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Facts about Neutron Stars 

R ~ 10-15 km

M ~ 1.5 M�


de
ns
ity



• Very high density in the interior 
• Strong magnetic fields  
• Rotating object emitting Synchrotron radiation in 

Radio-Frequency (Pulsar character) 
• Mass measured in binary systems with White Dwarfs 

(Shapiro Delay, WD Spectroscopy) 
• Radius Measurement very difficult 
• Masses ranging from 1.4 M   to 2 M 
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.

additionally the study of strangeness 
has some impact on the modelling of 
neutron stars.


Scenarios with antikaon condensate is 
disfavoured but actually this strongly 
depends on the real antikaon-nucleon 
interaction 

but there are other possibilities 

What is inside Neutron Stars??

.



Speculations about Neutron Stars 

NSF, universetoday.com 

• Hadron composition  
• Only Nucleons 
• Antikaons-Nucleons  condensate 
• Nucleons and Hyperons 

• Nuclear Pasta  
• lasagne 
• spaghetti 

• Quark star ( Color super-conducting 
strange quark matter) 

http://universetoday.com


1) Equation of  State (EoS): Dependency of  the pressure upon the density 

2) Given an object with a certain density the internal pressure must be compensated by 
gravity 

3) From P(R)=0 ->  the relation M(R) can be determined for each EOS 
as a function of  the assumed density 
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It is not so easy to fix the density but the EOS 
must cross the measured values of  the masses!

ρ = 2-8 ρ0 ??

How to test different Hypotheses



Strange Hadron Production in NS

Neutrons (uud, m= 938 MeV) Hyperons (uds, m= 1115 MeV)⇤

Chemical Potential µ = EF +mass

If  the density increases also the Fermi Energy increases and hence the 
chemical potential



Strange Hadron Production in NS

Neutrons (uud, m= 938 MeV) Hyperons (uds, m= 1115 MeV)⇤

In order to have chemical equilibrium  µ
neutron

= µ⇤

In this case it is energetically favourable to convert neutrons into hyperons



Strange Hadron Production in NS

Electrons(m= 511 KeV)
AntiKaons (us,m= 490 MeV)

Chemical Potential µ = EF +mass

n ! p+ e� + ⌫̄e



Strange Hadron Production in NS

Electrons(m= 511 KeV)

Also in this case it can be energetically favourable to convert electrons into 
AntiKaons. 
Furthermore: AntiKaons are bosons and hence they dont undergo Pauli 
blocking 

n ! p+ e� + ⌫̄e
AntiKaons (us,m= 490 MeV)



Scenario Nr. 1: Kaon Condensate

J. Schaffner and I. N. Mishustin  
Phys. Rev. C 53, 3 (1996) 

Neutron

Kaon

No Pauli Blocking!

if  mK-* < μe-

e� ! K� + ⌫e

n ! K� + p

Since hadrons interact with each others
if  the ‘in-medium’ mass of  K- drop within 
dense nuclear matter it is even more 
favorable to produce strangeness



Large Masses Issue and Strangeness in NS
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• Production of  strangeness is energetically favourable  
• It relieves the Fermi pressure of  neutrons and protons 
• But… a decrease of  the pressure softens the EOS 
• Decrease of  the maximum mass of  neutron stars 
• 2 M    neutron star measured 
• EOS cannot be too soft 
• Some EOS are disfavoured, for example Antikaon condensate

.



Scenario Nr. 2: Hyperon Star

J. Schaffner-Bielich, NPA 804 (2008)

ρ0   2ρ0   3ρ0   4ρ0 …..

Neutron

Λ

Possible Processes:

This scenario might also be problematic since the hyperon appearance 
implies new degree of  freedom and hence a softening of  the EOS

n+ n ! n+ ⇤

p+ e� ! ⇤+ ⌫e�

n+ n ! p+ ⌃�

n+ e� ! ⌃� + ⌫e�

+ K
+ K
+ K
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Scenario Nr. 2: Hyperon Star

Neutron

Λ

Possible Processes:

Λp scattering length extracted from scattering data and hypernuclei data for average Λp  
potential

J. Haidenbauer, S. Petschauer et al.,  
Nucl. Phys. A 915 (2013) 24

n+ n ! n+ ⇤

p+ e� ! ⇤+ ⌫e�

n+ n ! p+ ⌃�
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Scenario Nr. 2: Hyperon Star

Neutron

Λ

Possible Processes:

Author's personal copy

J. Haidenbauer et al. / Nuclear Physics A 915 (2013) 24–58 43

Fig. 6. The Λp 1S0 and 1P1 phase shifts δ as a function of plab. The red/dark band shows the chiral EFT results to
NLO for variations of the cutoff in the range Λ = 500, . . . ,650 MeV, while the green/light band shows results to LO for
Λ = 550, . . . ,700 MeV. The dashed curve is the result of the Jülich ’04 meson-exchange potential [37].

Fig. 7. The Λp phase shifts for the coupled 3S1–3D1 partial wave as a function of plab. Same description of curves as
in Fig. 6.

state in the ΣN system. It should be said, however, that the majority of the meson-exchange
potentials [36,38,39] produce an unstable bound state, similar to our NLO interaction. The only
characteristic difference of the chiral EFT interactions to the meson-exchange potentials might
be the mixing parameter ϵ1 which is fairly large in the former case and close to 45◦ at the ΣN

threshold, see Fig. 7. It is a manifestation of the fact that the pertinent Λp T -matrices (for the
3S1 → 3S1, 3D1 → 3D1, and 3S1 ↔ 3D1 transitions) are all of the same magnitude.

The strong variation of the 3S1–3D1 amplitudes around the ΣN threshold is reflected in
an impressive increase in the Λp cross section at the corresponding energy, as seen in Fig. 2.
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Chiral SU(3) Effective Field Theory 
and Hyperon-Nucleon Interactionsrecall:

It all depends upon the Λ-N and Λ-ΝΝ interaction and whether or not it has a repulsive 
core  
This repulsive core could stiffen again the EOS allowing for heavy neutron stars

J. Haidenbauer, S. Petschauer et al.,  
Nucl. Phys. A 915 (2013) 24
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EOS with Hyperons

Lonardoni, et al. Phys. Rev. Lett. 114, 092301 (2015) 
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been performed. In this case the additional repulsion
provided by the model (II) pushes ⇢th⇤ towards a density
region where the contribution coming from the hyperon-
nucleon potential cannot be compensated by the gain in
kinetic energy. It has to be stressed that (I) and (II) give
qualitatively similar results for hypernuclei. This clearly
shows that an EoS constrained on the available binding
energies of light hypernuclei is not sufficient to draw any
definite conclusion about the composition of the neutron
star core.

The mass-radius relations for PNM and HNM obtained
by solving the Tolman-Oppenheimer-Volkoff (TOV)
equations [47] with the EoS of Fig. 1 are shown in Fig. 2.
The onset of ⇤ particles in neutron matter sizably reduces
the predicted maximum mass with respect to the PNM
case. The attractive feature of the two-body ⇤N interac-
tion leads to the very low maximum mass of 0.66(2)M�,
while the repulsive ⇤NN potential increases the pre-
dicted maximum mass to 1.36(5)M�. The latter result
is compatible with Hartree-Fock and Brueckner-Hartree-
Fock calculations (see for instance Refs. [2–5]).
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Figure 2. (Color online) Mass-radius relations. The key is
the same of Fig. 1. Full dots represent the predicted max-
imum masses. Horizontal bands at ⇠ 2M� are the ob-
served masses of the heavy pulsars PSR J1614-2230 [18] and
PSR J0348+0432 [19]. The grey shaded region is the excluded
part of the plot due to causality.

The repulsion introduced by the three-body force plays
a crucial role, substantially increasing the value of the
⇤ threshold density. In particular, when model (II) for
the ⇤NN force is used, the energy balance never favors
the onset of hyperons within the the density domain that
has been studied in the present work (⇢  0.56 fm�3).
It is interesting to observe that the mass-radius relation
for PNM up to ⇢ = 3.5⇢0 already predicts a NS mass
of 2.09(1)M� (black dot-dashed curve in Fig. 2). Even
if ⇤ particles would appear at higher baryon densities,
the predicted maximum mass is consistent with present

astrophysical observations.

In this Letter we have reported on the first Quantum
Monte Carlo calculations for hyperneutron matter, in-
cluding neutrons and ⇤ particles. As already verified
in hypernuclei, we found that the three-body hyperon-
nucleon interaction dramatically affects the onset of hy-
perons in neutron matter. When using a three-body
⇤NN force that overbinds hypernuclei, hyperons appear
around twice saturation density and the predicted max-
imum mass is 1.36(5)M�. By employing a hyperon-
nucleon-nucleon interaction that better reproduces the
experimental separation energies of medium-light hyper-
nuclei, the presence of hyperons is disfavored in the neu-
tron bulk at least until ⇢ = 0.56 fm�3 and the lower
limit for the predicted maximum mass is 2.09(1)M�.
Therefore, within the ⇤N model that we have consid-
ered, the presence of hyperons in the core of the neutron
stars cannot be satisfactory established and thus there is
no clear incompatibility with astrophysical observations
when lambdas are included. We conclude that in order to
discuss the role of hyperons - at least lambdas - in neu-
tron stars, the ⇤NN interaction cannot be completely
determined by fitting the available experimental energies
in ⇤ hypernuclei. In other words, the ⇤-neutron-neutron
component of the ⇤NN will need additional theoret-
ical investigation and a substantial additional amount
of experimental data. In particular, there are some
features of the hyperon-nucleon interaction (⇤-neutron-
neutron channels, spin-orbit contributions) which might
be efficiently constrained only by experiments involving
highly asymmetric hypernuclei and/or excitation of the
hyperon. We believe that our conclusions will not change
qualitatively if other hyperons and/or a v⇤⇤ are included
in the calculation.
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Reddy, A. W. Steiner, and R. B. Wiringa for stimulating
discussions. This research used resources of the National
Energy Research Scientific Computing Center (NERSC),
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under the NUCLEI SciDAC grant and A.L. by the De-
partment of Energy, Office of Nuclear Physics, under con-
tract No. DE-AC02-06CH11357. The work of S.G. was
also supported by a Los Alamos LDRD grant. F.P. is
also member of LISC, the Interdisciplinary Laboratory
of Computational Science, a joint venture of the Univer-
sity of Trento and the Bruno Kessler Foundation.
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⇤ particles. Such formulation is suggested by the fact
that in the Hamiltonian of Eq. (1) there is no ⇤⇤ poten-
tial. The reason for parametrizing the energy per particle
of hyperneutron matter as in Eq. (2) lies in the fact that,
within AFDMC, EHNM(⇢, x) can be easily evaluated only
for a discrete set of x values. They correspond to dif-
ferent number of neutrons (Nn = 66, 54, 38) and hyper-
ons (N⇤ = 1, 2, 14) in the simulation box giving momen-
tum closed shells. Hence, the function f(⇢, x) provides
an analytical parametrization for the difference between
Monte Carlo energies of hyperneutron matter and pure
neutron matter in the (⇢, x) domain that we have con-
sidered. Corrections for the finite-size effects due to the
interaction are included as described in Ref. [45] for both
nucleon-nucleon and hyperon-nucleon forces. Finite-size
effects on the neutron kinetic energy arising when using
different number of neutrons have been corrected adopt-
ing the same technique described in Ref. [46]. Possible
additional finite-size effects for the hypernuclear systems
have been reduced by considering energy differences be-
tween HNM and PNM calculated in the same simulation
box, and by correcting for the (small) change of neutron
density.

As can be inferred by Eq. (2), both hyperon-nucleon
potential and correlations contribute to f(⇢, x), whose
dependence on ⇢ and x can be conveniently exploited
within a cluster expansion scheme. Our parametriza-
tion is

f(⇢, x) = c1
x(1� x)⇢

⇢0
+ c2

x(1� x)2⇢2

⇢20
. (4)

Because the ⇤⇤ potential has not been included in the
model, we have only considered clusters with at most one
⇤. We checked that contributions coming from clusters
of two or more hyperons and three or more neutrons give
negligible contributions in the fitting procedure. We have
also tried other functional forms for f(x, ⇢), including
polytropes inspired by those of Ref. [20]. Moreover, we
have fitted the Monte Carlo results using different x data
sets. The final results weakly depend on the choice of
the parametrization and on the fit range, in particular
for the hyperon threshold density. The resulting EoSs
and mass-radius relations are represented by the shaded
bands in Fig. 1 and Fig. 2. The parameters c1 and c2
corresponding to the centroids of the figures are listed in
Tab. II.

Table II. Fitting parameters for the function f defined in
Eq. (4) for different hyperon-nucleon potentials.

hyperon-nucleon potential c1 [MeV] c2 [MeV]

⇤N �71.0(5) 23(2)

⇤N + ⇤NN (I) �77(2) 196(5)

⇤N + ⇤NN (II) �70(2) 283(5)

Once f(⇢, x) has been fitted, the chemical potentials
for neutrons and lambdas can be evaluated via

µn(⇢, x) =
@EHNM

@⇢n
, µ⇤(⇢, x) =

@EHNM

@⇢⇤
, (5)

where EHNM = ⇢EHNM is the energy density. The hy-
peron fraction as a function of the baryon density, x(⇢),
is obtained by imposing the condition µ⇤ = µn. The
⇤ threshold density ⇢th⇤ is determined where x(⇢) starts
being different from zero.

In Fig. 1 the EoS for PNM (green solid curve) and
HNM using the the two-body ⇤N interaction alone (red
dotted curve) and two- plus three-body hyperon-nucleon
force in the original parametrization (I) (blue dashed
curve) are displayed. As expected, the presence of hy-
perons makes the EoS softer. In particular, ⇢th⇤ =
0.24(1) fm�3 if hyperons only interact via the two-body
⇤N potential. As a matter of fact, within the AFDMC
framework hypernuclei turn out to be strongly overbound
when only the ⇤N interaction is employed [24, 25]. The
inclusion of the repulsive three-body force (model (I)),
stiffens the EoS and pushes the threshold density to
0.34(1) fm�3. In the inset of Fig. 1 the neutron and
lambda fractions are shown for the two HNM EoSs.

E 
[M

eV
]

l [fm-3]

PNM

RN

RN + RNN (I)

0

20

40

60

80

100

120

140

0.0 0.1 0.2 0.3 0.4 0.5 0.6

pa
rti

cl
e 

fra
ct

io
n

l [fm-3]

n

R R

0.2 0.3 0.4 0.5 0.6

10-2

10-1

100

Figure 1. (Color online) Equations of state. Green solid curve
refers to the PNM EoS calculated with the AV8’+UIX poten-
tial. The red dotted curve represents the EoS of hypermatter
with hyperons interacting via the two-body ⇤N force alone.
The blue dashed curve is obtained including the three-body
hyperon-nucleon potential in the parametrization (I). Shaded
regions represent the uncertainties on the results as reported
in the text. The vertical dotted lines indicate the ⇤ thresh-
old densities ⇢th⇤ . In the inset, neutron and lambdas fractions
corresponding to the two HNM EoSs.

Remarkably, we find that using the model (II) for
⇤NN the appearance of ⇤ particles in neutron matter is
energetically unfavored at least up to ⇢ = 0.56 fm�3, the
largest density for which Monte Carlo calculations have

Λ-N, Λ-NN Interaction, in particular 
the short range repulsive part 

determines the fate of  heavy hyperon 
stars.



Equation of state of dense hadron matter

Production

2/3-Body 
Interaction

Cold Nuclear Matter

Dense Nuclear Matter

Study of the strange-hadron properties within nuclear 
matter 
Still a puzzle with many missing pieces
Knowledge of the interaction is needed to etract an EOS 
with neutrons and strange hadrons.



•    -Nucleon 
•    -Nucleon-Nucleon 
⇤
⇤

Study of the strange-hadron properties within nuclear 
matter 
Still a puzzle with many missing pieces
Knowledge of the interaction is needed to etract an EOS 
with neutrons and strange hadrons.

Equation of state of dense hadron matter



HADES at GSI
Fixed Target experiments, Ekin~ AGeV

proton-proton proton-nucleus

π-nucleus

ρB ~ρ0

π-proton

Vacuum

Vienna University of Technology


Heavy-ion Collisions ρB <2-3 ρ0

T~ 80-100 MeV

mention that elementary 
collisions have been always 
considered mainly as references 
for the hic, where densities 
beyond nuclear matter can be 
formed.

This is one of the role they have 
but there is more.


The reactions we are referring 
here to happen at GeV, fixed 
target and in particular the data 
Im going to show refer to …



The ALICE Experiment

p+p at  

Experiment at the LHC Collider 
p
s = 7, 13TeV

Very good Particle Identification  
Energy Loss measurement in the large Volume 

Time Projection Chamber 
+ Measurement of  the time of  flight 
+ + Excellent secondary vertex reconstruction 

capability



Scenario Nr. 2: Hyperon Star

Neutron

Λ

Possible Processes:

Author's personal copy

J. Haidenbauer et al. / Nuclear Physics A 915 (2013) 24–58 43

Fig. 6. The Λp 1S0 and 1P1 phase shifts δ as a function of plab. The red/dark band shows the chiral EFT results to
NLO for variations of the cutoff in the range Λ = 500, . . . ,650 MeV, while the green/light band shows results to LO for
Λ = 550, . . . ,700 MeV. The dashed curve is the result of the Jülich ’04 meson-exchange potential [37].

Fig. 7. The Λp phase shifts for the coupled 3S1–3D1 partial wave as a function of plab. Same description of curves as
in Fig. 6.

state in the ΣN system. It should be said, however, that the majority of the meson-exchange
potentials [36,38,39] produce an unstable bound state, similar to our NLO interaction. The only
characteristic difference of the chiral EFT interactions to the meson-exchange potentials might
be the mixing parameter ϵ1 which is fairly large in the former case and close to 45◦ at the ΣN

threshold, see Fig. 7. It is a manifestation of the fact that the pertinent Λp T -matrices (for the
3S1 → 3S1, 3D1 → 3D1, and 3S1 ↔ 3D1 transitions) are all of the same magnitude.

The strong variation of the 3S1–3D1 amplitudes around the ΣN threshold is reflected in
an impressive increase in the Λp cross section at the corresponding energy, as seen in Fig. 2.
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Chiral SU(3) Effective Field Theory 
and Hyperon-Nucleon Interactionsrecall:

It all depends upon the Λ-N and Λ-ΝΝ interaction and whether or not it has a repulsive 
core  
This repulsive core could stiffen again the EOS allowing for heavy neutron stars

J. Haidenbauer, S. Petschauer et al.,  
Nucl. Phys. A 915 (2013) 24
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Experimental Evidences

Λ Hypernuclei and Λ-p scattering 

Λ-Nucleon Potential Σ-Nucleon Potential

?

U~ -30 MeV  (attractive) 
from Hypernuclei 

No idea yet about the momentum and 
density dependence 

No Idea at all 



Femtoscopy in p+A/p+p reactions

p+Nb, 3.5 GeV 

Surface where particles are emitted from 
Kinematic Freeze-out surface

Interaction

proton

⇤

Attractive     p Interaction⇤ Repulsive     p Interaction⇤



Femtoscopy in p+A/p+p reactions

Attractive     p Interaction⇤ Repulsive     p Interaction⇤

• We can measure     p pairs, their momentum and hence the 
distribution of  the momentum difference. 

• The source properties are taken from simulations.   

• -> By looking at the distribution of  the relative momentum we can 
infer on the final state interaction among the two particles

⇤



Correlation Function

Experimental Measurement

Theoretical Function

The theoretical function can be expressed in terms of  the scattering 
parameters assuming that the source can be parametrised by f.e. a 
Gaussian function and that the correlation function does not provide 
information about the short-range part of  the interaction.



The Experimental Data

p+p/A at 3.2 GeV p+p/A at 7 TeV

only 200.000 Λ/Σ but “clean” environment 
better knowledge of  the emitting source  

large Λ and Σ statistics (~ 3 Μevt ) but 
more complicated source to be described 

Λ

X

6 Particles/Evt 2000 Particles/Evt

RUN1



The Experimental Data

Intro

4

Theoretical basics:

Illustration:

k (MeV/c)

relative mom. in the CMS

Examples of  Correlations from Calculations

Coulomb Repulsion C(k)<1

Strong Attraction C(k)>1

Λ-p

p-p

F. Wang and S. Pratt, Phys. Rev. Lett. 83, 3138 (1999).



Sources from UrQMD



Sources from UrQMD



p-p correlation in p+Nb collisions at 3.5 GeV
1.2 Billions evts



Λ-p Correlation in p+Nb collisions at 3.5 GeV 

NLO
LO

Λ-p correlation function obtained by subsituting the NLO and the LO 
scattering length values in the Lednicky’s model.

Substitute scattering data!!

J. Adamczewski-Musch et al.,[HADES coll.] Phys. Rev. C. 94 (2016).

systematic of the error on the radius on 
the theory



p+p 7 TeV, RUN 1 ~250 Millions Events

ALICE data

Excellent Purity for ⇤ p� p̄ Correlation

Minijets background present for Baryon-Antivaryon correlation  
Not there for Baryon-Baryon correlation



p+p at much larger energies (7 TeV)

p-p Correlation Λp Correlation

systematic error only on the 
experimental data and extracted 
paprameters, radius in this case

Lines represent the fit for the standard 
case




p+p at much larger energies (7 TeV)

RUN1 Statistics 
Factor 5 more available from RUN2 Statistics ( middle of  2017) 
Extension to                              correlations ⌃0/⌃+/⌅� p

p-p Correlation Λp Correlation



p+p at much larger energies (7 TeV)

RUN1 Statistics 
Factor 5 more available from RUN2 Statistics ( middle of  2017) 
Extension to                              correlations ⌃0/⌃+/⌅� p

p-p Correlation Λp Correlation



Test-Bed for Lattice Calculations

Simulation of the particle 
Production and Freeze-

Out coordinates

After-Burner which 
includes the  relevant 

Interactions

Comparison with 
the measured 
correlations
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L ≃ 4 fm, mπ ≃ 470 MeV
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 Hyperon - Nucleon Interactions from Lattice QCD

T. Inoue et al.
(HAL QCD)

PTP 124 (2010) 591
Nucl. Phys.  

A881 (2012) 28

mps = 0.47GeV
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note:     strong short-distance repulsive interaction 
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mπ = 470 MeV 

instead of fitting one can use 
simulations and after-burners as CRAB 
to test full scale potential on the data

as those resulting from newest Lattice 
calculations

Tuning of 
the strong 
interaction

Hyperon-Nucleon Correlation 
Hyperon-Nucleon-Nucleon 
Correlation?? 

Mainly a matter of  statistics 



Our Afterburner 

Idea:  
• Event generator (UrQMD or EPOS) or Gaussian distriburion for the 

source sampling   
• Schrödinger equation solver  

Output: 
Theoretical correlation function to be compared with the experimental 
data

CATS



Correlation Analysis Tool using the Schrödinger  equation

CATS

Exact solution, no asymptotic solution (large distances) as in CRAB* 
* http://www.pa.msu.edu/~pratts/freecodes/crab/home.html
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Source in EPOS

f(x) =
1

⇡(1 + x

2)

Cauchy Function:

The EPOS generator does not deliver a Gaussian source! 
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pp correlation are obtained with 
EPOS+CATS do not match the 
experimental data. 
But a Gaussian source + CATS 
does it.



Correlation⇤� ⇤
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The agreement is more 
reasonable for UrQMD+ CATS



• Hadron-Hadron interactions have to be understood in detail to 
compute a realistic EOS for neutron stars 

• New tools to study Hyperon-Nucleon interaction:Femtoscopy in 
elementary reactions 

• pp and Lambda-p correlations studied with the HADES and ALICE 
data. 

Summary and Outlook



The Group
http://www.denseandstrange.ph.tum.de
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