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MBPT calculations of dense matter (here T=0)
based on chiral EFT interaction
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TABLE I. Contributions to the neutron matter energy due to the diagrams of Fig. 4. Results are given for Fermi momenta kF = 1.3, 1.5,
and 1.7 fm−1 and for different !/!3NF combinations. All energies are in MeV and kF, !/!3NF are in fm−1.

kF !/!3NF Ekin E
(1)
NN E

(1)
3N,full E

(1)
3N,eff E

(2)
1 E

(2)
2 + E

(2)
3 E

(2)
4

1.3 1.8/2.0 21.01 −12.86 0.95 0.94 −0.59 0.01 −0.02
1.3 2.0/2.0 21.01 −12.58 0.95 0.94 −0.78 0.00 −0.02
1.3 2.0/2.5 21.01 −12.58 1.05 1.00 −0.77 −0.01 −0.05
1.3 2.4/2.0 21.01 −12.11 0.95 0.94 −1.10 −0.02 −0.02
1.3 2.8/2.0 21.01 −11.75 0.95 0.94 −1.46 −0.03 −0.02
1.5 1.8/2.0 27.97 −18.62 2.18 2.24 −0.39 0.01 −0.05
1.5 2.0/2.0 27.97 −18.14 2.18 2.24 −0.64 −0.01 −0.05
1.5 2.0/2.5 27.97 −18.14 2.56 2.51 −0.63 −0.04 −0.14
1.5 2.4/2.0 27.97 −17.44 2.18 2.24 −1.16 −0.05 −0.05
1.5 2.8/2.0 27.97 −16.77 2.18 2.24 −1.78 −0.08 −0.05
1.7 1.8/2.0 35.93 −25.50 4.20 4.54 −0.22 0.01 −0.07
1.7 2.0/2.0 35.93 −24.93 4.20 4.54 −0.45 −0.02 −0.08
1.7 2.0/2.5 35.93 −24.93 5.36 5.40 −0.46 −0.06 −0.31
1.7 2.4/2.0 35.93 −23.64 4.20 4.54 −1.11 −0.07 −0.08
1.7 2.8/2.0 35.93 −22.51 4.20 4.54 −2.08 −0.12 −0.09

k = k1 − P/2 determines the argument k̂. As discussed
in Sec. II B, the antisymmetrized two-body interactions in
the first- and second-order terms are given by V (1)

as = (1 −
P12)Vlow k + V 3N/2 and V (2)

as = (1 − P12)Vlow k + V 3N, with
partial waves V

(1)
Sll′J = Vlow k,Sll′J + V 3N,Sll′J /4 and V

(2)
Sll′J =

Vlow k,Sll′J + V 3N,Sll′J /2.
We solve the Dyson equation, Eq. (28), self-consistently by

using the self-energies given by Eqs. (30) and (31). In Fig. 6,
we show the resulting effective mass at the Fermi surface,

m∗(kF)
m

=
(

m

k

dεk

dk

)−1 ∣∣∣∣
k=kF

. (32)

At the Hartree-Fock level, 3N contributions only change the
effective mass marginally. Including second-order contribu-
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FIG. 6. (Color online) Effective mass m∗(kF)/m at the Fermi
surface as a function of Fermi momentum kF in neutron matter.
Results for !/!3NF = 2.0 fm−1 are shown at the Hartree-Fock level,
plus second-order contributions, and based only on NN interactions
for comparison. At second order, the effective mass includes k-mass
and e-mass effects.

tions leads to the typical enhancement of the effective mass at
the Fermi surface, and we find a larger impact of 3N forces for
kF > 1.3 fm−1.

C. Second order: Energy per particle

We include the second-order contributions E
(2)
1 to E

(2)
4 of

Fig. 4, which are given by

E
(2)
NN+3N,eff = 1

4

[
4∏

i=1

Trσi

∫
dki

(2π )3

]
∣∣⟨12|V (2)

as |34⟩
∣∣2

× nk1nk2 (1 − nk3 )(1 − nk4 )
εk1 + εk2 − εk3 − εk4

(2π )3

× δ(k1 + k2 − k3 − k4). (33)

As in the second-order self-energy, the antisymmetrized two-
body interactions, when evaluating contributions beyond the
Hartree-Fock level, are given by V (2)

as = (1 − P12)Vlow k +
V 3N. The second-order calculations are carried out by using the
self-consistent single-particle energies determined by solving
the Dyson equation, Eq. (28), as discussed in Sec. III B, and
the intermediate-state phase-space integrations are performed
fully. By summing over the spins and by expanding in partial
waves, we have [25]

∑

S,MS,M ′
S

∣∣⟨kSMS |V (2)
as |k′SM ′

S⟩
∣∣2

=
∑

L

PL(cos θk,k′)
∑

J,l,l′,S

∑

J̃ ,̃l,̃l′

(4π )2i(l−l′+̃l−l̃′)(−1)l̃+l′+L

× CL0
l0̃l′0C

L0
l′0̃l0

√
(2l + 1)(2l′ + 1)(2̃l + 1)(2̃l′ + 1)

× (2J + 1)(2J̃ + 1)
{

l S J

J̃ L l̃′

} {
J S l′

l̃ L J̃

}

×⟨k|V (2)
Sl′lJ |k′⟩⟨k′|V (2)

Sl̃ ′̃lJ̃
|k⟩[1 − (−1)l+S+1]

× [1 − (−1)l̃+S+1], (34)
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MBPT framework - Illustration: Second-order diagram

Partial wave representation:
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FIG. 3. (Color online) Diagonal momentum-space matrix ele-
ments of the density-dependent two-body interaction V 3N for P = 0
in the spin-triplet P -wave channels. Results with !3NF = 2.0 fm−1

are shown versus relative momentum k for different Fermi momenta
kF = 1.0, 1.2, 1.4, and 1.6 fm−1 (which increase in strength). For
kF = 1.6 fm−1, the dotted lines represent the central parts (degenerate
in J ) of V 3N, whereas the dashed lines include the central plus tensor
interactions [without the cn

a terms in Eqs. (16) and (17)].

spin operators with more complex integral functions that can
depend on P but also on the angle of P with respect to k
and k′. Since V 3N has been derived by using MATHEMATICA
for general particle momenta ki , this is directly possible.
One could then explore angle averaging over P̂ or averaging
over the magnitude of P. However, as will be shown in
Sec. III, the P = 0 approximation is reliable for bulk
properties and neutron matter based on chiral low-momentum
interactions is sufficiently perturbative, which justifies using
the noninteracting density to sum over the third particle.

III. RESULTS

We apply the developed density-dependent two-body inter-
action V 3N to calculate the properties of neutron matter in a
loop expansion around the Hartree-Fock energy. These are the
first results for neutron matter based on chiral EFT interac-
tions including N2LO 3N forces. The many-body calculation
follows the strategy of Refs. [7,8,25], but with significant
improvements for the second-order contributions involving
V 3N and with fully self-consistent single-particle energies.

Ekin

VNN

E (1)
NN

V3N

E (1)
3N

VNN

VNN

E (2)
1

VNN

V3N

E (2)
2

V3N

VNN

E (2)
3

V3N

V3N

E (2)
4

V3N

V3N

E (2)
5

FIG. 4. Top row: Diagrams contributing to the Hartree-Fock
energy. These include the kinetic energy Ekin and the first-order NN
and 3N interaction energies E

(1)
NN and E

(1)
3N. Middle and bottom rows:

Second-order contributions to the energy due to NN-NN interactions
E

(2)
1 , NN-3N and 3N-3N interactions, where 3N forces enter as

density-dependent two-body interactions E
(2)
2,3 and E

(2)
4 , respectively,

and the remaining 3N-3N diagram E
(2)
5 .

A. Hartree-Fock and P dependence of V 3N

The contributions to the Hartree-Fock energy are shown
diagrammatically in Fig. 4, and the first-order NN and 3N
interaction energies are given by

E
(1)
NN

V
= 1

2
Trσ1 Trσ2

∫
dk1

(2π )3

∫
dk2

(2π )3

× nk1nk2⟨12|(1 − P12)Vlow k|nn|12⟩, (24)

E
(1)
3N

V
= 1

6
Trσ1 Trσ2 Trσ3

∫
dk1

(2π )3

∫
dk2

(2π )3

∫
dk3

(2π )3

× nk1nk2nk3f
2
R(p, q)⟨123|A123V3N|nnn|123⟩, (25)

where V is the volume and we use the shorthand notation i ≡
kiσi in the bra and ket states. The momentum-conserving delta
functions are not included in the NN and 3N matrix elements.
It is evident from Eq. (25) that the correct 3N symmetry factor
is obtained when the antisymmetrized two-body interaction
V (0)

as = (1 − P12)Vlow k + V 3N/3 is used at the Hartree-Fock
level. With the expansion in two-body partial waves, we have

E
(1)
NN + E

(1)
3N

V
= 1

π3

∫
k2dk

∫
P 2dP

∫
d cos θk,P nP/2+k nP/2−k

×
∑

S,l,J

(2J + 1)⟨k|V (0)
SllJ |k⟩[1 − (−1)l+S+1].

(26)
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TABLE I. Contributions to the neutron matter energy due to the diagrams of Fig. 4. Results are given for Fermi momenta kF = 1.3, 1.5,
and 1.7 fm−1 and for different !/!3NF combinations. All energies are in MeV and kF, !/!3NF are in fm−1.

kF !/!3NF Ekin E
(1)
NN E

(1)
3N,full E

(1)
3N,eff E

(2)
1 E

(2)
2 + E

(2)
3 E

(2)
4

1.3 1.8/2.0 21.01 −12.86 0.95 0.94 −0.59 0.01 −0.02
1.3 2.0/2.0 21.01 −12.58 0.95 0.94 −0.78 0.00 −0.02
1.3 2.0/2.5 21.01 −12.58 1.05 1.00 −0.77 −0.01 −0.05
1.3 2.4/2.0 21.01 −12.11 0.95 0.94 −1.10 −0.02 −0.02
1.3 2.8/2.0 21.01 −11.75 0.95 0.94 −1.46 −0.03 −0.02
1.5 1.8/2.0 27.97 −18.62 2.18 2.24 −0.39 0.01 −0.05
1.5 2.0/2.0 27.97 −18.14 2.18 2.24 −0.64 −0.01 −0.05
1.5 2.0/2.5 27.97 −18.14 2.56 2.51 −0.63 −0.04 −0.14
1.5 2.4/2.0 27.97 −17.44 2.18 2.24 −1.16 −0.05 −0.05
1.5 2.8/2.0 27.97 −16.77 2.18 2.24 −1.78 −0.08 −0.05
1.7 1.8/2.0 35.93 −25.50 4.20 4.54 −0.22 0.01 −0.07
1.7 2.0/2.0 35.93 −24.93 4.20 4.54 −0.45 −0.02 −0.08
1.7 2.0/2.5 35.93 −24.93 5.36 5.40 −0.46 −0.06 −0.31
1.7 2.4/2.0 35.93 −23.64 4.20 4.54 −1.11 −0.07 −0.08
1.7 2.8/2.0 35.93 −22.51 4.20 4.54 −2.08 −0.12 −0.09

k = k1 − P/2 determines the argument k̂. As discussed
in Sec. II B, the antisymmetrized two-body interactions in
the first- and second-order terms are given by V (1)

as = (1 −
P12)Vlow k + V 3N/2 and V (2)

as = (1 − P12)Vlow k + V 3N, with
partial waves V

(1)
Sll′J = Vlow k,Sll′J + V 3N,Sll′J /4 and V

(2)
Sll′J =

Vlow k,Sll′J + V 3N,Sll′J /2.
We solve the Dyson equation, Eq. (28), self-consistently by

using the self-energies given by Eqs. (30) and (31). In Fig. 6,
we show the resulting effective mass at the Fermi surface,

m∗(kF)
m

=
(

m

k

dεk

dk

)−1 ∣∣∣∣
k=kF

. (32)

At the Hartree-Fock level, 3N contributions only change the
effective mass marginally. Including second-order contribu-
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FIG. 6. (Color online) Effective mass m∗(kF)/m at the Fermi
surface as a function of Fermi momentum kF in neutron matter.
Results for !/!3NF = 2.0 fm−1 are shown at the Hartree-Fock level,
plus second-order contributions, and based only on NN interactions
for comparison. At second order, the effective mass includes k-mass
and e-mass effects.

tions leads to the typical enhancement of the effective mass at
the Fermi surface, and we find a larger impact of 3N forces for
kF > 1.3 fm−1.

C. Second order: Energy per particle

We include the second-order contributions E
(2)
1 to E

(2)
4 of

Fig. 4, which are given by

E
(2)
NN+3N,eff = 1

4

[
4∏

i=1

Trσi

∫
dki

(2π )3

]
∣∣⟨12|V (2)

as |34⟩
∣∣2

× nk1nk2 (1 − nk3 )(1 − nk4 )
εk1 + εk2 − εk3 − εk4

(2π )3

× δ(k1 + k2 − k3 − k4). (33)

As in the second-order self-energy, the antisymmetrized two-
body interactions, when evaluating contributions beyond the
Hartree-Fock level, are given by V (2)

as = (1 − P12)Vlow k +
V 3N. The second-order calculations are carried out by using the
self-consistent single-particle energies determined by solving
the Dyson equation, Eq. (28), as discussed in Sec. III B, and
the intermediate-state phase-space integrations are performed
fully. By summing over the spins and by expanding in partial
waves, we have [25]

∑

S,MS,M ′
S

∣∣⟨kSMS |V (2)
as |k′SM ′

S⟩
∣∣2

=
∑

L

PL(cos θk,k′)
∑

J,l,l′,S

∑

J̃ ,̃l,̃l′

(4π )2i(l−l′+̃l−l̃′)(−1)l̃+l′+L

× CL0
l0̃l′0C

L0
l′0̃l0

√
(2l + 1)(2l′ + 1)(2̃l + 1)(2̃l′ + 1)

× (2J + 1)(2J̃ + 1)
{

l S J

J̃ L l̃′

} {
J S l′

l̃ L J̃

}

×⟨k|V (2)
Sl′lJ |k′⟩⟨k′|V (2)

Sl̃ ′̃lJ̃
|k⟩[1 − (−1)l+S+1]

× [1 − (−1)l̃+S+1], (34)
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• hard to automatize and generalize 

to higher order diagrams

• prone to mistakes 

Single-particle vector

representation:

One has for NN interactions 1, 3, 39, . . . Hugenholtz diagram(s) at second, third, fourth order, respectively,
and so on [122, 129]. Figure 6 shows these at second and third order; for the fourth-order diagrams we
refer to Ref. [130]. Below, we summarize the underlying analytic expressions up to fourth order, as this
is the highest order considered in the present thesis. They are expressed in the particle-hole formalism,
where only the particle (hole) states created above (below) the Fermi surface are considered (see, e.g.,
Ref. [118]). For brevity we define E(n)NN := E(n)

0
. In the following Sec. 1.3.2, we will discuss normal-ordering

and the inclusion of many-body forces at and beyond the Hartree-Fock level.

Energy relations up to second order

The energy contributions up to second order based on antisymmetrized NN interactionsA12VNN are given
by the following expressions (see also Refs. [43, 118, 119])

T
V
= +
X

i

hi|T |ii , (1.23)

E(1)NN

V
= +

1

2

X

i j

hi j|A12VNN|i ji , (1.24)

E(2)NN

V
= +

1

4

X

i j
ab

hi j|A12VNN|abi hab|A12VNN|i ji
Di jab

. (1.25)

Equation (1.25) is associated with diagram (a) in Fig. 6. We use the short-hand notation for the single-
particle states |ii = |ki�i⌧ii, having the momentum ki, the spin and isospin projections �i = ±

1

2
and

⌧i = ±
1

2
, respectively. Furthermore, particles are labeled by a, b, . . . and holes by i, j, . . ., so the sums

transform into, e.g.,

X

a

�!

X

�a⌧a

Z
dka

(2⇡)3
Ä
1� n⌧a

ka

ä
, and

X

i

�!

X

�i⌧i

Z
dki

(2⇡)3
n⌧i

ki
, (1.26)

where n⌧i
ki

is the Heaviside step function. Intermediate states beyond first order are weighted in terms of
the single-particle energies,

Di jk...abc... = "ki + "k j + "kk
+ . . .� "ka � "kb

� "kc � . . . . (1.27)

The trivial partition in Eq. (1.15), H0 = T and H1 = V , corresponds to the free spectrum with "ki =
k2

i /(2m), whereas H0 = T + VHF and H1 = V � VHF adds first-order self-energy corrections to the kinetic
energy, called Hartree-Fock spectrum. Due to translational invariance, both, the kinetic-energy operator
T and the Hartree-Fock potential VHF are diagonal in the plane-wave basis (see also Ref. [121]). We
have thus the second-quantized Fock operator H0 =

P
i j fi j a†

j ai with fi j = �i j "i and the single-particle
energies

"i =
k2

i

2m
+
X

j

hi j |A12VNN | i ji . (1.28)

In our calculations, we average Eq. (1.28) over spin as well as isospin quantum numbers. The two
employed spectra lead to the same Hartree-Fock energy, i.e., the sum of all zero- and first-order terms.
Adding 3N contributions to Eq. (1.28) will be addressed in Sec. 1.3.2.

20 1.3 Infinite nuclear matter

• each diagram just a one line or 
few lines of code

• straightforward to automatize 
via code generation

• adaptive evaluation of integrals 
using Monte-Carlo techniques

• allows inclusion of 3N 
contributions without normal 
ordering

e.g., KH, Schwenk
PRC 82, 014314 (2013)



Matter at finite temperature and general proton fractions

Keller, KH, Schwenk,
PRL 130, 072701 (2023)

Jonas
Keller

<latexit sha1_base64="fWVFPLfUw2ranKdoj1ytbbp3hMo="></latexit>

⌦ (T, µn, µp) = � 1

�
lnTr

⇣
e��(H�µnNn�µpNp)

⌘
• evaluation of grand canonical potential at finite T in MBPT up to third order:

• implementation of Gaussian process emulator for efficient interpolation 
and evaluation of thermodynamic quantities 

EMN 450 MeV



Neutron star matter and thermal pressure

• incorporation of beta equilibrium
<latexit sha1_base64="toZLlVp4poZsWUYceXZLjl4nZhc=">AAACIHicbZDNSgMxFIUz/tb6V3XpZrAIilBmRNGNUHTjsoLVQqcMmfROG0wyQ3JHKMVHceOruHGhiO70aUynI2j1QODku/eS3BOlghv0vA9nanpmdm6+tFBeXFpeWa2srV+ZJNMMmiwRiW5F1IDgCprIUUAr1UBlJOA6ujkb1a9vQRueqEscpNCRtKd4zBlFi8LKkQzVXiCzUJ0EAmLckWGa39NA814fd/e+MeQYChxWql7Ny+X+NX5hqqRQI6y8B92EZRIUMkGNafteip0h1ciZgLtykBlIKbuhPWhbq6gE0xnmC96525Z03TjR9ih0c/pzYkilMQMZ2U5JsW8mayP4X62dYXzcGXKVZgiKjR+KM+Fi4o7ScrtcA0MxsIYyze1fXdanmjK0mZZtCP7kyn/N1X7NP6x5FwfV+mkRR4lski2yQ3xyROrknDRIkzByTx7JM3lxHpwn59V5G7dOOcXMBvkl5/MLb36jIw==</latexit>

mn + µn = (mp + µp) + (me + µe)

proton 

Keller, KH, Schwenk,
PRL 130, 072701 

• reduced interaction uncertainties 
compared to previous calculations 
at N2LO

<latexit sha1_base64="jFfOQjqD4WeA1laeDQznE5akcrA=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovQLiyJKLopFN24jNAXtCFMptN26EwSZiZCCdm58VfcuFDErb/gzr9x0mahrQfmcjjnXube40eMSmVZ30ZhZXVtfaO4Wdra3tndM/cP2jKMBSYtHLJQdH0kCaMBaSmqGOlGgiDuM9LxJ7eZ33kgQtIwaKppRFyORgEdUoyUljzz2PGSPkdqLHiixmlaaVbrji5nutStqmeWrZo1A1wmdk7KIIfjmV/9QYhjTgKFGZKyZ1uRchMkFMWMpKV+LEmE8ASNSE/TAHEi3WR2RwpPtTKAw1DoFyg4U39PJIhLOeW+7sxWloteJv7n9WI1vHYTGkSxIgGefzSMGVQhzEKBAyoIVmyqCcKC6l0hHiOBsNLRlXQI9uLJy6R9XrMva9b9Rblxk8dRBEfgBFSADa5AA9wBB7QABo/gGbyCN+PJeDHejY95a8HIZw7BHxifP0+vl6E=</latexit>

Pth(T ) = P (T )� P (T = 0)•                                     becomes 
negative at higher densities due to 
contributions from 3N interactions



Phase coexistence of nuclear matter (T=0)

Drischler, KH, Schwenk
PRC 93, 0054314 (2015)

<latexit sha1_base64="jS621pDEA1q557SPsmo9PwUmc14=">AAACJnicbVDLSgMxFM34rPVVdekmWIS6qTMi6kbwgeBSwT6gM5RMmmmDmcyQ3BHKMF/jxl9x46Ii4s5PMVMH1NYDgcM59yS5x48F12DbH9bM7Nz8wmJpqby8srq2XtnYbOooUZQ1aCQi1faJZoJL1gAOgrVjxUjoC9by7y9zv/XAlOaRvINhzLyQ9CUPOCVgpG7l1A2TbuoCSTJ8it1AEZq6MVHAicC1q/1z7NJeBFjuZT+6LBJZt1K16/YYeJo4BamiAjfdysjtRTQJmQQqiNYdx47BS/N7qWBZ2U00iwm9J33WMVSSkGkvHa+Z4V2j9HAQKXMk4LH6O5GSUOth6JvJkMBAT3q5+J/XSSA48VIu4wSYpN8PBYnAEOG8M9zjilEQQ0MIVdz8FdMBMVWBabZsSnAmV54mzYO6c1Q/uj2snl0UdZTQNtpBNeSgY3SGrtENaiCKHtEzGqFX68l6sd6s9+/RGavIbKE/sD6/AD+Cpa8=</latexit>

µω =
ω(E/A · n)

ωnω

pressure:

chemical potentials:

<latexit sha1_base64="O69pQq/KuRm+0xS5OssGx5wCynE="></latexit>

P (n) = n2 ω(E/A)

ωn

∣∣∣∣
x

proton fraction:
<latexit sha1_base64="jyj8TaXlW/js09VdI/BhXBAty7A=">AAACEnicbVDLSsNAFL3xWesr6tLNYBEUoSQi1Y1QdOOygn1AW8JkOmmHTiZhZiKWkG9w46+4caGIW1fu/BunbRbaeuDCmXPuZe49fsyZ0o7zbS0sLi2vrBbWiusbm1vb9s5uQ0WJJLROIh7Jlo8V5UzQumaa01YsKQ59Tpv+8HrsN++pVCwSd3oU026I+4IFjGBtJM8+fkCXqBNITFLhxVkqspm3F6MTJDyReXbJKTsToHni5qQEOWqe/dXpRSQJqdCEY6XarhPrboqlZoTTrNhJFI0xGeI+bRsqcEhVN52clKFDo/RQEElTQqOJ+nsixaFSo9A3nSHWAzXrjcX/vHaig4tuykScaCrI9KMg4UhHaJwP6jFJieYjQzCRzOyKyACbPLRJsWhCcGdPnieN07JbKVduz0rVqzyOAuzDARyBC+dQhRuoQR0IPMIzvMKb9WS9WO/Wx7R1wcpn9uAPrM8fcymdXQ==</latexit>

x =
np

n
=

np

np + nn

Density regions with negative pressure signal 
instability of homogeneous phase (spinodal 
region          phase coexistence)



Phase coexistence of nuclear matter (T=0)
For coexistence of two phases, 1 and 2, the following conditions must hold:

<latexit sha1_base64="fE2v3Oi3zOTeMV22fVLRUx2CRCQ=">AAACOnicbZDLSgMxFIYz9VbrbdSlm2ARWpAyU6SKIBTduGzBXqBTSyZN29BMZkgyQhnmudz4FO5cuHGhiFsfwEw7SG09EPjzf+eQnN8NGJXKsl6MzMrq2vpGdjO3tb2zu2fuHzSlHwpMGthnvmi7SBJGOWkoqhhpB4Igz2Wk5Y5vEt56IEJSn9+pSUC6HhpyOqAYKW31zHrtPirYxRhewUSVi/EpdC6h44U9nhJnSH7v8zxY4MGM98y8VbKmBZeFnYo8SKvWM5+dvo9Dj3CFGZKyY1uB6kZIKIoZiXNOKEmA8BgNSUdLjjwiu9F09RieaKcPB77Qhys4decnIuRJOfFc3ekhNZKLLDH/Y51QDS66EeVBqAjHs4cGIYPKh0mOsE8FwYpNtEBYUP1XiEdIIKx02jkdgr248rJolkt2pVSpn+Wr12kcWXAEjkEB2OAcVMEtqIEGwOARvIJ38GE8GW/Gp/E1a80Y6cwh+FPG9w9ZkqkU</latexit>

P (1) = P (2), µ(1)
n → µ(2)

n , µ(1)
p → µ(2)

p

(phase 2 is assumed to be the high-density phase)

Different possible scenarios:

<latexit sha1_base64="bAMNEWbWghRWhWxXonaGIY9y2lM=">AAACJnicbVDLSgMxFM34rPVVdekmWIQWpMwUqSJUim5cVrAPaMchk2ba0CQzJBmhDP0aN/6KGxcVEXd+iumDoq0HLpyccy+59/gRo0rb9pe1srq2vrGZ2kpv7+zu7WcODusqjCUmNRyyUDZ9pAijgtQ01Yw0I0kQ9xlp+P3bsd94IlLRUDzoQURcjrqCBhQjbSQvUxaeeExyTn4Ir6F9BttXsM3juVaev4r54cQVXjT3bC+TtQv2BHCZODOSBTNUvcyo3QlxzInQmCGlWo4daTdBUlPMyDDdjhWJEO6jLmkZKhAnyk0mZw7hqVE6MAilKaHhRP09kSCu1ID7ppMj3VOL3lj8z2vFOrh0EyqiWBOBpx8FMYM6hOPMYIdKgjUbGIKwpGZXiHtIIqxNsmkTgrN48jKpFwtOqVC6P89WbmZxpMAxOAE54IALUAF3oApqAINn8ApG4N16sd6sD+tz2rpizWaOwB9Y3z9/hKDj</latexit>

n(1)
n > 0, µ(1)

n = µ(2)
n , n(1)

p = 0

1.                                                       

2.                                                 

3.

<latexit sha1_base64="uuki99ogaE+N2QGZaylLAmJKllQ=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0WoICUpUkUQim5cVrAPaGOYTCft0MkkzEyEEvonbvwVNy4UEXf9GydtkNp6YODcc+7lzj1exKhUljUxciura+sb+c3C1vbO7p65f9CUYSwwaeCQhaLtIUkY5aShqGKkHQmCAo+Rlje8Tf3WExGShvxBjSLiBKjPqU8xUlpyzSp3+WNSsk/H8BpaZ5C70XzZvYL13zpllZnjmkWrbE0Bl4mdkSLIUHfN724vxHFAuMIMSdmxrUg5CRKKYkbGhW4sSYTwEPVJR1OOAiKdZHrfGJ5opQf9UOjHFZyq8xMJCqQcBZ7uDJAayEUvFf/zOrHyL52E8ihWhOPZIj9mUIUwDQv2qCBYsZEmCAuq/wrxAAmElY60oEOwF09eJs1K2a6Wq/fnxdpNFkceHIFjUAI2uAA1cAfqoAEweAav4B18GC/Gm/FpfM1ac0Y2cwj+wJj8AJiInR0=</latexit>

n(1)
n = 0, n(1)

p = 0, P (1) = P (2) = 0

coexistence with vacuum

coexistence with neutron matter, 
“neutron drip”

coexistence with nuclear matter,
“proton drip”

<latexit sha1_base64="AsHuJlQ6JywDd7xttfGf6osKlwE=">AAACRXicbVBLSwMxGMz6tr6qHr0Ei6UFKbsiKoIievFYwdpCd12yaVaDSTYkWaEs/XNevHvzH3jxoIhXTR8UbTsQmMzMx5dMJBnVxnVfnanpmdm5+YXF3NLyyupafn3jRiepwqSGE5aoRoQ0YVSQmqGGkYZUBPGIkXr0cNH1649EaZqIa9OWJODoTtCYYmSsFOb9ogjFbVbyyh14Ct1d6B9Dn6dD7WR42yt3fB8WoQjlhLz8l5f9fJgvuBW3BzhOvAEpgAGqYf7FbyU45UQYzJDWTc+VJsiQMhQz0sn5qSYS4Qd0R5qWCsSJDrJeCx24Y5UWjBNljzCwp/6dyBDXus0jm+TI3OtRrytO8pqpiY+CjAqZGiJwf1GcMmgS2K0Utqgi2LC2JQgrat8K8T1SCBtbfM6W4I1+eZzc7FW8g8rB1X7h7HxQxwLYAtugBDxwCM7AJaiCGsDgCbyBD/DpPDvvzpfz3Y9OOYOZTfAPzs8vMs+rpg==</latexit>

n(1)
n > 0, µ(1)

n = µ(2)
n

n(1)
p > 0, µ(1)

p = µ(2)
p

Keller, KH, Pethick, Schwenk,
PRL 132, 232701 (2024)

Göttling, Hoff, HF, Schwenk,
PRC 113, 055804 (2026)

Luis Hoff, Master Thesis (2026),

Luis
Hoff



Phase diagram of nuclear matter (T=0)
coexistence of dripped neutron/protons occurs along lines 
in the            or                                    plane with:

<latexit sha1_base64="jy2GfreSFOKGcyFt5R9lLSIXjWM=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrUj0WvXisYD+wXZZsmm1Ds9mQZIWy9F948aCIV/+NN/+NabsHbX0w8Hhvhpl5oeRMG9f9dlZW19Y3Ngtbxe2d3b390sFhSyepIrRJEp6oTog15UzQpmGG045UFMchp+1wdDv1209UaZaIBzOW1I/xQLCIEWys9FgRgThHIpBnQansVt0Z0DLxclKGHI2g9NXrJySNqTCEY627niuNn2FlGOF0UuylmkpMRnhAu5YKHFPtZ7OLJ+jUKn0UJcqWMGim/p7IcKz1OA5tZ4zNUC96U/E/r5ua6NrPmJCpoYLMF0UpRyZB0/dRnylKDB9bgoli9lZEhlhhYmxIRRuCt/jyMmldVL1atXZ/Wa7f5HEU4BhOoAIeXEEd7qABTSAg4Ble4c3Rzovz7nzMW1ecfOYI/sD5/AE6Po/+</latexit>

(nn, np)
<latexit sha1_base64="tSUKSI7le+DY9h0CLI7hT4lx4KY=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahotQZkepGKLpxWcE+oB2GTJrW0EwmJBmxDAU3/oobF4q49Sfc+Tem01lo64GEk3Pu5eaeQDCqtON8W7m5+YXFpfxyYWV1bX3D3txqqCiWmNRxxCLZCpAijHJS11Qz0hKSoDBgpBkMrsZ+855IRSN+q4eCeCHqc9qjGGkj+fZOicMLyH0OD80tjuBD+hTH/MC3i07ZSQFniZuRIshQ8+2vTjfCcUi4xgwp1XYdob0ESU0xI6NCJ1ZEIDxAfdI2lKOQKC9JdxjBfaN0YS+S5nANU/V3R4JCpYZhYCpDpO/UtDcW//Pase6dewnlItaE48mgXsygjuA4ENilkmDNhoYgLKn5K8R3SCKsTWwFE4I7vfIsaZyU3Uq5cnNarF5mceTBLtgDJeCCM1AF16AG6gCDR/AMXsGb9WS9WO/Wx6Q0Z2U92+APrM8flf2U9A==</latexit>

(n = nn + np, x = np/n)

<latexit sha1_base64="xpO9P+PjRGENehwYDI7aVeyFOBo=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdkeqx6MVjBfsB27Vk02wbmk2WJKuUpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh6Gbqtx+p0kyKezNOaBDjgWARI9hY6SFFXSaQj9wz5KGgV664VXcGtEy8nFQgR6NX/ur2JUljKgzhWGvfcxMTZFgZRjidlLqppgkmIzygvqUCx1QH2ezqCTqxSh9FUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7n+amJroKMiSQ1VJD5oijlyEg0jQD1maLE8LElmChmb0VkiBUmxgZVsiF4iy8vk9Z51atVa3cXlfp1HkcRjuAYTsGDS6jDLTSgCQQUPMMrvDlPzovz7nzMWwtOPnMIf+B8/gCQVJCe</latexit>

u → [0, 1]with the volume fraction

Keller, KH, Pethick, Schwenk,
PRL 132, 232701 (2024)

• neutron drop is possible for large region of phase diagram
• proton drop only in a restricted region, overlaps with EOS in beta equilibrium



Construction of crust EOS based 
on chiral interactions

Göttling, Hoff, HF, Schwenk,
PRC 113, 055804 (2026)

• for study of phase diagram, only bulk energy contributions are considered
• for calculation of equation of state, additional contributions like Coulomb 

and surface energy corrections need to be incorporated
• For neutron drip region:

Phase 1 (low-density PNM) Phase 2 (high density)

✦Assume spherical Wigner-Seitz cell containing PNM (phase 1)
✦ in center of cell nuclear matter is located (phase 2) with given 

proton fraction 
✦densities assumed to be uniform in both phases
✦ in addition the cell contains uniform electron gas

Luis
Hoff



Construction of crust EOS based 
on chiral interactions

Göttling, Hoff, KH, Schwenk,
PRC 113, 055804 (2026)

• Neutron- and proton drip regions remain after inclusion of corrections
• Moderate changes of densities and chemical potentials in both phases
• Good agreement with BPS crust EOS up to  

<latexit sha1_base64="/cI7pXdrJAAey8Dbl3tee+mfDB0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94iThfkSHSoSCUbRSU/Xdy2q/VHYr7hxklXg5KUOORr/01RvELI24QiapMV3PTdDPqEbBJJ8We6nhCWVjOuRdSxWNuPGz+bFTcm6VAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwxv/EyoJEWu2GJRmEqCMZl9TgZCc4ZyYgllWthbCRtRTRnafIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAQMAzvMKbo5wX5935WLSuOfnMCfyB8/kD3YGOFQ==</latexit>

n0/2

Hannah
Göttling



Critical temperature of symmetric matter

binodal densities

Spinodal region

Göttling, Hoff, KH, Schwenk,
in preparation

Maxwell construction in symmetric matter:



Critical temperature of symmetric matter

binodal densities

Spinodal region

Göttling, Hoff, KH, Schwenk,
in preparation

• large sensitivity of Tc to details of many-body calculations order in MBPT

Maxwell construction in symmetric matter:



Critical temperature
of asymmetric matter

Göttling, Hoff, KH, Schwenk,
in preparation

Binodal regions

spinodal line

• critical density rather insensitive of proton fraction
• critical temperature decreasing with decreasing proton fraction



The “hyperon puzzle”

Lonardoni et al. PRL 114 (2015)

• Inclusion of hyperons can lead to a 
significant softening of EOS

• Incompatible to observed heavy 
neutron stars

• However, degree of softening 
sensitively depends on details of 
interactions



Hypermatter:
Inclusion of YN and YNN interactions

Samet Dokur

Gerstung et al. EPJA 56 (2020)

• Onset of hyperons in dense matter is determined by the chemical 
potential of nucleons and hyperons

• Goal: systematic study of hypermatter including uncertainties 
based on chiral EFT  YN and YNN interactions



Hypermatter:
Inclusion of YN and YNN interactions

<latexit sha1_base64="PERBUjI5jOR/7GMuMXRVPWrrVzY="></latexit>

particle quarks charge Rest Mass (MeV2)
!0 uds 0 1115.68
”+ uus +1 1189.37
”0 uds 0 1192.64
”→ dds →1 1197.45
#0 uss 0 1314.86
#→ dss →1 1321.71
$→ sss →1 1672.45

• presently, interactions loosely constrained (only 35 YN scattering data points) 

N2LO YNN interactions
Petschauer et al. PRC 93 (2016)

LO YN interactions
Polinder et al. NPA 779 (2006)

• all interactions are implemented such that all LEC values and 
regulator functions can be adjusted in an easy and flexible way



Hypermatter:
Examples of long-range interactions

<latexit sha1_base64="GjUI1iDOLixxUMOvDlokG9JQFuA=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsi0TJoY2ERwTwgWcLs7N1kyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTDFsskQkqhNQjYJLbBpuBHZShTQOBLaD0e3Mbz+h0jyRj2acoh/TgeQRZ9RYqd27t9GQ9ssVt+rOQVaJl5MK5Gj0y1+9MGFZjNIwQbXuem5q/AlVhjOB01Iv05hSNqID7FoqaYzan8zXnZIzq4QkSpR90pC5+ntiQmOtx3FgkzE1Q73szcT/vG5momt/wmWaGZRs8VGUCWISMrudhFwhM2JsCWWK210JG1JFmbENlWwJ3vLJq6R1UfVq1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKDETzDK7w5qfPivDsfi2jByWeO4Q+czx8PN49o</latexit>

!

<latexit sha1_base64="GjUI1iDOLixxUMOvDlokG9JQFuA=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsi0TJoY2ERwTwgWcLs7N1kyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTDFsskQkqhNQjYJLbBpuBHZShTQOBLaD0e3Mbz+h0jyRj2acoh/TgeQRZ9RYqd27t9GQ9ssVt+rOQVaJl5MK5Gj0y1+9MGFZjNIwQbXuem5q/AlVhjOB01Iv05hSNqID7FoqaYzan8zXnZIzq4QkSpR90pC5+ntiQmOtx3FgkzE1Q73szcT/vG5momt/wmWaGZRs8VGUCWISMrudhFwhM2JsCWWK210JG1JFmbENlWwJ3vLJq6R1UfVq1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKDETzDK7w5qfPivDsfi2jByWeO4Q+czx8PN49o</latexit>

!

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="GjUI1iDOLixxUMOvDlokG9JQFuA=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsi0TJoY2ERwTwgWcLs7N1kyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTDFsskQkqhNQjYJLbBpuBHZShTQOBLaD0e3Mbz+h0jyRj2acoh/TgeQRZ9RYqd27t9GQ9ssVt+rOQVaJl5MK5Gj0y1+9MGFZjNIwQbXuem5q/AlVhjOB01Iv05hSNqID7FoqaYzan8zXnZIzq4QkSpR90pC5+ntiQmOtx3FgkzE1Q73szcT/vG5momt/wmWaGZRs8VGUCWISMrudhFwhM2JsCWWK210JG1JFmbENlWwJ3vLJq6R1UfVq1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKDETzDK7w5qfPivDsfi2jByWeO4Q+czx8PN49o</latexit>

!

<latexit sha1_base64="GjUI1iDOLixxUMOvDlokG9JQFuA=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsi0TJoY2ERwTwgWcLs7N1kyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTDFsskQkqhNQjYJLbBpuBHZShTQOBLaD0e3Mbz+h0jyRj2acoh/TgeQRZ9RYqd27t9GQ9ssVt+rOQVaJl5MK5Gj0y1+9MGFZjNIwQbXuem5q/AlVhjOB01Iv05hSNqID7FoqaYzan8zXnZIzq4QkSpR90pC5+ntiQmOtx3FgkzE1Q73szcT/vG5momt/wmWaGZRs8VGUCWISMrudhFwhM2JsCWWK210JG1JFmbENlWwJ3vLJq6R1UfVq1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKDETzDK7w5qfPivDsfi2jByWeO4Q+czx8PN49o</latexit>

!

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n
<latexit sha1_base64="R5wx2e2LtfF0uIujroXzn75ITJE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi2VXSvVY9OKxov2Adi3ZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrqt56o0iyS92YcU1/ggWQhI9hYqd29YwOBH856xZJbdmdAy8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nd07QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw0k+ZjBNDJZkvChOOTISmz6M+U5QYPrYEE8XsrYgMscLE2IgKNgRv8eVl0jwve9Vy9bZSql1lceThCI7hFDy4gBrcQB0aQIDDM7zCm/PovDjvzse8NedkM4fwB87nD5CCj60=</latexit>

!→

<latexit sha1_base64="R5wx2e2LtfF0uIujroXzn75ITJE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi2VXSvVY9OKxov2Adi3ZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrqt56o0iyS92YcU1/ggWQhI9hYqd29YwOBH856xZJbdmdAy8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nd07QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw0k+ZjBNDJZkvChOOTISmz6M+U5QYPrYEE8XsrYgMscLE2IgKNgRv8eVl0jwve9Vy9bZSql1lceThCI7hFDy4gBrcQB0aQIDDM7zCm/PovDjvzse8NedkM4fwB87nD5CCj60=</latexit>

!→

<latexit sha1_base64="R5wx2e2LtfF0uIujroXzn75ITJE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi2VXSvVY9OKxov2Adi3ZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrqt56o0iyS92YcU1/ggWQhI9hYqd29YwOBH856xZJbdmdAy8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nd07QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw0k+ZjBNDJZkvChOOTISmz6M+U5QYPrYEE8XsrYgMscLE2IgKNgRv8eVl0jwve9Vy9bZSql1lceThCI7hFDy4gBrcQB0aQIDDM7zCm/PovDjvzse8NedkM4fwB87nD5CCj60=</latexit>

!→

<latexit sha1_base64="R5wx2e2LtfF0uIujroXzn75ITJE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi2VXSvVY9OKxov2Adi3ZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrqt56o0iyS92YcU1/ggWQhI9hYqd29YwOBH856xZJbdmdAy8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nd07QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw0k+ZjBNDJZkvChOOTISmz6M+U5QYPrYEE8XsrYgMscLE2IgKNgRv8eVl0jwve9Vy9bZSql1lceThCI7hFDy4gBrcQB0aQIDDM7zCm/PovDjvzse8NedkM4fwB87nD5CCj60=</latexit>

!→

<latexit sha1_base64="8BERiCjb1FMJxnw1/1S5KmUQXsk=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHZFosegF8FLRPOAZA2zk9lkyOzsMtMrhCWf4MWDIl79Im/+jZPHQRMLGoqqbrq7gkQKg6777Swtr6yurec28ptb2zu7hb39uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcD32G09cGxGrBxwm3I9oT4lQMIpWur99PO0Uim7JnYAsEm9GijBDtVP4andjlkZcIZPUmJbnJuhnVKNgko/y7dTwhLIB7fGWpYpG3PjZ5NQRObZKl4SxtqWQTNTfExmNjBlGge2MKPbNvDcW//NaKYaXfiZUkiJXbLooTCXBmIz/Jl2hOUM5tIQyLeythPWppgxtOnkbgjf/8iKpn5W8cql8d16sXM3iyMEhHMEJeHABFbiBKtSAQQ+e4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/wxCNeQ==</latexit>

K→
<latexit sha1_base64="/eyYt+/HOPfiyRWROR7mJ5L/y2o=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8SNgViR6DXgQvEcxDkjXMTjrJkJndZaZXCEu+wosHRbz6Od78GyfJHjSxoKGo6qa7K4ilMOi6387S8srq2npuI7+5tb2zW9jbr5so0RxqPJKRbgbMgBQh1FCghGasgalAQiMYXk/8xhNoI6LwHkcx+Ir1Q9ETnKGVHm4f3VPaBmSdQtEtuVPQReJlpEgyVDuFr3Y34omCELlkxrQ8N0Y/ZRoFlzDOtxMDMeND1oeWpSFTYPx0evCYHlulS3uRthUinaq/J1KmjBmpwHYqhgMz703E/7xWgr1LPxVhnCCEfLaol0iKEZ18T7tCA0c5soRxLeytlA+YZhxtRnkbgjf/8iKpn5W8cql8d16sXGVx5MghOSInxCMXpEJuSJXUCCeKPJNX8uZo58V5dz5mrUtONnNA/sD5/AGIso+a</latexit>

K0, ω

<latexit sha1_base64="UZTUCb5zSt5Q/lKr0EXQW11g4yM="></latexit>

Meson Symbol Quark Content Mass (MeV)
Charged Pion ω+, ω→ ud̄, dū 139.57
Neutral Pion ω0 1↑

2
(uū→ dd̄) 134.98

Charged Kaon K+, K→ us̄, sū 493.68
Neutral Kaon K0, K̄0 ds̄, sd̄ 497.61
Eta Meson ε Mixed state (uū, dd̄, ss̄) 547.86

• Since kaons and eta mesons are much heavier than the pion, “long-range” 
YN interactions are of short-range nature than NN interactions

• Interactions also allow for flavor-changing processes like
<latexit sha1_base64="8UfNVoSI3JUWwzWZ8eTF0Pq1i94="></latexit>

!n → ”0n,!n → ”→p etc.



Hypermatter:
Many-body calculations

• Goal: Incorporate YN and YNN interactions in existing MBPT framework

• Hartree-Fock:

• 2nd-order: 
(example)

<latexit sha1_base64="FC06GaTf0KYgTE/NlLBYB5Rd37E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtkOM5Q==</latexit>

V

<latexit sha1_base64="FC06GaTf0KYgTE/NlLBYB5Rd37E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtkOM5Q==</latexit>

V

<latexit sha1_base64="FC06GaTf0KYgTE/NlLBYB5Rd37E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtkOM5Q==</latexit>

V

<latexit sha1_base64="FC06GaTf0KYgTE/NlLBYB5Rd37E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtkOM5Q==</latexit>

V

<latexit sha1_base64="GjUI1iDOLixxUMOvDlokG9JQFuA=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsi0TJoY2ERwTwgWcLs7N1kyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTDFsskQkqhNQjYJLbBpuBHZShTQOBLaD0e3Mbz+h0jyRj2acoh/TgeQRZ9RYqd27t9GQ9ssVt+rOQVaJl5MK5Gj0y1+9MGFZjNIwQbXuem5q/AlVhjOB01Iv05hSNqID7FoqaYzan8zXnZIzq4QkSpR90pC5+ntiQmOtx3FgkzE1Q73szcT/vG5momt/wmWaGZRs8VGUCWISMrudhFwhM2JsCWWK210JG1JFmbENlWwJ3vLJq6R1UfVq1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKDETzDK7w5qfPivDsfi2jByWeO4Q+czx8PN49o</latexit>

!

<latexit sha1_base64="GjUI1iDOLixxUMOvDlokG9JQFuA=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsi0TJoY2ERwTwgWcLs7N1kyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTDFsskQkqhNQjYJLbBpuBHZShTQOBLaD0e3Mbz+h0jyRj2acoh/TgeQRZ9RYqd27t9GQ9ssVt+rOQVaJl5MK5Gj0y1+9MGFZjNIwQbXuem5q/AlVhjOB01Iv05hSNqID7FoqaYzan8zXnZIzq4QkSpR90pC5+ntiQmOtx3FgkzE1Q73szcT/vG5momt/wmWaGZRs8VGUCWISMrudhFwhM2JsCWWK210JG1JFmbENlWwJ3vLJq6R1UfVq1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKDETzDK7w5qfPivDsfi2jByWeO4Q+czx8PN49o</latexit>

!
<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n
or

<latexit sha1_base64="/zlbe8chJujUDCrnU411OIjoOp8=">AAAB73icdVDLSgMxFM34rPVVdekmWARXQ2Zap3VXdOOyon1AO5ZMmmlDk5kxyQil9CfcuFDErb/jzr8x01ZQ0QMXDufcy733BAlnSiP0YS0tr6yurec28ptb2zu7hb39popTSWiDxDyW7QAryllEG5ppTtuJpFgEnLaC0UXmt+6pVCyObvQ4ob7Ag4iFjGBtpHb3mg0EvkW9QhHZZ1XPPXUhshGquCUvI26l7JagY5QMRbBAvVd47/ZjkgoaacKxUh0HJdqfYKkZ4XSa76aKJpiM8IB2DI2woMqfzO6dwmOj9GEYS1ORhjP1+8QEC6XGIjCdAuuh+u1l4l9eJ9Vh1Z+wKEk1jch8UZhyqGOYPQ/7TFKi+dgQTCQzt0IyxBITbSLKmxC+PoX/k6ZrO57tXZWLtfNFHDlwCI7ACXBABdTAJaiDBiCAgwfwBJ6tO+vRerFe561L1mLmAPyA9fYJ9/eP9A==</latexit>

!0

Contributions at 2nd order and 
higher from flavor-changing 
particle conversion contributions 

<latexit sha1_base64="RmUqZWQ+6KZF55DeAv3cknTTo/I=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXISQiFSXRTcuXFS0D2hCmUwm7dDJJMxMhBK78FfcuFDErb/hzr9x2mahrQcGDufcw71zgpRRqRzn2ygtLa+srpXXKxubW9s75u5eSyaZwKSJE5aIToAkYZSTpqKKkU4qCIoDRtrB8Gritx+IkDTh92qUEj9GfU4jipHSUs884FZqeTc6ECLLu6P9GFnQtntm1bGdKeAicQtSBQUaPfPLCxOcxYQrzJCUXddJlZ8joShmZFzxMklShIeoT7qachQT6efT+8fwWCshjBKhH1dwqv5O5CiWchQHejJGaiDnvYn4n9fNVHTh55SnmSIczxZFGYMqgZMyYEgFwYqNNEFYUH0rxAMkEFa6soouwZ3/8iJpndpuza7dnlXrl0UdZXAIjsAJcME5qINr0ABNgMEjeAav4M14Ml6Md+NjNloyisw++APj8weNE5SG</latexit>

n, p,!,”, ..
<latexit sha1_base64="RmUqZWQ+6KZF55DeAv3cknTTo/I=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXISQiFSXRTcuXFS0D2hCmUwm7dDJJMxMhBK78FfcuFDErb/hzr9x2mahrQcGDufcw71zgpRRqRzn2ygtLa+srpXXKxubW9s75u5eSyaZwKSJE5aIToAkYZSTpqKKkU4qCIoDRtrB8Gritx+IkDTh92qUEj9GfU4jipHSUs884FZqeTc6ECLLu6P9GFnQtntm1bGdKeAicQtSBQUaPfPLCxOcxYQrzJCUXddJlZ8joShmZFzxMklShIeoT7qachQT6efT+8fwWCshjBKhH1dwqv5O5CiWchQHejJGaiDnvYn4n9fNVHTh55SnmSIczxZFGYMqgZMyYEgFwYqNNEFYUH0rxAMkEFa6soouwZ3/8iJpndpuza7dnlXrl0UdZXAIjsAJcME5qINr0ABNgMEjeAav4M14Ml6Md+NjNloyisw++APj8weNE5SG</latexit>

n, p,!,”, ..
<latexit sha1_base64="RmUqZWQ+6KZF55DeAv3cknTTo/I=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXISQiFSXRTcuXFS0D2hCmUwm7dDJJMxMhBK78FfcuFDErb/hzr9x2mahrQcGDufcw71zgpRRqRzn2ygtLa+srpXXKxubW9s75u5eSyaZwKSJE5aIToAkYZSTpqKKkU4qCIoDRtrB8Gritx+IkDTh92qUEj9GfU4jipHSUs884FZqeTc6ECLLu6P9GFnQtntm1bGdKeAicQtSBQUaPfPLCxOcxYQrzJCUXddJlZ8joShmZFzxMklShIeoT7qachQT6efT+8fwWCshjBKhH1dwqv5O5CiWchQHejJGaiDnvYn4n9fNVHTh55SnmSIczxZFGYMqgZMyYEgFwYqNNEFYUH0rxAMkEFa6soouwZ3/8iJpndpuza7dnlXrl0UdZXAIjsAJcME5qINr0ABNgMEjeAav4M14Ml6Md+NjNloyisw++APj8weNE5SG</latexit>

n, p,!,”, .. for each propagator



Hypermatter:
Preliminary results at Hartree-Fock level

<latexit sha1_base64="tztlFSIPE8STM94AsfobeXHllMo=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVrV6EohePFewHtEvJptM2NJtdkqxYlv4ILx4U8erv8ea/MW33oK0PQh7vzTAzL4gF18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdDv1m4+oNI/kgxnH6Id0IHmfM2qs1Hy6Jm7ZvegWS/abgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n87WnZATq/RIP1L2SUNm6u+OlIZaj8PAVobUDPWiNxX/89qJ6V/5KZdxYlCy+aB+IoiJyPR20uMKmRFjSyhT3O5K2JAqyoxNqGBD8BZPXiaNs7JXKVfuz0vVmyyOPBzBMZyCB5dQhTuoQR0YjOAZXuHNiZ0X5935mJfmnKznEP7A+fwBgYuOYw==</latexit>

x = 0.05
<latexit sha1_base64="9AxdOL7EZvobtFQj6Skltjub0qA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07IrUr0IRS8eK9gPaJeSTbNtbDZZkqxYlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0w408bzvp3Cyura+kZxs7S1vbO7V94/aGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo5up33qkSjMp7s04oUGMB4JFjGBjpebTFfJcv1eueK43A1omfk4qkKPeK391+5KkMRWGcKx1x/cSE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZtRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroMMiaS1FBB5ouilCMj0fR11GeKEsPHlmCimL0VkSFWmBgbUMmG4C++vEyaZ65fdat355XadR5HEY7gGE7BhwuowS3UoQEEHuAZXuHNkc6L8+58zFsLTj5zCH/gfP4ADGqOJQ==</latexit>

x = 0.1

Preliminary

Preliminary

• Results based on NN+3N interactions using EMN 450/500 MeV
• No hyperons present in system when YNN are included
• We found indications that HF is not a good approximation
• Need to include higher-order contributions in many-body expansion 

and also in the chiral expansion of  YN/YNN interactions



Conclusions

• versatile MBPT framework for nuclear matter at general T that 
allows to efficiently treat NN and 3N interactions

• phase diagram of nuclear matter in inner crust of NS, phase 
coexistence and neutron/proton drip

• critical temperature of SNM and asymmetric nuclear matter

• First steps towards extension of MBPT framework to 
hypermatter, open points:
✦ improved many-body treatment of YN and YNN interactions
✦ improved YN and YNN interactions: extension to higher 

chiral orders and improved fits of LECs


