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STRANGENESS IN NUCLEAR PHYSICS



STRANGENESS IN ASTROPHYSICS:   NEUTRON STARS
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Microscopic models  (realistic N-N interactions)
- Meson exchange (e.g. Brueckner Hartree Fock models )
- Chiral perturbation theory

Phenomenological models 
- Effective density dependent interactions
- Parameters adjusted to reproduce nuclear and 
  hypernuclear observables

Non-relativistic (Skyrme interactions )

Relativistic Mean Field Models (RMF)
- baryon-baryon interaction mediated by meson exchange
- nucleonic couplings fitted to properties of bulk nuclear 
matter (GL, GM1) or to properties of nuclei ( NL3, TM1, 
FSUGold)
- hyperonic couplings fixed by symmetry relations and 
hypernuclear data

NS EOS: THEORETICAL MODELS

Radial profile of NN-potential 



LABORATORY CONSTRAINTS ON EOS

Energy of a hyperon in sp orbits 
s,p,d,f,g of hypernuclei 

deduced from (K-, π -) and
 (π +, K+) reactions

D.C. and I. Vidaña, EPJA 52 (2016) 29
N-N interaction : fairly well known
- scattering data
- measured properties of nuclei

Y-N interaction : poorly constrained
- short lifetime of Y
- low intensity beam flux
- ΛN and ΣN scattering events ~ 600

Y-Y interaction : hardly any constraints
- no scattering data

Hypernuclei (YN bound systems)
- 40 single Λ-hypernuclei and few double-Λ
- no Σ hypernuclei confirmed yet

 Strangeness exchange reactions 
(CERN, BNL, KEK, J-PARC)

Associate production reactions 
(BNL, KEK, GSI)

Electro-production reactions 
(JLAB,MAMI-C)



NS Astrophysical Observables

Spin frequency

Mass

Radius

Moment of inertia

Gravitational redshift

Cooling



IMPLICATIONS ON ASTROPHYSICS: NS MAXIMUM MASS

Effect of presence of hyperons on 
EoS and mass of a NS

D.C. and I. Vidaña, EPJA 52 (2016) 29

Mmax(theo) > Mmax(obs) 



Constraints from Neutron Star masses : 
Relativistic binaries 

     Keplerian parameters
• Orbital period Pb

• Projected semi-major axis x = (ap sin i) / c
• Orbital eccentricity e
• Longitude of periastron ω
• Epoch of periastron passage T0

     Post-Keplerian Parameters                                                                        .                                                           • Relativistic advance of periastron ω

• Gravitational redshift and time dilation γ      
                                                .
• Orbital decay in period Pb

• Shapiro time delay (range r and shape s)



Figure 3: Neutron star (NS) mass-radius diagram. The plot shows non-
rotating mass versus physical radius for several typical NS equations of state
(EOS)[25]. The horizontal bands show the observational constraint from our
J1614−2230 mass measurement of 1.97±0.04 M!, similar measurements for
two other millsecond pulsars[3, 26], and the range of observed masses for
double NS binaries[2]. Any EOS line that does not intersect the J1614−2230
band is ruled out by this measurement. In particular, most EOS curves in-
volving exotic matter, such as kaon condensates or hyperons, tend to predict
maximum NS masses well below 2.0 M!, and are therefore ruled out.
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SOLVING THE HYPERON PUZZLE: HYPERON-HYPERON REPULSION

S. Weissenborn, D.C. and J. Schaffner-Bielich,  PRC 85 (2012); PRC 90 (2014)

RMF EoSs including YY-repulsion and M-R relation
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SOLVING THE HYPERON PUZZLE: HYPERON-HYPERON REPULSION

S. Weissenborn, D.C. and J. Schaffner-Bielich,  NPA 881 (2012);  PRC 85 (2012)
Colucci and Sedrakian PRC 87 (2013)

Oertel Providencia Gulminelli and Raduta, J.Phys. G  42 (2015)
Lopes and Menezes PRC 89(2014)

Char and Banik PRC 90 (2014) 

RMF EoSs including
 YY-repulsion and 
 M-R relation

D.C. and I. Vidaña, EPJA 52 (2016) 29



Effect of 3N and hyperonic 3BF
on energy/particle of NM and HM

D.C. and I. Vidaña, EPJA 52 (2016) 29

SOLVING THE HYPERON PUZZLE: HYPERONIC 3-BODY FORCES

EoS and M-R relations using 
(a)-(b) BHF, 
(c)-(d) MPP, 
(e)-(f) Quantum MC 

Vidaña+, EPL 94 (2011)
Yamamoto+, PRC 88 (2013)

Lonardoni+, PRL 114 (2015) 



SOLVING THE HYPERON PUZZLE: PHASE TRANSITION TO QM
Hadron-Quark phase transition

Schramm, Dexheimer, Negreiros (2016)

 Weissenborn, Sagert, Hempel, Pagliara and Schaffner-Bielich,  ApJ 740 (2011)



SOFT EOS FROM HEAVY-ION DATA

KaoS experiment, GSI Darmstadt

I. Sagert, C. Sturm, D. C., L.Tolos and J. Schaffner-Bielich,  PRC 85 (2012)
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Kaon production in heavy-ion collisions
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Sturm et al. (KaoS collaboration), PRL 2001

Fuchs, Faessler, Zabrodin, Zheng, PRL 2001

Kaons produced by
associated production:
NN→ NΛK, NN→NNKK

in-medium processes
(rescattering): πN → ΛK,
πΛ → NK

nuclear matter is
compressed up to 3n0!

long mean-free path of
kaons: kaons can escape
high density matter

– p.11

Sturm et al. (KaoS collaboration), PRL 2001

Extreme Properties of Neutron Stars
• The most compact configurations occur when the
low-density equation of state is "soft" and the
high-density equation of state is "stiff".
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J.M. Lattimer, WE-Heraeus School on Nuclear Astrophysics in the Cosmos, GSI, 13/07/10 – p. 34/67

Lattimer, GSI, 2010
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per nucleon (1 AGeV)—this corre-
sponds to approximately 90% of the
velocity of light—and let them collide
with gold nuclei at rest.  In the overlap
zone of the colliding nuclei part of the
nucleons can interact so energetically
that they are excited to resonance sta-
tes. A so-called fireball consisting of
mesons and baryons with a temperatu-
re of about 80 MeV is created. In the
final phase of the reaction, when the
density decreases, the resonances
again decay into nucleons and mesons.

The experiments have been concei-
ved to determine how the newly crea-
ted particles behave in their hot and
dense environment and thus throw
light on the properties of this medium.
The instruments utilised at GSI to gain
such insight are the kaon spectrometer
KAOS, the FOPI detector, the photon
spectrometer TAPS and the fragment
separator FRS.

Equation of State for Nuclear
Matter

In collision experiments, we obtain
indirect access to information about the
behavior of nuclear matter as a func-
tion of density and temperature – the
so-called equation of state for nuclear
matter. Of primary importance is the
energy balance. One part of the energy
available in the collision is used to com-
press the nuclear matter. This portion,
the compression energy, corresponds to
potential energy,  the type of energy sto-
red in a compressed spring, for exam-
ple. The remaining energy is converted
into thermal motion of the nucleons
(undirected kinetic energy) and is avai-
lable for the production of new particles
in collisions between the constituents of
the fireball.

With the expansion of the fireball
following the compression phase, the

compression energy is released. Nucle-
ar fragments and newly created par-
ticles separate collectively in a radial
expansion (see GSI-Nachrichten 1/97).
The thermal energy of the fireball can
be estimated from the type and number
of the newly created particles and from
their energy and momentum spectra.
Since the total energy of the accelerated
ions is known, one gets also an estima-
te for the compression energy in the
initial phase of the reaction.

The measurement of particle pro-
duction in heavy-ion collisions thus
offers a possibility for studying the
equation of state for higher densities.
Additional information can be gained
by measuring the radial flow of
nucleons and light fragments.

The particles most frequently crea-
ted in the collision of two nucleons are
the pions. However, utilising pions to
draw conclusions about the properties

I n  central collisions of gold ions
at energies of 1 Gigaelectronvolt per
nucleon, some 100 protons and deu-
terons and about 40 pions are emitted
from the fireball region. However,
only one out of 30 collisions leads to
the production of a kaon. The kaon
spectrometer was optimised for stu-
dying these rare events.  It is capable
of determining the momentum and
charge of the particles, their emission
angle, the centrality of the reaction
including the total number of partici-
pating nucleons, and the orientation
of the reaction plane. The momentum
is measured via the deflection angle
of the particle in the magnetic field
and its recorded hit position in the
focal plane. The velocity is deduced
by reconstructing the flight path and

T H E  K A O N  S P E C T R O M E T E R

measuring the time of flight. With these
quantities known, the rest mass and

thus the particle species can be unam-
biguously determined. !
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How does nuclear matter respond
when it is compressed and heated?
What role do strange particles play in
hot, dense nuclear matter? Do the
properties of the particles change
under such extreme conditions? The
answers to these questions are of
fundamental significance for our
understanding of the strong interac-
tion. They also have great relevance
for topics in astrophysics, where they
can help answer questions such as:
Under what conditions will the explo-
sion of a supernova result in a neu-
tron star and when will it produce a
black hole?

Two particles, the kaon K+ and its
antiparticle K-, are highly relevant to
the answer. Using the synchrotron at
GSI in Darmstadt, it is possible to stu-
dy heavy-ion collisions in which
kaons are created. With a magnetic
spectrometer the number, energy,
and emission angle of the kaons pro-
duced can be determined. Thereby,
we not only acquire information
about the state and properties of
nuclear matter under extreme condi-
tions, but also obtain first indications
that the nuclear environment itself
affects the kaon properties. The fact
that substantially more antikaons
than expected are produced in hot
dense nuclear matter—at first, a sur-
prising result—opens up several inte-
resting possibilities.

Just like all material around us, the
properties of nuclear matter are also
subject to the influence of pressure,
density and temperature. In particular,
it is important for cosmologists to know,
for example, how strongly nuclear mat-
ter resists attempts to compress it. Hea-
vy-ion collisions at relativistic energies
provide the only way  to create and stu-
dy hot, compressed nuclear matter in
the laboratory.

To compress the protons and neu-
trons inside the nucleus to approxima-
tely 2.5 times normal nuclear density,
researchers at GSI accelerate gold
nuclei to energies of 1 Gigaelectronvolt

Strange Particles Probe
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Matter
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K+ meson production in heavy-ion collisions 

Pions: late freeze out

Kaons:
- direct early production: high density 
phase

- isovector channel effects
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• Measurement of R can also serve to constrain 
EoS and estimate strangeness content Ns/NB

• For a given M,  R decreases linearly with increase 
in total hyperon content
• M = 1-1.6 Msol , RHS  >13 km due to pre-hyperon 
stiffening required for the EoS 

Fortin et al., (2015) 

IMPLICATIONS ON ASTROPHYSICS: NS RADII 

Providencia and Rabhi, PRC(2013)



MG vs MB for neutrino-free 
and neutrino-trapped matter

D.C. and I. Vidaña, EPJA 52 (2016) 29

IMPLICATIONS ON ASTROPHYSICS: BH FORMATION



Possible sources of cooling

Leptonic weak processes

         hyperon Urca process :
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IMPLICATIONS ON ASTROPHYSICS: PNS COOLING



Generic to all rotating NSs 

Unstable by CFS mechanism: amplitude grows 
due to own gravitational radiation-reaction; 
sources of GW

Damped by (shear, bulk) viscosity, depends on the 
composition of NS interior

Shear viscosity: from momentum transport due to 
particle scattering

Bulk viscosity: from variation in pressure and 
density when the system is driven away from 
chemical equilibrium

timescale associated with growth/dissipation
τζ, η » τGW : r-mode unstable, star spins down
τζ, η « τGW : r-mode damped, star can spin rapidly

Possible sources of bulk viscosity

Leptonic weak processes

         hyperon Urca process :

Non-leptonic processes involving hyperons
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IMPLICATIONS ON ASTROPHYSICS: R-MODES
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IMPLICATIONS ON ASTROPHYSICS: R-MODES

r-mode instability damped by leptonic 
bulk viscosity at high T and 
non-leptonic bulk viscosity at low T

In the intermediate T regime, there 
exists an Instability window

leptonic
non-leptonic

instability 
window

D.C. and D. Bandyopadhyay, PRD 74 (2006)
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non-leptonic bulk viscosity at low T

In the intermediate T regime, there 
exists an Instability window

leptonic
non-leptonic

instability 
window

D.C. and D. Bandyopadhyay, PRD 74 (2006)



p-mode r-mode

Non-radial Oscillations:
f-modes: fundamental
g-modes: buoyancy
p-modes: pressure
R-modes: Coriolis force
w-modes: space-time

G W detectors

IMPLICATIONS ON ASTROPHYSICS: GW EMISSION



Detection of w­mode frequencies can constrain composition of NSs 

Frequency and damping time for different EoSs can be calculated as functions of NS structure 
parameters such as M, R and compactness M/R 

First order phase transition can lead to a stable third family branch of compact stars with higher 
compactness (smaller radii) than NSs. Axial w­mode frequencies can be used to discriminate between a 
neutron star and its compact twin. 

D.C. and D. Bandyopadhyay, PRD 80 (2009)

IMPLICATIONS ON ASTROPHYSICS: AXIAL-W MODES



NS mergers 

G W detectors

IMPLICATIONS ON ASTROPHYSICS: GW EMISSION



SUMMARY
  

   The presence of hyperons in finite nuclear systems is well established 
experimentally, and it is conjectured that hyperons should also be present in NSs 

  As NSs possess large densities and n-p asymmetries beyond the reach of nuclear 
and hypernuclear experiments, one must rely on theoretical models, with parameters 
fitted to properties of SNM at nuclear saturation density and then extrapolated

  If present, hyperons should display particular signatures in astrophysical 
phenomena involving NSs. Thus astrophysical observables may provide constraints 
on properties of hyperons in dense matter

  The appearance of hyperons relieves the Fermi pressure, softens the Equation of 
State and reduces the maximum M. Thus observations of large NS masses puts 
stringent constraints on models of hyperons

  NS Radii may provide estimates on maximum strangeness fraction in NSs 

  Urca processes involving hyperons should contribute to additional fast cooling 
in NSs, unless suppressed by hyperon SF

  Hyperon non-leptonic weak reactions may provide additional bulk viscosity, 
that may help to damp out unstable R-modes in rapidly rotating young NSs, thus 
limiting the emission of GWs during spindown to slowly rotating NSs 



OUTLOOK

  
   Future experiments on Ξ-hypernuclei planned at J-PARC will help constrain the 

Ξ-N interaction as well as double Λ-hypernuclei produced by decay of  Ξ- captured 
in atomic orbit 

   Future experiments planned in BNL, KEK, J-PARC with K beams and at FAIR 
with protons and antiprotons will study double-strange hypernuclei which may 
constrain Λ-Λ interaction 

 Forthcoming HIC experiments will provide information on compressed baryonic 
matter at intermediate energies, densities relevant for NS interior where exotic 
components can appear

 Investigations using ions with varying Z/N ratios may allow the possibility to 
probe isospin asymmetry of dense matter

  Lattice QCD (HAL QCD) calculations may provide high precision predictions in 
future, in particular for channels where only few experimental data are available, 
e.g., the hyperon-nucleon interaction
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