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Preliminary notes

1. "Nuclear Methods and the Nuclear Equation of State”, edited by M. Baldo,
International Review of Nuclear Physics 8, (1999), World Scientific.

2. “Neutron Stars I”, Equation of State and Structure,
P. Haensel, A. Potekhin, D. Yakovlev, 2007, Springer.

3. "Equations of State for Supernovae and compact stars”,
M. Oertel, M. Hempel, T. Klahn, & S. Typel,
Review of Modern Physics, 89, (2017), 015007.

4. "Neutron Stars and the Nuclear Equation of State”,
G.F. Burgio, H.-J. Schulze, |. Vidafia & J.-B. Wei,
Progress in Particle & Nuclear Physics, 120 (2021) 103879.

Further references will be given during the lecture.



Schematic view of a neutron star

Inner crust:
ion lattice, soaked in
in atmosphere: superfluid neutrons G ks

,He,C... \ / ions, electrons

VF'VFV r = Outer crust. Nucleiimmersed in an electron gas.

VFFFFr 4I1ﬂ11gr:.|113‘ ) . P
VFV'VVVFV' ) Inner crust. Electrons beta captured by nuclei —-> neutron-rich —->

drip point. Gas of free neutrons. Nuclei melt down and nuclear matter sets
In starting from drip point up to about half the saturation density.

Outer core. Asymmetric nuclear matter above saturation. Mainly
composed by neutrons, protons, and leptons. Exact composition dependent on
the nuclear matter Equation of State (EoS).

InNner core. The most unknown region. “Exotic matter” . Hyperons ?
Kaons ? Quarks ?

4+ EO0S In the crust known reasonably well
4+ EOS in the outer core not very certain
4+ EO0S in the inner core : a mystery
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What do we need ?

Exact theory to deal with

(a) Strong interactions of particles of
different species

(b) Many-body effects in dense matter

DDME1
=l \\hat do we have ?

Many drastically different theoretical
models!




Equation of State @T=0
P=P(¢) or P=P(n)

>* Input needed to close the equation of hydrostatic equilibrium and the one of mass conservation for
describing compact star configurations.

>* In nuclear physics, additional forms of the EOS in terms of the binding energy per particle E» as a
function of baryon number density ns:

Eb_Eb €

12 (nB):@_mN

* Easy transformation into the one for the pressure P by using thermodynamic relations:

d(Ep/A)
P =n% an,

* Slope of the energy per particle as a function of ns directly proportional to the pressure.
>* Minimum in the energy per particle ——> vanishing pressure ——> stable equilibrated matter.



Tolman-Oppenheimer-Volkoff equations

‘- We consider static spherically symmetric stars.

dP Gm(r)e(r) 4713 2Gm (r)
A 2 ( 2) (1 2)( ) -
dr r e(r)c m(r)c
dm(r
d1(" ) _ 4rtre(r)
First term on r.h.s. : Newtonian term from d P Gm(r)e(r)
hydrostatic equilibrium, with e
e(r) the mass density. dr T2

Three correction terms from GR.

» Coupling of gravity to the energy density £(r) and the pressure P(r) of matter.
* Moadification of the mass function m(r) due to the pressure.

» Moadification of the radius.

‘— The equation of state is needed to close the _
system of equations. P=P (E)



' 'j;_‘f_-_‘ﬁ;;.-f" ; Solving the TOV equations

The TOV eqgs. are first--order differential equations, which have to be integrated with the following boundary conditions:
M(r=0) =0, P(r=R) = P,

Usually one takes P ;= 0 or P s = P(Pee), With pe, = 7.86 g/cm? being the density of solid *°Fe. This defines the surface of
the star, and specifies the radius R.

The TOV egs. are integrated for a given value of the central density p. (or equivalently of the central pressure P.), and the
solution M(r;p.), P(r; p.) depends parametrically on p..

The TOV mass

There is a maximum value of the gravitational mass of a neutron star that a given
EOS can support. Similarity with Chandrasekhar mass for WD.

The existence of a finite value for the maximum mass of a neutron star implies that
configurations with Mg greater than Mov will collapse to a black hole.

Stable configurations can be obtained only when This condition is necessary
but not sufficient for stability. Hence, configurations on the decreasing branch of the
function are unstable, and on the rising branch are stable. The stable branch

terminates in the point where This point sets the maximum value for the
gravitational mass of a stable neutron star.




Relevance of the EoS
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1. Heavy 1on collisions (small N/Z, high T) e by Siealleo s

in each case !

2. Supernovae and Neutron Stars A nuclear matter

(high N/Z, high (small) T in SN (INS)) e ory must Beable

3. Binary NS merger and GW emission to treat all these
(high density, high N/Z and T) bhysical situations.




The construction of the EoS

A challenging task

Fischer et al., 2021

i - Baryon density, log. .(p [g cm™
* Wide range of temperature, density and Y ty, log, ,(p [g cm™])
Isospin asymmetry reached in 8 9 10 11 12 18
astrophysical scenarios. nuclear density

~==-T=0.5 MeV

* Role of the hadronic interaction and its
complexity

* Complicated solution of the nuclear
many-body problem
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Overview of the strong interaction in dense matter

>* Hadronic Hamiltonian can, in principle, be derived
from the underlying quark-gluon dynamics in QCD.

* However, because of the sign problem raised by the
non-perturbative character of QCD at low and

Intermediate energies (As behaviour) one is far from
a quantitative understanding of the baryon-baryon
interaction from the QCD point of view.

>* Solution : to adopt simplified models where the
hadronic degrees of freedom are the relevant ones.

* Use of phenomenological models of the hadronic
Interaction : meson exchange models and

*
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Meson-exchange models

Based on the Yukawa theory : baryon-baryon interaction is mediated by the exchange of mesons.

— At large distance, attractive interaction mediated by
pseudoscalar mesons (11,K,n,n’ )

— At intermediate distance, a stronger attraction Is
present, at least once an average is made over the
different channels. Scalar mesons (o,k,0)

T
T
=
LEI
=
=
B

— At short distance, r < 0.5 fm, a strong repulsive
core is present. Vector mesons : (p,K*,w,®P).

CAVEAT ! At short distance, serious
divergency problems in many-body
calculations. Standard perturbation theory not
applicable !

Paris, Bonn, Nijmegen.

YN and YY meson exchange potentials : Machleidt et al., Phys. Rep. 149, 1 (1987)
Nagels et al.,, PRD 17, 768 (1978)
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Potential models

A modern NN potential : Argonne v18

N ————————

| ]
e .II § r'I”.I
(Rl '

i

\A non-relativistic NN potential can be
lexpressed in terms of a set of operators

|acting on the spin (o) and isospin (T) (o1 - a2)(m1 - 72) Spiit — isospn
\variables of the two nucleons, as well as
on the relative angular momentum (L),

'the total spin operators S, and I the (e loatl _ (a oaa))(TLcTa)  tensor — isospin
relative coordinate.

ATl — SpHn

Hery -F )y -r) - - ;
—— — |my - g ferisen

1.8 spin — orbit

!
' The form of the operators is dictated by

symmetry requirements : translational
and rotational invariance, charge
Independence of the nuclear forces,
parity and time-reversal symmetry.

LE S I L S P T
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In operatorial form the Argonne v18 NN potential is expressed by :

tensor fore

[1a o, (SHL- 'i’."_ r(a cr}(."_ T}]Iﬁ-]]r 7, .

isotensor forch Wiringa et al.,

PRC51, 38 (1995)

Lo o,.5,] "5[.3:':"_::-' and { T+ Ty)

The first fourteen terms express charge independence (corresponding t0 Vnn=Vnp=Vpp).
The four additional operators are small and break the charge independence.

In coordinate representation each term is multiplied by a form factor vp which is in

general a non-local potential and describes the possible velocity dependence of the
NN potential.
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Several NN potentials available in literature

Fit to pp data Reid(’68), Njimegen ('78), Paris ('80)
Fit to np data Urbana v14 ('81), Argonne v14 ('84), Bonn ('87)

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

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

1. Argonne vig (strictly local in each channel, Wiringa 1995)
2. CD Bonn potential (OBE, Machleidt 2001)
3. IS potential (non-local modifications of vig, Doleschall 2004)
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Three-body forces

Two-body hadronic interactions yield only a part of the hadronic Hamiltonian of dense matter. At
densities typical of NS core, interactions involving 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 3H and 3He, and to obtain correct parameters of

symmetric nuclear matter at saturation.

* No complete theory available yet .
* Compare phenomenological and microscopic approaches.

v Urbana IX model v Microscopic model
Carlson et al., NP A401,(1983) 59 P. Grange’ et al, PR C40, (1989) 1040

TBF needed to improve saturation point.

Dependence on NN potential.

Uncertain high-density behaviour due to unknown TBF. 2" TR W I VR (R
PRC 74, 047304 (2006)
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Chiral perturbation expansion (ChPE)

2N Force 3N Force 4N Force 5N Force

X

Phase Shift (deg)
Phase Shift (deg)
Mixing Parameter (deg)
Phase Shift (deg)

100 200
Lab. Energy (MeV)

g g g
£ £ £
@ ® @
8 8 ]
B 8 £
o o o

200
Lab. Energy (MeV)

Phase Shift (deg)
Phase Shift (deg)
Mixing Parameter (deg)

Lab. Energy (MeV) Lab. Energy (MeV) Lab. Energy (MeV) Lab. Energy (MeV)

e Starting point : quark and gluons as relevant degrees of
freedom. Bridge between the low-energy hadron physics
phenomena with the underlying QCD structure of the
baryons.

« Weinberg (1990-91) : EFT based on the QCD broken
symmetries.

 ChPE used to construct NN interactions of reasonably good
quality in reproducing the two-body data.

 Various contributions to the potential systematically
calculated order by order. Calculation of two-nucleon and
many-nucleon forces in a consistent manner.

CAVEAT ! ChPE valid for not too large momenta (i.e.density) of
Weinberg, PLB 251, 288 (1990); NPB 363, 3 (1991) nuclear matter. Safe maximum density around the saturation value.

Entem & Machleidt, PRC 68, 041001(R) (2003)
Epelbaum et al., NPA 747, 363 (2005) 16



mermanie  RENormalization group (RG) method

4+ The short—range hard core of the NN interaction V makes any perturbation
expansion in terms of V meaningless

4+ How to soften it ? Integrating out all the momenta q larger than a certain
cut-off A —-> effective interaction Viow k €quivalent to the original one for

momenta q < A

Paris
==« Bonn
TJ|||1| e |

V, o (k.k) [fm]

il TIE
I Bonn
== [daho A

4+ Result > a modified Lippmann-Schwinger equation with a cut-off dependent
effective potential Viow k

Viow k (k', fI)T(q, k: E;,;]
k? —q* +in

f ‘ 2
T (k' k:Ep) = Vigy 1 (k' k) + - F’fn:iq-q2

miode] 1
\ miole] 11
4+ Imposing dT(k’, k; Ex)/dA=0, one gets an exact RG flow equation for Viow « ¥ Paris
] Bonn A
Mijmegen |
Mijmegen 1
Argonne v
I Bonn
ldaho A

de“, k [_.k’, k} i Eviﬂw s [k’r k)T{.ﬂr k: ﬁz}

dA _ﬂ'.' 1_k:fﬂz

Cut-off A taken at g = 2.1fm~1 (300 MeV lab. data)
RG potential : softer, phase shift equivalent and energy independent !
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cont.

4+ Softer potential : can be used in nuclear structure calculations and perturbation expansions.

4+ Method applied also to the hyperon-nucleon case. The results seem to indicate a similar convergence to
a “universal” softer low-momentum hyperon-nucleon interaction.

T A - ) P D AT
Baryon-baryon interactions from Lattice QCD

+ Construction of a baryon—baryon interaction based on lattice QCD.
% Extremely expensive from the numerical point of view.

% Current simulations can be performed only with large quark masses.
+ Two different collaborations and strategies : HALQCD & NPLQCD.

* HALQCD investigation of the properties of nuclei and the EoS of nuclear matter. Binding energy per nucleon with a

uniform mass-number A dependence, consistent with the Bethe—Weizsacker mass formula, but bound at a quark mass
corresponding to a pion mass of 469 MeV.

* NPLQcd : in the strangeness sector determination of the binding energies of light hypernuclei. Results for NN, NY and
YY interactions.

18






Two different philosophies toward the construction of the
nuclear EoS
Phenomenological vs. ab initio approaches

Phenomenological approaches Ab initio approaches

« NSE models. NSE, virial EoS.

more in : Neutron stars and the nuclear equation of state,
F.B., HJ Schulze, I. Vidana, JB Wei, PPNP 120 (2021) 103879,
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Diagrammatic technique (1):
The (Dirac)-Brueckner theory of nuclear matter

The (Dirac)-Brueckner-Hartree-Fock theory is based on the Goldstone expansion,

which is a perturbation series for the ground-state energy of a many-body system.

Consider a system of A identical nucleons whose Hamiltonian is

the sum of the kinetic energies of all the particles plus the sum
of the two-body interactions

The above equation splits H into two parts. The unperturbed A
Hamiltonian Ho is the sum of the kinetic energy T and a one-
body potential operator U.

The perturbation is what is left over. #
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CAVEATS |

* The introduction of the single-particle potential U (auxiliary potential) is intended to make numerical calculation
easier. Since the total Hamiltonian does not involve U, the final result should in principle be independent of U.
However, the energy is to be calculated as an expansion in powers of Hi, and the expansion will converge more
rapidly for some choices of U than for others. Thus we must try 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 short-range repulsion causes a similar difficulty in the problem of NN scattering. If one calculates the
scattering matrix T to first order in V (Born approximation), then one obtains a large and inaccurate result. But if
one calculates to all orders in V (two-particle Schroedinger eq.), then one obtains the correct result.

T=F+F;_T: H=H,+V
H,- E +i¢

G,= (Hy— E+is)?
= V+ VGV + VG VG,V +

23



The Bethe-Goldstone equation

The procedure followed for nuclear matter is analogous to the
treatment 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 guantity that replaces the two-body potential V is called the
reaction maitrix _G; 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.

Stopping the perturbative series at first order (keep the two-
body correlations only), one gets the Brueckner-Hartree-Fock
approximation for the binding energy.

» .""‘{ d

K. Brueckner

u)gu\
G(p;w)=V $'
(prw)=V+ ek )—e(k) p m}(

kky

w=sfarting energy

e(k: P] _ j‘_r_n +U(k; P} single-particle energy

U(k; p)=Re E {kkn|ﬁ(p;m}|kk }E

k'skg

— Y (kk'|G[p;0] |kk")

-PLJJ

The perturbative expansion Is convergent !
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The relativistic BHF

Introducing the in-medium relativistic G-matrix.
Nuclear mean field in terms of scalar and vector
components

Use of spinor formalism, equivalent to introduce
a special TBF, the Z-diagram, nucleon-anti
nucleon pair which gives a repulsive
contribution.

Stiffer EoS than the non-relativistic case.
Superluminal EoS at large density.
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The variational method in its practical form
Pandharipande & Wiringa, 1979; Lagaris & Pandharipande, 1981

The variational 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 &Y of ¥

In the variational method one assumes that the ground state wave
function W can be written in the following form , being @ the
unperturbed ground state wave function, properly antisymmetrized,
and the product runs over all possible distinct pairs of particles.

. . . - 6 (¥|H|w)

The correlation factor f(rij) Is determined by the variational — 11~ =0
principle, i.e. by assuming that the mean value of the af '1:_]'1’"1’}'
Hamiltonian has a stationary point.

This is a functional equation for the correlation function f,
which can be expanded in the same spin-isospin, spin-orbit

and tensor operators appearing in the NN interaction.

The best known and most used variational nuclear matter EoS is the one by

L 2()/




Dependence on the many-body scheme:
BHF vs. APR

Main differences :

a) In BHF the kinetic energy
contribution is kept at its unperturbed
value at all orders of the expansion, while
all correlations are embodied in the
Interaction energy part. In the variational,

g

&
-
<
<
m

both kinetic and interaction parts are "0 01 02 03 04 05 06 07 08 09 1
directly modified by the correlation factors. p (fm)
o) In BHE th anial At two-body level, both
wem e I R= L SIS S SIS methods give quite similar
Introduced in the expansion and improves it
reSults.

the rate of convergence. In the variational,
no single particle potential is introduced.
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Diagrammatic technique |l :
Self-consistent Green’ s functions (SCGF)

v Elegant method based on the Martin-Schwinger hierarchy of Green’s Functions

v More complete treatment of the NN correlations.

EoS of nuclear matter :

(P, T)=—

E v [ dk f dow 1 ('FIE.I:E

N pt (2 ) 2m 2

e ISk o
Spectral function : . | 2UmX(k, o)

- 2m

Self-energy

@ — T _ ReS(k,@)]2 + [ImE(k, @)]2

2m

Results for hot neutron matter :

More In :

Ramos, Polls & Dickhoff, Nucl. Phys. A 503, 1 (1989)
Muether & Dickhoff, Phys. Rev. C 72, 054313 (2005)
Soma & Boz ek, Phys. Rev. C 78, 054003 (2008)

Energy, E/A [MeV]

28

Energy, E/A [MeV]

0.08 0.16 (.24 0.32 0.08 0.16
. 3 . 3
p [fm ] p [fm ]

+o ) Ak, o) f(®).

(6002)
6.04d ‘BUBPIA % ‘S||0d ‘sOIY



ie
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ie

, { < U H|T >
min '

< U\ >
Quantum Monte Carlo methods
VMC, GFMC, AFDMC : MC sampling of a probabillity density

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

GFMC : best when an accurate trial wave function (VM) is available, Very
accurate for light nuclel, but increasingly more difficult for larger systems
(Exponential growth of the computing time). The largest nuclear GFMC
calculations are for the 12C nucleus, and for systems of 16 neutrons.

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

Advantages . finite nuclei - virtually exact, BUT only local NN potentials

AS

}

> K



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 “reasonably well” also
the data on three and four nucleon systems.

They must be consistent with the two-body force
adopted . Only partially explored !




Role of TBF's on the saturation point

 No complete theory available yet .
« Compare phenomenological and microscopic approaches.

Z.H. Li, U. Lombardo, H.-J. Schulze, W. Zuo,
PRC 74, 047304 (2006)

Urbana IX model
Carlson et al., NP A401,(1983) 59

S
@
=
<
o0

Microscopic model
P. Grange’ et al, PR C40, (1989) 1040

016 020 0.24 028 032 036 040 044

p (fm™)

* TBF needed to improve saturation point.

* Dependence on NN potential.
* Uncertain high-density behaviour due to unknown TBF.

ol




Including TBF’s and comparing up to
high density

— BHF Micro 3BF
- = BHF Urbana 3BF
TBF’s parameters fitted either to NM - 2BF

saturation point or to finite nuclei g.s. B
TBF’s are different in either methods.
Good agreement in SNM up to 0.4 fm-3

Large discrepancy at the high density
typical of a NS core.

0 02 04 06 08
p (fm )
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Mean-field models with Skyrme and Gogny interactions

+ Use effective interactions : simpler structure than realistic
Interactions used Iin ab initio approaches.

+ Dependence on a number of parameters (10-15) fitted to different
properties of several nuclei and nuclear matter properties.

+ Typical representatives : Skyrme and Gogny forces in non-relativistic
calculations and meson-exchange forces in relativistic mean-field
models.

+ Caveat : extrapolation to exotic conditions has to be considered with
caution

+ Phenomenological approaches are the most widely used methods to
construct EoSs for astrophysical applications.

34



Skyrme : Effective zero-range density dependent interaction

V™) = to(1 + 20 P, )6 (r12)

‘|'%(1 + 21 P,) [kaS(I‘u) i 5(1‘12)122}
+ta(1 + 22 Py )k - 6(r12)k
+ts(1 + 23P)0(r12) 0% (Rar)

+1 Wy (6’1 —+ 6'2) kTCs(I‘lg)

Free parameters : ti, xi, a, Who.

Gogny : Effective finite-range density dependent interaction

o s
'Vl(zc' gny) — Z exp (_122)
j=1,2
S ) . . Less number of parameters wrt Skyrme.

x (Wj + B;P, — H; P, — MjP,,PT)
+t3(1 + 2o P,)d(r12) 0% (R12)
+iWi, (61 + 62) - kTo(ri2)k

Numerically more complicated because of the finite-range terms.
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Relativistic mean-field models

Starting point : In which the baryon-baryon
Interaction Is given in terms of meson exchange

L= ﬁnuc + ﬁmes + ﬁint

Ling = — Z Vi [V (Guw” + 7 - gpp*) + go0] i

£nuc — Z ";z (’}/Mzaul _ mz) wz
i=n,p 1=n,p
1 2 2
1 pv 1 2 I
1 pHv 1 o, 1
__Hﬂ»v H™ + §mppﬂ P

Gy, = 8w, — 8w, and H,, = 8,5, — 8,75,

Applying the mean field approximation, i.e. replacing the meson fields o,w,p by their expectation
values and the baryon currents by their ground state expectations generated by the presence of

mean meson fields, the EoS can be obtained
36



» Energy density

1, 1 NS SPYIRCI 2,1 5
E=E ’”N[EN'J’) +—cm, (E .‘-l"j,") +:m” n,'j,.-“ +;m nmu,a + — HI \pu

4 P Z 2

> Pressure

l SN 3 1 7\ 4 1 1 2
p_——b.fﬂ ( N {J#) —E{THIN(ELJ\ 1,U+) ;Fﬂu \.Ue' -+ — f'ﬂ '*fﬂD-" + _Jl.fﬂ ".,pH

Y oN Y !
.L -

Il 2], 41 pk k*dk k
+— B  —————
3¢ 2 f \ k* +(4F;|r:t.H +8., {:cr})ﬁ 3 E 1.'5- +m;

B=npAxX 202t E",EY

Nucleon coupling constants : goN, gwN, JeN, b and c are fixed by the nuclear
matter properties at saturation (density, binding energy, compressibility,
symmetry energy, effective mass).

Hyperon coupling constants : goy, Jwy, Jpey constrained by A binding energy
In nuclear matter, hypernuclei properties and NS maximum observed mass.
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Comparing ab-initio and phenomenological approaches :
Binding and Symmetry energy

(a) SNM, microscopic (b) SNM, phenomenological

A

RV

——BOB - P 5 .

— : arge variations over
N93 -

—— UIX - ------ DDME1 PV

——APR - DDME2 o

—— DBHF - ] v % t )

——FSS2CC : e

——FSS2GC -

m S density range

E/A [MeV]

Symmetry energy

Esym(P) = Epym(p) — Esnm ()

38



Direct URCA processes In NS

n—p+e+1v,, p+e—mn+ur,,

n—p+put+vy,, P+ —n+rvy.

They are allowed only at a rather high density at which
the proton fraction xp > 0.11-0.14 (Lattimer et al. 1991).

If Direct URCA operate, then a non-superfluid NS core
cools to 10° K in a minute, and to 108 K in a year. If
they are not allowed, the time scales will be one year
and 10° years respectively.

Proton fraction x_

A
ra
. .
xDURC: o

The symmetry energy is crucial for determining the D1 0203 04 05 06 07 0s
proton fraction. p (fm ")
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INSERT A FEW SLIDES ABOUT METAMODELS




From clustered to homogeneous matter :
the crust-core transition

Pressure ionization  Neutronization Neutron drip Pasta phase Proton drip Uniform matter

10* 107 10" 104 density (g/cm?)

@
=00 0000
0 000 @000 0¥l

, oo 900 Qillil

o
Qo

Envelope Outer crust Inner crust
iron atoms neutron rich nuclei, e nuclear clusters,

— ne AN J

Solid crust Mantle Outer core
body centered cubic nuclear pasta n,p,e

Coulomb lattice

Chamel&Haensel, Living Reviews in Relativity 11 (2008), 10

The crust exhibits various phases but with e, p, n only: its properties
can be fully determined by known atomic and nuclear physics. \

Even though the crust of a NS represents about 1% of the stellar mass and 10% of
the radius, the crust is crucial because it is related to many astrophysical

phenomena, e.g.

e pulsar glitches (sudden spin-ups)

¢ nucleosynthesis in NS mergers

e gravitational wave emission
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EoS of clustered and non-
uniform matter

Insert slides about SNA and NSE models




* Common prescription : treating the core and the crust of the star with different nuclear
models. This non-unified treatment of the equation of state leads to errors on on the
modeling of mass, radius, and moment of inertia, of a cold neutron star.

* Need to develop a unified theory which is able to describe the overall structure of
Neutron Stars, from the outer crust to the inner core.

* There are a few EoS devised to describe the whole NS within a unified theoretical

framework.
Baldo et al., 1308.2304

v Lattimer-Swesty (CLDM, EoS from Skyrme effective force).

v Shen (Thomas-Fermi scheme and RMF model).

v Douchin-Haensel (CLDM, SLy4 force fitted to microscopic neutron
matter calculations).

v BSK (ETFSI, Skyrme force fitted to known masses of nuclei and
microscopic neutron matter calculations with different stiffness). | i pa

v BCPM (Energy Density Functional designed from BHF computations,
used in the Thomas-Fermi approximation for the inner crust).

Strong effect for the radius of
canonical mass star
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What do we know to include hyperons in the EoS ?
Unfortunately much less than in the nucleonic sector, in order
to put stringent constraints in the NY and YY interaction.




The experimental situation for the A hyperon regards Y

single particle energies of hypernuclei from e o A ereta. | > Very few YN scattering data due
spectroscopy. It shows a binding energy of the A in bulk | - to short lifetime of hyperons &
matter is determined to be 30 MeV, so the A feels an | Nk P8 01 low intensity beam fluxes

attractive potential in bulk nuclear matter of s » ~ 35 data points, all from the 1960s

Ap—=Ap * 10 new data points, from KEK-PS E251
collaboration (2000)

L‘rﬁ {:-.F.! = ”[}} = L'Ill.ﬂ,“{]. = —30 MeV

» No YY scattering data exists

. “" (cf. > 4000 NN data for E,, < 350 MeV)

particle energies reveals that there is a nontrivial 500 70,500 600
density dependence of the A potential as a function of Py (MeV/c)
the baryon number density.

at saturation density no. A refined fit to the single-

For 2 hyperons, it is established now that the 2 potential in nuclear matter is strongly repulsive with
a likely value of U = 30 = 20 MeV.

For the = hyperons, there are a few old emulsion data suggesting bound = hypernuclear states,
which hint at an attractive potential which in nuclear matter is much less attractive compared to the
N\, likely to be about half of it, that is, U = =15 MeV.

Nothing is known experimentally about Q hypernuclei.
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Hyperons in Neutron Stars

Hyperons in NS considered by many authors since the pioneering
work of Ambartsumyan & Saakyan (1960)

(/’ Phenomenological approaches

< Relativistic Mean Field Models: Glendenning 1985; Knorren et al. 1995;
Shaffner-Bielich & Mishustin 1996, Bonano & Sedrakian 2012, ...

< Non-realtivistic potential model: Balberg & Gal 1997

< Quark-meson coupling model: Pal et al. 1999, ...

<> Chiral Effective Lagrangians: Hanauske et al., 2000

< Density dependent hadron field models: Hofmann, Keil & Lenske 2001

N9 Microscopic approaches

—

< Brueckner-Hartree-Fock theory: Baldo et al. 2000; I. V. et al. 2000,
Schulze et al. 2006, 1.V. et al. 2011, Burgio et al. 2011, Schulze & Rijken 2011

<> DBHF: Sammarruca (2009), Katayama & Saito (2014)
< Viowi: Djapo, Schaefer & Wambach, 2010

< Quantum Monte Carlo: Lonardoni et al., (2014)

Courtesy by I. Vidana
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Including hyperons in BHF approach
The composition of hypernuclear matter
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Maximum mass independent of potentials |

Maximum mass too low (< 1.4 Ma

Hyperons — In microscopic approaches

a too soft EoS not compatible with measured NS masses.
CAVEAT : the presence of hyperons in the NS core seems to
be unavoidable !

Proof for “quark” matter inside neutron stars 7

48



* One excludes hyperons in the nuclear models . However, constructing a model of the
nuclear interaction by ignoring experimental data from hypernuclei is sweeping the intrinsic
failure of the nuclear model under the carpet.

 One pushes up the critical density for the onset of hyperon formation in neutron star matter
beyond the maximum density in neutron stars. There is an additional repulsion between
hyperons at high densities so that the fraction of hyperons is suppressed. However, this
repulsion has to compensate the weaker repulsion between nucleons and hyperons.

At present, there is no accepted solution to the problem. One solution, however, is a particular
striking one: Hyperons appear but before they can destabilize the neutron star a new phase
appears at high density with a stiff EOS supporting a 2M(® compact star. That new phase would be
not based on hadronic degrees of freedom, nucleons, and hyperons, but on a new degree of
freedom in the form of the constituents of hadrons, that is, quarks, forming a quark matter core.
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Quark Matter EOS of Dense Matter:

® Problem: No “exact” results from QCD:
Large theoretical uncertainties, limited predictive power

® Current strategy:

Use available eff. quark models (MIT, NJL, CDM, DSM, ...)
In combination with the hadronic EOS

® An important constraint (from heavy ion collisions):
In symmetric matter phase transition not below = 3pq

&> E.g., the simplest (MIT) quark model requires
a density-dependent bag “constant”:

Eo=B+€exnt+asx...

\

B(p) = Bas + (Bo — Beo) exp|—B(0/po) |
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e Different quark EOS’s: bag models, color dielectric model:

S V18
------ V18 & [NSC8Y ™"
— viga{B=90 . .°"
1.5 | |
©
s, | _
—
=
05 |
0 L | | | . 1 | |
8 10 12 14 16 0 0.5 1 15 5
3
R (km) p, (fm™)

NJL, FCM, Dyson-Schwinger models: hyperons prevent phase transition

&p» Maximum masses: 1.5...1.9 Mg, Radii are different !
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NJL, FCM, Dyson-Schwinger models: hyperons prevent piegg transition
&p» Maximum masses: 1.5...1.9 Mg, Radii are differcigg.!
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“Recipe” for neutron star structure calculations

Brueckner results :
Chemical potentials :

Beta-equilibrium

Charge neutrality :

omposition
gudtion of State :

TOV equations :

e(pi);i=mn,p,e, u, A>3 u,d,s.....

Oe
Hi =
op; He = Hy = Hn—Hp
i = it — e R
N | (-0 = LA = Hn
Y g =0 =
- Mz+ = Hp
zi(p)
d(e/p
p(p) = p* ( df) )(p, zi(p))
dP Gm(e+ P)(1+4nr®P/m)
e 1 — 2C;:m
dm 4mr?e(r)

dr

Structure of the star : p(r), M(R) etc.
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The EoS : where do we stand ?

# Structure properties known for about

3400 nuclides
* Binding energy in the Liquid Drop Model
* Extrapolating the mass formula for A -> « in the symmetric
case, the binding energy close to saturation is usually

expanded as

[
5

(p, B) So — 5 Le _Ksymez] B

o |




Nuclear Incompressibility for symmetric matter K

d* (E

K=9%:— (=) =R— (=
Pz \a) = are \ A

K
o
mN<’r2 > A

240 + 10 Mel/ (Colo, 2004)
248 I 8 MBV (Piekarewicz,2004)

A soft EoS is favourite close to
saturation density
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“stif” EOS
“stifi” EOS

Pressure

il \ Maximum NS mass
(TOV mass)

density
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Kaon production in heavy ion collisions

ral part of the participant zone. near threshold strange particles are produced in the high-density region and interact weakly with matter, because of strange

. . NN - NA - NAK™
- K°N interaction is not well knoWn A

- K* produced by :

®-®soft EOS
B- @ hard EOS . . . . . 9.0 nC
9K - Simulations must include nucleon excitations and must be relativistic.

- Production rate dependent on the maximal density ------ > compressibility.

Experimental data by the KaoS and FOPI Collaborations :

Double ratio : multiplicity per mass number for C+C collisions and Au+Au
collisions at 0.8 AGeV and 1.0 AGeV .

;
--:-FI
~
Z
-—
-,
o—
—
-
pA
-
=
"
4
z
—
-,

Largest density explored : p = 2-3 p0
Only calculations with a compression 180 < KN < 250 MeV can describe the
data (Fuchs, 2001)
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Determination of the Equation of State of Dense Matter

P. Danielewicz, R. Lacey and W. Lynch
Science 298, 1592 (2002)

Transverse flow measurements in Au + Au
collisions at E/A=0.5 10 10 GeV

Pressure determined from simulations based on

the Boltzmann-Uehling Uhlenbeck fransport

o

E
>
Q
=
o

theory

=
o

=====Fermi gas

DATA
O Plastic Ball

== Akmal

2] experiment
3 35 4 45 §

pa’pn

Flow data exclude very repulsive equations of state, but confirm very soft EoS at p < 3p,
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Flow data : do the EoS fit the data ? YES !

Microscopic VS. Phenomenological

[
-

P [MeV fm”]
=

P [MeV fm"]

i fss2 (CC)
ﬂ/l. —_— AV.18 + UVIX
,'/_’ == APR

f; — .= AV.l 8+micr0TBF

I DBHF

15 2 253 35 4 52725 335 4

n/n, n/n,,
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The Symmetry Energy S(p) and the slope parameter L

v/ Composition of neutron star matter

v Expected neutrino signal from the PNS. E(p)

v Neutrino processes responsible of cooling. S(p) = — 7

v Core-crust transition density => important for A PNM
pulsar glitches.

Analyses of Terrestrial Expariments Analyses of Astrophysical Observations

u-decay
enargy

TF+Nucl,

p-dacay
Nucl. Mass ) iy Dipole
(2010) | 201 polarizability
— . . - ) - T
SHF mskin Fiducial value =31.6 MeV

r . P . (2010
[J withnoor incomplete error information . }

Analyses of Terrestrial Experiments Analyses of Astrophysical Observations

Iso, Diff, & e
llation
NEULTON wy

PDR a-decay
(2010) energy
[-decay Diy
POR
(2007)

Di
(IBUUOA,
2005)

Iso. Diff.

(ImQMD,

2010)
DM+n-skin Optical Pot.

(2009) (2010)
Fiducial value of L=58.9 MeV

D With no or incomplete error information SHF +n-skin
{2010)
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A few experimental data at density above saturation

80
| % Brown
8 Zhang
60 | C HIC Si+Sn
1 IAS
= 3 FOPI-LAND
B ASY-EOS
40

plpg

Figure 1: (Color online) Constraints deduced for the density dependence of the symmetry energy lrom the
ASY-EQS data [28] in comparison with the FOPI-LAND result of Ref. [18] as a function of the reduced
density g/ g, The low-density results of Refs. [7, 8.9, 10] as reponed in Ref. [11] are given by the symbaols,
the grey area (HIC), and the dashed contour (IAS). For clarity, the FOPL-LAND and ASY-EOS results are
nol displayed in the interval 0.3 < p/ gy < 1.0 {(from Ref. [28]; Copyright {2016) by the Amencan Physical

Sacietv).
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Check wrt nuclear physics constraints

ro

BHF with Argonne V18 or Nijmegen 93 microscopic phenomenological - /
2NF and microscopic 3NF (BOB, V18, ' e SFHo
N93,UIX) V4 L oomEr  E

BHF with FSS2 NN interaction (quark -.---- DDME2

d.o.f. explicitly taken into account)
Variational APR with Argonne V18 and
3NF of Urbana UIX type

Relativistic DBHF (Bonn A)

AFDMC with modified V18

_d
e
Y . [}

Wy
Ny

Phenomenolou:al EoS

Skyrme forces (Gs,Rs,SLy4,SV etc...)
Brussels-Montreal group BSk22,24,26 y
NLWM (SFHo, GM1,3), RMF models FOPI-LAND
with different parameterizations. Bl ASY-EOS

HIC Sn+Sn

IAS

DDM, RMF model with density

PNM and Symmetry energy behave better for the microscopic approaches.



- HIC : heavy ion collisions.
Isospin diffusion

- Sn neutron skin : Sn isotopes
neutron thickness

- Polarizability : giant dipole
resonance

- FRDM : Finite Range Droplet
Model. Masses fit.

- IAS + ... : binding energies of

P _, Isobaric nuclei
_~Ls220 CBF-El,” - Neutron stars : analysis of M-R
measurement

No overlap region !

Too many uncertainties in the
experimental measurements and
40 in the models used for the data
Interpretation.

® Microscopic
B Phenomenological

L parameter does not exclude any of the microscopic EoS, but several
phenomenological models predict too large values.




Observational facts : the Mass

GW200115 042309b
GW190814b
GW190:

]

f:i:l
i
i

.

2
2
1
1
1
1
1
1
1
0
0
1

e

E‘D“O’_‘

- f e )
wu

NS mass [M |

Lami Suleiman,
PhD thesis,OBSPM-CAMK,
2022
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Observation of ~ 2 M neutron stars

Dense matter EoS stiff enough is
required such that

M, |EoS|>2M_

A natural question arises:

Can hyperons, or strangeness in
general, still be present in the interior
of neutron stars in view of this
constraint ?




Observational facts : the Radius

NS radii are very difficult to measure because

<+ NS are very small objects
< are very far away from us, the closest NS being at about
400 light-years from the Earth.

A possible to measure it is through the thermal emission of
low-mass X-ray binaries.

The observed X-ray flux F and estimated surface

temperature T, together with the distance D and M the
mass of the NS, can be used to obtain the radius of the NS
through the relation

FD?2 R 2GM
ROO:\JGT4 > Rys = = Ro, |1

The major uncertainties come from the determination of the temperature, which requires the

assumption of an atmospheric model, and the estimation of the distance of the star.
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Past estimations of the radius

Analysis of the thermal spectrum of 5 quiescent LMXB :
different conclusions !

~—
=
[ 3]
-
o

9 10 11 12 13 14 15 16
R (km)

Steiner et al., (2013, 2014) Guillot et al., (2013,2014)

R =9.17132km (013)

R = 9.4 + 1.2km (%014

R=12.0+ 1.4km
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NICER

Neutron Star Interior Composition Explorer
https://heasarc.gsfc.nasa.gov/docs/nicer

The simultaneous measurement of
both mass and radius of the same
NS would provide the most definite
observational constraint on the
nuclear composition.

NICER : a new technique to
measure from rapidly
spinning compact stars with a hot
spot, based on Doppler effect (R)
and GR corrections of the signal
(M/R)

PSR J0030+0451 PSR J0740+6620
M/R = 0.156700 M M = 2.07219:587
R =13.021124mM R = 13.71%8km

—1.06
R=1271 "} 1%km R = 12.391}3%kn
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Composition : beta-stable and charge neutral
matter with nucleons and leptons

—\/18 LS180
GW170817 —-> Abbott et al., PRL119 (2017) 161101 —N93 == 18220
. . . . - Shen20 = = LS375

For a given density value, the value of the pressure has a 50% chance to lie within . Shen11

the darker blue area and a 90% chance to lie within the lighter blue band. HS(DD2)
— FSU2H

——— SFHXx
— SRO(APR)\‘

2.04——TNTYST

o~ R, , (combined)

GW170817

I 50% CI
Betastable [ 190%cClI

Mass-radius relations obtained with different EOSs. The mass of
the most heavy pulsar PSR J0740+6620 observed until now is
also shown, together with the constraints from the GW170817

Most Of the EoS are Compatlble Wlth the event and the mass-radius constraints on the pulsars
J0030+0451 and JO740+6620 of the NICER mission. The black
data, except 1. S180 and LS375. bars indicate?r:le limits on R2.0(E)3 ;n((ej R1.4 obrtne;?:(l,(():lnin coembﬁlced

data analyses.
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GW : a new way of
observing NS



Gravitational waves :
Indirect detection

Gravitational waves : ripples in space-time, a
solution of the Einstein equations in vacuum in
linearized theory. Among the first predictions of

general relativity made by Einstein himself in 1916.

Keplerian orbits are stable, orbits in general
relativity are not. Binary systems spiraling around
each other emit gravitational waves, thereby losing
energy. The loss of energy leads to a decrease of
the orbital period, the binary stars are getting
closer in time, eventually merging with each other.

The orbital decay for binary pulsars confirmed by
observing the Hulse—Taylor pulsar for several
decades. The ratio of the observed value to the
predicted one is 0.9983 + 0.0016.
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Gravitational waves : direct detection

The dawn of multi-messenger astronomy

On August 17, 2017, the LIGO-VIRGO detector network
observed a gravitational-wave signal from the inspiral of
two low-mass compact objects consistent with a binary neutron star (BNS) merger.

| Selected for a Viewpolnt in Physies o
Normalized amplitude PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTORIR 20
0 2 -4 > 'S
EEE— GWI170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

500 B. P, Abbout er al.”
L[GO-Hanford it R :‘1 I(\rll“l ,\‘;'f;"'f"‘ Collaboration and Virgo Collaboration)

y Septamber Ised manuseript recelved 2 October 2017, published 16 October 2017

pgust 17, 2007 at 12:41:04 UTC the Advar
Ir fir il i Dinary newlr

ponent spins to the

1L17-1.60 M., with

LIGO-Livingston

Frequency (Hz)

| About 60 groups/collaborations

| e aon participated to the investigations of
: -— = - GW170817, GRB170817A,

_ -20 -10 AT2017£‘50

I'me (seconds)




GW1/70817

4+ For compact star physics, a

milestone was the observation
of the gravitational wave event
GW170817 with the near-
simultaneous detection of the
gamma-ray burst
GRB170817A by the satellite
missions Fermi and
INTEGRAL followed by an
astronomical transient called
AT2017gfo.

The measurement of an
astronomical event over the

entire range of electromagnetic

spectrum from radio to
gamma-rays including the
measurement of gravitational
waves constitutes a prime
example of multi-messenger
astronomy.

- Timeline of a collision

The two neutron stars merge.

The Fermi satellite detects a gamma-ray burst.

The Fermi satellite sends out an automated message of
detection.

LIGO-Virgo software identifies a GW signal.

Astronomy community is notified of gravitational-wave
detection.
First neutrino results come in from the IceCube observatory —
none were seen.
LIGO and Virgo gravitational-wave data are combined to make
accurate map of source direction.

First optical detection reported by Swope Telescope, also
identifying the host galaxy. Five other observatories take
Independent optical image of the event within an hour of Swope.

Swift satellite detects bright, ultraviolet emission.

Optical spectrum of the event is first measured by the 6.5 m
Magellan Telescope.

Chandra satellite reports observation of X-rays from the
event.
Radio emission is detected by the Very Large Array
observatory.
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X-axis : time, Y-axis : frequency content of the data.

In color code : strength of the signal as a function of time and frequency. The signal is so strong
that we see the track of GW170817 for nearly 30 seconds. An audible chirp can also be heard
at just before the merger time.



https://www.youtube.com/watch?v=_SQbaILipjY&t=29s




Inspiraling binary systems emit characteristic
GW of amplitude increasing with time and
frequency, called the

The waveform changes because the bodies
approach to each other due to the GW
emission. The inspiral phase is sufficiently
well understood —->

Chirp ends abruptly after the components
merge into one hot neutron star that
afterwards collapses and forms a black
hole. Gigantic electromagnetic explosion —

The details of the merger waveform depend
on largely unknown microphysical details of
the hot and dense neutron-star matter
(composition, transport properties,
viscosities).
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o Inspirai decay of the orbital

separation with progressive reduction
of the orbit. GW emission. Strong
tidal forces depending on the
compactness M/R, 1.e. EoS.

HAMNS T I hlnck hole + torus

(T Ml i \
\QD\ ‘ (é o Merg €I Duration and fate depend
on EoS and total mass. Stiffer EoS —
— RS o il -> larger supported mass —->
@9 ’ g collapse to BH delayed or avoided.
e Post-merger Remnant size and

frequency of the dominant oscillation

—..mode dependent o

1 1] \r s 104 s

=~ NS mergers as valuable probe for testing the EoS 111!

e L. Baiotti and L. Rezzolla, Rep. Prog. Phys. (2017), arXiv:1607.03540




Inspiral phase of GW170817 :
Tidal deformability A and Love numbers

The Newtonian Theory of Tides :

2y are a set of dimensionless parameters which measure the rigidity of a planetary body and

These numbers can be generalized for stars in General Relativity.
In particular, we are interested in one of these numbers, which
connects the tidal field with the quadrupolar deformation of the star.
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The Love number k2

Solve in GR together with the TOV eqs. for the pressure p and the enclosed mass m

H 3° 2
568(2—yr)+60%(5yr — 8) + 45°(13 — 11yg) + 45*(3yr — 2) + 86°(1 + yr) + 32 log(1

z=(1-28%)2—-yr+28(yr —1)]

dp me (1 + p/e) (1 + 4rrip/m)

dr e 1—mfr

drmi

dr

¢ being the mass-energy density
iy - E"'h sl rQ

r— 2m

= dmre,

yle+ (9 +y)p + (e + p) /s ['.E{m | -i-r.'-r”p]] s
1 —=2mjr '

r(r — 2m)

with ¢ = de/dp and the EOS e(p) as input.

The Love number k2
depends crucially on the compactness B=M/R, hence on the EoS.

/8



Abbott et al., PRL 119, 161101 (2017)

Constraints from GW170817 and the kilonova signal AT2017gfo:

The tidal deformability A=A/M>

A4 <800 at 90% confidence level

3.0
2.5
— 2.0
= 15
1.0

0.5

Annala et al., PRL 120, 172703 (2018)

10 11 12 13 14 15 16
R [km]

- Very stiff E0OS are excluded (large radii)
. Limit for the radius R1.4< 13.6 km
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Radice et al., ApJ 852, L29 (2018)
—_— H4 —— BHBA¢ MPA1 — Sly
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| GW170817 |
800 - —r—== -
L ——
< 600F _— .
o bt t
j AT2017gfo
200 - M ehirp = 1.188 Mg .
05 06 07 08 09 10
q
Most et al., arXiv:1803.00549
Lim et al., arXiv:1803.02803 Ri4=2 12 km

Fattoyev, PREX experiment (neutron skin),

PRL 108, 112502 (2012)



Correlations between M, R and A

GW170817 : limit derived
In Annala et al

GW170817 : mass of each NS for M [M ]
a symmetric binary system

1000 . |
400</A\<800
100- )
J 130 :
< ] 12.5 E E
| 120 |
10 - 15 :
LLa E E V18
] s : : | \
: 100 |
‘ .9.5 - APR' V18 BOB A
(Rkm) =
1 7 SR ' ' — T —
1.0 1.5 2.0 2.5

Fixed chirp mass

(M, My)3/5
M,
= —==07-1
1 a0

The conditions M1=M2 =1.365
Mo and 400<A<800 imply
12<R<13 km

¢ Compatible EoS : V18(N+Y),
UIX, V18,N93, BOB(N), DBHF,
L.S220, DS1, DS2.

¢ Not compatible : APR,
BOB(N+Y), and SFHO
(marginally).

Selection of the E0oS !




Free energy per particle for
symmetric and pure neutron matter
vs. nucleon density for different T
values. The typical Van Der Waals
behaviour is evident.

EoS models
Extension at finite Temperature

Isothermal curves for BHF and
SFHo

Esym [MeV]

200 -

150 4

—
1— V18, (E,,, 13)
]——No3, (€, /3)
1——SRO(APR)

TNTYST
——Shen11

1=—— Shen20
]=——HS(DD2)
= SFHx

——1LS180

1——LS220

Easy increases monotonically from the outer layers
to the core. Large dispersion at high densities.
Highest values for BHF V18 and N93 because of
the strong repulsive character of 3NF.

Lowest temperatures obtained for the two BHF
EOSs and the three LS EOSs.

Intermediate values for RMF models.

Proton fraction of hot and cold [B-stable matter
correlated to the symmetry energy.

Finite T/S increases the proton fraction due to the
increased lepton fraction as a result of Fermi
distributions at finite temperature because of the
charge-neutrality condition.

The final EoS is a complicated interplay between the increased lepton thermal pressure,
and the increased nucleonic thermal pressure which is limited by the increased symmetry.



Thermal effects on the EoS : the thermal pressure
Crucial for the stabllity of the star against collapse !

pen(P,T) =p(0,x7,T) — p(p, X0, 0)

_ _Pwm Bt (1) = p(p,xr, T) — p(p, %0, 0)
p‘l"ath p(p, xo’ 0)
| ' | ! | ' | ! |

S/A=2

® praio decreases with increasing density and
i reaches a few percent at the maximum-mass
' configurations.

| ® The vi8, N93, and LS375 ratios are below 3
- percent, while the others are up to 10 percent
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Mass-central density relation
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Application to BNS merger

Simulations performed in full general relativity

Mathematical and numerical setup as in
Papenfort, Gold & Rezzolla, PRD 98, 104028 (2018)

a) FT approach : a fully temperature dependent EoS
b) Hybrid EoS approach : a cold EoS plus a thermal
contribution obeying the ideal-fluid EoS

pen(@,T) = ey (T, — 1)

Usually 'th=cost
Bauswein, Janka and Oechslin, PRD 82, 084043 (2010)

Strong impact on the stability of the merger remnant
hence on its lifetime before collapsing to BH.
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A. Figura et al., PRD 102, 043006 (2020)
PhD Thesis 2021, Catania Univ.

Simulation of equal-mass binaries with Mc=1.35

Mo,
and initial separation 45 km.
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Evolution of the maximum rest-mass density pmax

Increasing ' leads to a less dense remnant. FT EoS leads to a remnant with even
smaller maximum rest-mass density than the hybrid-EoS case.

V18 produces a metastable HMNS up to the largest time. SFHo leads to a collapse
into a BH, in a time which is dependent on .

Maximum and density-weighted aver. temperature, Tmaxand <T>
Temperature fluctuations during the metastable phase before collapse, stronger for
SFHo. In the post merger phase Tmax peak around 70 (110) MeV for V18 (SFHo0).
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