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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: N, ~ 10°7 (“giant nuclei”)

Mass: M ~ 1-2 Mg

Mpsri913+16 = (1.4411+0.0035) Mg
Recently: Mpgrorsicisor = (2.120.2) Mg Nice et al., ApJ 634,
1242 (2005)

Radius: R ~ 10-12 km

Density: p ~ 10'° g/cm?
puniverse - 10_30 g/ Cm3

Py ~ 1.4 g/em’
pearth - 55 g/cm3




Crab Nebula

B Magnetic field: B ~ 10310 G

B Electric field: E ~ 101¥V/cm

Palomar
PRC96-22a - ST Scl OPO - May 30, 1996

n Temp erature: T — 1 06 . 11 K J. Hester and P. Scowen (AZ State Univ,) and NASA

B Shortest rotational period: Pg,937., = 1.58 ms
Latest discovery: PSR in Terzan 5: P; -4 544, = 1.39 mS

B Accretion rates: 1019 to 108 Mg/year

HST - WFPC2




Let’s play a little bit

Let’s assume that a neutron star is a sphere of uniform density ~ 10'* g/cm?
completely made of neutrons. We can get a first simple estimation of its
radius and the number of neutrons in it. The idea i1s to generalize the
Weizsdcker mass formula, which parametrizes the binding energy of nuclei,
to include the gravitational energy. For a our sphere containing N neutrons
we can write:

G ]‘[ 2
B=aN-aN?*’-a N+—3 (. ”)
' ’ o 5 R

we can neglect the surface term since N >> N?3. We can express the radius R
of the neutron star as a function of the number of neutrons N

R=rN""=12x10""N"’



Then, we can write

5/3
)N+§GLM2

B~(a,-a y
Yo

sym

For small N, the first term dominates and the binding energy is negative (a,
~16 MeV, a, ~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=N_, 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:

3GN."” 5(a,-a,,)n)
N+ 2N g o o2
5 3 GM,;

0=(a, —a

sym

which yields N_ ~ 5x10°> 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
(9]’[)1/3 N1/3 . _E
4 R’ 1%

k, =(37°n) " =

and the total energy is given by the average kinetic energy of the free Fermi
sea plus the gravitational energy

p_n3 ki 3GWM,)® 3 (%)” N°" 3G(NM,)’
52M, 5 R 10M \ 4 R® 5 R

Now, for a given number of neutrons, we can ask for the size of the sphere
which defines the equilibrium configuration, that is:



which yields:

R _ 1 (9.7-[)2/3]\]_1/3
GM’\ 4

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

N~£~1.8x1057

M

n

Consequently

R~10.5 km and n~43x10" g/cm’



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
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But because of ....

(O The value of the central density is high: p. ~(4-8)p,
(po=0.17 fm3= 2.8 x 10!* g/cm?)

(O The rapid increase of the nucleon chemical potential with density

a )
More exotic degrees of freedom are expected

in the Neutron Star interior
\_ J




quark-hybrid traddtional neutron star
star

nyperon neutron star with
Staf pion condensale
crust Fe e
-
106 glem 8 |
10" gom3
10™ giem ®

strange slar

M~ 1.4 Mg

(Taken from F. Weber)



3-stable Neutron Star Matter

The equilibrium composition of the neutron star material is determined
by the requirement of:

Charge neutrality

Equilibrium with respect to weak interacting
processes

b —=b,+1+V, b,+1l—b +v,



To derive such equilibrium conditions and the equilibrium composition
of matter in a neutron star one should:

2o write all possible processes conserving baryon number and electric
charge. For instance in our case, i.e., hyperonic matter.

n+n—n+A\A; p+e‘%A+ve_;

n+n—p+2; n+e‘%2_+v€_;

e 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

U =W, + 0 — 1,

e

luA =lun



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(pbl"“’pbB ;plla'--apLL ) = g(pbla'-'vpbB ;plla'--’pLL ) + a(pB - Ebipbi)-

e =

Baryon number Charge neutrality
conservation

The minimization condition requires

oF oF ol ol 0 oF 0 oF



Remembering that
23

U = ap.

the previous conditions on F yield a set of equations of the type

w, —ba+gq, =0, i=1....B

for the baryons and

L...,L

W, +511J./3=0’ J

for the leptons



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:

2e u_, associated with baryon number conservation

% ., associated with charge neutrality

Eliminating the Lagrange multipliers o and 3, one can obtain all the set
of relations among the chemical potentials:

u,=bu, —qu,




[-stable nuclear matter
e (n, p, €) system 1in neutral 3-equilibrium at T=0
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 +v_, pte —>n+v _

reduce to

w, =, - u,
and charge neutrality requires p =p,. Therefore one can write
5 3
3‘75 prp = (Mn(pB’xp) — lup(pB’xp))

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

i 3/2 1!

m m 3/2
xt=ll—+1| +1| =|—F
m

e

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

eq 1
X p = 5
in the case all particle species are ultra-relativistic. Notice that in these
two limiting situations the result is density independent.



e (n, p, €,W) system in neutral f-equilibrium at T=0

As soon as u.> m,c* ~ 105.6 MeV it is energetically favorable for the
electrons to convert to muons via the weak process

e >u +v_ +\7M_

The following processes are also allowed
n%p+‘u‘+\7u_, p+‘u"%n+vu_
Now, the equilibrium conditions read

U, =u, -, U, =4,

which together with charge neutrality, p =p.+p,,, give

379y, = (1, (00-,) = 1y (03,)) + | (14,00, = 18, Pa,)) - mi]3/2®(ue -m,)



which can be solved numerically
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Hyperonic degrees of freedom

Hyperon Quarks I(JP) Mass
A uds 0(1/2%) 1115
S+ uus 1(1/2%) 1189
>0 uds 1(1/2%) 1193
>- dds 1(1/2%) 1197
=0 uss 1/2(1/2%) | 1315
=- dss 1/2(1/2%) | 1321




Hyperons are expected to appear at p ~ (2-3)p,

e
luA lun
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 Exercise: Consider a system of non interacting baryons (n,p,A and X-)
and leptons (e,w). Determine the onset density of the two hyperons.
Consider the electrons ultra-relativistic and take m ;=m =m for simplicity



Hyperons in Neutron Stars

Since the pioneering work of Ambartsumyan & Saakyan (1960) ...

2e Relativistic Mean Field Models: Glendenning, 1985; Knorren,
Prakash & Ellis, 1995; Shaftner-Bielich & Mishustin, 1996

2¢ Non-realtivistic potential model: Balberg & Gal, 1997
2 Quark-meson coupling model: Pal ef al., 1999

2¢ Brueckner-Hartree-Fock theory: Baldo, Burgio & Schulze, 2000;
Engvik, Hjorth-Jensen, Polls, Ramos & Vidaiia, 2000

2¢ Chiral Effective Lagrangians: Hanauske et al., 2000

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



Effect of Hyperons in the EoS and Mass of
Neutron Stars
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Hyperons make the EoS softer =» reduction of the mass



What do we know about YN and YY interactions ?

Total cross sections for YN scattering
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Binding energy (MeV)

Ua

Binding energies of s.p. A states

0 A S
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& A. Gal, PRC 38 (1988) 2700




Hypernuclei

"
Bi
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And almost 20 years later: basically the same hypernuclei ... but measured
with better statistics and energy resolution =» excited hypernuclear states
are now available!



Hypernuclear Chart




In summary ...

2e NA: attractive =2 A-hypernuclei for A=3-209; U, ~-30 MeV at p,

2¢ NX: *Hey hypernucleus bound by isospin forces
2" atoms: repulsive potential

®e NE: attractive = 7 hypernuclear events; Uz ~-28 MeV at p,
quasi-free production of =: Uz ~-18 MeV

2¢ AA: attractive = 5 double A hypernuclear events
ABA(AZA) ~ 4-5 MeV (old data)
AB,,(°He,,) ~ 1 MeV (NAGARA event)

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

2¢ YY: Y=A2,Z unknown !



Relativistic Mean Field approach of hyperonic matter

2e [Lagrangian density

1

L= EU_JB(iVM&M — My + 8,50 — ngyuwM - Engyu%' ﬁu Vs
B

1 u 2 2 1 uv 1 2 u
+5(§MO§ O-m.O )—Za)ww +5mwa)uw

1. o 1, .1 1
_ZPMV pM +5m[2)p‘u.pu_§me(goNO)3_ZC(gONO)4

+ quk(iyuﬁu ~ m;\)ﬂ&
A

a)/,w = auwv — 0')‘/(1)”, ﬁuv = ayﬁv _é)vﬁu

B=np A2, 23" 52,2% A=e,u



2e FEuler-Lagrange Equations

Baryon field equations

: | .
|:}/M(ZO’)M - ga)Ba)M o Engt. pM) - (mB - gO'BG)

Meson field equations
(&v&v +m, )O = EgonBwB
B
(&vav + m(i )wu - ﬁ,ﬂva)u = ngBl/_)ByuwB
B

(0,0" +m)pi, = 3,3 Py =) 8,5 Wy Wy
B

Vs

0



2# 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.

Baryon mean field equations

|
|:,y“(kﬂ _ngwM _EngT. pu)_(mB _gOBG) UJB =O

The eigenvalues of particle and antiparticle can be found as

2
ey (k) = 8,500 + 8,3P,3L55 + \/kz + (mB - goBO)

— - 2
eB (k) = _ga)Ba)O - ngp03I3B + \/kz + (mB - gGBG)



The onset density of each baryon specie 1s determined by the condition

Up = Uy —qgll, = 8, 5Dy T ngp03I3B + My — 8,30

Meson mean field equations

W, = E bpky 5 @, =0
~m.  6m

w

8 , RLJg+1), 5
Poz = Ly kaFB; Pz =0
Z mf) 61°

maza = _megoN(goNO)z - CgaN(goNG)3

"'E(ZJB +1)

ke
27° St ‘{ \/k2

mB — gGBG kde

+ (mB - gGBG)Z




e Equation of State

The energy density and pressure are obtained from the energy-momentum
tensor

TMV — ﬁL 0')V¢ _ 7,’.MVZJ
3(d,¢:)
whose expectation value in the rest mass frame is diagonal
e 0 0 O
S
00 p O
00 0 p

From the above expressions we find
e=—(L)+ <1F y0k°1p>
l)—
p=(L)+ < (Urkv)



Using the Lagrangian density of the present theory, we have

/

1

1 1 1 1
= gme(gaN0)3

4 2 2 2 2 2 2
+—c(g,n0) +om,o +Emwwo+5mp/oo3

\

dk

2J +1f\/k2 (1, + 8,50 kdk+2 f\/m2
0

\

/

/

1 1

1 1 1
p= _gme(gaNG)3 -

4 2 2 2 2 2 2

1 @2J, +1FB k* dk T k*dk
+32 f\/kz _2 f /kz_i_m)L

B m + 8,50

\

\

/




In summary, the equation of state of [-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:

2 3 equations for the meson fields
%e | equation impose by charge neutrality
%¢ | equation impose by baryon number conservation

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



2 Coupling Constants

The nucleon coupling constants gy, g,x» 8,n» D and ¢ are constrained by the
empirical values of density p, energy per particle E/A, compression
modulus K, symmetry energy a,, and effective mass m* at nuclear
saturation.

The hyperon coupling constants g, g,y and g, are constrained by: the
binding of A hyperon in nuclear matter, hypernuclear levels and neutron star

masscs.

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

8oy
=goY;X=ga)Y; X=P;

w P

Eon 8wN 8 on

X

(o)



Two astrophysical constraints to the hyperon couplings

2eRed shift of EXO0748-676, z ~ 0.35
%o Mass of Ter SIM ~ 1.68 Mg

H5

(1.66, 0.32)—__
= H1 —=

(1.73, 0.35) (1.78, 0.35)

7/
(1.55,0.31),) /-~

H6

14 —

Radius (km)
o @

-t
—_

10

H2 :
(1.66, 11.4) ~—=\

/

* \
(1 55 10 9)’

(1 68 109)

(1. 73 11 .3) |

(1 7a 118)

(1 7811 8)

Ha
_(203,11.8)

2 2.2

Mass M, )

sun

1
2.4

K (MeV) 300 m*/m

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

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



Brueckner theory for hyperonic matter

% The Nuclear Many-Body Problem

Consider a system of A fermions described by

A A
H = EKi + EV’J = Ground State: H|l])> = E|?,U>

i=1 <]
UNSOLVABLE !!
A I A E=E,+AE
H=\)(K,+U)4 YV, - YU, ’
Z( ) ; J Z HO|¢0>=E0|¢0>
' AE > perturbation theory
HO Hl

unperturbed  perturbation



AE =» perturbation theory
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diagramatically =» Goldstone expansion
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Brueckner’s reaction matrix (G-matrix)

Consider the partial summation of the set of ladder diagrams

\l llllllll "lv_,lr\‘.‘ (LT T i .“,r"-‘ llllllllll ’ 0 :
i [ 1] ! im ni i \‘. m n ;‘ "I‘_]
i p . J ‘r " j} \ .‘ ‘l‘l llllllll | l,, _]
......... + * LK “‘ 1 + ' r......{ + + ? VP9 + 2 Va VAR
1’. | i k | * \ ‘i --------- “,
\ \ | VALY

[ ‘dasamsnmanay 000 “desssssasasy’

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

G=V+V Q —V+V Q —V O —V +-.-
w-H,+in w-H,+in w-H,+in

=V+V O —|V+V O —V+V Q —V Q —V +--.
w-H,+in w-H,+in w-H,+in w-H,+in




Then

G=V+V O —G
w-H,+in

Note that the Bethe-Goldstone equation is formally identical to the
Lippman-Schwinger equation for the scattering of two particles in
the vaccum.

r=vV+V 1 T

w-K+in

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

2e 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.

2 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

N\l?\,\ i «"’W\. A2 %7
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. . k 1 one. s —n k 1 k 1 ~ N
Goldstone expansion in terms of G~ | 1 j“’\‘\\ Lt o
=» Brueckner-Goldstone expansion A NAAY \AAY
i r"' x“ K1 f( ‘ J i ;"' \!J— k 4‘ } 1 i Yk 1 ‘l', J
IR ol A ) ™
/- Pt } 9 \ Jp 4

Grouping by number of hole-lines (c/r, < 1) = hole-line expansion or
Brueckner-Bethe-Goldstone expansion. Leading term: BHF approximation
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isA i,j<A



v Extended BHF approach: Hyperonic Matter

Single-particle properties

4 Ou, A

G(w)

Vs * D Vas, G(w)
B\B,:B3B, B,B,;B3B, BB, :BsB¢ T E —-FE. + ”7 BsB¢;B;B,

E, (k)= M, c*+ % +Re[U,, (0]

B;
U, (k) = E E<#l.]_c>j G(a) =k, + EBj) l;l%>
\ B ksky, /

Equation of State

a I
¢ dk ., BkT 1 v 1 y Je
E=2 M,c” + + —Re[U;, |+ —Re[U;, |}|; =0——¢€

- /




2 [sospin and Strangeness channels




The hyperon-nucleon interaction

One Boson exchange potential

\

Y

Isospin A=0
Isospin t = 1

p——

Voo=V.+VG, G, +V,S,+V, L-S*+V, L-§

S




2¢ Jiilich A and B: B. Hozelkamp, K. Holinde & J. Speth, NPA500, 485 (1989)
J. Haidenbauer & U. G. Meissner, PRC72, 044005 (2005)

2¢ Jiilich (EFT): H. Polinder, J. Haidenbauer & U. G. Meissner,
NPA779, 244 (2006)

2 Nijmegen NSC89: M. M. Nagels, Th. A. Rijken & J. J. de Swart,
PRC40, 2226 (1988)

2eNijmegen NSC97: Th. A. Rijken, Y. Yamamoto & V. G. J. Stoks,
(YN&YY)  PRC59,21 (1999)

2eNijmegen ESC04: Th. A. Rijken, Y. Yamamoto & V. G. J. Stoks,
(YN & YY) PRC73, 044008 (2006)

Fitted to 35 scattering YN data + SU(3) or SU(6)
to be compared with the 4300 scattering NN data



Hyperons 1n nuclear matter
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Neutron Star Matter Composition

1
1 1 4
. ;
B OE scocemmee—— ], B YT it ol
IR O =1 Y S ...
= — Paris + TBF
% e v,y + TBF
_g 102
E +—— +—+ +—+—+
k=] »
o c
10735 %
© 3
E :
1 —— ' - o [ e 4 (/" A Free hyperons ]
< n 1 £ 107 ' M 3
= n 3 © | o Nl TS a1 3
2 m 100 1] £y v 1 I 1
2 107 - ? n"'"-w——
= E : (c)
g | ] |
. 10
® w02 3 E :
= 3 ~“ " g — 1
[ s 10°" 5§  Ju i T 0 S
a - — S 3
3 A PEELY N PR | A... . g P P e oo
107 _ : 1.5 0 0.2 0.4 0.6 0.8 1 1.2
n (fm™) Baryon density p (fm™)

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



Neutron Star Matter EoS (I)

RMFT
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Neutron Star Matter EoS (II)
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1.2

Additional softening
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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

GM

~1
c’R

with escape velocities of the order of ¢/2. Therefore, general relativistic effects
become very important and thus the structure equations read

dp __m(rer) (1 N

dr r’
dm

— =4mrie(r
7 (r)

with the boundary conditions

p(r) )(H 4m3p<r>m<r>)(l_ Gm<r>)‘1
Cc &\r Cc

2 2
cr

m(r=0)=0
p(r=R)=p,,,



Neutron Star Structure

RMFT

3 L L L L L [ LI B N B B BN B B | 6

hyperons

| (10°g cm?)

|lljl‘11Ld0
14 15 16

OIllllIlIIII

Log (e, (g/em?))

N.K. Glendenning, ApJ 293, 470 (1985)

BHF

= V18:UIX

APRNSCH7
V18+GLMM+NSCO7

L VIBAUKANSCHT )

U\ e ViBUKANSCRsc) /]

______
o'
‘

lllllllllllllll
A
L

H.-J- Schulze, I.V., A. Polls & A. Ramos Phys. Rev. C 73, 08801 (2006)

o, ()




Implications for Neutron Star Structure

2¢ The presence of hyperons reduces the maximum mass of Neutron
Stars by an amount AM__ ~ (0.5-0.8)M

max

2 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
N /
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Hyperon Stars at birth: EoS and Mass
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Hyperon Stars at birth: Metastable Configurations

RMFT BHF

T T L T
2 T I ] I T l 1 1 I ] ] 1 ] 1 2
 nucleons only matterx
® hyperonic matter 'x . ,/
2l / ," . | Including hyperons ] Only nucleons /
’ ” o /
“ o ’
= V4
= /
2 // ’/
E 15 / — - / —1.5
i V4 //
O ! /
3 = | 1T -
\0 % / /’
Z E //I 1/
.g Il I,
5 1 B /I B B /, 7 l
§ . / //
O - II A | I’ N
I/ Il
/, l’
LA W N N W /AR U U R Py
0.5 1 1.5 2 2.5 05 1 1.5 2 2.5
Baryonic mass M, [solar mass units] Baryonic mass M;; [solar mass units]

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

Gravitational mass M, [solar mass units]



Hyperon Superfluidity

Hyperon superfluidity is interesting for:

2e Cooling of Neutron Stars: Hyperon URCA processes

A—=p+e +V,

2 —>n+e +V,

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

2¢ Hyperon bulk viscosity: rotational modes



Hyperon-Nucleon Superfluidity
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Parametrized G-matrix

Realistic interaction

Hyperon-Hyperon Superfluidity
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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 AM__ ~ (0.5-0.8)M

max

. Microscopic EoS “very soft E0OS” 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 nX- 3SD, gaps that would dominate any direct NN pairing

and could have important implications for cooling behaviour
(nucleonic & hyperonic URCA)

. AA 'S, gaps ~ few tenths of MeV. No gap is predicted by more
“realistic” Y'Y interactions (e.g., NSC97a-f)

-3~ 1S9 gaps ~8 MeV at 0.37 fm™ and x5- ~8 %. Questionable
because of the uncertainty of the SS interaction






Temperature [MeV] |

Quark Matter in Neutron Stars

QCD Quark-deconfinement phase
Ultra-Relativistic ‘ transition expected at
p.~(3-5) py

Heavy Ion Collisions

'
1 Baryon Density [in units of nuclear matter density]



What quark flavours are expected in a Neutron Star ?

flavor Mass Ql/le|
u 5 +3 MeV 2/3
d 10 +5 MeV -1/3
S 200 +100 MeV | -1/3
c 1.3+ 0.3 GeV 2/3
b 4.3 +0.2 GeV -1/3
t 175 + 6 GeV 2/3

cho‘rm top
(3)  (3)

strange bottom

()
1

A

73]
)




Suppose: e 1,d,s non-interacting

i.e., ideal ultrarelativistic Fermi gas (%)

(O Threshold density for the ¢ quark

s—c+e +V, = U=u-+u_-u,

(*) ng=n,=ng=n

. —
Qtot_o n=—n, =0

but ud,s n P-equilibrium S

then
u,=E, =hc(w’n)"” =hc(w’ng)"” =m, =13 GeV

=n, 229 fm> ~180n,

and similarly for the b and t quarks

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




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

Confinement

e ZEUS (82 b ) (inclusive jct Y - u—ﬂ"')

m ZEUS (38 pb ) (dijet DIS - u1=Q)

A ZEUS (39 pb " (inclusive jet DIS - u—F)i* |
«H1 (33 pb"') (inclusive jet DIS - =K ™))

= Bethke 2002

g Asymptotic freedom

-

0.1 -

10 10
i (GeV)



Asymptotic freedom

“The momentum distribution of quarks inside a hadron calm
be measured by deep i1nelastic 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 o, =g*/4m (perturbative regime).” /




U, Confinement
J

)

ﬁThe absence of observations of a single isolated quar
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 o is no longer applicable

(non-perturvatibe regime).” /




A simple EoS of Quark Matter

Grand canonical potential per unit volume €2 = €2 free Q-nt
Non interacting term
d
Q2 free = Q;ree + Q2 free T Qj‘ree In the following we assume:

A m,=m;=0, m,=0
u
QT = z__ =u,d
= i iey AT

1 o 2 S 2) 3 4 [ +u
Q) =— ——m. |+—m In| =——
e = T 4 (he)’ {“ o (“ s T )T T,

i = (2 - m2) " = ne k,,

u, Wy W quarks chemical potentials



Interacting term

Q =Q +Q

long short

* The long range contribution €, , 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, €2, is approximated by the bag
pressure B, which is responsible for confinement

Q =B

long

e 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.



* The short range contribution €2, . can be evaluated using perturbative
QCD. Keeping only the linear terms in the QCD structure constant o,

Q= QY =Q)+ Q) +QF
1 20
(1) c 4
—— 0 —_ l/t,d
T a ey 7 M 4mwd)
1 2a | u + U 2
QY = €33 ComIn| =—s | —2u?
S 47'52(hC)3 luslus S MS lus
+3m*In ( )+6ln(p”e”) up'm’ —m 1n(”‘s+“s) >
MS ‘LLS mS

where p,.,=My\/3=313 MeV is the so-called renormalization point



To sumarize, the EoS of Strange Quark Matter at T=0 in the approximation
of the grand canonical potential we are considering is

P(Muﬂud uus) =-Q = _Qﬁ’ee - Q(l) -B

1 1
Pt ftgs 1) = —5 | Q4 Yuny | = Q. + QY+ B+ Y un,
f f
ZoF
Number densities n; n,=——-\ (f =ud,s)
u,
1

Total baryon number density n=—m,+n,+n,)



using the previous expressions for €2 one has

for massless quarks like u and d

3

2

e el ]
(he)'m T

for massive quarks like s

*3 *

u, I « ) s ol U+ U

n = — <14 —12u m- In| == S
S (hC)3.7772 (hC)3JT3 2 [ MS‘LLS Ms ) ( pren )

Y

4 . ]
+6% ln( il ) F12um? ln( m) —6um?
uo o,

S

1/2

with ) = (i =m?) " =he &,



B-stable Strange Quark Matter

The composition of (-stable strange quark matter, as the one of [-stable
hadronic matter, is determined by charge neutrality and equilibrium wih
respect to the weak processes

u+e —d+v, / u,=u =u \

ute —=>s+v, W=, +u, —u,
d—u+e +v, =—>» W, —H, =W, —U,
S—=u+e +v,

2 1 1
s+u—>d+u —n,——n,——n.—n,=0

e <=u+v, +v, G ’ ’ /

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



» Exercise: Prove that in the case of massless quarks, the charge
neutrality and p-equilibrium conditions implies:

» Exercise: Consider massless quarks, iteracting perturbaively to lowest
order in o, Show that under these circunstances the EoS of [-stable

strange quark matter can be written in the parametrical form

e=Kn*”+B

P=1K4/3_B=—
3

bei
eing K — 2752/3(1 N 2a, )hc




Types of Quark Stars

“# Hybrid Stars: Neutron Stars with a Quark
Matter Core

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



Hybrid Star Cross Section

outer crust
nuclei, e

Purip = 4-3 X 10 g/em?
Inner crust

nuclei, n, e

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

Mixed
hadron-quark
phase

Quark matter core



The Equation of State for Hybrid Stars

2 Hadronic phase :

RMF Models
Microscopic BHF

2 (Quark phase :

EOS based on the MIT bag
model for hadrons.

[Farhi, Jaffe, Phys. Rev.
D46(1992)]

2 Mixed phase :

Gibbs construction for a
multicomponent system
with two conserved

“charges”. [Glendenning,
Phys. Rev. D46 (1992)]

)

dyne/cm ']

Wy
o

pressure P [10

10
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Hybrid Star Composition
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The mass-radius relation for hybrid stars

Hybrid Stars

/\

Hadronic Stars
(no quark matter)

The mixed quark-hadron

phase starts at the central
density for this stellar

configuration




1.6~ - 1.6 n

hadroni‘c/
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EOS: GM3 + Bag model
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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:

w=u=u
L=T,=T
PI(M,T) = Pz(M,T) = P



At constant T the last equation can be solved for the unique value of u
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

g =¢€(u)=¢e(w)=¢,

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

Py, (w,,u,,T) =P, (u,,u,,T)

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

qy(Wyu,) =0 qp (. u,) =0



We can solve the above two equations in the form

U, = f(Mb) ﬂq = g(;ub)

Therefore

P, (u,, f(w,),T)=P,(u,,g(w,),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, 1s 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)

Consider again the Gibbs condition

Py, (w,,u,,T) =P, (u,,u,,T)

and assume the weaker condition of global charge neutrality

VH
V, + VQ

XQy (1, T) + (1= )0, (w,,u,, T) =0, x =

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

W, = U, (X) u, =u,(x)



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 <
x <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

Xy (o, T) + (L= x0)ng (w1, . T) = (n)
and

XEH (Mb’Mq’T) + (1 - X)SQ (tubnuqu) = <8>



Global Charge Neutrality:  XQu +(U=x)0p + 0, =0
X =1 = pure hadron phase
X =0 = pure quark phase
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Phase diagram
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The Strange Matter Hypothesis
Bodmer (1971), Terezawa (1979) & Witten (1984)

ﬁf hree-flavour u,d,s quark matter in equilibrium wm
respect to the weak interactions, could be the true ground

state of strongly interacting mater, rather than >°Fe

E/Algom < E(Fe)/56 ~ 930 MeV

Stability of nucle1 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| 4 >E(°°Fe)/56 ~ 930 MeV /




schematically

E/A
(MeV)

930.4




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

T I T T T I T T I T 3()0I|IIIII]I[IIIIIIIIIIIIIIIIIIII[I]]lII
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N $ 250 ¢
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 [f the SQM hypothesis is true, why nuclei do
not decay into SQM droplets (strangelets) ?

e One should explain the existence of atomic
nuclei in Nature



Stability of Nucle1 with respect to SQM

* Direct decay of °°Fe to a SQM droplet

56 Fe _.56 ( [y Q M) ~ 56 simultaneous strangeness

changing weak process

U—>s+e +v,
d+u—s+u

@ O\

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 is

\_ T >> age of the Universe )




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

YFe— X' =YX — ... =" (SOM)

e.g.,
56 56  These processes are not energetically
Fe— FeA possible since
56 56
Fe%MnA Q=M(56F€)—M(X[5\6)<O

-

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

N

\_ T >> age of the Universe )




Masses and binding energies of Compact Stars

R
O Gravitational mass: M =M, =m(R) = f d7r’ p(r)dr
0

Amr’n(r)dr
2Gm(r)/c’r

O Baryonic mass: M, = =m f\/
1-

M, 1s the rest mass of Ny baryons (dispersed at infinity) which form
the compact object.

dyr’ p(r)dr
2Gm(r)/c’r

O Proper mass: Mp f \/l

M; 1s the sum of the mass elements on the whole volume of the star,
it includes the contributions of the rest mass and internal energy.



O Gravitational energy:
t -1/2
= (Mg -M,)c*=c* [ 4m2drp(r)[1 - (1-2Gm(r)/c’r) ] <0
0

Its opposite B = - E; 1s called the gravitational binding energy.

R
In the Newtonian limit: Egem — _Gf A2 dr m(r)p(r)
r

O Internal energy:

A7rdr
=M, -M,
( e = fb‘(r)\/l 2Gm(r)/c’r

B,= - E, 1s called the internal binding energy.



O Total energy and total binding energy:

E=M,"+E,+E,, B=B, +B,

using the previous definitions

E =M.’

energy (E=Mc?) of the star, including both the rest mass
energy Mgpc? 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.

& Mc*=My,*+E, +E,

KF he gravitational mass of a compact star, represents the total \

/
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Masses and binding energies of Hadronic Stars
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Masses and binding energies of Strange Stars
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Mass-radius relation

U

NS, HybS

M ~ 1/R3

N

R’/

@ 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=(¢-4B)/3 = M ~ R?

@ Necutron Stars (Hadronic Stars) are bound by gravity.



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

B Member of a LMXB: P

orb

/ stella di neutroni
buchi neri f —~
# / stella
/ iperonica
// =
/ stella
ibrida

7.5 JU==q2.5 j0-=1{:D
Raggio (km)

=2.01 hours

Observatonal limit by Li et al.,
PRL 83, 3776 (1999)

o) [

sun

2/7

F min
F

max

R<27.5




Which are the
observational signals for
the appearance of Quark

Matter in Compact Stars ?




Possible signature for deconfinement phase trasition in 1solated
spinnig-down neutron stars

mass shed

o P :
p* = critical density for quark deconfinement
crust ) QM core
HM core Spin-down
%‘ %
< M= const
P.<p p.>p*

Spin-down: J decreases, €2 decreases
p. increases, I decreases



Consider that the rotational energy lost follows the power law:

dE _d

1 21 _ n+l
(EI(Q)Q )_ CcQ

dt dt N
n: braking index.
2 :
C=— Mz sin @ in the case of magnetic dipole radiation

from which, we can obtain the rate of change of the pulsar frequency

-1
Q = -2(:9"[21(9) + Qﬂ]
dQ

and the frequency dependence of the braking index n



braking index

QQ 3/'Q + 1'Q7
Q2 21+ I'Q

n(£2) =

Q<O a 1ime n
I
Q>0 3
Q<OM ﬁ
b
Q Q

measured large value Observational signature for

of the braking index quark deconfinement phase
|n| >>3 transition in compact stars

Glendenning, Pei, Weber, 1997
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¢ The hadron star to quark star phase transition:
Gibbs criteria for phase equilibrium.

Global Charge Neutrality.
Hybrid Stars.

v The Strange Quark Matter Hypotesis:

“Strange quark matter 1s the real ground state of strongly
interacting matter”.

Strange Stars
v Observational Signals of deconfinemet:

Spinning down of 1solated rotating Neutron Stars



Time for Coffee and Cookies

Thanks a lot for your patience






Gamma Ray Bursts (GRBs)

One of the most violent and mysterous
phenomena in the Universe. 7. Piran,

Phys. Rep. 314, 575 (1999).

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

Energy range: 100 keV - a few MeV

Energy emited: ~10°! erg (beamed/jets)

Duration: 1 - 300 s

Two different types: short and long GRBs

Spatial distribution: Isotropic



2704 BATSE Gamma-Ray Bursts

-90

| o
10”7 10°® 107 107

Fluence, 50-300 keV (ergs cm™)



news and views

The supernova connection

Patar Mészaos

They are the most ene|
bursts has b
Galaxy now show

fog surrounding the demry of the
I progenitors of y-1a7 burzs (GRDs) &
beginming wo lifc, 2 lezxt for the claxs of
GRDs known 2 ‘long’ burses. This is chanks
t0 2 sanies of obsenacions of a burst thax
began on 29 barch 2003, very chosa to our
Galney. On pages 843, 844 and 847 of this
ze, Ve eral’, Price el *and Hjprch
er al* 1eveal the evolwion of this burst
in unprecademed dewil — and show thax
behind the GRE & the unmimiable
sigmmreofasuparnova

The GRD populxiondivides naxly imo
long on=s and shor ones, depending on
whether the bur of y-rays lws mow or
le=s than o few seconds™ Abow two-thirds
of all obsarved burzs are long, mnd thess
are the only ones for which longer- beting
‘Sfterglows’ o Nery, opticl and dio
wavelengths hove ako been found These
afterglows moy 1o wp to several months,
and from them the dizance w the GRD
and the demry of i hoz galwxy can be
decsrmined. There iz good evidence tha
long bursts are brgsly ;esocived wih active,
star-for ming regio ne in small, blue gabcies
And, in o lecez thiee coges, ther hos been
wanmlizing evidence thx GROs e associoed
with 2 paricubr type of supsmova’ —
although thoe imerpreaxion hos o far been
froughe wihuncerminey

A ‘wsual’ supernova arises when the core
of ammsivestrcolbpses, ejecting the seellar
oweremebpe. The mopreyofsuch supsr-
novoe result from parent stors thoe are less
than about 30 timas haavier than the Sun,
and the core collpse poduces o newron
star Thesesuparnovos are noumllydecaced
weels oftar the colbopse, becuse the ajectad
emebps only brighens sufficiemly to be
decectad xopical wavelenghs same weels
Ixer Theonly sigmk ofthacollapse thaz are
expected w0 reach the Earth promply are o
fluxof tiny particles called nawrinos (which
wae pickad up for the supernova F11ETa
by the Japanese newrino detsctor Kamio-
kande) and graveacional waves (which hae
ver 0 bedacacted)

For heavier mars, however, the core &
thought oo collbpsaimoa black hole,andthe
resuking briefepisodeof moes accrecion hos
been propozad 2 the central engine driving
GRD:". This kind of colbpse was inwinlly
referiad o 2o ‘failed’ supernova, e & was
thoughtthax the seallar emelope woul not
be ajected AGRO woul inzend wsuk fom

that su

LATUR g VOLS23] 19 1UL £2003 | www noax e com o axe

ablish. O
yernovae are, as

events in the Universe,
ervations of a burst c
suspected, likely culprits.

but the o©

igin of y-ray
e to our

P it S

GRBIANAI SN

Fenity cflight (= Hbary k)

L

I

&. GREIGMZSSN IS

o™ .

B000 7.000 2000

oeumd\-..-ncq»wr anitedliht( &)

Figus 1A good Takch. T'he spectma of the wavelengihs of machation from the y-ray burst G REOXAS,
beHevec 10 be asscetatect with the sup ernova SN X0 h, andd Trom G RESSM 2SN 199Sbw are

rerarha bly stmibat tn shape ', snggesting that

1theGREa

are

P

Tehixcl De tifledt obserations™ of CREAOIRI offer the strongest proof yet that + ‘-n\ bursts are
Inclesc! procincscd by supernovas 1hat result when the core of a Tastve slar colh pess.

arelxivimic ja of gos fod by the black hole;
*would break through the sellar emvelope,
leading o rdimive shocls inthe rarefied
emvironmerm owsids thezar

In 1998, obsenzeions of GROSSO425
showed an anomobws brighening of =
opzical afterglow ofew weels ofter the burs,
possibly linking it o 2 oughly contem-
poranecussuparnova, known as S 1998bw,
whose ejectad emelops would have brighe
ened o abow thax time. Swpicions grew
thox bong GRBs might, aftarall be associoad
wrh ‘successful' supsrnovos. In focz, the
2w supemovos tamaxively linkad w GROs
appeaied aven more ensigetic than nsu:\l,
md  were  dubbed Chypernovas®, or
tolbpsas". There is ako 2 more elabo ;e
offshao'of he supernovaiden—che ‘supra-
nova'® Here, the core @ llapss & aesumed o
be atwo-step offair: the firstzep produces
temporary newronswr and 2 supsmnova; in
the s=cond step,0 2w weelsormomhs lxar,
the newronsr aollapses inw a bk hole,
prochcingaGRE

Thezmsocixion of long GRBswihsuper-
novoe (o1 evensupranovae) is boased on the
approximoes mincidence intimeof the GRD
and the inferted inmam of the supernova
@re-lbpse. The bzer & daduced froman
ezrapolaxion back fromehe peal bright ness
of emicad light — an exzrapolasion thax &
modebdeps ndem and uncermin, not lexes
becomsathass objecsareso farowayandvery
fam. This stuzion changed dramoxically
wih the observarion of GRBO3032 in
bhch of this year s coordinmes were

© 200G Natwe Publishing Growp

dimeminxed by the HETE.2 spxecaf
within 90 mimzes of £.s detaction, embling
ground- bosed telemoo pas o moke Hllow-up
obsarvaions almos immedixaly. Although
more than two bilbon light years away,
GRBO303 2 mxy bathe neaes: cosmo bogical
GRDyec s2en*® (In terme ofthe convention-
al ;stronomical distance mecsure, s ‘red
shif), 2, £0.169: previous GROs hove usmally
only been s=en in the rangs 0.4-45; the
excepeion & GREB99M25, if its cssocixion
wihSM 1998bw 22 2=0 00S& real)

Aftar o weel, the pozern of lightemized
by GRBO31329 —ies light cunve’ —zmared w0
show the baginmings of aslight bump. Ten
days beer, this bump woes iderrified 26 being
comsed by n ensrgecic supsrnova, Isbelled
SNA3dh*'. Becouze this GRD i wkeively
chse w0 us, the demificeion of the ligh-
cune paak, and ©s wavelength spacum, &
significamly mrongar than in previous coses
The exxrapolacion from the pank brightness
indicaees thoe the time off-zec becwasn the
GRO mnd the mlbpse of the supamova &
unlilzlymwo begrerer than abow two days, ond
compaxiblew ththetwosvents being sinu b
waneous. Hjorth erad *intarprecchis 2e mling
o the supranova nodel if the two-sep
collzpseof asupranovaweraw happen within
two days,it & unlibely tho £5 »-rayemission
and afterglow wouldmzxch theobsenarions

Anccher  remorlable  feomure  of
GRD030329 i the spactrum of wanvelengths
it hos emized. There & a canmlizing mosch
becween the shape of the dizribution
for GRDO30329SMX03dh and thoe of

s

ESO 184-682 SN-GRB connection

P. M¢észaros, Nature 423, 809 (2003)



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

Discovery of a Transient
Absorption Edge in the X-ray
Spectrum of GRB 990705

Lorenzo Amati,"'* Filippo Frontera,'* Mario Vietrni,®
Jean | M. in ‘t Zand,* Paolo Soffitta,” Ennco Costa®
Stefano Del Sardo,® Elena Pian,’ Luigi Piro,” Lucio A. Antonelli,”
D. Dal Fume,' Marco Ferod,” Giangiacomo Gandolfi,”
Cristiano Guidorz,” John Heise,* Enk Kuulkers,* Nicdla Masetti,’
Ennico Montanari,” Luciano Nicastro,” Mawro Orlandin,’
Eliana Palazzi’

We repart the discove ryofatramsient equivalent hydrogen calumn de nsity with
an absarption edge at ~3.8 Kilosksctran valts in the spectrum of the prompt
x-ray emission of gamma-ray burst (GRB) 990705 This festure can be satis-
factorily modeled with a photoelkctric absarption by a madium lbcated at &
redshift of ~0.86 and with an iron abundance of ~75 times the solar ane. The
transient behavior & attributed to the strong bonization produced in the cir-

cumburst medium by the GRB phataons. The high iran abundance paints to the

The mtwe of the progemtors of celesul
GRDs 15 an open 1ssive of key astrophysxcal
impartance. Collipse of massive fast-rotating
stars—the hypernova model (J )—or delayed
collapse of a rotvtomlly stabihized newtron
stor—the supranova model (2)—are amons
the fivored wwenaros for the oriem of these
events. loth models predict that the preburst

The supernava explasion is estimated to have accurred about 0 years befare
the burst Qur results agree with madek in which GREs ariginate from the
@Ilpze af very masm e stars and are p rece

Y asupernaova eve

and, nitmately, the nature of the GRI pro-
semtor. Owmg to the coulienment of two
defecton umts of the mmma-ray burst mon-
tor (GREM, 40 © 700 keV ) (5, 6 ) with the

12 -

two wide-field comeras (WIHCs, 2 10 26 ke )
(7), the Itlon-Dukch x-ray mussion Hep-
poSAX can provide not only arc mimde Jo-
cabizatons of GRS, bt alwo messwements
of ther spectra m a2 broad (2 to 700 JaV')
energy band (). Amons the GRS detectsd
by the HeppoSAX WIC and GRIBM, the
event of 5 July 1999 (GRB 990705) i the
second bright¥est in wrays (40 © 700 keV')
after GRII 990123 and ranks m the op 15%
in x-rays (210 26 keV). This burst trigpered
the GRBM on 5 July at 16:01:25 unveral
tme and was positoned with an error radius
of 3 arc min at nglt ascension o 2000) =
05"09™52° and dechmtion 5(2000) =
=72°08'02,1n a direction close © the edse of
the Large Magellanic Clond. Optcal and
neur-infrared observations of the GRB
990705 bocation led to the discovery of a
reddensd foding counterpart and o possible
host galaxy (9). Recently, Bolland &1 of. (10)
have moged the GRI 990705 field with the
Hubble Space Telescope, defecting 2 spwal
galaxy at the postion of the GRI. Although
the distince of this galixy © not known, 1t
sme and brightness are compatible with a
redshuft = = 1 (11).

A 120000 s follow-up observation with
the DeppoSAY murow-fied instruments (12)
was alwo performed stuting ~ 11 howrs after
the GREM trizger. In the first 7 hours of
observing tme, an x-ray wuce of 3 S sip-
nficance, corresponding © 19 (£ 06) =~



SN-GRB connection “ (%7

Evidence for atomic lines in the Time delay AT between the SN
spectra of the X-ray afterglow explosion and the GRB

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

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

B GRB 030813: AT ~ 2 months

Butler et al., ApJ 597, 1010 (2003)
B GRBO011211: AT ~ 4 days
Reeves et al., Nature (2002)



A two-step scenario

15t explosion

Supernova: Birth of the Neutron Star

2nd “explosion”

Associated with the Neutron Star: central engine of the GRB



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

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




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

* - X B
" ‘; \ ..:'.:"':"- :-.o: e
" S L b ‘ of ;-'0:'“'\;;:'.:;:"
{”". oS ’ . .:.’.‘0“.:‘0'.;:.::.
LA A > ML
Direct nucleation of the p-stable quark p-stable
matter: high order weak process =2 quark-matter bubble
suppressed by a factor ~ G273, with
N=100-1000.
Cm
©) Ruled out: even when the final

state has a lower energy

Pressure Berezhiani et al. 2003 (unpaired)

Drago, Lavagno & Pagliara 2004 (CFL)



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

" R "
- - oo" ' "
.‘ ‘? T~ 107 p* <% '..’"_‘: Tw™ 10%s o “‘%.o" ..
.& > ...:0.0...:-, .~‘ :'..:. > ..f‘.‘.vl :
f& e TR F LN :'.-.
‘.m., " .'-'." " ~, ".

Hadron matter Oy Non-f-stable B-stable
quark-matter bubble quark-matter bubble
Q* (Non-p stable)
s ——

Q* (Non-f3 stable)

G/nB

-----

Pressure

[ Has the intermediate phase lower energy than hadron matter? J




Lifshitz-Kagan quantum nucleation theory
Quantum fluctuation of a virtual drop of QM 1n HM

-

\

~

= —M(R)\/l — (é—]:)z +M(R)-U(R)

2
M(R) = 4np,, (1 = ZL) R’

H

/

Chemical potential

Fa

U(R) = —me*(uQ* - MH)R3 +470R’° + 8yR + E,

o =10-50MeV / fin’

UR)




Nucleation Time

Oscillation frequency of the virtual drop 4 7\ A
inside the potential well and Penetrability Vo = (—) E=E,
of the potential barrier (WKB) dEE (e ))
Do = exp| ———*
N v

-

=

I(E) = ZI}dR\/[ZM(R) +E-U(R)|[E-U(R)]

R

A(E)=2 f dR\[[2M(R) + E - U(R)|[U(R) - E]

2

~

Action over and
under the barrier

/

: . — -1, — 1048
Nucleation time [T_(VopoNc) N, =10 }




Nucleation Time .vs. gravitational mass

5() 1 T I I I I I T I I T I T I | I 1 T T 1 I 1 I 1 1 T 1
o =10 MeV/fm" - L 1 & =
g by ] - - &~ -
40— 2 6=30 MeV/fm~ " a = o] - S
= :
P
p—
= - ]
on
2 20— universe ]
10 — _|
|-+ 1 yr e
O 1 1 1 1 I 1 1 1 1 I 1 1 1 I,J I 1 1 1 i 1 I 1 l; 1 1 I 1 1 1 1
1 1.1 1.2 1.3 1.4 1.5 1.6

Gravitational Mass

Increasing Mg less than 0.01 M reduces T from
T >> age universe to atof few years —» "» different time delays




Critical mass of metastable hadronic stars

Definition: M_ = M_ (Tt =1 yr)

Hadronic stars with M, < M __are metastable with T =1 yr to infinity

Hadronic stars with M, .> M _are very unlikely observed

4 h

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

L /




The two families of Compact Stars

9
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What type of compact star do we observe ?

GM3+Bag model EOS 6 =30 MeV/fm~
B T | T 1 T | T ; T T
v . 2 1
L9 BY B BT B! ‘B
18 : :
1.7+ :
5 Lo . I\/I}-lS.rn.’J.\ =
R e i AP il n o
L5} . :
- QS max n
l4
I3}=
1.2
SS p : &
H _— . g Bl_:gjle\ UM, g ) >age Univ. & No qunrk-decont‘_—_
! e M I 0 M T T S M S (R | |
40 60 80 100 120 140 160 180 200 220 240

B [MeV/fm']

KBI: pcrit = pc,max = HS \

o B t(Myg ) > > HS

TUniverse
¢ BIH: Mcr = MHS.max but
Mb(M_) > MP_ = BH

y BIV M MHS max and
Mb(Mcr) < Mbcr-) 2 branches
of compact stars:

HS with M, <M_
HyS with Mg 5,< Mg max

e BV: Bodmer-Terezawa-Witten

k 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.

= J

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

A new operational definition of neutron star limiting mass

4 h

o If 1:(1\/[HS,max) ~ TUniverse OT 1:(1\/IHS,max) = Tyniverse > Mlim:MHS,max

o If M_, < M max 1.e., t(M )<1yr=>M,;, crit?

=max|M MHS,max]

HS,max

* If lyr < 1:(1\/IHS,max) < 9 M

\ lim:maX [MHS,max9 MQS,max]

1:Universe

/
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Total energy released 1n the conversion

4 h

Assuming that the baryonic mass is
conserved during the conversion

E.,.=M_, —-M,;M:)

cony crit crit

Energy
| ' x T T ' I ‘ I
140 [~ . e GMIL_10 n
GM1_30 e GMI_30
. e GM3_10
GM3_30 o GM3_30

| GM3_t0

GM1_10

60 70 80 90 100 110
Bag costant B [MeV/fmJ]




Production of y rays

Total energy released from the conversion: 10°2- 1073 erg

V+V —=e +e —2y
E =nkt

cony

(1) Ignoring strong gravitational effects on the cross section

T] = 7/’newt ~ 001

(2) In a strong gravitational field: Mgz =(10-30)n,,,,

E, =10""-10" erg

Salomon & Wilson, ApJ 517 (1999)
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¢ 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 T ranging from t >> age of the universe to a t
of few years

¢ The energy released in the conversion E___ ~10°2-10> ergs is
enough to power a GRB

conv

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

GRBO11211



Sezione di una stella di neutroni

4,3x10' g/em®

convenzionale )¢ S a/ama
14 \
0,5x10 g/cms3 2 km L’,Q"‘l'km

X
2,7)(10ls g/cm3 S = ,}

10 k.

nocciolo di materia nucleare 1

(n/Ple-l".) B / “‘
crosta interna

nuclei,e-,n
( sen) crosta esterna

(nuclei,e-)

A =¥ A

iperonica

4

nocciolo di materia guscio di materia crosta
iperonica nucleare

ibrida =
guscio di materia croya

iperonica

nocciolo di materia strana guscio di materia
(v, d, s, e7) nucleare

stella di quark

materia strana
(u, d, s, e

Two families of Compact Stars

\

Hadron Stars (HS)

> e “Traditional” Neutron Stars
« Hyperonic Stars

Quark Stars (QS)

>  Hybrid Stars
e Strange Stars




