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‘Pretimimarj nokes

You can find material in the following books :

1. "Nuclear Methods and the Nuclear Equation of State”, edited bv M. Baldo,
International Review of Nuclear Physics ¥, (1999), World Scientific,.

2. “Neutrowm Stars 17, Equation of State and Structure,
Y. Haensel, A, Potelchin, D, Yakovlev, 2007, Springer

3. “Properties of the huclear medium’,
M. Baldo & G.F. Burgio, Reports on Progress in Physics, 78 (2012) oz6301,

For current research I'll give references during the lectures,



Schematic view of a neutron star

Outer crust. Nuclei immersed in an electron gas, as in
normal metal. In the outer part, matter is expec&ed ko

conbkain *oFe,

M ~1.4M, R~10-14 km

Inner crust. By increasing density, electrons are beta-

captured by nuclei, which become more and more neutron-
rich, Due to large asymmelry, the neutron chemical potential
becomes positive and the neutrons drip out of the nucletl. At
drip point, besides electrons and nuclei, a gas of free
neutrons th chemical equitibrium is Praseh&. Nuclei melt

ECS in the v // down and nuclear matter sebs tn starting from drip point up

coreis a to about half the saturation de.v\si.ﬁj.
MYSTERY :

soft?

moderate? 74 Outer core. As:jmme&ric nuclear matter above saturation.,
stiff? h nuclear density

Py=4x10" g/cc=
neutron drip Iks exack compostﬁon ciapev\d.s own the nuclear makter

Equation of State (E09).

Mainly composed by neutrons, protons, electrons and muons.

Inner core. The most unkihown region. “Exotic makbter” .
ijerohs ? Kaowns ? Quarks ¢

1. E0S in the crust is knowin reo\sona\bi.j well
2. E0S in the outer core is not very cerbain
3. E0S in the Uner core is a m-;s&erv
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J. Lattimer, A, Rev. Nucl. Part. Sci. (012)
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Need of a microscopic
description of the £E0S5 !
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Strong nteractions and
Neubrown Stars

in the first model of a neutron star strong
nteractions were neglected => a pure Fermi gas.
Oppenheimer-Volkotf (1939) obtained a maximum
mass value equal to ©.71M.. Subsequent
observations of the Hulse-Taylor bimarv pulsar,
with 1.44 Mo, tell us that strong interactions are
crucial for understanding neubron stars.




Hadrowniec inkeracktions n dense mwatker

% Hadronic Interaction is given by the quantum
chromodynamics (QCD). The weak interaction
enters the problem only indirectly by opening
some channels for reaching the ground state of
the watter, whereas the electromagnetic
interaction plays almost no role for the E0S.

Y Hadrownic Hamiltonian cannot be presently
derived from the QCD, === we have to use
phenomenological models of hadronic
inkeraction, based on wmesonic theories, where
strong interaction is modeled by the exchange of
Mesons,



W Most refined and complete phenomenological models constructed for

the NN interactions. Tested using thousands of experimental data on NN
scattering cross sections supplemented with experimental properties on

deubteron.,

*Experimem&ai information on the MM&LQOM“P\;}PQ\”OV\ interactions

available only for the lowest-mass hyperons A and 3. Mainly obtained
from studies of hypernuclei. A few data (35 1) : the interaction models are
incomplete. No experimental data on hyperon-hyperon interaction.

X Three bc;)ci:;e interactions, Two-body hadronic interactions yield only a
part of the hadronic Hamiltonian of dense matter. At densities typical of NS
core, interactions nvolving three and more hadrons might be important,
Our experimental knowledge of three-body interaction is restricted to
nucleons. The three-nucleon (NNN) force is necessary to reproduce
properties of SH and 3He and to obtain correct parameters of symmetric

nuclear matbter ab sakuration.



Sikebch of the NN inkeraction

At large distance, v > 1 fm, the
tnkteraction is abtkractive with an
axpohah&iat tail.

At tntermediate distance, 08 <r <1
fm, a stronger attraction is present, at
least once an average is made over the
different channels,

200

republee |
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Lore

- 100
At short distance, r < 0.5 fm, a strong S

repu,tsi.ve core is i any case prasem&
(an infinite impeme&rabi.e barrier was
assumed in early calculations).

o CAVEAT ! Mve_rgem‘:v Probi&m %Y
mamvmbodv caleculakions, Standard
yer%urba&iom theory not o\‘w?u«co\bm !




Several NN potentials available tn Likerakure

Fit to pp data  Reild('6%), Njimegen ('7%), Paris (o)
Fit to np data  Urbana vi4 (‘#1), Argonne vig ('g4), Bonn ('¥7)

Potential models which have been ik only to the np data often
give a poor description of the pp data, and viceversa 3y

Fit to both np and pp data : only a Limited set of forces remain

1. Argonne viz (strictly local in each channel, Wiringa 1995)
2. CD Bownn potential (0BE, Machleidt Roo1)
3. IS potential (non-local modifications of vis, Doleschall 2004)



A moderin NN po&emﬁai : Argolne V1¥

The Argonne viz potential has been fit to the Nijmegen pp and np scattering
cross section, NN phase shifts and deuteron binding ehergy,

(20 + DE™ -1 P (D)

(do/dQ),, [mb]

hp differentiol cross section
Eepm=100 MeV

A nown-relativisktic NN Po&en&mt can be
expressed. in terms of a set of operators
acting on the spin (o) and isospin ()
variables of the two nucleons, as well
as on the relative angular momentum

(L), the botal spin operators S, and 1 the
relakive coordinakte.

The form of the operators is dictated
by symmetbry requirements :
Eranslational and rotational invariance,
charge independence of the nuclear
forces, parity and time-reversal
symmetry,
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In operatorial form the Argonne vi¥ NN potential is expressed

bvz

feﬁuorrfcrarce . | -
Of [t o S S B o) S>]®[“ ik

Lo ‘o, S a@ and 1: +T, t PRCS1, 3% (1996)

Wiringa et al.,

The first fourteen terms express charge independence
(corresponding to Vin=Vinp=vpp ) The four additional operators
are small and breal the charge independence.

In coordinate representation each term is mulkiplied by a form
factor v, which is in general a non-local potential and

describes the possible velocity dependence of the NN potential.
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Solving the nuclear
manvwbo»c{v Prmbl&m



Phenomenological vs. ab tnikio
approaahes

Phenomeno ogica approaches Ab initio approachcs
| L

Based on effective density-dependent NN force

with paramefers fitted on nuclei properties. The nuclear problem is solved starting from the

two- and three-body realistic nucleon interaction.

Liquid Drop models . .
<> BPS Baym et al, ApT 170, 299 (1971) Diagrammatic
<> BBP Baym et al., NPA 175, 225 (1971) BBG Day, RMP39, 719 (1967)
< LS Lattimer&Swesty, NPA 535, 331 (1991) SCGF Kadanoff&Baym, Quantum
<> DH Douchin&Haensel, A&A 380, 151 (2001) Statistical Mechanics (1962)
TF + RMF DBHF Ter Haar&Malfiet, Phys, Rep. 149,
< Shen et al., NPA 637 435 (1998) 207 (1987);
ETFSI + Eff. Skyrme force Variational
<> BSK Goriely et al.,PRc 82, 035804 (2010) APR Akmal et al., PRC 58, 1804 (1998)
Hartree-Fock FHNC Fantoni&Rosati, Nuovo Cimento A20,
< NV Negele&Vautherin, Npa 207, 298 (1973) 179 (1974)
<> RMF Serot&Walecka, Adv. NP 16, 1 (1986) CBF Fabrocini&Fantoni, PLB 298,
<> RHF Boussy et al., PRL 55, 1731 (1985) 263(1993)
%> QMC Guichon et al., NPA 814, 66 (2008) LOCV Owen et al., NPA 277, 45 (1978)
Statistical models Monte Carlo
<> NSE Raduta&Gulminelli. PRc 82, 065801 < VMC Wiringa, PRC43, 1585 (1991)
(2010) <> GFMC Carlson, PRcé8, 025802 (2003)

<> I(-SIOI-)IempeI&SchaFFner-Blellch, NPA 837, 210 & AFDMC Schmidt&Fantoni, PLE446, 99
(1999)

Chiral SU(3) model
DexheimerstSchramm, Apd 6% 3, 943 (00%)




Dlagramwmatic technique I1:
The Bruckner theory of nuclear matter

The Brueckner-Hartree-Fock theory is based on the Goldstone expansion, which s
perturbation series for the ground-state energy of a many- body system.
The theory amounts to ordinary perturbation theory expressed in a tractable form.

We will first consider a system of a certain number A of identical nucleons whose
Hamilkonian is the sum of the kinetic energies of all the particles plus the sum of the
two-body interactions between them, ie.,

H, = E(—k +U.)

i=l ""n

s what is left over.



CAVEATS

* The introduction of the single-particle potential U (auxiliary potential) is intended
to wmake numerical calculation easier. Since the total Hamiltonian does not involve
U, the final result should in principle be independent of U. However, the enerqy is to
be calculated as an expansion in powers of Hy, and the expansion will converge more
rapidly for some choices of U than for others. Thus we must bry to choose U in such
a way that the energy expansion converges rapidly enough to be useful for practical
calculations,

* Ordinary perturbation theory cannot be used in its commonly used form for nuclear
calculations because the strong short-range repulsion in the NN potential makes all
the matrix elements very large, and the series cannot converge.

The strong shorb-range repulsion causes a similar difficulty in the problem of NN
scattering. If owne calculates the scattering wabrix T to first order in V (Born
agproxima&ion), then one obtains a large and inaccurate resulk. But f one calculates
to all orders in V (kwo-particle Schroedinger eq.), then one obtains the correct result.

T=V+V—— T : H=Hy+V

H,- E +i¢

G,= (Hy —E +ig)™
T = V+ VGV + VG VGV +

16



The RBethe-Groldstone equ&%mv\

The procedure followed for nuclear matter is analogous to the btreabtment of NN
scattering, All terms in the expansion of the Hamiltonian are rearranged in such a
way that each matrix element of V is replaced by an infinite series which takes
account the two-body interaction to all orders of the potential.

The quantity that replaces the Ewo-—bodj potential V is called the reaction walbrix &
and calculating the reaction matrix is equivalent to solving a Schrodinger equation
which describes the scattering of two particles in the presence of all the others. The
G-matrix is well-behaved even for a singular two-body force, all terms in this new
perturbation series are finite and of reasonable size,

kk‘ ( w:sfarhngmergy
p;

single-particle energy

U(k:p)=Re z <kk'|G(p;w)|kk '>a

k'skg
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Binding enerqe

E(p)=7}) +D,+D;+....

A

Da = contribution of all diagrams
with n-body correlations

Keeping the Ew0-bc>c:{j correlations, one gels the Brueckner-Hartree-Fock
approximation for the binding energy

| —(;0)—éﬁ -~ 2 (kk|G P“’]|"">

52m 2p

L.LJc

Is the per&urbo\ﬁve_ expansion
convergent ? YES |

Phys. Rev. C65,
017303 (2001).

o The contribution of the three body correlations is small.
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Dlagrammatic technique 11 :
Self-consistent Green's ffumc&mms (SCF)

vElegant method based on the Martin-Schwinger hierarchy of Green’s Functions
v More complete treatment of the NN correlations.

£0S of nuclear matter :

~(p.T) == / (f;’;3 /- ‘ﬁj‘:; (E +o) Alk w)(@).

SF’Q&N‘L AFMM‘?&E«OV\ Alow) = —— —Amxko) N
7 [0 —EE _ReX(k,0)]2 + [ImZ(k, 0)]?

QQSM&S ﬁfc}r kO& MQM&T’OM m&&&ar : CPB‘ONN Argonne V18
i

]00 001002003

More i ¢

T=20 MeV

(6002) 6424
“ovopIA R ‘sT104, ‘so)

Energy, E/A [MeV]
L] Lre) .
Energy, E/A [MeV]

Ramos, Polls & Dickhoff, Nucl. Phys. A 503, 1 (19%9)

T =10 MeV

Muether & Dickhoff, Phys. Rev. C 72, 054313 (2005) v i b i SRS
/ 16 2 32 08 ).16 2

3 3
Somd &% Boz ek, Phys. Rev. C 7%, 054003 (oo%) p [fm"] p [fm~]

1%
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The variational method in its practical form
Pandharipande & Wiringa, 1979; Lagaris & Pandharipande, 19%1

POIESEON ; o PROCESIEN e 2 N - e o r s v B (I A s 4 T . AN

The variaktional method is based on the Ritz's principle,
according to which the expectation value of the Hamiltonian is
stationary with respect to variations about the eigenvectors

for an arbitrary variation OV of ¥

In the variational method one assumes that the ground state wave
function ¥ can be written in the following form

@)= f6)00.n..)

where @ is the unperturbed ground state wave function, properly
am&isvmm&riz.ed, and khe F»rodu.«r:& runs over all Po—ssibi.& Aiskinct pairs
of particles.
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The correlation factor f(ry) is here determined by the
variational principle, Le. bj assuming that the mean value of the
Hamiltonian gets a minimum (or in general stationary PCJLM&)

b (P|H|w)

o [ww)

This is o functional equation for the correlation function f,
which can be expanded in the same spin-isospin, spin-orbit and
tensor aperaEars appearing i the NN interaction.

The best nowin and most used variational nuclear mabtter £0S is
the one bv Aleral, ?&Mdharipa&\de, Ravenhall (APR E£0S, PRC §¥%,
1¥04 (199%))

20



Quantum Mownte Carlo methods
© VMC, GFMC, AFDMC : MC sampling of a prababiti&j densiby

o Variational MC : variational method for the approximation of the g.s. A
specific class of trial wave functions is considered, and using Monte
Carlo quadrature to evaluate the multidimensional integrals, the enerqy
with respect to changes in a set of variational parameters is minimized.

min{<\I/II\I' >}2E

o GFMC : best when an accurate brial wave function (VM) is available, \a’erj
accurate for Llight nuclei, but increasingly wore difficult for Llarger
systems (Exponential growth of the computing time). The largest nuclear
GFMC calculations are for the 12C nucleus, and for systems of 16
neukromns,

o AFDMC : extended GFMC ko include a diffusion in the spin and isospin
states of the individual nucleons. More efficient in btreating homogeneous
neutron wmatter It does require the use of simpler trial wave functions -»
not yet quite flexible in the treating complex nuclear Hamiltonians.

AC’&V&M&QSQS : finikte nuclei - virtually exact, BUT only local NN potentials

1



AFDMC EoS for neutron matter
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Gandolfi et al, (Ro14)

The £0S of neubron matker with only 2BF
(red Lline) and including 38F (black Line). Results
obtained with Avg’ potential.
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‘D@.pemd@.m«:@. on Ehe manfj*badj scheme:
BHF vs. APR

* For the full interaction (Avig) qood agreement between
var, and BBG up to 0.6 fm-3 (symmetric and neutron
makter).

* The many-body treatment of nuclear wmatter £0S can be
considered well understood up to density below 0.6 fm™>

O

APR O Neubtron malkbter

01 02 03 04 05 06 07 08 09
p (fm™)

R3



The main differences between BBG and variational
mebhod:

a) In BBRG the kinetic energy conbribution is k‘eFJE ab iks uuper&urbed
value at all orders of the expansion, while all correlations are
embodied in the interaction energy part. In the variational, both
iinetic and interaction parts are directly modified by the
correlation factors,

) No single particle potential is inkroduced in variational.

In BRG the 5. po&em&iai is inkroduced in the expansion and
improves the rate of convergence.

Ak Ewc:»*bc}d:g level, both methods give quite similar results.
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ALL non-relativistic many-body methods fail to reproduce the correct
saturation point.
Three-body forces need to be included.

They must allow to reproduce “reasov\abt'j well” also
the data on three and four nucleon systems.

They must be consistent with the Ewo-*bocij force
i

adcp&ed ; Ontj par&&atbj axytored

RE



Missing the saturation Fwimﬁ

Coester et al,,
Phys. Rev. C1, 769 (1970)

Svs&ema&&&s bfj R. Machleidk,
Adv, Nucl, Phys. 19%9

Brueckrey ‘52

&/A (MeV)

Coester band

O Bl 6.6%

% O avia 81z

e Resulks c&epemd on the

adop&eci NN pa&emﬁah
O sen e The saturation Foim& Ls
0 wo 441 missed even including
the 3hl.

Binding energy (MeV)

RE



Role of TBF's on the saturation point

o No complete theory available yet .
@Compare Fhemomemotogwat and microscopic appraa«tkes‘

zH. Li, U. Lombardo, H.-3. Schulze, W. Zuo,
Urbana IX model rre e el

Carlson et al.,, NP A401(19%3) 89

New Coester band

.- - . -

AC ¥vig+sv-UIX
B g V18
N93; V18+UIX

*
BA'APARVI4 @C

PAR

VIE0ag 14
N33 NII
L et ¥ )

oNI

@® BHF
B CD
% BHF+TNF ® >

¥ VCS
A DBHF

Microscopic model
P. Grange’ et al, PR C40, (19%9) 1040

N3 @
IS@

A®

l
1
;
-

016 020 024 028 032 036 040 044
p (fm?)

* TR+ needed to improve sakurakion Foi‘m&.

* anamdemce o NN po&em&iai.

* Uncertain high*d@\si&v behavicur due to
unlknowin TBF,
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Including TBF's and
comparing up to high demsi;ﬁv

o TBF's parameters fitted
etbther to NM saturation : e ——
point or to finite nuclei : B

; 2BF
$JSe ' ® Variational

o TBFs are different in
etbther methods,

o Good agreement i SNM up
to 0.4 fm-3

o Large désampanav ok the
high density typical of a NS
core,

RY¥



Comyare to @.xperimen&at
and observakional daka
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The EoS : where Ao we skand ?

Structure properties known for about

3339 nuclides

Binding enerqy in the Liquid Drop Model
Extrapolating the mass formula for A > o0 in
the symmetric case, the binding energy close
to saturation is usually expanded as

E 1 1 i
~(0,8) = Bo+ Ko +|So — zLe+ zKoyme*| B°
A(Pﬁ) 0+18 0" + |So 3€+8 ym€ | B
Pn — Pp EZIO_IOO
i 5 Po
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Close ko sabturabkion ...

* EO ~ —16 MeV
2E/A
dic?

o
-
~
-~
v

* Kozk%< ) ~ 230 + 20 MeV
PO

-
RETRREN

Resulks confirmed by expt. on K* production in HIC

* Largest c&ensﬂ:j exptoreci P o0 N R2-3 pe

: 0&\{3 calculations wikth a «t:ompre.ssi,cm 1%0 £ K, £ 250 MeV
can describe the data (Fuchs, 2001)

e and bj collective flow data

*  Transverse flow measurements in Au + Au
collisions at £/A=0.5 to 10 GeV

* Flow data exclude very r@.pu,i.sive.

J
PP,

equations of state

g1 P Danielewicz, Science 29%, 1692 (Roo2)



The Symmetbry Energy So

10°E/A

A - 9B82

=0

Analyses of Terrestrial Experiments e S e
2% o ol B
B.A.LL [T T -

N, Pwwema e e
‘Summo\rtj tallke
@Nu,Sjml.a
TFaNazl o0y

Mass
(1e5)

+ YET

(2010)
|

0

-
2D
—_
-
—
~
e
—
e

sym

Average=31.3341

The ey mc:}bi.em is iks ciev\s&ug dewamdente
E;'x' 21 Skyrme forces vs QM&»

Low demsi&-j : Sensitivity
ko observables d«.@.peno\em&
on the N/Z asjmmeﬁrj

High density : a few
experimental prabes.

o 2 8 B & B & 4 B




The slope parameter L

S
PO do |p,

% Lagrangian and Hebeler et al. PRL105 (2010) 161102
Q. Montecarlo Neutron Matter and Gandolfi ez al. PRCS85 (2012) 032801 (R)

| |Neutron Star Data Steiner et al. Astrophys. J. 722 (2010) 33

p & o scattering ““Neutron Skin Lie-Wen Chen et al. PRC 82 (2010) 024321

‘harge ex.
charge ex Centelles ¢f al. PRL 102 (2009) 122502

L=3

Antiprotonic : ]
Atoms I ron Skin- Warda et al. PRC 80 (2009) 024316

Moller et al. PRL 108 (2012) 052501

Danielewicz NPA 727 (2003) 233
: Empirical Agrawal et al. PRL109 (2012) 262501
I n—p Emission Ratio Famiano et al. PRL 97 (2006) 052701

Tsang et al. PRL 103 (2009) 122701

Dipole Polarizability

GDR
PDR

N—A scattering PDR

Charge Ex. Reactions B 2
Energy Levels EEPHICAE L Dlenuas Xu et al. PRC 82 (2010) 054607
Parity Violating —

e-scattering PREX Collab. PRL 108 112502 (2012)

60 80 100 120

Taken from

X. Vinas ek al 4-4 ¢ L ¢ &% Me\;

EPIA 50:27 (2014) a5



Mass weasuremenks

e = R R e R o

Cumpita&mm boj J. La&&ingﬁr

o Several soft
N
excluded !



EoS from as%raghvswat observations

TOV inversion to get model imdegemden& EoS

* 3 bype-I X-ray bursters (F. 0zel (2009,2010))
* 3 transient low-mass X-ray binaries

* Cooling of RX J1556-3754 —]—

— Raaall earake

P (MeV/fm’)

Steiner, Lattimer, Brownh,
Apd (2010)

200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 16001800
£ MeV/fm’) € (MeV/fm")

Table 3. Prnor limits for the EOS parameters

Quantity Lower limit Upper limit

Param Q%T‘L&Qd oS q roevn | w0 om

E (MeV) 1000
K \ / £ 5, (MeV) 28
e M K 155As =l Uil Y 02
B{ B B g D e m () 02
2 2/3 3 o<l SR pogvit oo
+ (1-—2x) {Sku e Spuq + Zhex(3m2nyz) Y } £ (MeV f-3)
4 £, (MeV fm ) &
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P. Danielewicz, Science 29%, 1892 (Roo2)

L - £ P

3' Microscopic EoS ik

|

Flow data
BHF, AV18 + UVIX TBF

BHF, AV18 + micro TBF

BHF, Bonn B + micro TBF
APR, AV18 + UVIX TBF

 DBHF

well ery\omemotagwai w ’
data of heavy ion o |
collistons.

|
S

relativistic BHF

P [MeV fm

V
i
A
A
N
[2

Symmetric nuclear matter

TABLE 1. Calculated properties of symmetric nuclear matter.

EoS po (Fm™) ﬁ (MeV) Ky (MeV) So (MeV) L (MeV)
BHF, Av,s + UVIX TBF 0.16 —15.98 212.4 319 529

BHF, Avis + micro TBF 0.2 —155 236 313 82.7
BHF, Bonn B + micro TBF 0.17 —16. 254 30.3 59.2
APR, Av;y + UVIX TBF 0.16 —16. 247.3 339 53.8
DBHF, Bonn A 0.18 —16.15 230 34.4 69.4

G, Taranto et al., Phys. Rev. C¥7, 045%03 (ro13)
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Micrsaogi ma»@.i.s aomra&bi@. wikh
existing data .
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Direck URCA processes A NS

Directk URCA processes (not considered before
1991) are

n—ptet+ve, pte—n+v,,

f 72—->p+/l+v#, p+/-l«_—’n+l/p.

Tkevj are allowed ombj ab a rather high demsi&v ak
which the proton fraction xp, » 0,11-0,14 (Lattimer
ek al. 1991).

><
=
2
g
]
&
o
S
=)
)
Sy
o

1f Direct URCA operate, bthen a mcumsu,perﬂmd NS
core cools to 10” K in a minute, and to 167 K in
a year. If they are not allowed, the time scales
will be one year and i3 years respectively,

0
01 02 03 04 05 06 07 08

p ('fm>3)

The symmelbry energy is crucial for determining
the proton fraction.

3%



"Recipe” for neutron star
skructure calculations

E?mergv d@.&r\siﬁv 2 a0 — ., D, e gl Ll 5

Oe
Chemical potentials : ni= 5~

Be&a*equiubrmw\ s by =Ty, — Qi
Charge neutrality : > =i =0

Composition :  z;(p)

\ : d(e/p
Equation of Stake :p(p) =5 ( d/ )(p, zi(p))
P
A Gm (e + P)(1 + 47r°P/m)
TOV equ&&ioms : e S 1_ 2Gm
dm
=L )



BHF, Av .+ UVIX TBF
BHF, Av, .+ micro TBF
= === BHF, Bonn B + micro TBF
+ m— = APR, Av,_+ UVIXTBF
* == = DBHF

7 8 9 10 11 12 13 14 0O 4 6 8 10
R[km)] p/p,

Neubrown Skar wass M and radius R

Different many-body techniques and matter compositions predict

different results for the M-R relakion,
40



Including kjp@.rom

p N = qqq ;; (939 MeV)

% . v . AV (1116 MeV)
. u.“VM, \ ' . Y = qgs: v+0- (1193 MeV)

Vax : Argonne, Bonn, Paris, ..

Vv : Nijmegen (NSCB89, NSC97)
Vyy : 7 {no scaltering data)

Extension of the BRG theory,

Several reaction channels involved, more time consuming calculations

A few experimental data on nucleon-hyperon interaction.
Nijmegen parametrization, Phys, Rev. C40, 2226 (19%9) (NSC%9)

Unilenowin HH inkeraction.
Use of NSC97 and ESCo¥

Strong consequences for NS structure.
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Paris + TBF Av,, + TBF

— npe u — npe u
------- npe u, freeY
== Nnpe pu,nteracting Y == NPpe ., interacting Y

Pressure (MeV fm’s)

-
-
-
-

12 0 02 04
Baryon density p (fm‘a)

EoS of hyperonic star matter

Strong softening due to hyperons :
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Using different NY potentials

TBF + ESC08

® .
D Moaxinmum mass

independent of

2
=
o
NY Fenkbial .
/ O QM b& s | 00 0.2 04 06 08 1 0 02 04 06 08 1 0 02 04 08 08 1 0 02 04 06 o8 1 12
pBIlm'SI pgl '3] Pg | .QI Psllmgl

% Maximum mass
too low (214 =
Mo ! )

S Hyperonic TBF'
do not keip..

V18+UIX+ESCO08

H%@IOM Puz..zle e
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ka does a huclear hjsi;a‘is&
s%u,dv stellar oscillations of
neuktron skars ?

When a neubrown star is Fer&urbed bj some external or internal
event, it can be set into non-radial, damped oscillations, the
quasi-normal modes (@NM) which produce GW emission. The
detection of the various pulsation modes bj GW detectors
(ADVLIGO, Adwirgo) will allow to measure the oscillation
frequencies and damping times of the QNM, which Carry
information on the structure and £o0$ of a neutrown star.

(Andersson & Kokkotas °98; Benhar et al., 04, '07)
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1) To infer the value os the star mass
M and the radius R

2) To discriminate among ditferent
Equations of State

3) Emilting source as NS or Quark star

f-mode frequency

Choose a set of modern E0S :
APR1 W, p, ). Variakional mebthod.,
APRB20O (1, p, L) & quark matter (MIT bag)
W, py L. Brueckner approach,
(V\;PIE: A, LD
G240 (WpL, AE L). RMF model.
(Strange quark matter)

Solve the TOV egs. for the equilibrium configurations. Find M-R.

Solve the Lindblom-Detweiler eqgs. for the QNM. Find frequencies v APHEE =

and damping times .

——

'L |
C e——

Efmpiricat relations - v vs. average dev\si,bj and © vs. compac&m«ass.
18
MM,

"Erom Benhar et al,
PRD 70 (R004) 124018
4-6



Gravitational waveforms for all binaries
wikh equat masses ahd nuclear pkvsit‘:s EoS.

from Talkami et al., PRD 91(2018)064001
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