A short walk through the
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The final message of this talk

Neutron stars are excellent observatories to test
fundamental properties of matter under extreme
conditions and offer an interesting interplay
between nuclear processes and astrophysical
observables



Neutron stars are different things for
different people

<> For astronomers are very little stars “visible” as radio
pulsars or sources of X- and y-rays.

<> For particle physicists are neutrino sources (when they
born) and probably the only places in the universe where
deconfined quark matter may be abundant.

< For nuclear physicists are the biggest nuclei of the
universe (A ~ 10°°-10°7, R ~ 10 km, M ~ 1-2 M)).

< For cosmologists are “almost” black holes



But everybody agrees that

Neutron stars are a type of stellar
compact remnant that can result from
the gravitational collapse of a massive
star (8 Mg<M <25 My) during a Type
II, Ib or Ic supernova event.
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In 1920 Ernest Rutherford predicts the existence of
the neutron

)
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In 1934 Walter Baade & Fritz Zwicky
predict the existence of neutron stars
and their formation in supernova events




Dld Landau anticipate thCiI’ Phys. Z. Sowjetunion 1, 285 (1932)
existence 1n 1931 ? C tane

we have no need to suppose that the radiation of stars is due
to some mysterious process of mutual annihilation of protons
and electrons, which was never observed and has no special
reason to occur in stars, Indeed we have always protons and
electrons in atomic nuclei very close together, and they do
not annihilate themselves; and it would be very strange
if the high temperature did help, only because it does some-
thing in chemistry (chain reactions!). Following a beautiful
idea of Prof. Niels Bohr's we are able to believe that
the stellar radiation is due simply to a violation of the law
of energy, which law, as Bohr has first pointed out, is no
longér valid in the relativistic quantum theory, when the
la\\» or orrhnary quantum mechanics break down (as it is
! ved omtinuous - rays - spectra and also

made probable by theoretical considerations).! We expecithat
this must occur when the density of matter becomes so great
that atomic puclei come in close contact, forming one gi-

v' February-March 1931 Landau, Bohr & o hees

of stellar structure. The central region of the star must con-

Rosenfeld dlSCuSS ln Copenhagen a paper sist of a core of highly condensed‘matter, surrounded by

matter in ordinary state. If the transition between these two

states were a continuous one, & mass M < M, would never

by Landau (nOt pubIIShed then) about the form a star, because the normal equilibrium state (i. e. without
. . pathological regions) would be quite stable. Because, as
pOSS]ble CXIStence Of Very dense Stars as we know, it is not the fact, we must co;
condensed and non-condensed states are

unstable states in the same manper as

are, a property which could be casily

of nuclear attraction. This would

/ IIl Febl'ual'y 1932 Landau pUbliSheS the a nearly discontinuous boundary |

The theory of stellar structure

arated by some
quid and its vapour
Kplained by some kind
ad to the existence of
ween the two states. *

ounded on the above con-
siderations is vet to be constructfd, and only such a theory

article 1n a Russian journal that is can show ha far thex re tros

completely unnoticed.
p y “We expect that this occur when

Source: G. Baym, P. Haensel, C. Petick & D. G. Yakovlev the density of m_atter begomes SO
v bt/ arww it uni | great that atomic nuclei come in
p://www.ift.uni.wroc.pl/ ~karp44/talks/yakovlev.pdf contact, for l’l’lil’lg one gigan tic

v' P. Haensel et al., Neutron Stars 1. Equation of State & Structure (2007) nucleus”



In 1939 Tolman, Oppenheimer &
Volkoff obtain the equations that
describe the structure of a static star
with spherical symmetry in General
Relativity (Chandrasekhar & von
Neumann obtained them in 1934 but
they did not published their work)

g Tolman, Phys. Rev. 55, 364 (1939)

ﬁ Oppenheimer & Volkoff, Phys. Rev. 55, 374 (1939)
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First “realistic” EoS of dense matter by
Wheeler ef al. in the 50s. In 1959 Cameron
studies neutron star models with a Skyrme
EoS finding M, ., ~ 2Mg

In 1959 Migdal suggests superfluidity in neutron stars

Theoretical efforts in the 60s focused on
modeling neutron star cooling motivated by
hope of detecting their thermal emission

Riccardo Giacconi starts in the 60s the first
observations with X-ray telescopes on board of
satellites discovering many X-ray sources (2002

Nobel Prize) £
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In 1967 Jocelyn Bell & Anthony
Hewish discover the first radio
pulsar, soon identified as a
rotating neutron star (1974
Nobel Prize for Hewish but not
for Jocelyn) £

< radio pulsar at 81.5 MHz
< pulse period P=1.337 s
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Also in 1967 Pacini shows that a rapidly rotating = =&

neutron star with a strong dipole magnetic field |
could power the Crab nebula N

In 1968 Gold proposes that pulsars are strongly
magnetized neutron stars radiating at expenses of
their rotational energy

In 1968 the Crab & Velar pulsars are

discovered in SNR confirming the
prediction of Baade & Zwicky




T In 1974 R. A Hulse & J. H. Taylor
SN 1 discover the first binary pulsar (1993
e ~°C - Nobel Prize) g
; 10 \\ : -
g T X ] A bit more wine
5 -15F \ i Joseph, I can see and you'll see
, E /\\ ] our pulsar !! GW. Russell

80’s, 90’s and 2000’s: launch of satellites with
X-ray (Einstein, ROSAT, ASCA, Chandra,
XMM-Newton) and y-ray (INTEGRAL,
SWIFT, FERMI) telescopes




Most NS are observed as pulsars. Nowadays more
than 2000 pulsars are known (~ 1900 Radio PSRs
(141 1n binary systems), ~ 40 X-ray PSRs & ~ 60
v-ray PSRs)

Observables

= Period (P, dP/dt)

= Masses

* Luminosity

http://www.phys.ncku.edu.tw/~astrolab/mirrors/apod_e/ap090709.html
= Temperature

= Magnetic Field

= @Gravitational Waves (NS-NS, BH-NS mergers,
NS oscillation modes)




The 1001 Astrophysical Faces of
Neutron Stars

‘ﬁl

X-ray binaries bursting pulsars

Anomalous X-ray Pulsars dim isolated

neutron stars

Soft Gamma Repeaters

pulsars

Rotating Radio Transients

planets around pulsar

Compact Central Objects



Observation of Neutron Stars

X- and y-ray telescopes Space telescopes

SRR

: =
Chandra Fermi p\ \\ HST (Hubble)
w7
Visible Light :::t':;t‘he trum % Long-wavelength
, R Pec Radio Waves observable  Radio Waves
Gamma Rays, X-Rays and Ultraviolet f absorbed by from Earth. laok
Light by the upper Uz Earth, atmospheric blocked.
(best observed from space). withsome  gagq0s (best
atmospheric observed
distortion. from space).

=

Atmospheric opacity

Optical telescopes Radio telescopes

VLT (Atacama, Chile) Arecibo (Puerto Rico): d=305m  Green Banks (USA): d=100m  Nangay (France): d ~94 m



H (it

Individual pulses are very different.
~  But the average over 100 or more
~— pulses is extremely stable and
specific of each pulsar

!
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~ <> Top: 100 single pulses from

, the pulsar PSR B0950+08
L B I B (P=0.253 s) showing the pulse-

LN JWMW_JQL__MJM to-pulse wvariability 1n shape

ol B | | and intensity
I\ \ ! i |
/) N /\
f\ AW ‘lL ,.z/ \, \
o e e = 7 — < Bottom: Average profiles of
I “ I o i
i \ i. LN several pulsars

,'@L)‘!i,STJ-t J19 124-3358 -J/VL’:')&Y."/' J",lf)fC‘?C‘
| vl \ | | Hobbs et al., Pub Astr. Soc. Aust., 202, 28 (2011)
j - {"’W ' ﬂ.w,\ur_”\/\__'_



Pulsar Rotational Period

' I N | ! I ! 1 ! 1 . 1 B I v T

The distribution of the 100 F 153 pulsr © Normal putsare]
rotational period of pulsars oy | ]
shows two clear peaks that ™| | ‘
indicate the existence of two < | _

types of pulsars : ol _
= normal pulsars with P ~ s j”'_ Hisecendpisar { %
= millisecond pulsars with P ~ ms . 'Fﬂﬂﬂﬂmﬂm mmmﬂﬂDHH 13

. T d 1 T
2.5 =20 -1.5 -1.0 -0.5 0.0 0.5 1.0

Log,, P (sec)

= First millisecond pulsar discovered in
1982 (Arecibo)

= Nowadays more than 200 millisecond
pulsars are known

= PSR J1748-2446ad discovered in 2005
1s until know the fastest one with P=1.39

Globular cluster Terzan 5 ms (716 Hz)




Minimum Rotational Period of a Neutron
Star

© Original Artist

Pulsar cannot spin arbitrarily fast. R@zmﬁwhtwtaﬂnaben-fmm”

wyrw, CattoonStock.com
The absolute minimum rotational
period 1s obtained when

Centrifugal Force = Gravitational Force

!

Keplerian Frequency . el chats iy s Wt v o

In Newtonian Gravity In General Relativity
3 1/2 3/2 1/2 3/2
Po=2a X oss[Muw)| (B} e P =0.96(an) ( K ) ms
GM M 10km M 10km

Actual record: PSR J1748-2446ad =» P=1.39595482 ms



: 27)" R
log P = log %Bﬁ sin’ a [-log P
6c’1

Pulsar distribution
iI.l the o
P-P plane

1
Magnetars

Pulsar equivalent of the
Hertzprung-Russell diagram
for ordinary stars
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Magnetic Field of a Pulsar

Type of Pulsar Surface magnetic field 100 1 Normal pulsars
80~
Millisecond 104 -10°G
£ 60- — dl
Normal 1012 G _g- Surfac:izslll:'iabg::;l: Field |
o 40 of 1194 pulsars
Magnetar 1014 —-105G = -
204 Millisecond .
Extremely high compared to ... | R ‘ m{ Magnetars
- - 0 o l.-.rmﬂ n'h'-nl aallk ] ]LI “ lrl'“l-'n{r —a-an_o.
Earth Magnet Sun spots : 0 gl 12) B 8 ‘5]
og Suface auss
03-0.5G 10°-10*G 10 G
b Magnetars
Largest continuous ~ Largest magnetic N
field in lab. (USA) pulse in lab. (Russia) 2.l \
SN = . Normal pulsars

S

_“i

45x10°G 28x10°G | o 8. Willisecond pulsare




Where the NS magnetic field comes from ?

A satisfactory answer does not exist yet. Several
possibilities have been considered:

2
< Conservation of the R,

. . =¢, =B, =B,
magnetic flux during the b =9; TR
gravitational collapse of the

iron core For a progenitor star with B. ~ 10> G

& R. ~ 10°km we have B;~ 1012 G

f

< Electric currents flowing in the highly conductive NS interior

<> Spontaneous transition to a IR T
ferromagnetic state due to R U N U AR
the nuclear interaction S N N N W W W



Ferromagnetic Transition

X Pauli /X

Considered by many authors with contradictory results:

Year Autor/Model Ferromagnetic
Transition ?

density
—— Ferromagnetic
transition

\
—

1969 Brownell, Callaway, Rice Yes, kg>2.3 fm’!
(hard sphere gas) <> Calculations based on
1969 Clark & Chao No phenomenological
1970 Ostgard Yes, kp>4.1 fim'! interactions (e.g.,
| Skyrme, Gogny)
1972 Pandharipande et al., No redict the transition
(variational) P 1.4
1975 Backman, Kallaman, Haensel No to occur at ( ) )pO
(BHF)
1984 Vidaurre (Skyrme) Yes, k>1.7-2.0 fim'! <> Calculations based on
realistic NN & NNN
1991 S. Marcos et al., (DBHF) No forces (e.g., Monte
2001 Fantoni et at. (AFDMC) No C arlo, BHF’ DBHF,
2002/2005 L.V., et al. (BHF) No LOCYV) exclude such a
2005/2006 L.V. et al., (Skyrme,Gogny) Yes, kp>2-3.4 fm’! transition

2007-2011 F. Sammarruca (DBHF) No



Neutron Star Structure:
General Relativity or Newtonian Gravity ?

Surface gravitational
potential tell us how much
compact an object is

2GM
¢’R

=» Relativistic effects are
very 1mportant in Neutron
Stars and General Relativity
must be used to describe their
structure




Neutron Stars Structure Equations

» The structure of a static (i.e., non-rotating) star with
spherical symmetry in General Relativity 1s described
by the Tolman-Oppenheimer-Volkoff (TOV)

Equations

. 4Jrr3P(r)m(r))(1 ) 2(;m(r))‘1

dp__Gme() (1 ¢ 2O ) | ’ i
dr r c e(r) c cr
Gravi |
ccll—m _ 4.7trzg(r) ravity “'fPressure
r
" boundary conditions z.:
P©)=P,, m©)=0 |
P(R)=0, m(R)=M Pressu;v.;ravity

» Rotation breaks spherical symmetry and makes the
structure equations “slightly” more complicated



Stability solutions of the TOV equations

< The solutions of the TOV egs. represent static equilibrium configurations

< Stability 1s required with respect to small perturbations

dM dM
¢ >0, or ¢ <0
dp. dr
A A
Mg stable Mg stable
branch | b branch
Unstable — | /
branch

-
>

Central density ] radius



The role of the Equation of State

The only ingredient needed Matfer .
: coristit@ents
to solve the TOV equations @. G.

i1s the (poorly known) EoS S

(1.e., p(¢)) of dense matter Interactions
25 . ,
500 I I I I |
_ “stiff” EoS - — EoS 1
2 = o EoS 2
: | — EoS 3
g D -
= _ g
L = 3 “stiff” EoS
Y : |
E . ‘ - %200—
1 I 1 l 1 I 1 I “SOfl‘t’, EOIS
00 0.5 1 1.5 2 00 200 l 400 l 600 l 800 ‘ 1000 l 1200

Central baryon number density [fmrs] Energy density p [MeV fms]



Upper limit of the Maximum Mass

M., .. depends mainly on the behaviour of EoS, P(¢), at
high densities. Any realistic EoS must satisfy two
conditions:

dP
e Causality: £ <c®  » Stability: = >0

dp dp
If the EoS 1s known up to p,, these conditions imply:

14 3\
MmaxS3M@(SXIO g/cm )

0O,

If rotation 1s taken into account M. can increase up to 20%:
1/2
5x10" g/ em’ )
PO,

M__ <389M (
®



How to Measure Neutron Star Masses

Use Doppler variations in spin
period to measure orbital velocity
changes along the line-of-sight

Orbital Parameters of a Binary System

= 5 Keplerian parameters can
normally be determined:

Pasni e, T, & w

= 3 unknowns: M, M,, 1

Kepler’s 3 law

3

2 M, sini 3
GM+M,) (27 5 (MM, .i)= ( 2smz)2 P
’ P M, +M,) 27G

a
mass function




In few cases small deviations from Keplerian orbit due to
GR effects can be detected

Measure of at least 2 post- == High precision NS mass

Keplerian parameters determination
5/3
: i P 1 2/3 . .
w =3Tg (ﬁ) l—¢ (M M ) — 2> Penastron precession
1/3
=72" (i) c A (MP M 21://13) ——> Time dilation and grav. redshift
27) (o) |
r=T,M. ——>  Shapiro delay “range”
25 (M, +M,)” .
s=sini=T," (i) x( P ) ——>  Shapiro delay “shape”
2 M,
-5/3 5
B - 1927 73" ( B, ) £(e) MM, _ s Orbit decay due to GW emission
5 27 ( M, + Mc)



An example: the mass of the Hulse-Taylor pulsar
(PSR J1913+16)

n ——m—m—m————r—r—r—— [TTT T T T[T I T[T T T T[T T T T TTTTTT]
R
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. 7 - “ i
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c ; \
N \
c = / \
-~ e \
Q — . e . - \\ |
¢ . L Gener Relativity rediction” \ |
3 —25 -
= C .
\
\
| 8 0.0 N \ J \
o ® \ k v
M n "
i, ) N . r N
R _35 L 1l ci e b 1]
> : 1975 1980 1985 1990 1995 2000
Year

Parameter Value
Orbital peried A, (d) 0.322997462727(5)
Projected semi-major axis x (s) 2.341774(1)
Eccentricity e 0.6171338(4)
Longitude of periastron w (deg) 226.57518(4)
Epoch of periastron Ty (MJID) 46443.99588317(3)
Advance of periastron w (deg yr™ 1) 4.226607(7)
Gravitational redshift ¥ (ms) 4.294(1)
Orbital period derivative (B,)°% (10719 —2.4211(14)




Measured Neutron Star Masses (up to ~ 2006-2008)

updoted 8 December 2006

4U1700-37 (@)

i [ i——
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e e S
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max
Neutron star mass (Mg)

(Lattimer & Prakash 2007)

N.B. I will comment on more recent measurements latter when talking about the “hyperon problem”



Limits on the Neutron Star Radius

The radius of a neutron star with mass M cannot be
arbitrarily small

General Rela.t1V1ty: 'GM
a Neutron Star is not a R > .
C

Black Hole

Finite Pressure: 9 GM
Neutron Star matter cannot R > Z Cz

be arbitrarily compressed

Causality: GM
speed of sound must ::> R>2.9 2

be smaller than ¢




How to measure Neutron Star Radii

Radii are very difficult to measure because NS:

<> are very small (~ 10 km)
<> are far from us (e.g., the closest NS, RX J1856.5-3754, is at ~ 400 ly)

A possible way to measure it 1s to use the thermal emission of
low mass X-ray binaries:

NS radius can be obtained from

< Flux measurement +Stefan-Boltzmann’s law

< Temperature (Black body fit+atmosphere model)

< Distance estimation (difficult)

< Gravitational redshift z (detection of absorption lines)

R, = —R,=—2=R, :

FD* R 1 2GM
o T 1+z

Ry¢C



Recent Estimations of Neutron Star Radi

The recent analysis of the thermal spectrum from 5 quiescent
LMXB in globular clusters 1s still controversial

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

16

Rys (km)

R=09. 1+1 3km 2013 analysis
R=120=x14km R=94=+1.2km 2014 analysis



Limits of the Mass & Radius of a

Neutron Star
2.5! e
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Thermal Evolution of Neutron Stars

Information, complementary to that from mass &
radius, can be also obtained from the measurement
of the temperature (luminosity) of neutron stars
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D. G. Yakovlev & C. J. Pethick, A&A 42, 169 (2004)



Neutron Star Cooling 1n a Nutshell

Core cools by
neutrino emission

Two cooling regimes

Slow Fast
Low NS mass High NS mass

Surface photon emission
dominates at t> 106 yrs

o Sloweeoline e Core relaxation
T o epoch dE dT
'l — fast coolin . s th _ —
§ | pteetine Lot Il Neutrino cooling T C, 0 -L -L,+H
¥ £ L e ™ epoch
; \ e lIl. Photon cooling .
; Vi epoch v C,: specific heat
1004 1 1 " " |— Y . .
100 10" 1 100 1 100 1 .
- v L,: photon luminosity

v L, neutrino luminosity
v H: “heating”




Neutrino Emission

Name Process Emissivity
(ergcm™3s71)

Modified Urca cycle n+n—>n+p+e + e 2 8

(neutron branch) n+p+e —=n+n+ve R sle

Modified Urca cycle D D T E et 21 8

(proton branch) p+p+e —=p+n+ve LR U sle

n+n—=n+n+v+v
Bremsstrahlung n+p—=n+p+v+ro ~10° RTS Slow
P+p—=p+pt+v+i
Cooper pair n+n—[nn]+v+o ~5x10%' RTJ .
: = 19 7 Medium

formations p+p—[ppl+v+p ~ 5x10" R T

Direct Urca cycle n—p +e” + U ~ 102 R TS East

(nucleons) p+e = n+ve

Direct Urca cycle AN—=p+e +0 57 1 T8

(A hyperons) p+e = AN+ ve o U R !

Direct Urca cycle - —>nt+e + 27 1 76

(X~ hyperons) n+e =X + e LOSER TS Fast

7~ condensate n<mT >>nte + 0, ~ 10 R TS Fast

K~ condensate n+<K > n+e + e ~ 105 RTS Fast

Anything beyond just neutrons & protons results in an enhancement
of the neutrino emission




Anatomy of a Neutron Star

Equilibrium composition
determined by

v" Charge neutrality
E q,0;=0

v Equilibrium with respect to
weak interacting processes

by—=b,+1+V,

b,+1l—b +v,

— W, =bu, _Qi(tue _Mve)’ 25

Outer crust: nuclei

Inner crust: nuclei + neutron gas
Rod- and plate-like structures

Uniform nuclear matter

Condensates of
., K. 2, .7

Quarks?

€ € € >
~0.3km ~0.6km ~10 km



Outer crust: nuclei

Inner crust: nuclei + neutron gas
Rod- and plate-like structures

Uniform nuclear matter

Crust of a Neutron Star

Condensates of
m KX L2

Quarks?

~0.3km ~0.6 km ~10 km
Pressure ionization  Neutronization Newrron drip Pasta phase  Proton drip  Uniform matter

10 10’ 10" 10" density (g/cm’)

o) @ o 00006330000
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Particle fractions

External Core of a Neutron Star

Outer crust: nuclei

Inner crust: nuclei + neutron gas
Rod- and plate-like structures

The external core of a neutron star is
mainly a fluid of neutron-rich matter in
equilibrium with respect to weak

Uniform nuclear matter

Condensates of
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Internal Core of a Neutron Star

Since:

<> The value of the central density is
very high: p. ~ (4-8)p,
(pp=0.17 fm== 2.8 x 10'* g/cm?)

< Nucleon chemical potential
increases rapidly with the density

Y

The presence of exotic degrees of
freedom 1s expected in the Neutron Star
interior (;t, K- condensates, hyperons or
quarks)

A Outer crust: nuclei

Inner crust: nuclei + neutron gas
Rod- and plate-like structures

Uniform nuclear matter

Condensates of

m K, 2, .72
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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

# Microscopic approaches

< Brueckner-Hartree-Fock theory: Baldo et al. 2000; 1. 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) ﬁ
g Sorry if [ missed
2 ', somebody

> Vi, . Djapo, Schaefer & Wambach, 2010

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



Hyperons are expected to appear in the core of neutron stars at p ~
(2-3)p, when wy 1s large enough to make the conversion of N into Y
energetically favorable.
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Effect of Hyperons in the EoS and Mass of

Neutron Stars
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Hyperons in NS Phenomenological:
(up to ~2006-2008) M, .. compatible with 1.4-1.5 Mg
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Recent measurements of high masses ——  life of hyperons more difficult

PSR J164-223(0 (Demorest et al. 2010)

O ©
: © —
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v low eccentricity (¢€=1.3 x 10) ‘*‘ i A ! 1 f'd' 1 H{u il

v/ binary system ( P =8.68d, i= 89.17(2)0)

v’ companion (WD) mass: ~0.5M _ -
\/pulsar mass: M = 197iOO4M@ f ‘tf‘ H 3' 8 }'RI{ “l Mi'” ’

= PSR J0348+0432 (Antoniadis etal.2013)

0.3

v’ binary system (P =2.46h, i=40.2(6)")
v very low eccentricity

v’ companion (WD) mass: 0.172 + 0.003M
v pulsarmass: M =2.01+x0.04M,




Formation of Binary Systems
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Observation of ~ 2 M, neutron stars

l

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 ?



The Hyperon Puzzle

“Hyperons =» “soft (or too soft) EoS” not compatible
(mainly 1n microscopic approaches) with measured (high)
masses. However, the presence of hyperons in the NS
interior seems to be unavoidable.”

v’ can YN & YY interactions still solve it ?

v" or perhaps hyperonic three-body forces ?

v what about quark matter ?



Solution I: YY vector meson repulsion
(explored in the context of RMF models)

General Feature:

Exchange of scalar mesons generates
attraction (softening), but the exchange
of vector mesons generates repulsion
(stiffening)

\

7
/

~|{fm

Vector-meson
exchange

One-pion

exchange

polential
Scalor- meson

exchange

Add vector mesons with hidden strangeness (¢) coupled to
hyperons yielding a strong repulsive contribution at

high densities

" Qertel et al. (2014), Maslov et al. (2015)

@ Dexhamer & Schramm (2008), Bednarek et al, (2012), Weissenborn et al., (2012)



Solution II: can Hyperonic TBF solve this puzzle ?

Natural solution based on: Importance of NNN force in Nuclear Physics
(Considered by several authors: Chalk, Gal, Usmani, Bodmer, Takatsuka, Loiseau, Nogami, Bahaduri,
Yamamoto, Lonardoni, V)

NNN Force NNY,.NYY & YYY Forces

30

L (L S S S

p (fm™?)

20 NN, NY, YY
© | NNN,NNY,NYY & YYY .
%
- 10 %
= OBF+3BF &L
2 of
« \
> |
= -w0f \
-20 5 B -
l Can hyperonic TBF provide
900 01 02 03 04 05 enough repulsion at high

densities to reach 2M ?



Solution III: Quark Matter Core

General Feature:

Some authors have suggested an early phase transition to
deconfined quark matter as solution to the hyperon puzzle.
Massive neutron stars could actually be hybrid stars with a stiff
quark matter core.

To yield M > 2M, Quark Matter should have:

» significant overall quark repulsion —— stiff EoS

" strong attraction in a channel — strong color superconductivity

g Ozel et al., (2010), Weissenborn et al., (2011), Klaehn et al., (2011), Bonano &
Sedrakian (2012), Lastowiecki et al., (2012), Zdunik & Haensel (2012)



What quark flavors are expected in a
Neutron Stars ?

((3) (3) (3)

up charm top
Charge [e] ' Qﬁ\*
u ~ 5 MeV 2/3
d ~ 10 Mev 1 B @ @)
S ~ 200 MeV -1/3 down, strange bottom
C ~ 1.3 GeV 2/3

b ~43 GeV 173
t ~175 GeV 2/3 |




Suppose: vy, d, s non-interacting i.e., ideal ultra-relativistic

v’ m,_m;~m=0 7 Fermi gas (*)

¢ Threshold density for the ¢ quark (similar for b & t)

s—=>cte +tV, = U =u+u,+u,

but v’ u, d, s in B-equilibrium Ng=n,=N,=N
v Q=0 5 n

then

1/3

u =k, = hc(:tzns)l/3 = hc(ﬂan) =m.=13 GeV
=n,=29 fm> ~180n,

Only u,d,s quarks are expected in Neutron Stars



Sezione di una stella di neutroni

convenzionale

2,7x10]5 g/cm3

iperonica

4,3x10"' g/cm®

0,5x'|0”g/cm3

2k

8 g/cm3

e
m\ 02

Two families of Compact Stars

~ Hadron Stars (HS)

- » Nucleonic Stars
» Hyperonic Stars

Quark Stars (QS)

> » Hybrid Stars
» Strange Stars




Mass-radius relation

< Strange Stars are self-bound bodies i.e., bound by the
strong interactions

<> Hadronic or Hybrid Stars are bound by gravity.



The Strange Matter Hypothesis
Bodmer (1971), Terezawa (1979) & Witten (1984)

Three-flavour u,d,s quark matter in equilibrium with
respect to the weak interactions, could be the true ground
state of strongly interacting mater, rather than “°Fe

E/Alsoum < E(6Fe)/56 ~ 930 MeV

Stability of nuclei with respect to u,d quark matter
The success of traditional nuclear physics provides a clear

indication that quarks in the atomic nucle1 are confined
within neutrons and protons

E/A|,4 >E(°°Fe)/56 ~ 930 MeV



Schematically

E/A
(MeV)

930.4







Stability of Nucle1 with respect to SQM

» Direct decay of °°Fe to a SQM droplet

56F€%56(SQM) ~ 56 simultaneous

strangeness changing weak
process

U—>s+e +v,
d+u—s+u

The probability for the direct decay is P ~ (G?)°° ~ 0
and the mean-life time of >°Fe with respect to the

direct decay to a drop of SQM 1s

T>>age of the Universe



> Step by step decay of °°Fe to a SQM droplet

YFe— X" —=Y2 —... = (SOM)

56 56  These processes are not energetically
Fe—F €A possible since

56Fe — Mn[5\6 56 56
O=M(C°Fe)- M(X*)<0

Thus, according with the Bodmer-Terezawa-Witten
hypothesis, nuclei are metastable states of strong
interacting matter with a mean-life time

T >> age of the Universe



One of the most likely strange star candidate 1s the X-ray burster
SAX J1808.4-3658

Discovered in September 1996 by Beppo SAX

Two bright type-1 X-ray burst detected (AT < 30 s)
& Millisecond PSR: coerent pulsation with P=2.49 ms
Member of a LMXB: P_.=2.01 hours

orb

IR Observatonal limit by Li et
L al., PRL 83, 3776 (1999)
L 2/7 1/3

R< Fmin (Gl\g) P2/3
Fmax 4‘75

e A0=A2:6"510
Raggio (km)




This short talk 1s just a brush-stroke on the
physics of neutron stars. Three excellent
monographs on this topic for interested
readers are:

A’A Norman K. Glendenning
IAIPHAHV
NEUTRON STARS 1

Eguation of State and Structure

Compact Stars

) a1 vsics, Partle Physics
and General Ralativity

THE PHYSICS OF COMPACT OBJECTS

Second Edition

e ’
1 Springer

STUART L. SHAPIRO
SAUL A. TEUKOLSKY




0 e ) / 7 7,
N e

The final message of this talk

Neutron stars are excellent observatories to test
fundamental properties of matter under extreme
conditions and offer an interesting interplay
between nuclear processes and astrophysical
observables



" You for your time & attention

= (Catalina for her invitation




