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Plan of thetalk

£
E} Why strangeness is expected in “Neutron stars’ (compact stars) ?

Confined form of strangeness. Hyperons, Kaons
Deconfined form of strangeness. Strange Quark Matter

£
E} Role of strangeness on the bulk propertiesof Neutron Stars

-
E> Astrophysical implications of strangenessin Compact Stars
Possible new family of compact stars. Strange Stars

Quark-Deconfinement Nova =» possible “engine” for GRBs



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» (4-8)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)



Baryon chemical potentialsin dense hyperonic matter
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Microscopic EOSfor hyperonic matter: extended Brueckner theory
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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 = Hp- He = U
reSpeCttOtheWeak H = HSO — MXO — Mo
interaction processes

. Chargeneutrality

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

For any given value of thetotal baryon number density Ng



The Equation of State of Hyperonic M atter
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Structure equations for compact stars

Hydrostatic equilibrium in General Relativity:
Tolman — Oppenheimer —Volkov eguations (TOV)

d_P:_ m(r)p(r)ae1+ P(r) :§1+4 r Pz(r)m(r)% ZGm(r)u
dr r’ e i p(r) o C s cir Y
dm )
—=dxr p(r
el p(r)
Boundary m(r=0)= 0 .
. R = stellar radius
conditions P(r=R) = P
The solutions of the TOV
P= P(r, p.) eq.s depend parametrically
m=m(r, p, ) on tEe centrfl density
Pec — p(r—O)




Composition of hyperonic beta-stable matter
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M easured Neutron Star M asses
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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

\



Strange quark matter in Neuron Stars

QLD [ Quar k-deconfinement phase
Ultra-Relativistic transition expected at
Heavy lon Collisons r.» (3-5)r,

The core of the most massive neutron starsisone of the best
candidates in the Univer se wher e such a deconfined phase of
guark matter can be found

» Hybrid Neutron Stars
> Strange Stars (Bodmer-Witten hypotesis for SQM)



Sezione di una stella di neutroni Com paCt Star S
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“Conventional” Neutron Stars=
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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



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.

¢ From (i) and (ii) thefollowing firm upper limit for theradius

of the compact object can bederived ( X.-D. Li, |. Bombadi,
M. Dey, J. Dey, E.P.J. Van den Heuvdl, Phys. Rev. Lett. 83, (1999), 3776)

R < (F.. [F. )2 (GMg /4p2)V3 P23 (M/ M ,)¥3

F
F

in— X-ray flux measured during the“low state” of the source
a— X-ray flux measured during the“high state” of the source
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A strangestar candidate: SAX J1808.4 —3658

sl UL o Hadronic Star modelsare not
- SAX J1808.4-3658 ,  compatible with the mass and radius
25 - , extracted from observational data for

/ SAX J1808.4 —3658

BBBZ =

Hyp

| 10
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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Gamma Ray Bursts (GRBs)

Spatial distribution: Isotropic

Distance: “cosmological” d =(1-10)10°ly
Energy range. 100 keV —afew MeV
Emitted energy: ~10>erg (beamed / jets)
Duration: 1-300s




2704 BATSE Gamma-Ray Bursts
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news and views

The supernova connection

Patar M &szans

They are the most energetic events in the Universe, but the origin of y-ray
bursts has been hard to establish. Observations of a burst close to our
Galaxy now show that supernovae are, as suspected, likely culprits.
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SN — GRB connection

% GRB990/705 DT ~10yr
DT = time delay between the SN expl. and the GRB

Amati et a., Science 290 (2000) 953

< GRBO011211 DT ~ 4 days
Reeveset al. , Nature (2002)

A two-stages scenario

st explosion : Supernova (birth of aNS)

2nd “explosion” (ass. with the NS) : central engine of the GRB



Questions

=  What isthe origin of the 2
“explosion” ?

=  How to explain the long time
delay between the two events?



Delayed collapse of an Hadronic Star
toa Quark Star

& pureHadronic Star =——>»  Hybrid Star or Quark Star

& The conversion process can be delayed due to the effects of the
surface tension between the HM phase and the QM phase.

& The nucleation time depends dramaticaly on the central pressure
of the Hadronic Star

& Asadcritical-size drop of QM isformed the HS is converted to a
QSoraHyS

& The conversion process liberates Econy ~ 1052 - 10°3 erg

& Central engine for a GRB.




Super nova-GRB connection:
the Quark-Deconfinement Nova m_odel
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‘ Hadron-Quark phasetransition in bulk matter

@ Multicomponent system: two conserved “charges’
(electric charge and baryon number)

@ Inbulk matter the H-Q phase transition begins at the
static transition point defined according to the
Gibbs' criterion for phase equilibrium

my =my° my; P(my) =P(my) ° P(m)
Ty=To° T (T=0, we consider cold matter)

ey + By et PQ
Ny H n,

Q



Finite size effectson the H-Q phase transition

@ Theformation of acritical-size drop of QM isnot immediate:
DP=P-P,
overpressure with respect to the static transition point P,
@ Oscillation time of avirtual drop in the potential energy well:
no'1 » 1023 sec. << t\veak

~ Quark-flavor must be conserved in
the early stage of deconfinement

Q*-phase: flavor content is equal to that of beta-stable HM
at the same pressure

O Q-phase: beta-stable SQM.
Soon afterwardsa critical-size drop of QM isformed,
the weak interaction re-establisn beta-equilibrium
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Quantum nucleation theory

Quantum fluctuation of a virtual drop of QM Iin HM

2
QM drop L:%M(R)R - U (R)
Hadronic M(R) = 4pry (1-ny/ny)?
Matter

U(R) = (43)p R®ng (my-my ) + 4ps R?

° av R3 + as RZ
A As R >R thedrop
E . .
: : grows with no limitation.
/ \ R.° radiusof thecritical

U(R)

-

oV

R- R+ sizedrop



Probability of tunneling

Oscillation frequency of the virtual
drop inside the potential well

|(EO):§T: 7

ng= (dI/dE)™ for E=E,

Action of the zero point

I(E) = 2¢ dR+/2M (R)[E - U (R)] omilaon

Penetrability of the potential barrier

(WKB appox.)

é AE,)u
po:exp_é_' (hO)’

e

u
u

A(E) = Z(de\/ZM (R)[U (R) - E]

Nucleation time

T = (V OpONc)-1

N~ 10%
numb. of nucleation
centersin the star core
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The EOS of dense matter

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

% Quark phase: EOSbased ontheMIT 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)]

A

Pressure

P = P(r)

_

density



Hadronic Star mean-life time
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| N our scenario:

© PureHadronic Starshaving a central pressurelarger than
the static transition pressurefor the formation of the Q*-
phase are metastable to the “ decay” (conversion) to amore
compact stellar configuration in which deconfined quark
matter ispresent (HySor SS).

© These metastable HS have a mean-lifetime which isrelated
to the nucleation timeto form thefirst critical-size drop of

deconfined matter in their interior.



Thecritical mass of metastable Hadronic Stars

Def.. M, =Mpg(t=1yr)
® HS with M, ,<M_, aremetastable with t =1yr —¥

® Theaccretionof M
mean-life time

» 001 My reducestheHS

accr

t >>ageof theUniverse e——=p= t »afewyears

® HSwith M, >M_ arevery unlikely to be observed

® Thecritical massM_ playstherole of an effective
maximum mass for the hadronic branch of compact stars



The two families of Compact Stars
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Total energy released in the stellar conversion

\

Assuming that the stellar baryonic
mass is conserved duringthe
stellar conversion thetotal energy
released in the processis:

Econv = M cr M QS(M IOc:r)
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Production of gamma-rays

Total energy released from the QDN:  10°2— 103 erg
ntn —» €+ —p 2g

Eg = h Econy

(1) lIgnoring strong gravit. effectson the cross section
h = hpeut ~ 0.01

(2) In astrong gravitational field
(Salmonson and Wilson, ApJ 517,(1999))

her = (10 —30) hyent
at r- R, ~R ~ (1.5-20) 2GM/c?

E, =10t — 10 erg



Effectsof hyperonswith respect to the pure

nucleonic case
on the:

(1) Hadronic star critical mass

(2) Energy released in the stellar conversion

See talk by Isaac Vidana,
Parallel session 2,
this after noon



Conclusions (of thelast part of the talk)

A

M
QSAJ

GRB Metastable HS

N~

>
R

“ “Neutron stars’ (HS) are metastableto
HS> QS orto HS > HyS
the HS mean-lifetimerange within: t >>ageuniv. —t ~ yr-days

% Egny~10°%—10°3erg = GRBs

<+ Our model explainsthe SN-GRB connection and

thetimedelay DT(SN-GRB) ~ afewyears
Inferred for GRB990705



\/

< Implications of our scenario:
existence of two different families of compact
stars.

(1) pureHadronic Stars (metastable)

which could have“large’ radii (R ~12 — 15 km),
ase.g., 1E 1207.4-5209

(2) Strange Stars or Hybrid Stars
with “small” radii (R~7-9km),
ase.g., SAX J1808.4-3658 or 4U 1/28-34



