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 Well known facts about Neutron Stars
  Formed from the collapse remnant of a massive star after a

     Type II, Ib or Ic supernova.

  Baryonic number: Nb ~ 1057 (“giant nuclei”)

  Mass: M ~ 1-2 M

       MPSR1913+16 = (1.4411±0.0035) M
     Recently: MPSR0751+1807 = (2.1±0.2) M Nice et al., ApJ 634,
     1242 (2005)

  Radius: R ~ 10-12 km

  Density: ρ ~ 1015 g/cm3

 ρuniverse ~ 10-30 g/cm3

 ρsun ~ 1.4 g/cm3

 ρearth ~ 5.5 g/cm3



  Magnetic field: B ~ 108…16 G

  Electric field: E ~ 1018V/cm

  Temperature: T ~ 106…11 K

  Shortest rotational period: PB1937+2 = 1.58 ms
     Latest discovery: PSR in Terzan 5: PJ1748-244ad = 1.39 ms

  Accretion rates: 10-10 to 10-8 M/year



 Let’s play a little bit

Let’s assume that a neutron star is a sphere of uniform density ~ 1014 g/cm3

completely made of neutrons. We can get a first simple estimation of its
radius and the number of neutrons in it. The idea is to generalize the
Weizsäcker mass formula, which parametrizes the binding energy of nuclei,
to include the gravitational energy. For a our sphere containing N neutrons
we can write:
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we can neglect the surface term since N >> N2/3. We can express the radius R
of the neutron star as a function of the number of neutrons N
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Then, we can write
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For small N, the first term dominates and the binding energy is negative (av
~16 MeV, asym~23 MeV). In that case we expect no nuclei exclusively
composed of neutrons. However, when N increases, the second term
becomes important and at some given value N=Nc, the total binding energy
becomes zero. This value defines the minimum number of neutrons in order
to obtain a bound system and from it, we can estimate the minimum size of a
neutron star:
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which yields Nc ~ 5x1055 and R ~ 5 km



Let’s now consider that the neutrons form a giant free Fermi sea, enclosed
by gravity in a uniform sphere of radius R. The Fermi momentum is given
by
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and the total energy is given by the average kinetic energy of the free Fermi
sea plus the gravitational energy
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Let’s now consider that the neutrons form a giant free Fermi sea, enclosed
by gravity in a uniform sphere of radius R. The Fermi momentum is given
by

Now, for a given number of neutrons, we can ask for the size of the sphere
which defines the equilibrium configuration, that is:
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which yields:
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In this case, it is the degeneracy pressure of the neutrons, direct consequence
of the Pauli principle, which sustains the star against gravitational collapse.

If we take a neutron star with a mass M = 1.5 M, the number of neutrons
can be roughly estimated as
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Consequently

! 

R ~ 10.5  km and
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One of the most fascinating
enigmas in modern

astrophysics concerns the
true nature of the ultradense

compact objects called
Neutron Stars



Let’s have a look into the Neutron Star interior

In a traditional and conservative
picture the internal composition
of a Neutron Star has been
modelled by a uniform fluid of
neutron rich nuclear matter in
equilibrium with respect to weak
interactions
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But because of ….

The value of the central density is high: ρc   ~ (4-8)ρ0

                          (ρ0 = 0.17 fm-3 = 2.8 x 1014 g/cm3)

The rapid increase of the nucleon chemical potential with density

More exotic degrees of freedom are expected
    in the Neutron Star interior



(Taken from F. Weber)



β-stable Neutron Star Matter

The equilibrium composition of the neutron star material is determined
by the requirement of:
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To derive such equilibrium conditions and the equilibrium composition
of matter in a neutron star one should:

 write all possible processes conserving baryon number and electric  
     charge. For instance in our case, i.e., hyperonic matter.
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 write the relation between  the chemical potentials associated to each 
     reaction, and, finally, identify the independent ones and write the others
     in terms of them
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Another equivalent way to derive the equilibrium conditions and the
equilibrium composition is obtained though the minimization of the
energy density under the constraints of baryon number conservation and
charge neutrality

  

! 

F("b1 ,K,"bB ;"l1 ,K,"LL ) = #("b1 ,K,"bB ;"l1 ,K,"LL ) +$ "B % bi
i

& "bi
' 

( 
) 

* 

+ 
, + - qbi "bi + ql j "l j

j

&
i

&
' 

( 
) ) 

* 

+ 
, , 

The minimization condition requires

  

! 

"F

"#
b
i

= 0,K,
"F

"#
b
B

= 0,
"F

"#
l
i

= 0,K,
"F

"#
l
L

= 0,
"F

"$
= 0

"F

"%
= 0,

Charge neutralityBaryon number 
  conservation



Remembering that
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the previous conditions on F yield a set of equations of the type
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In general, there are as many independent chemical potentials as
conserved charges, and all the others can be written in terms of them.

In the case of neutron stars there are only two conserved charges, and
their corresponding chemical potentials are:

  µn, associated with baryon number conservation

  µe, associated with charge neutrality

Eliminating the Lagrange multipliers α and β, one can obtain all the set
of relations among the chemical potentials:
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β-stable nuclear matter

To begin with we assume that the constituents of the neutron star are
neutrons, protons and electrons. The equilibrium conditions for the weak
reactions

 (n, p, e-) system in neutral β-equilibrium at T=0
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and charge neutrality requires ρp=ρe. Therefore one can write

! 

3" 2#B xp = µn (#B ,xp ) $µp (#B ,xp )( )
3

which defines implicitly the proton fraction at equilibrium.



• Exercise: Show that for a system of non interacting (n,p,e-), the proton
fraction at equilibrium is

in the case of non-relativistic particles (assuming mp=mn=m); and

in the case all particle species are ultra-relativistic. Notice that in these
two limiting situations  the result is density independent.
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As soon as µe> mµc2 ~ 105.6 MeV it is energetically favorable for the
electrons to convert to muons via the weak process

 (n, p, e-,µ-) system in neutral β-equilibrium at T=0
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The following processes are also allowed
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Now, the equilibrium conditions read
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µp = µn "µe; µµ = µe

which together with charge neutrality, ρp=ρe+ρµ, give
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which can be solved numerically 



Hyperonic degrees of freedom

    1115   0(1/2+)     uds       Λ

    1321 1/2(1/2+)     dss       Ξ−

    1315 1/2(1/2+)     uss       Ξ0

    1197   1(1/2+)     dds       Σ−

    1193   1(1/2+)     uds       Σ0

    1189   1(1/2+)     uus       Σ+

    Mass      I(JP)    Quarks   Hyperon
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 Hyperons are expected to appear at ρ ~ (2-3)ρ0



• Exercise: Consider a system of non interacting baryons (n,p,Λ and Σ−)
and leptons (e-,µ-). Determine the onset density of the two hyperons.
Consider the electrons ultra-relativistic and take mn=mp=m for simplicity



Hyperons in Neutron Stars
Since the pioneering work of Ambartsumyan & Saakyan (1960) …

 Relativistic Mean Field Models: Glendenning, 1985; Knorren,
     Prakash & Ellis, 1995; Shaffner-Bielich & Mishustin, 1996

 Non-realtivistic potential model: Balberg & Gal, 1997

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

 Brueckner-Hartree-Fock theory: Baldo, Burgio & Schulze, 2000;
     Engvik, Hjorth-Jensen, Polls, Ramos & Vidaña, 2000

 Chiral Effective Lagrangians: Hanauske et al., 2000

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



Effect of Hyperons in the EoS and Mass of
Neutron Stars

Hyperons make the EoS softer  reduction of the mass



What do we know about YN and YY interactions ?

Scattering data

Binding energy of hypernuclei
    (mainly Λ-hypernuclei)
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See e.g. D.J. Millener, C.B. Dover
& A. Gal, PRC 38 (1988) 2700



The hypernuclear chart in 1989

And almost 20 years later: basically the same hypernuclei … but measured
with better statistics and energy resolution   excited hypernuclear states
are now available!

Hypernuclei



Hypernuclear Chart



In summary …

 NΛ: attractive  Λ-hypernuclei for A=3-209;  UΛ ~ -30 MeV at ρ0

 NΣ: 4HeΣ hypernucleus bound by isospin forces
                         Σ- atoms: repulsive potential

  NΞ: attractive  7 hypernuclear events;    UΞ ~ -28 MeV at ρ0
            quasi-free production of Ξ: UΞ ~ -18 MeV

 ΛΛ: attractive  5 double Λ hypernuclear events
                    ΔΒΛΛ(ΑΖΛΛ) ∼ 4−5 MeV (old data)
                    ΔΒΛΛ(6HeΛΛ) ∼ 1 MeV (NAGARA event)

Reproduced by most recent BB forces (NSC97) and consistent with SU(3) expectations

 YY: Y=Λ,Σ,Ξ  unknown !



Relativistic Mean Field approach of hyperonic matter

 Lagrangian density
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 Euler-Lagrange Equations
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Baryon field equations

Meson field equations



 Mean Field Approximation

The Euler-Lagrange equations derived from the previous Lagrangian density
are solved by replacing the meson fields by their mean values in uniform
matter, and the baryon currents are replaced by the ground state expectations
generated in the presence of the mean meson fields.
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Baryon mean field equations

The eigenvalues of particle and antiparticle can be found as
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Meson mean field equations

! 

"0 =
g"B

m"
2

(2JB +1)

6# 2
bBkFB

3

B

$ ;  "k = 0

The onset density of each baryon specie is determined by the condition

! 

µB = µN " qBµe # g$B$0
+ g%B%o3I3B + mB " g&B&

! 

"03 =
g"B

m"
2
I3B

(2JB +1)

6# 2
bBkFB

3

B

$ ;  "k3 = 0

! 

m"
2" = #bmNg"N g"N"( )

2
# cg"N g"N"( )

3

           +
(2JB +1)

2$ 2
g"B

mB # g"B"

k
2 + mB # g"B"( )

2
0

kF

% k
2
dk

B

&



 Equation of State

The energy density and pressure are obtained from the energy-momentum
tensor
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Using the Lagrangian density of the present theory, we have
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In summary, the equation of state of  β-stable hadronic matter inside a
neutron star can be obtained by solving in a self-consistent way the following
set of coupled non linear equations:

 3 equations for the meson fields

 1 equation impose by charge neutrality

 1 equation impose by baryon number conservation

 N-2 relations among the chemical potentials of the N
     species considered



 Coupling Constants

The nucleon coupling constants gσN, gωN, gρN, b and c are constrained by the
empirical values of  density ρ0, energy per particle E/A, compression
modulus K, symmetry energy asym and effective mass m* at nuclear
saturation.

The hyperon coupling constants gσY, gωY and gρY are constrained by:  the
binding of Λ hyperon in nuclear matter, hypernuclear levels and neutron star
masses.

Assuming that all hyperons in the octet have the same coupling, the hyperon
couplings are expressed as a ratio to the above mentioned nucleon couplings
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Two astrophysical constraints to the hyperon couplings

Red shift of EXO0748-676, z ~ 0.35
 Mass of Ter 5 I M ~ 1.68 M

B. D. Lackey, M. Nayyar & B. J. Owen, PRC 73, 024021 (2006)

Below dark: EoS compatible with red shift
Above light: EoS compatible with mass



Brueckner theory for hyperonic matter

 The Nuclear Many-Body Problem

Consider a system of A fermions described by
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Brueckner’s reaction matrix (G-matrix)

Consider the partial summation of the set of ladder diagrams

It allows us to obtain the so-called G-matrix, by solving the well known
Bethe-Goldstone Equation
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Then

Note that the Bethe-Goldstone equation is formally identical to the
Lippman-Schwinger equation for the scattering of two particles in
the vaccum.
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In fact the G-matrix can be considered as a generalization of the T-
matrix to the medium, when one takes into account the presences of
other particles.



Medium effects are taken into account through

 Pauli blocking of the intermediate states

    The Pauli operator Q prevents the scattering
     to any occupied state, limiting the phase 
     space of the intermediate states.  

 Dressing of the intermediate particles

    The modification of the single-particle
     spectrum due to the inclusion of the
     averaged potential U  “felt” by a particle
     due to its interaction with the others must
     be taken into account in the propagator.



Hole-line expansion and BHF approximation

Goldstone expansion in terms of G
  Brueckner-Goldstone expansion

Grouping by number of hole-lines (c/r0 < 1)   hole-line expansion or
Brueckner-Bethe-Goldstone expansion. Leading term: BHF approximation
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 Extended BHF approach: Hyperonic Matter
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Single-particle properties

Equation of State
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 Isospin and Strangeness channels

I = 0
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The hyperon-nucleon interaction

One Boson exchange potential
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Hyperons in nuclear matter



Neutron Star Matter Composition

RMFT BHF

N.K. Glendenning, ApJ 293, 470 (1985) M. Baldo et.al., Phys. Rev. C 61, 055801 (2000)

Free hyperons

NSC89 YN



Neutron Star Matter EoS (I)

M. Baldo et.al., Phys. Rev. C 61, 055801 (2000)

RMFT BHF

No YY interaction !



Neutron Star Matter EoS (II)

I. V. et.al., Phys. Rev. C 62, 035801 (2000)

BHF

Additional softening
From YY interaction



Structure equations for Neutron Stars: TOV Equations

Since neutron stars have masses M ~ 1-2 M, and radii R ~ 10-20 km, the value
 of the gravitational potential on the neutron star surface is of the order 1
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with escape velocities of the order of c/2. Therefore, general relativistic effects
become very important and thus the structure equations read

! 

dp

dr
= "G

m(r)#(r)

r
2

1+
p(r)

c
2#(r)

$ 

% 
& 

' 

( 
) 1+

4*r3
p(r)m(r)

c
2

$ 

% 
& 

' 

( 
) 1"

Gm(r)

c
2
r

$ 

% 
& 

' 

( 
) 

"1

dm

dr
= 4*r2#(r)

 

with the boundary conditions
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m(r = 0) = 0

p(r = R) = psurf

 



Neutron Star Structure

RMFT BHF

N.K. Glendenning, ApJ 293, 470 (1985) H.-J- Schulze, I.V., A. Polls & A. Ramos Phys. Rev. C 73, 08801 (2006)

hyperons



Implications for Neutron Star Structure

 The presence of hyperons reduces the maximum mass of Neutron
 Stars by an amount ΔMmax~ (0.5-0.8)M

  Microscopic EoS “very soft EoS” non compatible with measured
     masses of NS

Need for extra pressure at high densities

Two-body forces: Improved YN and YY
Three-body forces: NNY, NYY and YYY



Hyperon Stars at birth: Composition
RMFT BHF

M. Prakash et al.,, Phys. Rep.  280, 1 (1997) G. E. Nicotra et al.,, A&A  451, 213 (2006)



Hyperon Stars at birth: EoS and Mass

I. V., I. Bombaci, A. Polls & A. Ramos, A&A 399, 687 (2003)

Trapped neutrino

Trapped neutrino

Free neutrino

Free neutrino



Hyperon Stars at birth: Metastable Configurations

RMFT BHF

M. Prakash et al.,, Phys. Rep.  280, 1 (1997) I. V., I. Bombaci, A. Polls & A. Ramos, A&A 399, 687 (2003)



Hyperon Superfluidity

 Cooling of Neutron Stars: Hyperon URCA processes

      happens immediately when hyperons are present.
      Only suppressed by hyperon gaps.

 Hyperon bulk viscosity: rotational modes
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Hyperon superfluidity is interesting for:



Hyperon-Nucleon Superfluidity

Symmetric Matter β-stable Matter

X.-R. Xou et al., PRL 95, 051101 )2005)



Hyperon-Hyperon Superfluidity
1S0 ΛΛ gap: S. Balberg et al., PRC 57, 409 (1998)

1S0 ΣΣ gap, no ΛΛ gap: I. V. et al., PRC 70, 028802 (2004)
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Summary & Conclusions I



Hyperons in Neutron Stars

 The presence of hyperons reduces the maximum mass of Neutron
 Stars by an amount ΔMmax~ (0.5-0.8)M

  Microscopic EoS “very soft EoS” non compatible with measured
     masses of NS

Need for extra pressure at high densities

Two-body forces: Improved YN and YY
Three-body forces: NNY, NYY and YYY



Hyperon Stars at birth

 The presence of neutrinos change the composition of matter:
                                    higher number of protons,
                hyperon thesholds shifted to higher densities

  The maximum mass of hyperon stars decreases as soon as neutrinos
     diffuse out, contrary to what happens when only nucleonic degrees
     of freedom are considered

  Window of metastable configurations. Stable only during neutrino
      trapping time, collapsing afterwards into low-mass black holes.



Hyperon Gaps

 Strong nΣ− 3SD1 gaps that would dominate any direct NN pairing
 and could have important implications for cooling behaviour
   (nucleonic & hyperonic URCA)

  ΛΛ 1S0 gaps ~ few tenths of MeV. No gap is predicted by more
    “realistic” YY interactions (e.g., NSC97a-f)

  Σ−Σ−  1S0 gaps ~8 MeV at 0.37 fm-3 and xΣ- ~8 %. Questionable
      because of the uncertainty of the SS interaction



Quark Matter
in

Neutron Stars



Quark Matter in Neutron Stars
QCD

Ultra-Relativistic

Heavy Ion Collisions

Quark-deconfinement  phase
transition    expected at

ρc ≈ (3 – 5) ρ0

The core of the most massive
Neutron Star is one of the
best candidates in the
Universe where such a
deconfined phase of Quark
Matter can be found



2/3175 ± 6 GeVt

-1/34.3 ±0.2 GeVb

2/31.3 ± 0.3 GeVc

-1/3200 ±100 MeVs

-1/310 ±5 MeVd

2/35 ±3 MeVu

Q/|e|Massflavor

What quark flavours are expected in a Neutron Star ?



Threshold density for the  c quark
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u,d,s in β-equilibrium
Qtot = 0

nB= nu= nd= ns

ne= nνe=0

  ()

Only  u, d, s quark flavors  are expected in Neutron Stars.

Suppose:

• mu = md  = ms   = 0
• u,d,s non-interacting

i.e., ideal ultrarelativistic Fermi gas () 
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and similarly  for the  b and t quarks



There are a few observational facts which establish some basic features of
strong interactions

Confinement

Asymptotic freedom

 



Asymptotic freedom

“The momentum distribution of quarks inside a hadron can
be measured by deep inelastic experiments. These
experiments demonstrate that quarks inside the hadron
behave as if they were almost free. Or, in other words, at
short distances quarks are almost non-interacting. The small
interaction between quarks can be treated in terms of a
perturbative expansion in powers of the QCD structure
constant αc=g2/4π (perturbative regime).”



Confinement

“The absence of observations of a single isolated quark
suggest that the interaction between quarks and gluons must
be very strong on large distance scales. This leads to the
concept of confinement of quarks inside hadrons. In this case a
perturbative treatment in powers of αc is no longer applicable
(non-perturvatibe regime).”



A simple EoS of Quark Matter

In the following we assume:
mu = md = 0,  ms ≠ 0
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Interacting term

! 

"
int

="long +"short

• The long range contribution Ωlong is very hard to evaluate  because of the
difficulties involved in solving nonperturbative QCD. A very promising
approach to deal with the nonperturbative regime of strong interactions is
to solve QCD equations on a discrete lattice of space-time. In the present
approach, inspired by the MIT bag model, Ωlong is approximated by the bag
pressure B, which is responsible for  confinement
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"long # B

• This is a crude approximation, which is expected to be reasonable at very
high density, but which is not appropriate in the density region where
quarks clusterize to form hadrons, i.e., in the region of the phase transition
between hadronic and quark matter.
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where ρren=MN/3=313 MeV is the so-called renormalization point

• The short range contribution Ωshort can be evaluated using perturbative
QCD. Keeping only the linear terms in the QCD structure constant αc



To sumarize, the EoS of Strange Quark Matter at T=0 in the approximation
of the grand canonical potential we are considering is
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for massless quarks like u and d

using the previous expressions for Ωf one has
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β-stable Strange Quark Matter
The composition of β-stable strange quark matter, as the one of  β-stable
hadronic matter, is determined by charge neutrality and equilibrium wih
respect to the weak processes
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To be solved for any given value of the total baryon number density nB



• Exercise: Prove that in the case of massless quarks, the charge
neutrality and β-equilibrium conditions implies:
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• Exercise: Consider massless quarks, iteracting perturbaively to lowest
order in αc. Show that under these circunstances the EoS of β-stable
strange quark matter can be written in the parametrical form
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 Types of Quark Stars

 Hybrid Stars: Neutron Stars with a Quark
                            Matter Core

 Strange Stars: Consequence of the Bomer-
                           Witten-Terezawa hypotesis.
                           Completely made of deconfined
                           Strange Quark Matter



inner crust
nuclei, n, e-

Quark matter core

Mixed
hadron-quark
phase

ρdrip = 4.3 1011 g/cm3

outer crust
nuclei,  e-

Hadronic matter layer .
n, p, hyperons, e- , µ-

Hybrid Star Cross Section



The Equation of State for Hybrid Stars

  Hadronic phase :
       RMF Models
       Microscopic BHF

 Quark phase :
     EOS based on the MIT bag
      model for hadrons.
     [Farhi, Jaffe, Phys. Rev.
     D46(1992)]

 Mixed phase :
     Gibbs construction for a
      multicomponent system
      with two conserved
      “charges”.  [Glendenning,
      Phys. Rev. D46 (1992)]



Hybrid  Star Composition

NM shell

crust

Pure
quark
matter

core
Mixed hadron-quark

phase

GM3+Bag model
ms=150 MeV, B=13.6.6Mev/fm3



The mass-radius relation for hybrid stars

 Hadronic Stars
(no quark matter)

Hybrid Stars

R

M

The mixed quark-hadron
phase starts at the central

density for this stellar
configuration



        EOS: GM3 + Bag model
  (B=136 MeV/fm3, ms=150 MeV)



The hadron matter to quark matter phase transition

As a simple substance (i.e., with only one conserved charge) is compressed
at constant T or cooled at constant pressure, it begins condensing the other
phase at certain point. This phase of initial transformation from one pure
phase to another, assumed to be in equilibrium is referred to as the mixed or
coexistence phase, and consist of the two phases in their respective
equilibrium states, no matter what their proportions.

In the language of Gibbs, the two phases are in equilibrium when their
chemical potentials, temperatures and pressures are equal, corresponding
respectively to chemical, thermal and mechanical equilibrium:
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At constant T the last equation can be solved for the unique value of µ
independent of the proportion of the two phases in equilibrium. This value
specifies the constant but unequal values of the energy density of each phase
in equilibrium
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(µ) $ "

2
(µ) # "

2

A neutron star, however, has two conserved charges: electric and baryonic.
Therefore, there are two independent chemical potentials: µq and µb, and the
condition for equal pressures reads

! 

PH (µb,µq ,T) = PQ (µb ,µq,T)

The condition of local charge neutrality reduces the problem to the one of a
simple substance

! 

qH (µb,µq ) = 0           qQ (µb,µq ) = 0  



We can solve the above two equations in the form

! 

µq = f (µb )          ˜ µ q = g(µb )  

Therefore

! 

PH (µb, f (µb ),T) = PQ (µb,g(µb ),T)

By demanding that each phase in equilibrium be separately charge-neutral,
the phase transition has been made resemble that of a simple substance.

However, such treatment of the phase transition will produce a discontinuity
in the energy density at the radial coordinate where the pressure is equal to
that of the mixed phase.



Charge neutrality, however, is a global restriction and not a local one.
Nature requires only global neutrality; if it is energetically favorable to have
charges separated, it will be so (e.g., atomic nuclei)

! 

PH (µb,µq ,T) = PQ (µb ,µq,T)

Consider again the Gibbs condition

and assume the weaker condition of global charge neutrality
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"QH (µb ,µq,T) + (1# ")QQ (µb ,µq,T) = 0,   " =
VH

VH +VQ

Both equations can be solved for a given T and volume fraction 0 < χ <1

! ! 

µb = µb (")          µq = µq (")  



These equations prove that the properties of each phase in equilibrium of a
multicomponent substance vary as the proportion of the phases, in particular
the common pressure. As a consequence, the mixed phase corresponding to
any phase transition in neutron star matter will occupy the radial extent
spanned by the pressure variation defined by the previous equations with 0 <
 χ <1

Once the chemical potentials have been obtained, the averaged baryon
number density and the averaged energy density of the mixed phase can be
computed from
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Global Charge Neutrality:

! 

"Q
H

+ (1# ")Q
Q

+Q
L

= 0

! 

" =1

! 

" = 0

 pure hadron phase 
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Phase diagram



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 56Fe

  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 nuclei are confined
within neutrons and protons

                 E/A|ud >E(56Fe)/56 ~ 930 MeV

E/A|SQM < E(56Fe)/56 ~ 930 MeV



E/A 

(MeV)

n
n0

930.4

u,d,s

u,d

Fe

schematically



In the case of the simple EoS for strange quark matter considered, the parameter
space of validity of the Bodmer-Terezawa-Witten hypotesis is the following  



•  If the SQM hypothesis is true, why nuclei do
not decay into SQM droplets (strangelets) ?

•  One should explain the existence of atomic
nuclei in Nature



Stability of Nuclei with respect to SQM
• Direct decay of 56Fe to a SQM droplet
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(SQM) ~ 56 simultaneous strangeness

changing weak process
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The probability for the direct decay is P ~ (GF
2)56 ~ 0

and the mean-life time of 56Fe with respect to the
direct decay to a drop of SQM is

                     τ >> age of the Universe



• Step by step decay of 56Fe to a SQM droplet
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These processes are not energetically
possible since
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Q = M(
56
Fe) "M(X#

56
) < 0

Thus, according with the Bodmer-Terezawa-Witten
hypothesis, nuclei are metastable states of strong

interacting matter with a mean-life time

                     τ >> age of the Universe



Gravitational mass:
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Masses and binding energies of Compact Stars

Baryonic mass:

! 

! 

M
B

= m
u
N

B
= m

u

4"r2n(r)dr

1# 2Gm(r) /c 2r0

R

$

MB is the rest mass of NB baryons (dispersed at infinity) which form 
the compact object. 

Proper mass:
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MP is the sum of the mass elements on the whole volume of the star,
it includes the contributions of the rest mass and internal energy. 



Gravitational energy:
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Its opposite BG = - EG is called the gravitational binding energy.  

In the Newtonian limit:
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BI = - EI is called the internal binding energy.



Total energy and total binding energy:

! 

E = M
B
c
2

+ E
I

+ E
G
, B = B

I
+ B

G

using the previous definitions
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The gravitational mass of a compact star, represents the total
energy (E=MGc2)  of the star, including both the rest mass
energy MBc2 of it constituents dispersed at infinity, and the
mass-energy contribution coming from the microscopic
motion and the interactions (including gravitation) between
the star’s constituents.
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Masses and binding energies of Hadronic Stars

Bound by gravity



Masses and binding energies of Strange Stars

Selfbound



Mass-radius relation

bare SS
NS, HybS

R

M

M ∼ 1/R3M ∼ R3

Strange Stars are self-bound bodies,  at zero external
pressure, they are bound by the strong interactions. Note
that an EoS of the type P=(ε-4B)/3  M ~ R3

Neutron Stars (Hadronic Stars) are bound by gravity.



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

 Discovered in September 1996 by Beppo SAX
 Two bright type-I X-ray burst detected (ΔT < 30 s)
 Millisecond PSR: coerent pulsation with P=2.49 ms
 Member of a LMXB: Porb=2.01 hours

Observatonal limit by Li et al.,
PRL 83, 3776 (1999)
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Which are the
observational signals for
the appearance of Quark

Matter in Compact Stars ?



Possible signature for deconfinement phase trasition in isolated
     spinnig-down neutron stars

HySa
b b

a

Ω=0

ρ∗ = critical density for quark deconfinement

Spin-down:  J decreases,      Ω  decreases
    ρc  increases,      I  decreases

QM core
Spin-down

MB= const
ρc > ρ∗ρc < ρ∗

HM core
crust



Consider that the  rotational energy lost follows the power law:
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n: braking index.

from which, we can obtain the rate of change of the pulsar frequency  
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 measured large value
of the braking index

|n| >> 3

Observational signature for
quark deconfinement phase
transition in compact stars

Glendenning, Pei, Weber, 1997
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Summary & Conclusions II



 The hadron star to quark star phase transition:

    Gibbs criteria for phase equilibrium.
    Global Charge Neutrality.
    Hybrid Stars.

  The Strange Quark Matter Hypotesis:

    “Strange quark matter is the real ground state of  strongly
      interacting matter”.
      Strange Stars

  Observational Signals of deconfinemet:

     Spinning down of isolated rotating Neutron Stars



Time for Coffee and Cookies

Thanks a lot for your patience



Strange Quark Matter
and

Gamma Ray Burst



Gamma Ray Bursts (GRBs)
One of the most violent and mysterous
phenomena in the Universe. T. Piran,
Phys. Rep. 314, 575 (1999).

Distances: “Cosmological” d=(1-10) 109 ly

Energy range: 100 keV - a few MeV

Energy emited:  ~1051 erg (beamed/jets)

Spatial distribution: Isotropic

Duration:  1 - 300 s
Two different types: short and long GRBs





ESO 184-682 SN-GRB connection

P. Mészáros, Nature 423, 809 (2003)



SCIENCE vol 290, 3 Nov. 2000, p. 953



SN-GRB connection

  GRB 990705: ΔT ~ 10 yr
      Amati et al., Science 290, 953 (2000)

  GRB 030227: ΔT ~ 3 - 8 days
      Watson et al., ApJ 595, L29 (2003)

  GRB 030813: ΔT ~ 2 months
      Butler et al., ApJ 597, 1010 (2003)

  GRB 011211: ΔT ~ 4 days
      Reeves et al., Nature (2002)
 

Evidence for atomic lines in the
spectra of the X-ray afterglow

Time delay ΔT between the SN
explosion and the GRB



A two-step scenario

1st explosion

Supernova: Birth of the Neutron Star

2nd “explosion”

Associated with the Neutron Star: central engine of the GRB



Questions

What is the origin of the 2nd “explosion” ?

How to explain the different time delays
between the two events ?



ββ-stable-stable
quark-matter bubble

Direct nucleation of the β-stable quark
matter: high order weak process 
suppressed by a factor ~ GF

2N/3, with
N=100-1000.

Ruled out: even when the final
state has a lower energy

Berezhiani et al. 2003 (unpaired)
Drago, Lavagno & Pagliara 2004 (CFL)

Formation of a quark matter bubble at the centre of a
Neutron Star (I)



Formation of a quark matter bubble at the centre of a
Neutron Star (II)

τW ~ 10-8 sτS ~ 10-23 s

Hadron Hadron mattermatter ββ-stable-stable
quark-matter bubble

Non-Non-ββ-stable-stable
quark-matter bubble

Q*  (Non-β stable)

Q*  (Non-β stable)

Has the intermediate phase lower energy than hadron matter?



Lifshitz-Kagan quantum nucleation theory
Quantum fluctuation of a virtual drop of QM in HM
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Nucleation Time   

Oscillation frequency of the virtual drop
inside the potential well and Penetrability
of the potential barrier (WKB)

Action over and
under the barrier

 Nucleation time

! 

"
0
=

dI

dE

# 

$ 
% 

& 

' 
( 

)1

;E = E
o

( )
!
"

#
$
%

&
'

h

0
0 exp

EA
=p

! 

I E( )= 2 dR

0

R
1

" 2M R( )+E #U R( )[ ] E #U R( )[ ]

! 

A E( )= 2 dR

R
1

R
2

" 2M R( )+E #U R( )[ ] U R( ) # E[ ]

! 

" = #
0
p
0
Nc( )

$1
;Nc %10

48



Nucleation Time .vs. gravitational mass 

            Increasing MG less than 0.01 Msun reduces τ from
 τ >> age universe to a τ of few years        different time delays



Critical mass of metastable hadronic stars

Definition: Mcr = MHS(τ = 1 yr)

Hadronic stars with MHS< Mcr are metastable with τ = 1 yr to infinity

Hadronic stars with MHS> Mcr are very unlikely observed

  “The critical mass Mcr plays the role of an
effective maximum mass for the hadronic
               branch of compact stars”



The two families of Compact Stars



What type of compact star do we observe ?

BV

•  BI: ρcrit > ρc,max  HS

•  BII: τ(MHS,max) >> τUniverse HS

•  BIII: Mcr < MHS.max but
    Mb(Mcr) > Mb

cr  BH

•  BIV: Mcr < MHS,max and
    Mb(Mcr) < Mb

cr 2 branches
    of compact stars:
     HS with MHS < Mcrit
     HyS with MQS,fin< MQS,max

•  BV: Bodmer-Terezawa-Witten
           hypothesis fulfilled  SS



The limiting mass of compact stars

 The metastability of HS and the existence of two families of compact
stars demands an extension of the concept of maximum mass of a
“neutron star” with respect to the classical one introduced by
Oppenheimer, Tolman & Volkoff.

Hadronic Stars with a “short” mean-life time are very unlikely to be observed

A new operational definition of neutron star limiting mass

•  If  τ(MHS,max)   ~  τUniverse  or  τ(MHS,max)  >> τUniverse  Mlim=MHS,max

•  If  Mcrit < MHS,max   i.e., τ(MHS,max) < 1 yr  Mlim=max[Mcrit, MHS,max]

•  If  1 yr  <  τ(MHS,max)  < τUniverse  Mlim=max[MHS,max, MQS,max]



The limiting mass of compact stars



Total energy released in the conversion

  Assuming that the baryonic mass is
  conserved during the conversion
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Econv = Mcrit "MQS (Mcrit

b
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Production of γ rays

Total energy released from the conversion: 1052 - 1053 erg
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Salomon & Wilson, ApJ 517 (1999)



Summary & Conclusions III



 Existence of two families of Compact Stars: Hadron Stars (HS) and
    Quark Stars (QS)

 Hadron Stars are metastable with respect to HS  QS conversion
   with mean life times τ ranging from τ >> age of the universe to a t
    of few years

 The energy released in the conversion Econv ~1052-1053 ergs is
    enough to power a GRB

 The model explains the SN-GRB connection and different delay
    times ΔT inferred from GRB990705, GRB030227, GRB030813 and
    GRB011211



Two families of Compact Stars

Hadron Stars (HS)

Quark Stars (QS)

• “Traditional” Neutron Stars
•   Hyperonic Stars

• Hybrid Stars
• Strange Stars


