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Star deaths and for mation of dense stars

At end of all the possible nuclear “burning” processes (nuclear fusion
reactions) a star ends his“life’” as one of the following dense and compact
configurations:

1) White Dwarf 0.1Mg <My <8 Mg
2) Neutron Star BMg < Mg <(25-30) Mg
Fecore mmmbmge SN eXploSION s NS
3) Black Hole Morog = (25-30) Mg
FEeCore e o BH
M ;1 oq = Mass progenitor star Mg =1.989 " 10339 (massof the Sun)
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Sun White dwar f Neutron Star Black Hole

mass Mo 1-1.4 Mg 12Mg arbitrary
radius Reo ~102Rg ~10 km 2GM/c?
R/R 247 10> | ~2° 103 ~2-4 1

g

av.dens | ~1g/cm3 | ~10"8 g/cm3 | 2-9 - 10 4 g/cm3 =

R, © 2GM/c?  (Schwarzschild radius)

X e R/Rg (compactness parameter)

Mo =1.989° 10%g Ry =696" 10°km  R,,=2.95km
ro = 2.8 10%g/cm?3 (nuclear saturation density)

When x is“small” gravity must be described by
the Einstein theory of General Relativity
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Space-timein strong . ,
o ity (GR) |—> Structural measur ed

properties of |<mmmm| propertiesof
Neutron Stars

Dense matter ) compact stars
EOS (“Neutron stars’) I
Emission models
(PSR mechanism,
_ NS atmosphere).
Quantum mechanical ISM composition.
many-body syst. under Distance.
strong inter actions.
QCD at finite density

Observational data
(E.M. spectra)
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Structure equations for compact stars

Hydrostatic equilibrium in General Relativity for a self-gravitating
mass distribution

Under the following assumpions:

> Spherical symmetry

» Non-rotating configurations

» No magneticfiad (“weak” magnetic field)

The Einstein’s field equations thakethe form called the
Tolman — Oppenheimer — Volkov equations (TOV)

. 3 B -1
dP_ Mo, P 9, 4 FPI) ) gy 25MIT)E

m(r) g Q

2% cfp(r)g c? & cr




m(r=0)= 0

Boundary

conditions: P(I':R) = I:)surf

The solutions of the TOV
eq.s depend parametrically
on the central density

Pc — p(r:O)

(Density isfinite at the star center)

define the stellar surface (surface area 4pR?)

R = stellar radius

P= P(r, pc)
m=m(r, p. )

Role of the Equation of State (EOS)

Thekey input to solvethe TOV equations EOS of dense matter.

In the following we assume matter in the Neutron Star to be a perfect fluid
(this assumption has been already done to derivethe TOV eqg.) inacold (T =0)
and catalyzed state (state of minimum energy per baryon)

ceC ¢

p=p(N)=pyg+—5-=
c?

P=P(n)= n?ﬂg 2 ¢
efiNg

r =total mass density

ro= rest massdensity

e = total energy density

e’ = internal energy density (includesthe
kinetic plus the potential energy density
dueto interactions (not gravity))




Thestructureand the propertiesof a Neutron Star aredeter mined
by the (unknown) EOS of dense hadronic matter.

matter’s constituents M

EOS R,
M(R), ...

Mmax

Interactions
(particularly Strong int.)

Gravitational mass
MGMmng%r%UMr

M o Isthe mass measured by a distant keplerian obser ver

M G C? = total energy in the star (rest mass + internal energy + gravitational energy)



The Oppenheimer-Volkoff maximum mass

Thereisa maximum value for the gravitational mass of a Neutron Star that
agiven EOS can support. Thismassiscalled the Oppenheimer -Volkoff mass

M = (L4—25)M, | EOSdependent |

“stiff” EOS

Pressure

“ soft”

density R

The OV massrepresent the key physical quantity to separate
(and distinguish) Neutrons Stars from Black Holes.




Proper volume = volume of aspherical layer in the Schwarzschild metric

/2

2Gm (r) 24

é 0
T A ,
& cr Y

dV = 4dneV'?r?dr = 4

Gravitational mass
° M(R) = 4n rep (r)dr

M ¢ Isthe mass measured by a distant keplerian obser ver
M G C? = total energy in the star (rest mass + internal energy + gravitational energy)
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Bar yoniC Mass Isthe rest mass of the N, baryons (dispersed

at infinity) which form the star
Mg =m,gn(r)av

R s 26m(r)g
=m,§ 4 r2n(r)§1- (o

dr = m,Ng

5 ,
cr
M, = baryon mass unit (aver age nucleon mass) NB ~ 10°f
Nn(r) = baryon number density
Pr oper mass IS equal to the sum of

the mass eementson
N the whole volume of
M P~ QP (r)dv the star, it includes the
contributions of the

-1/2 :
R 7 m N rest mass and inter nal
- A 4 2 e]__ 2G (r) U dr energy of the
Q T I p (), . I .
8 C2 r H constituents of the star
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@® Gravitational energy: Ec=(Mg—Mg)c?£0
Gravitational bindingenergy: Bg = —Eg

BG isthe gravitational energy released moving theinfinitessimal masselements rdV from
infinity to form the star.

2 m(r)p(r)dl‘ o [E Newt
r G

R
In the Newtonian limit E.=-G Q Ao 1

R
® Internal energy: E, =(Mp—Mjg) 2= (‘agq(r)dv

Internal binding energy: B, = —E, e = (r-rgc

@® Total energy: Ms;C?=Mgc? +E + E; =M, 2+ Eg

Total bindingenergy: B=B;+B, = (Mg—Mg) ¢?

B isthetotal ener gy released during the formation of a static neutron star from a rarified
gasof Ng baryons



Masses and binding energies of a Neutron Star

R e e ——
k. e o
2.0
5-_ 5 —
F 1.5 ? ! N
ol 1 2
I 1 m e[ |
D.ﬁ-— _ - B,
L 4 ID_
- T T I W Bombaci (1995)
“io14 1019 1016 1ol? 1ot 1019 1018 1017
Neutron Starsare pe (g/cm?)
bound by gr avity Total binding energy: B =B + B,
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Stability of the solutions of the TOV equations

d Thesolutionsof the TOV eg.srepresent static equilibrium configurations

O Stability of the solutions of TOV eg.swith respect to small perturbations

small radial perturbations, could be described by the EOS of a perfect fluid

the time-dependent stellar configuration, which undergoes

In “chemical” equilibrium (catalyzed matter)

Stable configurations must have

dM/dr >0

Mg

A

stable
branch

Unstable— |

branch

>
Central density

Thisisanecessary

Mg

A

/

but not sufficient condition for stability

stable

/ branch

radius

>



Thefirst calculation of the Neutron Stars structure

» Neutron ideal relativistic Fermi gas
(Oppenheimer, Volkoff, 1939).

M., =071M,, R=95km, nJ/n,= 13.75
M oy < M psrig1ae1g = 14411 2 0.0007 M o

. needsrepulsionsfrom nn strong interaction !

» Role of the weak interaction
ne p + e +n,
Some protons must be present in dense matter to balancethis reaction.

The core of a Neutron Star can not be made of
pure neutron matter



Before we start a systematic study of neutron star properties using
different models for the EOS of dense matter, we want to answer
the following question:

|sit possibleto establish an upper bound
for the maximum mass of a Neutron Star
which does not depend on the deatils of the
high density eguation of state?



Upper bound on M.,

Assumpions:
(a) General Relativity isthe correct theory of gravitation.

(b) Thestelar matter isa perfect fluid described by a one-parameter EOS,
P=P(r).

(c) r 2 O (gravity isattractive)
(d) “microscopic stability” condition: dP/dr = O
(e) TheEOSisknown below some fiducial density r*
(f) Causality condition
s=(dP/dr) ¥2 £ ¢

s = gpeed of sound in dense matter



Under the assumpions (a)—(f) is has been shown by Rhoades and Ruffini,

(PRL 32, 1974) that:

@ Theupper bound Mvurre jsindependent on the details of the EOS

below thefiducial density r *

@ Mvurrer scales with r * as;

1/2
&0 qg/cm’ 6
mueer _ g g 2 9TCM oy

(;’ -

e P %}
r* Mupper/M .

sun I M > Mupper

o 4.06 The compact star isa
2r0 287 Black Hole

r,= 2.8 10" g/cm3 = saturation density of nuclear matter



General featuresof a“realistic’ EOS

Any “realistic” EOS mugt satisfy the following basic requirements:

(a) saturation propertiesof symmetric nuclear
n,=016—0.18fm= (E/A),= —16x1MeV

(b) Nuclear Symmetry Energy Egym(ng) =28 — 32 MeV,

Eg/m(N) “well behaved” at high density  (seelecture by Prof. Di Toro)

(c) Nuclear incompressibility K, = 220+ 20 MeV

(e) Causality condition:
speed of sound s=(dP/dr) 12 £ ¢



Obsearvational deter mination
of themass of Neutron Stars



Deter mination of the masses of neutron stars

1) X-ray binaries

The method makes useof the Kepler’s Third L aw.
Consider two spherical masses M, and M, in circular orbit around their center
of mass (the method isvalidin the genera case of elliptic orbits).

a= a1+a2
Earth - In the CM frame:
M,a, = M,a,

Orbital plane  —~_ Vl ) — 2pal/Pb —
EZ/ M, velocity of M4 in theorb.

plane

P, = orbital period

] o 2n
Vi=Vy, SiNi=—asni
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Any spectral feature emitted by the star M, will be Doppler shifted.

measurig P,,v; ® a sni

Kepler’'sThird Law: G |\/|1_|_ M2 (27t )2
a3 - HJZ
. M+ M2a1
M>

Massfunction for thestar M,
(Mosini)” Ry
(Mi+M,y)? 2t G

fi(M{,M5,,sini)o°
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For some X-ray binariesits has been possible to measure both the mass fuction
for the optical companion star aswell asthe X-ray (NS) mass function

(f o (MOpS|ni)3 (qo &@91/3:&
’ (MX"’Mop)2 % ' o I\/IOIO
4 s >
f (I\/IXS”’")3 qu(l+ qZ)
op 2 My =
(MX + |\/Iop) % sin’i
\ \

The determination of the stellar masses depends on the value of sin .

Geometrical constraints can be given on the possible valuesof sin i:
In some casethe X-ray component is eclipsed by the

companionstar > 1 ~90° , sni~1
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2) Radio binary pulsar

Tight binary systems: P, = afew hours

General Relativistic effects are crucia to describe the orbital motion

measur e of . high precision
post Keplerian parameters NS massdeter mination

Periastron advance: ¢ 1 ()

e.g. Peridlium advancefor mercury, (p =43 arcsec/100 yr

| : 1 O evidence for
Orbital decay: Hj ——=>  gravitational waves
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to Earth

periastron

Pulsar orbit

line of nodes

X
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PSR 1913+16 (Hulse and Taylor 1974)

NS (radio PSR) + N§(“silent™)

Poor =959 mMs P,=7h45min

o = 4.220/ yr

Parameter

Yalue

Ortbital pened K [d)
Projected cemi-major axic x (e}
Eccentricity e

Longitude of periastron w (deg)
Epoch of perizstron Ty (MJID)

Advance of periastrenw (deg yr™ 1)
Gravitational redshift  (mes)
Orbital pericd derivative [F,)°% (10719

0.322997462727(5)
2.341774(1)
0.6171338(4)
296.57518(4)
46443,99588317(3)

4,226607(7)
4.294(1)
—2.4211(14)




PSR 1913+16 :I | T 11 | T T T T T T T 11 I I:
S~ i
_— i i
Test of General Reativity o = -
and £ o F i
. . . — L — il
Indirect evidence for < e .
gravitational radiation ; v y :
o 15 \
o, e =)
R = \ i
e —20 — \ v
z B General Relativity L:rc:;icti{;nn/ \ Il
=
5 Bl . J—
The parabolaindicates the E, [ \\ U
predicted accumul ated shift in the ’ L \R i
time of periastron caused by the —30 — \—_
decay of the orbit. The measured 7 \
value at the epoch of periastron . il
. . . —55 l | [ 111 | I | | I I I | | I I | [ 111 | 1|
are indicated by the data points 1975 1980 1985 1990 1995 2000
Year
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PSR 1913+16 T — i ——

Advance of periastron
f‘&} |
=
i
in
a
E
- Einstein term
g (Grav. redshift
e + time dilation)
E.‘.
O
6D e
‘\ﬂp = 1.4408 + 0.0003 Meg
M. = 1.3873 + 0.0003 M
c O]
Cl i 1 1 i 1 |

Pulsar mass {(Mg)



PSR J0737-3039 (Burgay et al. 2003)

NS(PSR) + N§(PSR) first double pulsar
Posr1 = 22mMS Posr, = 2.77S
P, = 2h 24 min
e~0.088 6 =16.9°/ yr
R,p ~ 5.6° 10°km (Rg =6.96 " 10°km)
dP,/dt =0.88 " 101, T erg~ 85 Myr

M, =1.34M,g M,=1.25M,g



M easured Neutron Star M asses

I 1 T 1 I 1 1 T T 1 T T T | 1 T 1 I 1 T 1 I 1 1 T
|
|  —— Vela X-1
I % AU 1700-37
» ! 411 1538-52
— SMC X-1
= , LMC X-1
i I i Cen X=3
+ 1 1 Her X-1 a
>—:—1—< Her X-1h M 1 M
3 44
! max . O
g PSR B1518+40
et S PSR B1518+49 comp.
t PSR B1534+12
+ PSR B1534+12 comp.
I« PSR B1913+16
:* PSR B1913+16 comp.
?:* PSR B2127+11C
PSR B2127+11C comp.
i PSR B2303+46 B ft" EOS
— PSR B2303+46 comp.
. PSR J0751 200 very o
- comp
PSR J0437-4715 %—l are ruled out
PSR 110125307 —t——»
PSR J1045-4500 ad
PSR 11713407 —&—H
PSR J1802-07 ! 3
PSR J1804-2718 e M max 1.57 M ®
PSR B1855+09 e
PSR 12019+ 2425 I
I — _
| M, (Vela X-1)
— | PSR J0045-7319 .
|||||||||||:|||'||||||||||||| Qualntre”etal’zoos’
0 0.5 1 1.5 2 i, 3 Astron. & Astrophys, 401, 313
NS Mass [M

Sun]



PRSJO0/51+1807. aheavy Neutron Star

NS—WD Dbinary system (He WD)

P, =6hr (orbital period)

P =34ms (PRS spin period)

P, = (-6.4+ 0.9) 1014 (orbital decay)
Orbital decay
interpreted asdueto M NS — 2.1+02 M o (68% conf.lev.)
gravitational wave
emission in GR Mys= 2.1+ ,24 Mg (95% conf. lev.)

D.J. Niceet al., 2005, Astrophys. Jour. 634, 1242



M easured Neutron Star M asses

mp

NS Mass [M |

| T T T T T T | T T |;| il T |i T T | T T T | T T T
PSR JO751+1807 ! [ — ¥ o
H—}—s——1 41 1700-37
L 41 153852
” :: SMC X-1
' & | LMC X-1
# I Cen X-3
i Her X-1 a
I—:'l——i Her X-1 b
|
— PSR B1518+49
] PSR B1518+49 comp.
| PSR B1534+12
= | PSR B1534+12 comp.
1 PSR B1913+16
;: PSR B1913+16 comp.
HH | PSR B2127+11C
1 PSR B2127+11C comp.
1 PSE B2303+46
—el PSR B2303+46 comp.
< : PSR J0737-3039
- | PSR J0737-3039 co
PSR J0437-4715 e
PSR J1012+5307 : I B
PSR J1045-4500 i
PSR 11713407 .
PSR J1802-07 —a |
PSR J1804.2718 P
PSR B1855+00 e
PSR 1201942425 | s——
|
)
. PSR J0045-7319
| I T NN N M III||I,|'I|III|III|III
0 0.5 1.5 2 2.5 3

M

3
max

=M

16 M,

(J0751+1807)

low

Niceet al., 2005, ApJ 634




Schematic cross section of a Neutron Star

outer crust
nuclel, e

rgrip = 4.3 X 10" g/cm?

Inner crust
nuclel, n, e

~1.5 x 10 g/cm?3

Nuclear matter core
npe,m

M~14M, R ~ 10 km
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Schematic cross section of a Neutron Star

outer crust
nuclel, e

rgrip = 4.3 X 10" g/cm?
Inner crust
nuclel, n, e

~1.5 x 10 g/cm?3

Nuclear matter layer
npe,m

exotic core
(a) hyperonic matter
(b) kaon condensate

M~14M, R ~ 10 km
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Schematic cross section of a Neutron Star

outer crust
nuclel, e

rgrip = 4.3 X 10" g/cm?

Inner crust
nuclel, n, e

~1.5 x 10 g/cm?3

Nuclear matter layer
npe,m

exotic core
(a) hyperonic matter
(b) kaon condensate

M~14Mg R~10km (€) quark matter
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swiss cheese lasagne spaghetti meet-balls
. y Ibb ' =
CORE: S 4 i W cRusT:

Homogeneous . ¥ 48 A Q 00 o o
Matter 0 : i \ B Neutron
: | YAnA Superfluid

s ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE
INNER CORE

Polar cap

. Cone of open
. magnetic
B, field

e lines

- Neutron Superfluid .

Neutron Superfluid +

Neutron Vortex  Proton Superconductor
Neutron Vortex
Magnetic Flux Tube




Neutron Starswith a nuclear matter core

Aswe have already seen dueto the weak interaction,

the core of a Neutron Star can not be made of pure neutron
matter.

Coreconstituents. n, p, €, nr

outer crust
nuclei, e

rdrip =%

inner crust
nuclei, n, e

~1.5 x 10" g/em?

Nuclear matter core
n1 pa e- il m-



b-stable nuclear matter

if w2 m =105.6MeV

€ « pu +tv_ +tv,

P+ e « r]+ve

N « p+€ +\Te

P+ p « I’]+vM

u, =p-=0 neutrino-free matter
. Equilibrium with Hpn- Hp = U
respect to the weak _
inter action processes Hy = He
. Chargeneutrality np =N, + nM

To be solved for any given value of the total baryon number density Ng



Proton fraction in b-stable nuclear matter and role of
the nuclear symmetry energy

. 1(E/A _1(E/A 19%(E/ A
HO Hp- By =- =2——— n)o =
B=0
B=(n,— np)/n =1-—2X  asymmetry paramter X = np/ n proton fraction
<
n=n,+n, total baryon density

<

Ener er nucleon for mmetric nuclear matter (*
P =y ®) p=0 symm nucl matter

E(n,b)/A = E(n,b =0)/A + Eg,,(n) b? B=1 pureneutron matter
E.,m(n) = E(nb=1)/A — E(n,b =0)/A
| 1=4 Eqm(n) [1- 2x] The composition of
b-stable nuclear

matter isstrongly

dependent on the
nuclear symmetry

3p? () n x(n) — [4 Eg (n) (1-2x(n))]3=0 energy.

(*) Bombaci, Lombardo, Phys. Rev: C44 (1991)

Chemical equil. + charge neutrality (no muons)




30 MeV

Schematic behaviour of the nuclear symmetry energy

Rel. M.F.
DBHF

BHF

/ CBF

1 \\ \ n/n,

Skyrme



Microscopic EOSfor nuclear matter: Brueckner-Bethe-Goldstonetheory

k. K k. Kk
Goslo) =V +v g Kako Queetkako] ¢ ()
k@ - & (Ka)- €(Kp)

hi°k “

e (k) = + U (k

C(k) = o . (k)

U.(k)= & & akk'|G (e +e.)|Kkk'n
t¢ k'

V isthenucleon-nucleoninteraction (e.g.the Argonnevil4, Paris,

Bonn potential) plus a density depependent Three-Body Force (TBF)
necessary to reproducethe empirical saturation on nuclear matter

® Energy per baryon intheBrueckner-Hartree-Fock (BHF) approximation

1 h 2k ? 1
o) (o) + (o) (o) UAk
A e a@ ak > M > A aﬁ ak 5 (K)




The EOSfor b-stable matter

Pressure: Phuct (N) = n° AEA
dn
P=Fua + Rep
Mass density:
p = i2(8nucl +(""'Iep) = izgenE"' mNCzn"'gIep9
C ce A o

L eptons aretreated as non-inter acting relativistic fer mionic gases



Energy per baryon

(two body forces only)

60 |
X
+ rl'
{ __:"
40 | v
.-'--' i
o
! e ¥
r'JC' |
i -
i
B
i
-
[} 1
| &
-
[ *-rt.rh [ :
P B -
W S Hpo
. =t [ g g
=20

Upper curves. neutron matter
lower curves symmetric nuclear matter

Empirical saturation point <=~
BHF with A1l4 === ==--
BHF with Paris

WFF: CBF with U14
WFF: CBF with Al14

ooooooooao
000000000

Baldo, Bombaci, Burgio, Astr. & Astrophys. 328, (1997)



Energy per baryon

| 800 S
600 | , . . .
Symmetric Matter | | Neutron Matter y
s " | 600
= | /] '
= 400F i
.ﬂ: 400
= _
E3)
200 -
~ 200
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
n (fm™) n (fm™)

BBB1l: BHF with A14+TBF === === =-
BBB2: BHF with Paris+TBF
DBHF: Bonn A

WFF: CBF with A14+TBF

0000000OO0OO0OO

Baldo, Bombaci, Burgio, Astr. & Astrophys. 328, (1997)



Saturation propertiesBHF EOS (with TBF)

EOS Ny E/A K
(fm-3) (MeV) (MeV)

Al4+TBF 0.1/8 -16.46 253

Paris+TBF 0.176 -16.01 281

empirical 017+01]-16+1|220+ 20

saturation




Speed of sound

Neutron Matter

0.0 0.5 1.0 1.5

n (fm°)
BBB1: BHF With AI4+TBF = - = = — — — . At high density extrapolation using
BBB2: BHE with ParistTBE E/A=Q'(n)/ (1+bn')
DBHF. Bonn A Q'(n) = polinomial of degreel|

WFF: CBF with A14+TBF ;500000000
Baldo, Bombaci, Burgio, A& A 328, (1997)



Speed of sound in beta-stable nuclear matter
S L ]

n (fm™?)

BBB1. BHF with A14+TBF
BBB2: BHF with Paris+TBF
BPAL: phenomen. EOS



Proton fractionin

Symmetry energy b-stable nucl. matter
300 (a) 0.4 (b)
= | |
= | ] 0.3 s
= 200 s T
! o
| 7 7
100 | A 7
| e ' 0.1 i
| .-.-:-.-’ a " o | .f.{ B 0O
S s E / s : .
.ﬁaa éﬂo"‘,rﬁo-:-nl:ﬂ
ok _I 0.0 | —
0.0 0.5 1.0 1.5 0.0 0.5 1.0 5
. I
n (fm ) R i s E
BBB1: BHF with A14+TBF === === =-

BBB2: BHF with Paris+TBF
DBHF: Bonn A
WFF: CBF with A14+TBF 0000000000

Baldo, Bombaci, Burgio, Astr. & Astrophys. 328, (1997)



E/A (MeV)

E/A in b-stable nuclear matter

i

e Asymmetric and
f—stable matter
A
! .r.f :IJ
400 | :’f _,f" '
' IIJJ.I‘ .-J
£ .-"'lr;r :
"L S
fmf;
200 o
,-".f,-fﬁg
L~ |
| ﬁ:"ﬁb _ BBB1l: BHF with A14+TBF == === ="
LMN BBB2: BHF with Paris+TBF
' = ' WFF: CBF with A14+TBF oooooo0o0000
e Lt 3y
l 111 i

Baldo, Bombaci, Burgio, Astr. & Astrophys. 328, (1997)



M ass-Radiusrelation for nucleonic Neutron Stars

2.2 | | | | | | i

gf-.  WEF WEF: Av14+TBF (variats
BBB2 BBB1: Av14+TBF (BHF)

L3I BBB2: Paris+TBE (BHF) |

BBB1 Aihete _
L BPAL32: phen. interact. |

=

gm 1.4 =]
= 1.2 =
I BPAL32 8
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| l | \ l | |
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WFF: Wiringa-Ficks-Fabrocini, 1988.
BPAL: Bombaci, 1995.
BBB: Baldo-Bombaci-Burgio, 1997.



Maximum mass configuration of pure
nucleonic Neutron Starsfor different EOS

EOS Ms/Mg R(km) n./ n,
BBB1 1.79 0.66 8.53
BBB2 1.92 9.49 8.45
WFF 2.13 9.40 7.81
BPAL12 1.46 0.04 10.99
BPAL 22 1.74 9.83 9.00
BPAL 32 1.95 10.54 7.58




Propertiesof neutron starswith M;=1.4 Mg

EOS R(km) | n./ng X,
BBB1 11.0 4.06 0.139
BBB2 11.1 4.00 0.165
WFF 10.41 4.13 0.066

Crustal properties of neutron starswith M =14 Mg

r
EOS (1015 gclcm3) R(km) Rcore DRinner DRouter DRcr ust
BPAL12 2.5 0.98 8.56 1.15 0.27 1.42
BPAL 22 1.2 11.81 9.63 1.75 0.43 2.18
BPAL 32 0.9 12.60 10.06 2.05 0.49 2.54




Rotating Neutron Stars

2ans 7T VT | O S Supramassive
e —'\
2.0 A 2.0/ | W 4/ sequences
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| . Mass shed
IlI l|<./
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10| =, T — p=1558ms
- (D - e :|n
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0.5 0.5
0oL v o b e b b e b ) 0oL |
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Datta, Thampan, Bombaci, Astron

R(km)
.and Astrophys. 334 (1998)
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Neutron Starsor Hyperon Stars

Why isit very likely to have hyperonsin the coreof a
Neutron Star?

(1) The central density of a Neutron Star is “high”
r.» (4—10) r, (ro=0.17 fm3)

(2) The nucleon chemical potentials increase very rapidly as
function of density.

Above athreshold density (r .» (2—-3) r)
hyperons are created in the stellar interior.

A. Ambarsumyan, G.S. Saakyan, (1960)
V.R. Pandharipande (1971)



Threshold density for hyperonsin neutron matter

4 Non-rdativistic free Fermi neutron gas

h2k? k3
"+ m.c®s m c? n, = —%
2mn 3
1 i [2m c? 2]“2P3
_— I [2m,C (m - m )c :
o 3 2 hc Y
f b
m, = 1115.68 MeV/c? m, = 939.56 M eV/c?

n,= 0.837 fm-3 n,/ny=5.23 n,=0.16 fm3



Baryon chemical potentialsin dense hyperonic matter
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Microscopic EOSfor hyperonic matter: extended Brueckner theory

. Q
G((D )8152 B384: 1B, B3B, * 8?86 \éleBsBe o - eBB:B.G eB6 G((D )BSBGB3B4
h%k?

€5, (K)= Mg e+ 1+ Uy (K)

B.

Ug (K)=8 & &KK'| Ggggpl =& + &) Kk’
B k'zkeg,

V isthebaryon--baryon interaction for the baryon octet (n, p, L,

s, s% s, x7, x9) (eg.theNijmegen potential).

® Energy per baryoninthe BHF approximation

k(8] d°K 1 hek® 1
E/N = 2a o Mg c? e+ +ZU (k) + RESTN (k)y
(2n )% ° 2M ;2 2 3
Baldo, Burgio, Schulze, Phys.Rev. C61 (2000) 055801,
Vidana, Polls, Ramos, Engvik, Hjorth-Jensen, Phys.Rev. C62 (2000) 035801,
Vidana, Bombaci, Polls, Ramos, Astron. Astrophys. 399, (2003) 687.




b-stable hadronic matter

] Equilibrium with Hp=Hn™ He= Hg-

respect to the weak L S o= R o= 1,
inter action processes " > X

MntHe =R, = p

Hy, — He

. Chargeneutrality

n,+N.=n+n+n_+n.

For any given valueof thetotal baryon number density Ng



The Equation of State of Hyperonic M atter
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|. Vidana et al., Phys. Rev: C62 (2000) 035801



Composition of hyperonic beta-stable matter
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399 (2003) 687



Composition of hyperonic beta-stable matter

Baryon number density r, [fm]
(] 02 0.4 D& 0.8 1 1.2

£ i
Lo
o™
Lo’ =
- . Hyperonic Star
. My=134M,

fracBantscle

|. Vidafia, |. Bombaci,
A oo b e o s T o 0 o 1 AL Polls, A. Ramos,
(] L 2 3 4 S. [ ‘? 2] 9 LO LL 12 L3 Astron. andAstrophys
Radial coordinate [km ] 399 (2003) 687
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Relativistic Quantum Field Theory in the mean field
approximation for Hyperonic Matter and Hyperon Stars

» Walecka, 1972
* Glendenning, Astrophys. Jour. 293 (1985)
*Glendenning and M oszkowski, Phys. Rev. Lett. 67, (1991)
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Relativistic Mean Field Theory of hadronsinteracting via meson exchange
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Hyperonsin Neutron Stars. implicationsfor the stellar structure

The presence of hyperons reduces the maximum mass of
neutron stars. DM 5 » (0.5-0.8) Mg

Therefore, to neglect hyperons always leads to an over stimate of
the maximum mass of neutron stars

Microscopic EOSfor hyperonic matter:

“veary soft” EOS non compatible with measured NS masses.

" Improved NY, YY

Need for extra pressure < two-body interaction

at high density Three-body for ces:
NNY, NYY, YYY

\



Quark Matter in Neutron Stars

QCD Quark-deconfinement phase
Ultra-Relativistic ) transition expected at
Heavy lon Collisions re» (3=95)ry
TA The core of the most
massive Neutron Stars
Isone of the best candidates

= color

superconducting |1 the Univer se where such
a deconfined phase of
[crysta1?) guark matter can be found

2SC \/
gas/lii(' / (cFL)

compact star

X

nuclear]




What quark flavorsare
expected in a Neutron Star ?



What quark flavorsare flavor |  Mass | Qflel
- o) u 5+3MeV 2/3
expected in a Neutron Star” TR EETYEIYI VI BT
m m. m << m .m.m S 200 +100MeV | -1/3
s cribrt ¢ | 13+03GeVv | 23
Suppose: . m,=my=m, =0 (%) b | 43:02Gev | -1/3
u,d,s non-interacting t 175+ 6 GeV | 2/3
(ideal ultrarelativ. Fermi gas)
@ Threshold density for the cquark
SR C+6€ +v_ u,d,sin a-equil. | (%) o
e Qtot — O }_> nB— nu— nd— nS

Er, =0ckg, =Uc (p?ny)? =Uc (p?ng)*®3 m.=1.3GeV ——=> Ng~ 21981‘Om-3
~ nO

Only u, d,squark flavors are expected in Neutron Stars.



A simple phenomenological model for the

EOS of Strange Quark Matter

Strange Quark Matter: u,d,s deconfined quark matter.
Strangeness quantum number S S=0(u,dquarks), S=-1(squark)

We consider asimple phenomenological model which incorporates from the
begining two foundamental features of QCD

® Asymptotic freedom

® Confinement

W = grand canonical thermodynamical potential per unit volume (W =—P)
w =W+ w

wO : contribution for a u,d,s non-interacting realtivistic Fermi gas

W.

int -

contr. from quark interactions (in principle solving QCD eq.s)

W_. = W, + W

int short long



SQM: high density [imit

In the high density regime encountered in the cores of massive Neutron Stars
guarks behave essentially asfree particle (due to asymptotic freedom).

In thisregimetheshort range quark interaction can be calcualted using
perturbative QCD (perturbative expansion in power s of the QCD structure
constant a, = g%(4p))

Wyt € perturbative QCD

Thelongrangepart of the quark interaction isroughly approssmated by
the so called bag constant B. In
the MIT bag model for hadronsthe bag pressure P=—B, isresponsible for the
confinement of quarksin hadrons

\Nlong~ B



Grand canonical potential (per unit volume)

In the following we assume: m,=my=0, m.t O

wO) = WU(O) + W OI(0) + WS(O)

(0) _ 1 1 4 _
R '(hc)34n2”q (@=u.d)
. _ 1 1t =2 5 o0 ps+pg O
W7 = — In@
(hc)34n 2 Msttsghs T 5T st LS g%

“so(“s'ms) = 1C Kgg
m, my m: chemical potentialsfor quarks

The expression for thelinear (in a. ) perturbative contribution w% to the grand
canonical potential con be found in Far hi and Jaffe, Phys. Rev. D30 (1984) 2379



Equation of State (T = 0)

,
Puyg.ng)=-w @ -w-wh. B
< 1 !
p(pysng.ns) @ —2|’W(O)+W(1)+ a nihg+ By
C f=u,d,s b
\
EW; O
Ng = - —:
g Tu 1 oT v

1
n= é(nu + Ny + Ng) total baryon number density



b-stable Strange Quark Matter

U+ € « d+vg € « p tvegtv,
U+€ « S+vg | | ... , EtC.

d® u+e +vg

S® U+€ +vg

S+U« d+u

H, = U = 0 neutrino-free matter




b-stable Strange Quark M atter

- Equilibrium with _
respect to the weak Hd = Hu™ He
Interaction processes

. 2 1 1
] cChargeneutrality FURESURU SIS =0

To be solved for any given value of the total baryon number density Ng



Hybrid Stars

outer crust

Inner crust

Hadronic matter layer
n, p, hyperons, e, m

Mixed
hadron-quark
phase

Quark matter core

|. Bombaci, Formazione e struttura delle stelle compatte, Scuola“R. Anni”, Otranto 2006



The EOSfor Hybrid Stars

% Hadronic phase:

Relativistic Mean Field
Theory of hadrons
Interacting via meson exch.
[e.g. Glendenning,
Moszkowsky, PRL 67(1991)]

—

—
=

| hadronic phase quark phase

dyne/cm |

35
—
=

% Quark phase:

EOSbased on the MIT bag
model for hadrons. [Farhi,
Jaffe, Phys Rev. D46(1992)]

mixed phase

pressure P [10

eos: GM3+Bag Model
m =150 MeV. B=136.6 MeV/fm"

% Mixed phase:

Gibbs construction for a a1 S S R N
c - 0 0.5 1 1.5 2 25 3 3.5 4

multicomponent system with s dediey p (10 et

two conserved “ charges”.

[Glendenning, Phys. Rev. D46

(1992)]

|. Bombaci, Formazione e struttura delle stelle compatte, Scuola “R. Anni”, Otranto 2006



Composition of dense matter with a phasetransto Quark Matter

particle fractions n/n
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et T
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107 F -
104F 1 | ] | | l I | I
0 o2 T 04 06 0.8 1 12
; 3
n, baryon number density n[fm ] GM 3+Bag model
2n0 m~=150 MeV, B=13.6.6Mev/fm3

|. Parenti, Tes di Laurea, Univ. di Pisa, 2003



Hybrid Star
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Hybrid Star
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Themass-radiusrelation

Hadronic Stars

The mixed quark-hadron

phase startsat the central
density for thisstellar

configuration

Hybrid Stars

|. Bombaci, Formazione e struttura delle stelle compatte, Scuola“R. Anni”, Otranto 2006



Hybrid Stars

hadr{}nic/—
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IIII|
. 1
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10
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|. Parenti, Tes di Laurea, Univ. di Pisa, 2003



Deconfinement phase transition in isolated spinning-down neutron stars

mass shed

AN

o o R

r = critical density for quark deconfinement

crust _
HM i(ie,></‘ Spin-down QM core
m
M g= const

<r* R
>r

Spin-down: J decreases, W decreases
r. Increases, | decreases

|. Bombaci, Formazione e struttura delle stelle compatte, Scuola“R. Anni”, Otranto 2006



apparent braking index

- v Z 3l ey + | a2
n(w)e ww/w =n-
21 + | v

measured large value Observational signature for
of the braking index guar k deconfinement phase
In| >>3 transition in compact stars

Glendenning, Pel, Weber, 1997

|. Bombaci, Formazione e struttura delle stelle compatte, Scuola“R. Anni”, Otranto 2006



apparent braking index

- v Z 3l ey + | a2
n(w)e ww/w =n-

21 + | &V

T

Remember the effects of magnetic field decay on the braking index
(see one of the previous lectures)

|. Bombaci, Formazione e struttura delle stelle compatte, Scuola“R. Anni”, Otranto 2006



braking index

. .9 3 1
n(t)e ww/w =3. — >c 1B

R°B3sn?a w?

tg=10Myr
Taurisand Konar,
Astron. and Astrophys. 376
ta= ¥ (2001)

braking index

® log(t[Myr])



Sezione di una stella di neutroni

4,3x10'" g/em’

: \ 8
convenzionale &3 g/cms

2 km L2

e .___;A._

0,5x10”g[cma A\ 05/km

15 =
2,7x10 " g/ecm3 Jokm —

nocciolo di materia nucleare !

{n.p.e~p) e

crosta interna

nuclei,e-,n) crosta esterna
(nuclei,e

iperonica

nocciolo di materia guscio di materia crosta
iperonica nucleare

ibrida
guscio di materia
iperonica

]

nocciolo di materia strana guscio di materia
lu, d, 5, e nucleare

stella di quark

g—

materia sirana
(u, d, s, e

“Neutron Stars’

“traditional”
Neutron Stars

Hyperon Stars

Hybrid Stars

Strange Stars

\

Hadronic
- Stars

/

, Quark
Stars

. Bombaci, Formazione e struttura delle stelle compatte, Scuola “R. Anni”, Otranto 2006




The Strange Matter hypothess

Bodmer (1971), Terazawa (1979), Witten (1984)

Three-flavor u,d,squark matter, in equilibrium with

respect to the weak interactions, could bethetrue ground
state of strongly interacting matter, rather than °%Fe

E/Alsom £ E(*°F€)/56 ~930MeV

Stability of Nucle with respect to u,d quark matter

The success of traditional nuclear physics provides a clear
Indication that quarksin the atomic Nucleus ar e confined
within protons and neutrons

E/A|,y @ E(®Fe)/56



EOS for SOM: massless quarks

(ultra-relativistic ideal gas +bag constant)

e=K n*3+B E/A =K n¥3+B/n

P = (U3)K n¥3- B
P = (13) (e - 4B)

9

K = Zhe 23 u,dsQM : deg.fact=2"3 3 (n=nz=n)
1/3
9, &3 28
K=—%hC ¢c—n 22 u,d (isospin-symm.)QM : deg.fact.=2"2" 3
4 &2 g



E/A
(MeV)

930




Stability of atomic nuclel
against decay to SQM droplets

@ |IftheSOQM hypothesisistrue, why nuclel do
not decay into SQM droplets (strangelets) ?

@® Oneshould explain the existence of atomic
nuclel in Nature.



a) Direct decay to a SQM droplet
%Fe > %5(SQM) (1)

weak Process u > s+ e+ v,
d+u > s+u

(2)

To havethedirect decay to *°(SQM) one needs ~56 simultaneous
strangeness changing weak processes (2).

The probability for the direct decay (1) is: P~ (GA*~0

The mean-lifetime of °°Fe with respect to the
direct decay toadrop of SQM is

I >>ageof theUniverse



b) Step by step decay to a SOM droplet
BFe > %Xt 5 Sy > S5(SOM)

SOFg- These processes are not energetically

Fe > {56I\/| o possible since

Q — M(56Fe) _ M(56X1L)<O

Thus, according tothe BTW hypothesis, nuclel are metastable
states of strong interacting matter with a mean-life time

t >>ageof theUniverse




[MeV]

1000 = uds
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300

250

=

150

strange quark mass m_ [MeV]
g

n
=

o =0
C

(Hybrid Stars)

70 73 80 85
Bag constant B [MﬂVa’fmz]

60 65 90 g5
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TheMass-Radiusrédation for Strange Stars
M NS
s~

M ~R3 M~ 1/R3
N /

@ “low” mass Strange stars are self-bound bodies
I.e. they arebound by the stronginteractions.

>
R

@® Neutron Stars (Hadronic Stars) are bound by gravity.



The X-ray burster SAX J1808.4-3658

@ Discovered in Sept. 1996 by Beppo SAX

@ Type-l X-ray burst source (DT < 30 sec.)

@ Transient X-ray source (XTE J1808-369) detected with the
proportional counter array on board of the Rossi X-ray Timing
Explorer (RXTE) (1998)

@ Millisecond PSR: Coerent pulsation with P =2.49ms
@ Member ofaLMXB: P_,=2.01hours

SAXJ1808.4-3658 isthefirst of the (so far) 3 discover ed accreting

X-ray millisecond PSRs.
XTE J17/51-305 : P =2.297ms, P, ,=42.4min [2002]
XTE J0929-314 : P =5.405ms, P, ,=43.6 min [2002]

» millisecond X-ray PSRs were expected from theor etical models
on the genesis of millisecond radio pulsars.



TheMass-Radiusreation for SAX J1808.4-3658

(1) Inthecourseof RXTE observation in April —May 1998, the
3—150 keV X-ray luminosity of the source decreased by a
factor of ~100.

(i) X-ray pulsation was observed over thisrange of X-ray
luminosity.



The Mass-Radiusrelation for SAX J1808.4-3658

Detection of X-ray pulsation requires:
(1) R <R,
(2) Ry < Ry

Accretion disk

R = radiusof the compact star

R, = radius of theinner edge of the accretion disk

R., = corotationradius: P (R.) =P

3
u
P2

u
u

_ ¢GM

&y 2

Reo

|. Bombaci, Formazione e struttura delle stelle compatte, Scuola“R. Anni”, Otranto 2006



The Mass-Radiusrelation for SAX J1808.4-3658

© Spherical accretion (and dipolar magnetic field)

39211 2 01/7&B4R12 U7 Alfvén radius
RO RA radius of the
(; GH Mm stellar magnetosphere
M = mass accretion rate /
R
pmag Pram pmag » Bzae 9 v Pram = pV2

el’ﬂ

disk

(o] Disk accretion

Ro=¢ Ry &»1

x does not depend on the accretion rate

|. Bombaci, Formazione e struttura delle stelle compatte, Scuola“R. Anni”, Otranto 2006



The Mass-Radiusrelation for SAX J1808.4-3658

F = X-ray flux measured with the RXTE F=km k = const
1/7 17
2 4pl2 4
& “ 0 @BIRCE | 7. -
§Guogy & M 5

Fmin £ F E Fmax X-ray flux variation observed during april-may 1998

Using (1) and (2)

217
A A ael:miné
R F2/7<|:2_/7<R00:> R<g T Reo
max min e'max g

|. Bombaci, Formazione e struttura delle stelle compatte, Scuola“R. Anni”, Otranto 2006



The Mass-Radiusrelation for SAX J1808.4-3658

upper limit for the radius of the compact object in SAX J1808.4-3658

R < (F.. [F. )27 (GMg /4p2)V3 P23 (M/ M 4)¥3

min

F .i,= X-ray flux measured during the“low state” of the source - E 100
F o= X-ray flux measured during the“ high state” of thesource ™" ™"

P = period of the X-ray PSR

X.-D. L1, 1. Bombaci, M. Dey, J. Dey, E.P.J. Van den Heuvd,
Phys. Rev. Lett. 83, (1999), 3776



A strangestar candidate: SAX J1808.4 —3658
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f Hadronic Star models are not

. compatible with the mass and
radius extracted from

; observational data for

BBB1— SAX J1808.4 —3658

- SAX J1808.4-3658 ,

- =
R (km)

X.-D. Li, |. Bombaci, M. Dey, J. Dey, E.P.J. Van den Heuvel, Phys. Rev. Lett. 83, (1999), 3776
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