiral meson-baryon Lagrangian [36-39]. The only spin-dependent term is the one proportional to
Gy = (61 + G2) — 2(61 — &2) and therefore one recognizes a symmetric and an antisymmetric spin-orbit poten-
tial of equal but opposite strength. Note that the in-medium NN potential due to two-pion exchange possesses a

much richer spin structure, cf. Appendix A.



Interestingly, topology (4) gives rise to a one-pion exchange An interaction,

Digalpp — pn)
med,4,D _ 19APp —Pn) 5 5 o med,4,FE
Van = g mey OO G Y =0, (25)

which is induced by an isospin-asymmetry in the nuclear medium. Again, there is no contribution from the exchange-
type diagrams. Furthermore, the topologies (5a) and (5b) lead to the combined in-medium An potential:

med,o, gA D/ n 3 o ™ - -

Vit = o {;(2<<kf>3 +2(k))*) = 3m2T0(p)) + DiT2(p)3: - 5
T oD T D 7. 5 A . o’ - - -

+ D} 01D 02 p+201 p’O2-p (Fo(p) + 2T (p) + Fg(p))} , (26)

where the expressions for the constants D} and Dj can be found in Eq. (44) of Ref. [22].
Finally, one obtains from the AN N contact interaction the following contribution to the in-medium potential

ViedS = 4p, O + 29, (CF + 3C% + C &1 - 7a) (27)

where the definition of the constants C; can be found in Eq. (39) of Ref. [22].

Moreover, as a check we have rederived the effective NN interaction in isospin-symmetric nuclear matter within
our formalism which already includes antisymmetrization. The corresponding results are summarized in Appendix A
and these agree with the antisymmetrized expressions of Ref. [13].

IIT. THREE-BARYON FORCE THROUGH DECUPLET SATURATION

In this section an estimate is performed for the LECs of the leading 3BFs by applying decuplet saturation. This
concerns the meson-baryon LECs by r,p, b1,2,3,4, di1,2,3 that appear in the two-meson exchange 3BF and the LECs D;
and C; for the one-meson exchange and contact 3BFs [22]. We use these “saturated” LECs in the evaluation of the
effective An interaction presented in the previous section. The aim is to provide a qualitative assessment of its density
dependence induced by the different pieces of three-body interactions. This estimate via decuplet saturation actually
applies beyond the present consideration of chiral 3BFs in nuclear matter to any few- or many-baryon system where
three-body forces are of relevance.

The estimated LECs are obtained by calculating the diagrams in Fig. 2 including decuplet baryons as intermediate
states. The chiral Lagrangian for the octet-to-decuplet baryon transition involving a single pseudoscalar meson is
employed, and the pertinent non-relativistic contact vertex between three octet baryons and one decuplet baryon,
B*BBB, is constructed. Note that in the nucleonic sector only the two-pion exchange diagram with an intermediate
A(1232)-isobar in Fig. 2 is allowed. Other diagrams are forbidden by the Pauli principle, as will be shown in
Appendix B. In fact, for three flavors the corresponding group theoretical considerations restrict the number of
possible contact couplings BB — B*B to only two.

A. Lagrangians including decuplet baryons

Here, we present the minimal set of terms in the chiral Lagrangian, that are necessary for evaluating the diagrams
including decuplet baryons in Fig. 2. The leading-order interaction Lagrangian between octet and decuplet baryons
and octet pseudoscalar mesons that respects SU(3) symmetry reads in the non-relativistic limit (see, e.g., Ref. [40]):

3
= % Z €abe (Tade§T . (ﬁgbdb)Bec + Bceg‘ (ﬁgbbd)Tade) ) (28)
a,b,c,d,e=1

o C

where the decuplet baryons are combined to the totally symmetric three-index tensor T, with components

111 ++ 112 1 + 122 _ 1 0 222 -
TH = At T = LAY, T = A0, 722 = A~
113 _ 1 *—4 123 _ 1 *0 223 1 *—
TS = ot T'% = 250, T = Loy,
133 _ 1 —=x0 233 1 —x—
T = 25, T = JoE,

7333 _ O~ (29)
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The traceless 3 x 3 matrices B and ¢ in Eq. (28) include the octet baryons and the pseudo-scalar mesons and their
explicit form can be found, e.g., in Ref. [22]. The spin transition matrices S connect two-component spinors of
octet baryons with four-component spinors of decuplet baryons (cf. Ref. [41]), and they fulfill the relation SiSjT =
%(25”- —i€;j,0%). Only one single LEC, C, is present at leading order and we use for it the (large-N,) value C' = %gA ~1
[28]. Rewriting the lowest-order decuplet Lagrangian in Eq. (28) in the particle basis gives

£ = % > Np:g,m, [BW ' (ﬁqu) Byt BiS (W);) Bﬂ ’ o

.5,k

with SU(3) coefficients Np-4, p, and with the physical meson fields ¢; € {n°, 7+, 7=, K+, K=, K°, K°, n}, octet
baryon fields B; € {n, p, A, £% X, 7, % =7} and decuplet baryon fields Bf € {A~, A0, AT AT+ 30 3+t
e, =360, 3, Q_}.

The other vertex including decuplet baryons that appears in Fig. 2 is the leading-order B* BBB contact vertex,

involving three octet and one decuplet baryon. The minimal non-relativistic contact Lagrangian that respects SU(3)
symmetry takes the form (in matrix notation):

3
L = Hl Z 6(;Lbc[ (TadegTBdb) ' (chEBef) + (BbdgTade) ' (Bfe&Bcf)]

+ H2 Z 6abt:[ (TadegTbe) . (Bdchef) + (Bbngade> . (Bfeo_:Bcd)] ) (31)

with two low-energy constants Hy and Hs. The derivation of this minimal Lagrangian consistent with group theoretical
considerations can be found in Appendix B. In the particle basis the Lagrangian in Eq. (31) reads:

g:

K

2
H. Y Nip s, [ (B;STBJ-) . (By&B) + (Bjs B;) : (BlaBk)} , (32)
=1 ikl
where i runs now over the decuplet baryons; j, k, [ run over the octet baryons, and the N’s are again SU(3) coefficients.
According to naive dimensional counting [42], the constants H; and Hy should be of the order O(1/fZ). Note that
this Lagrangian automatically incorporates the feature that NN — AN transitions in S-waves are forbidden by the
Pauli exclusion principle. Isospin conservation requires that the NN state has total isospin I = 1, but then the total
spin is S = 0 which is impossible in the NA system.

B. Estimates of low-energy constants

Now we estimate the LECs of the leading three-baryon interaction by evaluating the diagrams with intermediate
decuplet baryons shown in Fig. 2. By comparison with the general three-baryon potentials one can directly read off
the LECs at leading order. As a by-product one obtains a set of relations between these constants.

Figure 4. Saturation of the NLO baryon-meson vertex via decuplet resonances.

For the three-baryon interaction with two-meson exchange it suffices to consider the subprocess Bi¢1 — Baoga
shown in Fig. 4. The general diagram on the left-hand side stems from the Lagrangian Eq. (31) in Ref. [22] and it
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provides the following transition matrix element

f
_ ¢ f f
V= Z 4]"3 (Nfﬁl?cgz + N@z?%)

c¢f=bp,br,bo

f
C o f f - o
! s bzb:b b f(?(N¢1%2+N‘52?¢1)q1 ?
¢l =01,02,03,04
f
_ Z C ot a7t T R
; fg (N¢1;?¢§2 N&z?(ﬁl)l(ql X QQ) g, (33)
(4 =d1,d2,d3

where the SU(3) coefficients N7 are defined in Eq. (33) of Ref. [22]. From the two diagrams on the right-hand side of
Fig. 4 (with intermediate decuplet baryons) one obtains

02

Ve
3Af2

[2(NB+¢,8,NB+¢: B, + Np-j, 5, Np-3,5,) @1 - 2

+ (NB+¢,8,NB*¢,8, = Np-3,5,Np-3,5,)1 (01 X §2) - 7], (34)
where we have introduced the average decuplet-octet baryon mass splitting A = M;y — Mg. After summing over
all intermediate decuplet baryons B*, a direct comparison of the transition matrix elements for all combinations of

baryons and mesons leads to the following relations for the LECs of the meson-baryon Lagrangian in Eq. (31) of
Ref. [22]:

bp =0, bp =0, by =0,

% C? Cc? c?
bl—ﬁ~059,b2—ﬁ~076,b3—_37AN_1017b4—_2AN_1517

Cc? c? c?
dl_m~0.25, dg—%—ANO.OS, d3——67AN—0~507 (35)

where all numerical values are in GeV ™' and we have inserted A ~ 300 MeV together with C' = %QA ~ 0.95.
According to dimensional arguments [42, 43] the constants b;,d; are of order O(1/A,), with A, the chiral symmetry
breaking scale of the order of 1 GeV. These constants are formally enhanced by a factor A, /A and thus promoted
to O(1/A). Obviously all LECs are proportional to C?, so that the two-meson exchange 3BF does not involve any
unknown constant in decuplet saturation. The result above is in line with the well-known A(1232) contributions to
the LECs ¢y, c3, ¢4 in the nucleonic sector [30, 32, 37]:

1 93 94
c1 = —=(2b b brp) =0, c3=>b b b 2by = — =2, cy =4(d dy) = =& 36
1 2( o +bp +br) 3 1+ 02 + 03 + 204 9A 4 (di +da) IA (36)
k ! kool kool
S ) ¢ -
-== = + B* + B
——- ¢ ----
‘ J i i
A B A B A B
Figure 5. Saturation of the BB — BB¢ ver- Figure 6. Generic BB — BB¢ Figure 7. Generic BB — BB¢ decuplet
tex via decuplet resonances. diagram. diagrams.

Now we turn to the one-meson-exchange part of the three-baryon forces. It is sufficient to study decuplet saturation
for the subprocess B;Bs — B3 B¢ depicted in Fig. 5. In the generic diagram of Fig. 6 the baryon pairs i-k and j-[
are in spin-spaces A and B, respectively. The corresponding transition amplitude reads

. 10 14

1 o o sz = 7

Vk?B:(ZDfNIfZUB'Q-i- ZDkafll(UAXUB)'q)» (37)
i fo =1 ij @ f=11 ij
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where ¢'is the momentum of the emitted meson and the N/ are the SU(3) coefficients defined in Eq. (28) of Ref. [22].
Since the baryon Bj in the initial state belongs (per definition) to spin-space 1 and By to spin-space 2, the labels A
and B are determined by ¢ and j, and, therefore, we can drop them in the notation. The complete transition matrix
element of the process B; By — B3Bs¢ is then given by two direct diagrams and two exchanged diagrams to which
the (negative) spin-exchange operator P(?) = %(]1 + &1 - 2) has to be applied in the final state:

V = Vay + Viz — P (V43 + V34> . (38)
72 91 12 51

In the next step we consider the two diagrams on the right-hand side of Fig. 5. From the generic diagrams in Fig. 7
including a decuplet baryon B* one finds the following transition matrix element (with yet unspecified spin spaces A
and B):

iC I R -
Vﬁ?B = TN [(HlNé*BkBjBl + HQN%*BkBjBZ)NB*éBi (203 -§—1i(Ga X 3p) - q)

It gets completed by antisymmetrization according to Eq. (38) and summing over all intermediate decuplet baryons
B*. Now, we can compare the complete transition matrix elements for all combinations of baryons and mesons. This
leads to the following results for the 14 LECs of the minimal non-relativistic chiral Lagrangian for the four-baryon-
one-meson contact vertices (see Eq. (27) in Ref. [22]):

D, 777C(H1+H2) Ds 770(5H1*3H2)

o 18A ’ o 18A ’
p, = ST, p, - - SO 9t
Dy = C(3H; + 11H>) Diy = _5C(H1 + H»)

B 18A ’ o 6A '
Dy — _C(9H1 + 13H2) Dyy — C(Hl + 9H2)

o 18A ’ - 18A '
De — _C(HEA?,HQ) 7 Dy — O(2H;X 5H,) ’
D — _C(5H1 — 3H2) Dys = C(Hl + 5H2)

18A ' o 18A '

_ 2H,C C(3H; + TH>)
D= ==, Diy = ——— . (40)

According to dimensional arguments [42, 43| the constants D; are of order O(1/(A, fZ)). In the nucleonic sector
the corresponding single constant D = 4(Dy — D3 + Dg — D) is commonly denoted by D = ¢p /(A f&), where cp
is of order 1. In the decuplet approximation for three flavors the constants D; get promoted to order O(1/(Af2)).

l m n
B*
i J k
A B C(C
Figure 8. Saturation of the six-baryon contact interaction Figure 9. Generic three-body decuplet contact di-

via decuplet resonances. agram.

Finally, in order to estimate the LECs of the six-baryon contact Lagrangian in Eq. (14) of Ref. [22], we consider
the process By By Bs — B4B5Bg and its diagrammatic realization in terms of B* exchange, as shown in Fig. 8. The
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three-body potential provided by the left diagram in Fig. 8 is calculated by performing all 36 Wick contractions as
described in Egs. (8) and (12) of Ref. [22]. The evaluation of the diagram on the right-hand side of Fig. 8 follows
using a similar procedure. From the generic diagram in Fig. 9 with an intermediate decuplet baryon, B*, in which the
baryon pair i-I belongs to spin space A, the pair j-m to spin space B and the pair k-n to spin space C, one obtains
the following expression for the transition potential

1
VABC i, N ., N2 . N Ho N2

l.m,g - _SA( 1NB*BmBiBl 2 B*BmBiBJ( 1NB*BjB,LBk+ 2 B*BjB,,LBk)
ij

X(2&A'50_i(5AX&C)'&B)- (41)

Note that the relation for the transition spin operators, S8, = %(25@ —i€4pe0e), implies a sum over the four decuplet
spin states. In order that Eq. (41) becomes comparable to the three-baryon contact potential derived in Ref. [22],
one still has to permute the three spin-1/2 fermions in the initial and in the final state (i.e. 36 Wick contractions
have to be performed). Since the baryons Bj, B, B3 are (per definition) in the spin-spaces 1,23, respectively,
the assignments A, B,C' are determined by 1, j, k, hence these superscripts can be dropped. The six direct Wick
contractions contributing to the process By BsBs — B4B5Bg lead to the intermediate result

VP = Vise + Vsea + Vioas + Vaes + Vesa + Veae (42)
133 831 312 133 351 213

and then the full potential comprising all 36 Wick contractions is obtained by applying to VP further (sign-weighted)
spin and particle exchanges (see Eq. (12) of Ref. [22]):

V=vP 4+ PP (VP)y s+ PP (VP )4
5—6 5—4

6—4 6—5
=P (V) sma = PP (VP ) ass = P (VP ) s (43)
5—6 5—5 5—4
6—5 6—4 6—6

After summing over all intermediate decuplet baryons B*, one compares the decuplet expressions with the full three-
body contact potential for all possible combinations of six baryons. The following results are found for the 18 LECs
in the six-baryon contact Lagrangian (see Eq. (14) of Ref. [22]):

7(Hy + Hy)? 25H? + 50H Hy + 9H2
Cl =, ClO = - )
24A 72A
H? 4+ 18H, Hy + 9H3 23(H, + Hy)?
Cy=— , Cii=————F7t—,
36A 72A
O — 19H? + 30H, Hy + 15H3 O — 13H? + 42H, Hy + 21 H3
3 = 36A ’ 2= 108A ’
O, — H12+18H1H2+9H22 Cra — H12+10H1H2+5H22
: 72A ’ B 36A ’
¢y = 2 M) 0y, B+ Hy)?
8A ’ YV N
o — 17TH? + 18HH, — 15H2 H? —9H3
6= 72A ’ TN
o TH? + 6H,H, — 9H3 oo 11H? + 18H, H + 3H3
’ 108A ’ o= 54A ’
o _ 25H} + 42H, Hy — 3H3 Oy = MO +2H)
8= 108A ’ 94
2 2 2H?
o _ Hi +18H\H + 9H; Cis = 5. (44)
9 — 72A ) 27A

Again, from dimensional scaling arguments the constants C; should be of order O(1/(A, f3)). In the nucleonic
sector the corresponding constant E = 2(Cy — Cy) is commonly denoted by E = cg/(A, fi), where cg is of order 1.
The decuplet saturation mechanism promotes the constants C; to O(1/(Af§)).

In order to elucidate the pattern of decuplet saturation, we display in Tab. IV the channels which are active in
producing 3BFs for the S = 0 and —1 sectors. The decuplet resonances which occur as intermediate states are
indicated explicitly for the three classes of three-body forces. The transitions for strangeness —1 are mostly saturated
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transition type B* transition type B*
NNN — NNN T A YXNN — XNN T A YT
ANN = ANN 7 o LNN o ENN- nK A

x >NN — XNN ™ b
ANN — ANN K % «
X YXNN — XNN KK DX
ANN — ANN KK b)) "
. SNN = NN Ky %
ANN — ANN m > "
. SNN = NN 1 5
ANN — ANN K % «
ANN = ANN ¢t o INN o ENN-m o A
Y>NN — XNN K pe
ANN < ¥NN T AN YNN — XNN n o
ANN < XNN K AYT YXNN — XNN ct >
ANN < SNN o

ANN & YNN KK ¥
ANN & XNN K DN
ANN < NN T A, T*

ANN < SNN K ¥+
ANN < SNN n ¥+
ANN < SNN ct x*

Table IV. Enhanced three-body interactions through decuplet saturation for strangeness 0 and —1 systems, with classes of
diagrams as specified: two-meson exchange, one-meson exchange and contact interaction (ct).

by the ¥*(1385) resonance alone. However, for some transitions involving pions also the A(1232) isobar contributes.
Resonances with higher strangeness can not be reached. Note that in contrast to the NN N interaction, for S = —1
the one-meson exchange and the contact 3BF also receive contributions from the excitation of decuplet baryons.

C. Lambda-nucleon-nucleon in decuplet approximation

Using the LECs derived from decuplet saturation, this fixes the constants of the ANN (contact, one-pion and
two-pion exchange) three-body interaction introduced in Ref. [22]. These particular linear combinations of coefficients
read

H/2
Ci=Ci=—r,  C=0,
2CH’
D' = D=2
1 0’ 2 9A )
2
3bg +bp =0, 2bs 4+ 3by = — (45)

K ’
and they depend only on the combination H' = H; + 3H, of the B* BBB contact couplings. Notably, the constants
C! of the ANN contact interaction are positive independently of the values Hy and Ho.

With the above values estimated via decuplet saturation, the three components of the density-dependent An po-
tential in a nuclear medium with densities p, and p,, take the following simple forms

VAn =

med, 7w 02 y 1.8 n T- T ~
. 94 { [*(k‘f3 + QIC?S) —4(¢* +2m*)Lo(p) — 2¢°T1(p) + (¢* + 2m>)*Go(p, q)]

1272 fA ) 413
i L, - - -
+ 5(@xP) - 72(2T0(p) + 201 (p) = (¢* + 2m%) (Go(p, a) + 2G4 (p, q)))} : (46)
med, T g CH/ n s
VAn d, = m(Q(kfg + 2]€?3) — 3m2Fo(p)) y (47)
0
med,c H/2
VAn det = 7(pn + 2/719) s (48)

T 18A



15

where the different topologies related to two-pion exchange ((1), (2a), (2b), (3)) and one-pion exchange ((4), (5a),
(5b)) have already been combined in V™edm™ and Vmed ™ respectively. The density and momentum dependent
functions T';(p) and G;(p,¢) have been defined following Eq. (24). Note that since D vanishes in decuplet saturation,
there remain only central and spin-orbit components for the AN in-medium potential.

D. In-medium YN interactions in decuplet approximation

Other interesting parts of the in-medium potentials derived in Sec. II for the strangeness S = —1 sector are those
involving XN states. Here we write down the explicit formulas for the corresponding (transition) potentials in isospin-
symmetric nuclear matter, with density p = 2p,, = 2p, = 2/€§Z /(372), employing the decuplet approximation. In such a
medium isospin symmetry still holds and it is sufficient to consider the potentials for the three independent transitions
AN — YN with isospin 1/2, XN — XN with isospin 1/2, and ¥N — XN with isospin 3/2. The transformation
from the particle basis to the isospin basis is performed as in Eq. (19) of Ref. [22]. For more complicated cases such
as hyperon-nucleon interactions in isospin-asymmetric nuclear matter or even in hypernuclear matter, one can use
straightforwardly the general potential formulas given in Sec. IT together with an automated calculation of the SU(3)
coefficients, following the definitions in this work and in Ref. [22].

We restrict ourselves again to two-pion exchange, one-pion exchange and contact contributions to the in-medium
potentials. Consequently all exchange-type contributions vanish, VmedLE — jmed2aE _ jrmed2bE _ yrmed3.E _
ymed4E — () since these involve strangeness transfer from one baryon to the other.

After summing the contributions from the proton and neutron Fermi seas, the non-vanishing in-medium potentials
for the three transitions AN — XN, XN — XN (I =1/2), and ¥N — XN (I = 3/2), take the following form:

ymed D D pmedin D ymed1p 8pC?Dga 501-702-q (49)
ANSRN T 5EVeN12 T T YeNs2 T T oA @ +m2)2’

Vmed,2a+b,D _ 2 med,2a+b,D __ _2 med,2a+b,D

ANSEN T 55 VEN1/2 = "7 VoNs/2

CQDQA G1-q02-q 2 3 2 q2
= SRR o 2| Sk} = m2To(p.ky) + Tap.kp)| + L [Dolpikp) + 201 (0 k) + Talp k)| 1 (50)

)

Y

02 2
d,3,D g . .
VXHJ\?HEN = = 712A7r;f61 {02(1% q, k‘f)(q201 02 —01°:q 02+

— —

+ |:G0(p7Q7kf) + 4G1(p7% kf) + 4G3(p7% kf)] ((TX ﬁ) c01 ((TX ﬁ) c02

- %((jx 7) - 31| (200(p, p) + 201 (0, k) = (@ +2m2) (Gop, @, ky) + 261 (9, 0. ) )| } ,

med,3,D 029,24 e k 25 = D s o
VZN,l/Q T 36An2f4 2(p: ¢, kf)(q°01 - G2 — G1 -G 02+ q)
178
t3 {gk‘? — 4(¢* + 2m2)To(p, ky) — 24°Ta(p, ky) + (4* + 2m2)Go(p, 0, ky) |
+ [GO(p7Qakf) +4G1(p7qakf) +4G3(p7qakf)} ((TX ﬁ) . 5:1 ((TX ﬁ) : 52
i

- §(§X p) - (01— 202) [2F0(p, kg) +2T1(p, ky) — (¢* + 2m3r)(G0(p,q,kf) + 2G1(p,q,kf))} } )

: C?g?
d,3,D A Y % % o S
Vs = AR " Ga(p, 4, k) (q*G1 - G2 — &1 - G52 )

8
+ §k§ —4(¢* +2m2)Lo(p, ky) — 2¢°T1(p, ky) + (¢* + 2m2)*Go(p, ¢, ky)
— [Go(p,q. ky) + 4G1(p, q, ky) + 4G3(p,q, k)| (T % P) - &1 (T x ) - &2

i

+5(@x ) (01 +402) [QFO(I% kf)+2C1(p, ky) — (¢° 4+ 2m2)(Go(p, ¢, k) + 2G1(p, q, kf))} } . (51)
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pmedAD 20HCga 61 -§ 324

AN—XN — 3]1‘3A q2 + mgr ’

pmed 4D _ 4pCga(2H1 + Hy) 01 -G 02+ G

EN,1/2 Qng q2 + mgr ’

Vrned,4,D _ QPCQA(2H1 + HQ) 6:1 . CTEQ . q_’ 52)
EN,3/2 T Qng @2 +m2 (

med,5a CQA R 2 . L.
Vinoyt = W{(i’)(fh — Hy) — 4(H,y + 3H3)d1 - 72) (gkfc —m2To(p, kf)) +4H T2 (p, ky)dy - 72

1 Y .3 oL
+ (1(19H1 +OH)d 5o B — L (Hy +3H2)5 7 5 .p) (To(p, kr) + 2T1(p, k) + Ts(p, kf))} ,

C 2

med,5a+b gaA S o 3 9 L

VZ]3,1/2 - 367T2f§A{ (8H2 - 2(3H1 + H2)0'1 . 02) (gkf - mﬂro(p, kf)) — 2(5H1 + 3H2)F2(p, kf)(fl - 09
~ (5Hy + 3#0) (1 7 G- 7+ 00 ) (Tl )+ 20 by) + Tl k) |

med,5a C N 2 N
Vinass = gA{(?)Hl + H3) (2+ 71 - 52) (gkfg —mzTo(p, kf)) + (5Hy + 3H2)Da(p, ky)d1 - G2

- 36m2f2A
1 T
+ 5(5H1 + 3H2)(0'1 .p/ 0o .p/ + 01 -p a9 .p) (F(J(p, kjf) + 2F1(p, k’f) + Fg(p, k’f))} , (53)
me 1 1 oL
ViRl = i <2(H12 +2HHy — 3H3) — §(Hl2 +4H,Hy + 3H3)# -02) ,
med, 14 1 1 N
VZ]\Q},l?Q = A (‘2(H12 —2HHy — TH3) + g(H1 + Hy)d - 02) ;

1

1
Vmed,G p (2(5H12 +2H,H, + H22) 6(H1 + H2)2(}'1 62> . (54)

$N,3/2 6A

Note that the topologies (2a) and (2b), and (5a) and (5b), have already been combined. One observes that these in-
medium potentials exhibit a much richer spin-structure than the one for AN — AN. Furthermore, the two constants
H, and H5 occur now in various combinations.

IV. NUMERICAL RESULTS AND DISCUSSION

Selected numerical results are now presented for the in-medium AN interaction based on the three contributions
derived in the previous section. We restrict ourselves to the An potential in isospin-symmetric nuclear matter and
in pure neutron matter. Obviously, the relation VI{‘Z‘fd = V/{T;fd holds generally in isospin-symmetric nuclear matter.
However, in decuplet approximation one deduces from Eqgs. (46), (47) and (48) for pure neutron matter the remarkable
relation V/{';)ed = 2Vued . For the presentation we follow closely Ref. [13] for the NN case and show partial-wave
projected momentum-space potentials (in units of fm, including a nucleon mass factor My).

In Ref. [13] the low-momentum potential Viow has been used for the free NN interaction. It is obtained from
the bare chiral NN potential at order N3LO through evolution down to a low-momentum scale via renormalization
group techniques [44, 45]. At the chosen scale of Ay = 2.1 fm™! [13] basically all available high-precision NN
potentials converge to a nearly unique low-momentum potential. For the AN case we do not have such an interaction
at our disposal. Though there are pertinent results in the literature [46—48], it has to be said that there is no unique
low-momentum potential in the AN case because the relevant AN phase shifts are not reliably known at present.
Different Y N potentials, fitted to the available scattering data, predict different phase shifts and thus yield different
low-momentum potentials. For the present exploratory study a bare YN potential is used and we take the NLO chiral
interaction from [24] with the lowest cutoff A = 450 MeV, close to Ajow k. We expect that this bare interaction should
be not too far from a hypothetical “universal potential”, at least for partial waves such as 'Sy, 3Py, etc., i.e., those
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Figure 10. Modifications of the (on-shell) An potential (solid/black line) due to the density-dependent contributions resulting
from the two-pion exchange (dashed/red line), one-pion exchange (dash-dotted/blue lines) and contact (dotted/green line)
three-body forces. The YN potential at NLO in chiral EFT with cutoff A = 450 MeV [24] is used as basis. The two curves for
one-pion exchange rgfesult from different signs of the LEC H’, see text. The calculations are for symmetric nuclear matter with
p=po=0.166 fm™".
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from three-body forces for selected P-waves. Same description as in Fig. 10.

Modifications of the (on-shell) An potential (solid/black line) due to the density-dependent contributions resulting
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without angular momentum mixing. The actual evaluation of Vi, for our LO Y'N potential reported in Ref. [4§]
supports this expectation.

In Figs. 10 and 11 the contributions of the density-dependent in-medium An interaction to the free space An potential
in low partial waves are displayed for isospin-symmetric nuclear matter at saturation density, po = 0.17 fm=3. The
solid line represents the bare An potential while the dashed, dash-dotted, and dotted lines show the modifications due
to the two-pion exchange (77), one-pion exchange () and the contact (ct) three-body force, respectively.

Decuplet saturation fixes the parameters of the w7 contribution uniquely so that the corresponding result can be
considered as a prediction. The two other contributions to the density-dependent effective An interaction depend on
the unknown LEC H’. In the absence of more detailed information we assume that H' ~ +1/f2, in line with general
dimensional scaling arguments [42, 43]. This is meant to be just a rough estimate. One knows from the nucleonic
case that the values of the LECs involved in the three-nucleon force (¢p and cg) depend strongly on the chosen scale
and/or regularization scheme [43, 49]. In that case the LECs can be fixed by considering few-body observables such
as 3N or 4N binding energies, Gamow-Teller matrix elements, etc. Whether a similar strategy can be followed for
the hyperon sector by considering say the H and {H ({He) binding energies remains to be examined [50].

In any case, we can already draw some interesting qualitative conclusions. First, two-pion exchange 3BFs lead to
repulsive contributions in all partial waves. Moreover, the contact term also gives rise to overall repulsive contribu-
tions, independent of the uncertainty associated with its actual value. Here the decuplet saturation fixes the sign
of the relevant constants (C]) uniquely, as already mentioned in the preceding section. Only the one-pion exchange
contribution is sensitive to the sign of H’, and correspondingly it generates a repulsive or attractive density-dependent
An interaction, see the two dash-dotted curves in Fig. 10. The particular choice H' = |1/ f&| leads to results of compa-
rable magnitude for all three contributions. For a somewhat larger value of the LEC H’ the contact interaction would
dominate the density-dependent An interaction. H’ enters quadratically in the corresponding potential V', J\c,d’Ct, cf.
Eq. (48), so that an increase of H' by a factor of two (which is likewise in line with dimensional arguments) would
enhance the corresponding contribution by a factor 4.

Since V', ]\E;d’Ct and V', Isd’” do not depend on the momentum transfer ¢ they contribute only to AN S-waves. Thus
the uncertainty with regard to H' does not affect the density-dependent interaction in the P waves (and other higher

partial waves). With regard to our P-wave results, shown in Fig. 11, it is of particular interest that V:}\‘;d’” provides
additional and repulsive contributions to the antisymmetric spin-orbit force, see the ' P;-3P; transition amplitude. As
argued in Ref. [51-53] based on G-matrix calculations of hyperons in nuclear matter, a sizable antisymmetric spin-
orbit force that can counterbalance the spin-orbit force generated by the basic interaction is one of the possibilities
to achieve a weak A-nucleus spin-orbit potential as indicated by experimental results for hypernuclear spectra [54].

Before comparing the density-dependent effects for AN with those derived for NN in Ref. [13], it should be noted
that several topologies are absent in the former because the AAxw vertex does not exist. This concerns specifically
the one-pion exchange term with a Pauli blocked in-medium pion self-energy and vertex corrections to the one-pion
exchange (topologies (1) and (2)) which provide the dominant density-dependent effects in the NN case for on-shell
momenta around 1 < p < 2 fm~!, see Figs. 4 and 8 of Ref. [13]. With regard to the density-dependent corrections
from the 3BF that appear in NN as well as in AN it turns out that they are of comparable order of magnitude. For
example, 3BF effects driven by two-pion exchange (topology (3)) lead to modifications by roughly 40 % in case of NN
and by around 20 % for AN at p = po if we take the S-wave results at p = 0 fm~! as measure. A similar behavior is
seen for the effect of the contact term (topology (6)). Here one has to keep in mind that the relevant LEC for AN, H’,
has only been roughly estimated using scale arguments. In particular, as has been demonstrated above, in an EFT
that includes decuplet baryons as effective degrees of freedom, the 3BF due to a contact interaction emerges already
at NLO for the ANN system whereas in case of NN N the corresponding 3BF appears only at NNLO. In any case,
the density-dependent corrections in .Sy and 257 due to two-pion exchange and the contact term are of the same sign
(repulsive) for NN and AN. Those from one-pion exchange are attractive for NN and are likewise attractive for AN
for the choice of H' being negative.

Figs. 12 and 13 demonstrate how the sum of all terms in the density-dependent An interaction varies with the
density in symmetric nuclear matter. Results for p = pg, 2 pg, and 3 py are displayed. For the choice H' = +1/f&
all three contributions add up and give rise to a sizable density dependence, see the left-hand parts of Figs. 12
and 13. The density dependence is roughly linear in p within the considered range. For H' = —1/f2 there is a
destructive interference between the three contributions so that here the overall density dependence turns out to be
more moderate. Finally, in Figs. 14 and 15 results for pure neutron matter are presented, again for p = pg, 2 pg, and
3 po- One can see that the resulting density dependence is somewhat smaller than what was found for symmetric
nuclear matter. However, one still finds substantial repulsion in neutron matter at moderately high densities. This
result is very encouraging in view of neutron star matter and the hyperon puzzle. In combination with repulsive effects
from the momentum-dependent two-body AN interaction at large Fermi momentum, a repulsive hyperon-nucleon-
nucleon three-body interaction can potentially play a key role in solving the hyperon puzzle. It is therefore compelling
to employ this effective interaction in neutron star calculations.
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V. SUMMARY AND OUTLOOK

In this work we have presented a systematic construction of density-dependent in-medium two-baryon interactions
that follow from the leading chiral three-baryon forces. These effective potentials should be particularly useful in
calculations of many-body systems where an exact treatment of the chiral three-baryon forces would otherwise be
computationally prohibitive. Given the systematic derivation of 3BFs within SU(3) chiral effective field theory their
application will hopefully shed light on the importance of 3BFs in strangeness nuclear physics. Our derivation is
general and applies in particular to the S = —1 sector involving AN, ¥ N coupled channels. As a concrete example,
we have presented explicit expressions for the density-dependent AN effective interaction which can be implemented
in calculations of heavy hypernuclei and (hyper)nuclear matter. In view of these possible applications we have also
supplied the explicit expressions for the in-medium XN potentials in isospin-symmetric nuclear matter.

In order to constrain the number of occurring parameters, we have estimated the low-energy constants of the leading
chiral 3BFs by decuplet saturation. The resulting three-body forces, depending only on two free parameters H; and
H,, can be readily employed in investigations of in-medium properties of the hyperon-nucleon interaction as well as in
studies of light hypernuclei within microscopic approaches like the Faddeev-Yakubovsky formalism [35] or the no-core
shell model [55, 56].

Utilizing these 3BFs we have investigated the medium modification of the AN interaction induced by chiral AN N
three-body forces in symmetric nuclear matter and pure neutron matter. In particular, we have evaluated numerically
the contributions to the in-medium An potential related to two-pion exchange, one-pion exchange and contact terms
in the decuplet approximation. These results indicate a substantial repulsion arising from the ANN 3BF at higher
densities. This finding supports scenarios for solving the hyperon puzzle in neutron star matter through strongly
repulsive effects from hyperon-nucleon-nucleon forces. Another interesting feature is that the medium corrections
provide a repulsive contribution to the antisymmetric spin-orbit force, as manifested in the ' P;-3P; transition matrix
element. A sizable antisymmetric spin-orbit force is welcome because it can counterbalance the spin-orbit force
generated by the basic two-body interaction and, thereby, leads to a rather weak A-nucleus spin-orbit potential as
indicated by hypernuclear spectroscopy.
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Appendix A: In-medium nucleon-nucleon interaction from chiral three-nucleon forces

Here, we present the results for the effective NIV interaction in isospin-symmetric nuclear matter of density p =
2]@? /(372). The medium corrections from protons and neutrons in the Fermi sea are summed up, and it is advantageous
to present the in-medium NN potential in terms of isospin operators i ».

The diagram of topology (1) in Fig. 3 (Pauli-blocked pion self energy) leads to the following expression:

a1-k oz k

2 P S
ymed,1L,D+E _ gaP |- -01°902-q 92e1m2 + ¢ad?) — PO P2 =
T (2emy + e3¢7) T1 Tzi(m%_i_kQ)z

2 2
NN = 2/ T T mE 1 (2e1m + csk®) |, (A1)
where P(?) = (143 -&2) denotes the spin-exchange operator and P = #(1+7 -75) the isospin-exchange operator.
Note that the second term is the Fierz transform of the first term. This fermion-exchange contribution has not been
presented explicitly in Ref. [13]. The sum of the topologies (2a) and (2b) leads to the result

2 = oo o
med,2a+b,D __ ga L, L,01°-q092-q 2 3 )
Van 162 fE T T 2 2 {804[3kf —mzTo(p, ky)]

- 861771721. [FO(pa kf) + Fl(pa kf)] - 8(63 + C4)F2(pa kf)

2
—4(cs + 04)% [TCo(p, k) + 21 (p, ky) + Ts(p, ky)] } ) (A2)
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where the associated exchange part is given by V]f,“ﬁ,d’%erE = —P(“)P(T)(V]S]]f,d72a+b’D s

- _1)- The diagram of topol-

ogy (3) (Pauli-blocked two-pion exchange) leads to the expression

2
Vﬁl]i’,d’&D —_9a 14— 12e1m2 [2T0(p, k) — (¢° + 2m2)Go(p, q, ky)]
1672 f;

8
f303[§k;°’cf 4(¢* +2m2)Lo(p, ky) — 2¢°T1(p, ky) + (¢ + 2m2)*Go(p, ¢, ky)]

+4C4F1 - T [(GO(p7Q7kf) +4G1(p7qa kf) +4G3(p7qa kf)] (ix ﬁ) : 6:1 (@X ﬁ) : 0_:2
+4dey 7 TQGQ(p>Qakf)(q G1-02—81-4002-q)
i

(7% ) - (61 + 52| — 24erm? (Golp, . ) +2G1 (b, )

1
(1203 + 4047’1 ) (QFO(pa kf) + 2F1(p7 kf)

— (g% +2m2)(Go(p, ¢, ky) +2G1(p,q,kf)))} } (A3)

which involves central, spin- spin tensor, spin-orbit and quadratic spin-orbit components. The associated exchange
part is given by Vﬁled 5 E_ (G)P(T)(Vmed 3 D|q_) 7). The in-medium NN potential due to topology (4) reads:

D 3 TGO
Vmed4D+E _g4A p[? - 01:q02-g (A4)

7,k G-k
NN gz |1 — PPz 2L 2 ]
0

q? +m2 k2 +m2

The sum of the two topologies (5a) and (5b) leads to an (already antisymmetrized) in-medium NN potential of the
form'

D 3 1 1 2
med,5a+b __ gA N [ N 3 2
Yaw = 47T2f3{(4 - 37 B3 2) Gk - miTa( )

3 L \[O1 DO P+ TP G D
—*(1—7'1'7'2)

(FO(pa kf) + 2F1(p7 kf) + F3(p7 kf)) + 5:1 : EQFQ(pv kf):| } . (A5)

In fact, this result is equal to the antisymmetrized expression of Ref. [13]. This can be shown by multiplying Eq. (24)
in Ref. [13] with 1 — P(9)P(") and by employing the identity: —9Ts(p, ks) — 3p*(To(p, ks) + 201 (p, kf) + Ts(p, kf)) +
2]@? —3m?Ty(p, kf) = 0. Finally, the diagram of topology (6) (contact interaction) leads to the contribution:

me 3 o T
Vaned:6 — —5Bp(1- P pmy, (A6)

This is obviously in agreement with the antisymmetrized expression in Eq. (25) of Ref. [13].

In summary all in-medium potentials agree with the antisymmetrized results given in Sec. IIL.A. of Ref. [13]. This
consistency serves as a non-trivial check of our calculation, which is based on a different procedure to construct the
in-medium potentials.

Appendix B: Construction of the minimal B*BBB Lagrangian

In this appendix we present the derivation of the minimal non-relativistic B* BBB contact Lagrangian, involving
three octet baryons and one decuplet baryon. An overcomplete set of such contact terms in the non-relativistic limit
reads

7 3
L =3¢ 3" Oeaesgni| (ToreSBac) - (BrgBi) + (BeaSTune ) - (BinByy) (B1)
k=1 a,b,c,d,
e, f,g,h,i=1

2
1 Note that the on-shell relation &1 -9/ &2 - g+ &1 -p’ &2 -9’ = <2p f—) 1 - 02+< 2[]%) F1-GF2-G— 551 (X P) G2-(FxP) holds.
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with seven different (SU(3) symmetric) flavor structures 6%,

etlzbcdefghi = Eaegébdach(sfi ,
O bede fghi = €acgObsOchddi
03 bede fghi = €acidbddcfOng
Onbede fghi = Eacidbndefdag
O bede fahi = €agiObfOcdlen ,
08 hede fghi = €agiObndeadef ;

QZbcdefghi = 6egi(sowi(sbfgch ’ (BQ)

and seven associated LECs ¢”. In the particle basis the contact Lagrangian Eq. (B1) transforms to
7 — — — —
2= Nimonl (BS'B) - (BoB) + (B,SB:) - (Bas) | (83

where ¢ runs now over decuplet baryons, j,k,l run over octet baryons in the particle basis and the N’s are certain
SU(3) coefficients.

In order to get a minimal set of terms for this contact Lagrangian, we study the processes BB — B*B in more
detail. The corresponding transition matrix elements are derived from the two diagrams

B* By B* B
Bl BQ Bz Bl
where the spin exchange operator P(?) = %(IL + &1 - &) acts on the initial state. Making use of the (explicitly verified)
identity §I -Gy PO = §I - 0’2, one obtains the following expression for the transition matrix elements:

7
V-8 & (Ng*BlBsBQ - NE*B2B331) . (B5)
k=1

We can obtain the minimal effective Lagrangian by eliminating redundant terms until the rank of the matrix formed
by all transitions matches the number of terms in the Lagrangian, as we have done in Ref. [22]. By choosing the
two independent flavor structures 8! and 62 one arives at the minimal non-relativistic B* BBB Lagrangian written in
Eq. (31), with two low-energy constants H; and Hs. This number of independent constants can be easily understood
through group theoretical considerations of the transition BB — B*B. In flavor space the two initial octet baryons
form the tensor product 8 ® 8, and in spin space they form the product 2 ® 2. These decompose into the irreducible
representations as follows:

88=27T®8, 10109 10" ® 8, 2®2=1,®3;. (B6)

symmetric antisymmetric

Similarly, one finds for the final state with a decuplet and an octet baryon, the following decomposition in flavor and
spin space

108=3502701038, 42=3D5. (B7)

At leading order only S-waves are involved and transitions can only occur between irreducible (flavor and spin)
representations of the same type. This implies, that only transitions in the spin-triplet representation 3 are allowed.
Due to the Pauli principle, the symmetric 3 in spin space must combine with the antisymmetric flavor representations
10,10%,8, (in the initial state). Out of these only 10 and 8, possess a counterpart in the final state flavor space.
The number of two allowed transitions between irreducible representations corresponds exactly to the number of two
LECs in the minimal Lagrangian. As a consistency check one finds, that the spin-operator 5'? -0y has a non-vanishing
matrix element only for the transition 3S; — 35;.
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Another interesting observation can be made from Eqs. (B6) and (B7). When restricting to NN states, only the
flavor representations 27 and 10* are involved (cf. for example Ref. [23]). But these representations combine either
with the wrong total spin, or have no counterpart in the final state. Hence, NN — AN transitions in S-waves are
forbidden due to the Pauli principle.

[1] N. Kalantar-Nayestanaki, E. Epelbaum, J. G. Messchendorp, and A. Nogga, Reports Prog. Phys. 75, 016301 (2012),
arXiv:1108.1227.
[2] R. B. Wiringa, V. Fiks, and A. Fabrocini, Phys. Rev. C 38, 1010 (1988).
[3] L. Coraggio, J. W. Holt, N. Itaco, R. Machleidt, L. E. Marcucci, and F. Sammarruca, Phys. Rev. C 89, 044321 (2014),
arXiv:1402.0965.
[4] S. Bogner, A. Schwenk, R. J. Furnstahl, and A. Nogga, Nucl. Phys. A 763, 59 (2005), arXiv:0504043 [nucl-th|, and
references therein.
[5] S. Krewald, E. Epelbaum, U.-G. Meifiner, and P. Saviankou, Prog. Part. Nucl. Phys. 67, 322 (2012).
[6] A. Gal, E. V. Hungerford, and D. J. Millener, (2016), arXiv:1605.00557.
[7] T. Takatsuka, S. Nishizaki, and R. Tamagaki, Prog. Theor. Phys. Suppl. 174, 80 (2008).
[8] I. Vidana, D. Logoteta, C. Providéncia, A. Polls, and I. Bombaci, Eur. Lett. 94, 11002 (2011), arXiv:1006.5660.
[9] D. Lonardoni, F. Pederiva, and S. Gandolfi, Phys. Rev. C 89, 014314 (2014), arXiv:1312.3844.
[10] D. Lonardoni, S. Gandolfi, and F. Pederiva, Phys. Rev. C 87, 041303 (2013), arXiv:1301.7472.
[11] D. Lonardoni, A. Lovato, S. Gandolfi, and F. Pederiva, Phys. Rev. Lett. 114, 092301 (2015), arXiv:1407.4448.
[12] H. A. Bethe, Phys. Rev. 138, B804 (1965).
[13] J. W. Holt, N. Kaiser, and W. Weise, Phys. Rev. C 81, 024002 (2010), arXiv:0910.1249 [nucl-th|.
[14] N. Kaiser, Eur. Phys. J. A 48, 58 (2012), arXiv:1203.6283.
[15] C. Wellenhofer, J. W. Holt, N. Kaiser, and W. Weise, Phys. Rev. C 89, 064009 (2014), arXiv:1404.2136.
[16] K. Hebeler and A. Schwenk, Phys. Rev. C 82, 014314 (2010), arXiv:0911.0483.
[17] M. Kohno, Phys. Rev. C 88, 064005 (2013), arXiv:1309.4556.
[18] A. Carbone, A. Rios, and A. Polls, Phys. Rev. C 90, 054322 (2014), arXiv:1408.0717.
[19] F. Sammarruca, L. Coraggio, J. W. Holt, N. Itaco, R. Machleidt, and L. E. Marcucci, Phys. Rev. C 91, 054311 (2015),
arXiv:1411.0136.
[20] M. Kohno, Prog. Theor. Exp. Phys. 2015, 123D02 (2015), arXiv:1510.07469.
[21] A. Dyhdalo, R. J. Furnstahl, K. Hebeler, and I. Tews, (2016), arXiv:1602.08038.
[22] S. Petschauer, N. Kaiser, J. Haidenbauer, U.-G. Meifner, and W. Weise, Phys. Rev. C 93, 014001 (2016), arXiv:1511.02095.
[23] H. Polinder, J. Haidenbauer, and U.-G. Meifiner, Nucl. Phys. A 779, 244 (2006), arXiv:nucl-th/0605050 [nucl-th].
[24] J. Haidenbauer, S. Petschauer, N. Kaiser, U.-G. Meifner, A. Nogga, and W. Weise, Nucl. Phys. A 915, 24 (2013),
arXiv:1304.5339.
[25] E. Jenkins and A. V. Manohar, Phys. Lett. B 259, 353 (1991).
[26] U. van Kolck, Phys. Rev. C 49, 2932 (1994).
[27] T. R. Hemmert, B. R. Holstein, and J. Kambor, Phys. Lett. B 395, 89 (1997), arXiv:9606456 [hep-ph].
[28] N. Kaiser, S. Gerstendorfer, and W. Weise, Nucl.Phys. A637, 395 (1998), arXiv:nucl-th/9802071 [nucl-th].
[29] H. Krebs, E. Epelbaum, and U.-G. Meifiner, Eur. Phys. J. A 32, 127 (2007), arXiv:0703087 [nucl-th].
[30] V. Bernard, N. Kaiser, and U.-G. Meifiner, Nucl. Phys. A 615, 483 (1997), arXiv:9611253 |[hep-ph].
[31] E. Epelbaum, U.-G. Meifiner, W. Glockle, and C. Elster, Phys. Rev. C 65, 044001 (2002), arXiv:0106007v1 |arXiv:nucl-th].
[32] E. Epelbaum, H. Krebs, and U.-G. Meifner, Nucl. Phys. A 806, 65 (2008), arXiv:0712.1969.
[33] E. Epelbaum, H.-W. Hammer, and U.-G. Meifner, Rev. Mod. Phys. 81, 1773 (2009), arXiv:0811.1338.
[34] U.-G. Meifner, in AIP Conf. Proc., Vol. 1011 (AIP, 2008) pp. 49-58.
[35] A. Nogga, Few-Body Syst. 55, 757 (2014).
[36] A. Krause, Helv. Phys. Acta 63, 3 (1990).
[37] M. Frink and U.-G. Meifiner, JHEP 0407, 028 (2004), arXiv:0404018 [hep-lat].
[38] J. A. Oller, M. Verbeni, and J. Prades, JHEP 2006, 079 (2006), arXiv:hep-ph /0608204 [hep-ph].
[39] M. Mai, P. Bruns, B. Kubis, and U.-G. Meifiner, Phys. Rev. D 80, 094006 (2009), arXiv:0905.2810.
[40] K. Sasaki, E. Oset, and M. Vacas, Phys. Rev. C 74, 064002 (2006), arXiv:nucl-th/0607068 [nucl-th].
[41] T. E. O. Ericson and W. Weise, Pions and Nuclei (Clarendon Press, Oxford, 1988).
[42] J. L. Friar, Few-Body Syst. 22, 161 (1997), arXiv:9607020 [nucl-th].
[43] E. Epelbaum, A. Nogga, W. Glockle, H. Kamada, U.-G. Meifner, and H. Witala, Phys. Rev. C 66, 064001 (2002),
arXiv:0208023 [nucl-th].
[44] S. Bogner, T. T. S. Kuo, L. Coraggio, A. Covello, and N. Itaco, Phys. Rev. C 65, 051301 (2002), arXiv:9912056 [nucl-th].
[45] S. Bogner, T. T. S. Kuo, and A. Schwenk, Phys. Rep. 386, 1 (2003), arXiv:0305035 [nucl-th].
[46] B.-J. Schaefer, M. Wagner, J. Wambach, T. T. S. Kuo, and G. E. Brown, Phys. Rev. C 73, 011001 (2006), arXiv:0506065
[nucl-th].
[47] H. Djapo, B.-J. Schaefer, and J. Wambach, Eur. Phys. J. A 36, 101 (2008), arXiv:0802.2646.
[48] M. Kohno, Phys. Rev. C 81, 014003 (2010), arXiv:0912.4330.


http://dx.doi.org/10.1088/0034-4885/75/1/016301
http://arxiv.org/abs/1108.1227
http://dx.doi.org/10.1103/PhysRevC.38.1010
http://dx.doi.org/ 10.1103/PhysRevC.89.044321
http://arxiv.org/abs/1402.0965
http://dx.doi.org/10.1016/j.nuclphysa.2005.08.024
http://arxiv.org/abs/0504043
http://dx.doi.org/10.1016/j.ppnp.2011.12.037
http://arxiv.org/abs/1605.00557
http://arxiv.org/abs/1605.00557
http://dx.doi.org/10.1143/PTPS.174.80
http://dx.doi.org/10.1209/0295-5075/94/11002
http://arxiv.org/abs/1006.5660
http://dx.doi.org/10.1103/PhysRevC.89.014314
http://arxiv.org/abs/1312.3844
http://dx.doi.org/10.1103/PhysRevC.87.041303
http://arxiv.org/abs/1301.7472
http://dx.doi.org/10.1103/PhysRevLett.114.092301
http://arxiv.org/abs/1407.4448
http://dx.doi.org/10.1103/PhysRev.138.B804
http://dx.doi.org/10.1103/PhysRevC.81.024002
http://arxiv.org/abs/0910.1249
http://dx.doi.org/10.1140/epja/i2012-12058-9
http://arxiv.org/abs/1203.6283
http://dx.doi.org/10.1103/PhysRevC.89.064009
http://arxiv.org/abs/1404.2136
http://dx.doi.org/10.1103/PhysRevC.82.014314
http://arxiv.org/abs/0911.0483
http://dx.doi.org/10.1103/PhysRevC.88.064005
http://arxiv.org/abs/1309.4556
http://dx.doi.org/10.1103/PhysRevC.90.054322
http://arxiv.org/abs/1408.0717
http://dx.doi.org/ 10.1103/PhysRevC.91.054311
http://arxiv.org/abs/1411.0136
http://dx.doi.org/10.1093/ptep/ptv166
http://arxiv.org/abs/1510.07469
http://arxiv.org/abs/1602.08038
http://arxiv.org/abs/1602.08038
http://dx.doi.org/ 10.1103/PhysRevC.93.014001
http://arxiv.org/abs/1511.02095
http://dx.doi.org/10.1016/j.nuclphysa.2006.09.006
http://arxiv.org/abs/nucl-th/0605050
http://dx.doi.org/ 10.1016/j.nuclphysa.2013.06.008
http://arxiv.org/abs/1304.5339
http://dx.doi.org/10.1016/0370-2693(91)90840-M
http://dx.doi.org/10.1103/PhysRevC.49.2932
http://dx.doi.org/10.1016/S0370-2693(97)00049-X
http://arxiv.org/abs/9606456
http://dx.doi.org/10.1016/S0375-9474(98)00234-6
http://arxiv.org/abs/nucl-th/9802071
http://dx.doi.org/10.1140/epja/i2007-10372-y
http://arxiv.org/abs/0703087
http://dx.doi.org/10.1016/S0375-9474(97)00021-3
http://arxiv.org/abs/9611253
http://dx.doi.org/10.1103/PhysRevC.65.044001
http://arxiv.org/abs/0106007v1
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.305
http://arxiv.org/abs/0712.1969
http://dx.doi.org/10.1103/RevModPhys.81.1773
http://arxiv.org/abs/0811.1338
http://dx.doi.org/10.1063/1.2932307
http://dx.doi.org/10.1007/s00601-014-0873-8
http://dx.doi.org/10.1088/1126-6708/2004/07/028
http://arxiv.org/abs/0404018
http://dx.doi.org/10.1088/1126-6708/2006/09/079
http://arxiv.org/abs/hep-ph/0608204
http://dx.doi.org/ 10.1103/PhysRevD.80.094006
http://arxiv.org/abs/0905.2810
http://dx.doi.org/10.1103/PhysRevC.74.064002
http://arxiv.org/abs/nucl-th/0607068
http://dx.doi.org/10.1007/s006010050059
http://arxiv.org/abs/9607020
http://dx.doi.org/ 10.1103/PhysRevC.66.064001
http://arxiv.org/abs/0208023
http://dx.doi.org/ 10.1103/PhysRevC.65.051301
http://arxiv.org/abs/9912056
http://dx.doi.org/10.1016/j.physrep.2003.07.001
http://arxiv.org/abs/0305035
http://dx.doi.org/ 10.1103/PhysRevC.73.011001
http://arxiv.org/abs/0506065
http://arxiv.org/abs/0506065
http://dx.doi.org/10.1140/epja/i2008-10542-5
http://arxiv.org/abs/0802.2646
http://dx.doi.org/10.1103/PhysRevC.81.014003
http://arxiv.org/abs/0912.4330

25

[49] A. Nogga, S. Bogner, and A. Schwenk, Phys. Rev. C 70, 061002 (2004), arXiv:0405016 [nucl-th|.

[50] S. Petschauer et al., in preparation.

[61] Y. Fujiwara, Y. Suzuki, and C. Nakamoto, Prog. Part. Nucl. Phys. 58, 439 (2007), arXiv:0607013 [nucl-th].

[52] J. Haidenbauer and U.-G. Meifner, Nucl. Phys. A 936, 29 (2015), arXiv:1411.3114.

[63] S. Petschauer, J. Haidenbauer, N. Kaiser, U.-G. Meifner, and W. Weise, Eur. Phys. J. A 52, 15 (2016), arXiv:1507.08808.

[64] O. Hashimoto and H. Tamura, Prog. Part. Nucl. Phys. 57, 564 (2006).

[65] R. Wirth, D. Gazda, P. Navratil, A. Calci, J. Langhammer, and R. Roth, Phys. Rev. Lett. 113, 192502 (2014),
arXiv:1403.3067.

[66] D. Gazda and A. Gal, Phys. Rev. Lett. 116, 122501 (2016), arXiv:1512.01049.


http://dx.doi.org/10.1103/PhysRevC.70.061002
http://arxiv.org/abs/0405016
http://dx.doi.org/10.1016/j.ppnp.2006.08.001
http://arxiv.org/abs/0607013
http://dx.doi.org/10.1016/j.nuclphysa.2015.01.005
http://arxiv.org/abs/1411.3114
http://dx.doi.org/10.1140/epja/i2016-16015-4
http://arxiv.org/abs/1507.08808
http://dx.doi.org/10.1016/j.ppnp.2005.07.001
http://dx.doi.org/ 10.1103/PhysRevLett.113.192502
http://arxiv.org/abs/1403.3067
http://dx.doi.org/10.1103/PhysRevLett.116.122501
http://arxiv.org/abs/1512.01049

	Density-dependent effective baryon-baryon interaction from chiral three-baryon forces
	Abstract
	I Introduction
	II In-medium baryon-baryon interaction
	A Contributions from two-pion exchange
	B Contributions from one-pion exchange
	C Contributions from contact terms
	D In-medium lambda-nucleon interaction

	III Three-baryon force through decuplet saturation
	A Lagrangians including decuplet baryons
	B Estimates of low-energy constants
	C Lambda-nucleon-nucleon in decuplet approximation
	D In-medium Sigma-N interactions in decuplet approximation

	IV Numerical results and discussion
	V Summary and Outlook
	 Acknowledgments
	A In-medium nucleon-nucleon interaction from chiral three-nucleon forces
	B Construction of the minimal DBBB Lagrangian
	 References


