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CONVEERSION OF NEUTRON STARS TO STRANGE S5TARS AS THE CENTRAL ENGINE OF GAMMA-RAY BURSTS
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ABSTRACT

We smdy the comversion of 3 nentron star 1o 4 sirange star as 3 possible enerpy source for Famma-ray borsts.
We nse different recent models for the equation of state of newlron star matter and strange quark mefter. We
show that the total amount of energy liberated in the conversion is in the ranpe of (1-4) = 10™ ergs (1 order

of magmitnde larper than previows estimates) and is in agreement with the energy required to power sammsa-ray
uarst sources at cosmolomical distances.
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GAMMA-RAY BURSTS FROM DELAYED COLLAPSE
OF NELITRON STARS TO QUARK MATTER STARS

Z. Berezmiant,! 1. Bomeact,” A. Draco? F. FrowTera, ™ anp A Lavagro®
Horaived NN Sepember 12; accopred ANF Decomber F

ABSTRACT

We propose 2 model to explain how a gamma-ray burst can take place days or years after a supernova
explosion. Our mode] is based on the convesion of a pure hadronie star {neutron star) into a star made at
least in part of deconfined gquark matter. The conversion process can be delayed if the surface tension at the
interface between hadronic and deconfined quark matier phases is taken into account, The nucleation tine
{i.e., the timee to form a critical-size dropof quark matier) can be extreme by long if the mass of the star s small
Wia mas accretion the mucleation time can be dramatically reduced and the star is finally converted into the
stable configuration. A huge amount of energy, on the order of 102-10® ergs, & released during the
conmverson prooess and can produce 3 powerful gamma-ray burst. The delay betwesn the supernova
explosion generating the metastable neutron star and the new collapse canexplain the delay inferred in GRB
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Neutron Stars: bulk properties

Mass M~ 1.5 Mg
Radius R ~ 10 km
Centr. Density P, = (4—8) p,
Compactness R/Rg ~2-4

Baryon number A ~ 107

Stellar structure:
General Relativity

Giant “atomic nucleus”
bound by gravity

Binding energy B ~ 10> erg
B/A ~ 100 MeV B/(Mc?) ~10%

Mo =1.989 x 10¥g  Rp =6.96x 10°km R, =29

Py = 2.8 x 10 g/cm? (nuclear saturation density)

R, = 2GM/c? (Schwarzschild radius)



Atomic Nuclei: bulk properties

Mass number A=1- 238 (natural stable isotopes)
Radius R = Iy A3~ (2 = 10) fm
Density P~ Py =2.8 x104g/cm3

B/(Mc?) bound by
: - nuclear

: | mos.t bound nuclei: 1. ( 0 1_1) o . :

¢ 62N1i, 58Fe, S6Fe . interactions

i B/A ~ 8.8 MeV :

| | | | | | | |
0 20 40 60 80 100 120 140 160 180 200 220 240
Number of nucleons in nucleus, A




Relativistic equations for stellar structure

penheimer — Volkov equations (TOYV)

-1
3
p m(r)p(r) » P(r) e r P(r) liIZGm(r):l
r2 czp(r) m(r) 02 02 r
d_m = 47:r2p(r)
g7 One needs the
-1 .
e - 2 equation of state (EOS) of
= — |1+ dense matter, P = P(p),
d (r)c2 dr p(r)c2 . e
P up to very high densities
Black Holes
Neutron Stars
— MmaX(EOS) 2 all measured

neutron star masses




Neutron star Interlor Composntlon Explore‘R{ma

Effective area (cm?)
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Mass (Mg)
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NICER and LOFT

accurate measurements of
the mass and radius of
several neutron stars

Determination of the cold (T=0)
dense matter EOS

P=P(p)

Relativistic inverse stellar structure problem:
L. Lindblom, ApJ 398 (1992) 569
F. Ozel, D. Psaltis, Phys. Rev. D 80 (2009) 103003




Neutron star physics in a nutshell

1) Gravity compresses matter at very high density

2) Pauli priciple
Stellar constituents are different species of identical fermions (n, p,.....e , 1)
—> antisymmetric wave function for particle exchange = Pauli principle

Chemical potentials Mok, s M, rapidly increasing functions of density

3) Weak interactions change the isospin and strangeness content of
dense matter to minimize energy

Cold catalyzed matter (Harrison, Wakano, Wheeler, 1958)
The ground state (minimum energy per baryon) of a system of hadrons and
leptons with respect to their mutual strong and weak interactions at a given

total baryon density n and temperature T = 0.
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“Neutron Stars”

Nucleon Stars

Hyperon Stars

Hybrid Stars

Strange Stars

Hadronic
Stars

Quark
Stars



Neutron Stars in the QCD phase diagram

Early Universe The Phases of QCD

Future LHC Expernimenis

Lattice QCD
at y,=0 and finite T

» The transition to Quark Gluon

Plasma is a crossover
Aoki et ,al., Nature, 443 (2006) 675

Temperature

» Deconfinement transition
temperature T,

HotQCD Collaboration
T.= 154 £ 9 MeV
Bazarov et al., Phys.Rev. D85 (2012)

054503 Critical Point /
Wuppertal-Budapest Collab. Hadron Gas s
Tc= 147 + § MeV Superc;onductor
Borsanyi et al., J.H.E.P. 09 (2010) 073 __Vacuum ';‘;jjf‘;‘: Neutron Stars
0 MoV - - ‘
0 MeV 900 MeV

Baryon Chemical Potential

Neutron Stars: high y, and low T

Lattice QCD calculations are presently not possible

Quark deconfinement transition expected of the first order
Z. Fodor, S.D. Katz, Prog. Theor Suppl. 153 (2004) 86

“A link between lattice QCD and measured neutron star masses”
I. Bombaci, D. Logoteta, Mont. Not. Royal Astron. Soc. 433 (2013) L79



15t order phase transitions are triggered by the nucleation of a
critical size drop of the new (stable) phase in a metastable mother phase

Virtual drops of the stable phase are created by small localized fluctuations
in the state variables of the metastable phase

A common event in nature, e.g.:
» fog or dew formation in
supersaturated vapor
* ice formation in supercooled water
Pure and distilled water at standard
pressure (100 kPa) can be supercooled
down to a temperature of -48.3 °C
tempearture range (-48.3 — O
in a metastable phase and i
form via a nucleation




Phase equilibrium

Gibbs’ criterion Mg = Ho = My
for phase equilibrium

TH=TQE
P(uy) = P(HQ) = P(H()) =P,

l"’j = Gibbs’ energy per baryon (j-phase average chemical pot.) j=H, Q

&g+ Py —syT &gty —spl

Hy Ho

ny, g X,

g; = energy density, P,= pressure, s;= entropy density (inc



Phase equilibrium

|
Gibbs’ criterion Mg = Ho = My Cold deleptonized
for phase equilibrium Neutron Stars
TH = TQE ) «—t>t,, ~afew10’s
cooling time

P(py) = P(HQ) = P(y,) =P,

l"’j = Gibbs’ energy per baryon (j-phase average chemical pot.) j=H, Q

_5H+PH—Sﬁ gt Fy—soT
ny, g X,

Hy Ho

g; = energy density, P,= pressure, s;= entropy density (incl



In Hadronic Star cores when P(r=0)>P,
Hadronic matter phase is metastable

stable Quark matter phase
1s formed by a nucleation process

P, pressure




1me of a virtual drop in the potential energy well:

vyl =7 ~ 10> sec. << 71

strong weak

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

Q*-phase: flavor content is equal to that of [3-stable HM
at the same pressure and temperature

O  (Q-phase: p-stable SQM.

Soon afterwards a critical-size drop of QM is formed,

the weak interaction re-establish B-equilibrium

= "
fi’: e 23 iy S
st W Tg ~ 10%° s g% oot '..’.,o.
', o.& ." ’ :.". :‘,0 f. -
» L T 2 1
{’-w.”’ .. ‘ ‘: -r f.
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Hadron—phase . Q*-phase
: Non-f-stable

quark-matter drop




First drop of stellar conversion process
Q*-matter ‘ HS%QS

H
Q*

Hadronic Stars with P, ..>P,
are metastable to the conversion
to Quark Stars

P, pressure

The mean lifetime of the metastable Hadronic Star
configuration is related to nucleation time of the
first drop of Q*-phase




Direct nucleation of a 3-stable quark matter drop

L 3 i 20"
('3 % e
pre A ‘ TN
m" .o"".":'.’.;°

G " .

B-stable
The direct nucleation of the quark-matter drop
B-stable quark drop (Q-phase drop) is (“normal” or CFL)

a high order weak process

suppressed by a factor ~ GFZN/3

For a critical size drop
N =100-1000. =

- To>> T

univ

This is the same reason that impedes that an iron
nucleus converts to a drop of SQM, even in the
case the Bodmer-Witten hypothesis is fulfilled.
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Flavor conservation in the
intermediate transitory
Q*-phase
inibhits quark matter nucleation
in pure hadronic stars

—
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GM3 + MIT bag model (B=152.45 MeV/fm?, m =150 MeV) I




A consequence of flavor conservation in the intermediate transitory Q*-phase

i > - Hadronic Stars
PO Pmax PO>X< P / \ /\ / Stable

In some case (depending on the EOS : (with respect to
model parameters) the formation of a . St,l;(l’\l/}ge ltI::::(l:)tizl’l’S)
QM-core in a compact star could be \ (with respect o the

inhibited by flavor conservation in ~
the intermediate Q*-phase, even in
the cases where the (3-stable Q-phase
has a lower Gibbs’ energy per
baryon that the hadronic-phase.

weak interactions)

>>T

u

Ths niv

~
Hybrid Stars ~
(inhibited)




Fluctuations of the number N of particles in a fixed volume V

n-square fluctuation
(dispersion)

<(AN)2>1/2 _ \/N SN — <(AA]32> _ \/IN

Relative fluctuation

Landau, Lifsits, Statistical Mechanics

R~10 fm, n,~3n,~0.48 fm™

=2 R’n, ~ 2x10°,
3

JN =45 SN ~0.022



Quantum nucleation theory

virtual drop of QM in HM

L= MPRR —U®R

— 3 d 2
UR) UR) = @/3)n R°ngy: (Uo=- By ) + 4no R




ability of tunneling

requency of the =
rop inside the potential Vo= (dI/dE) = for E=E,

I(E,) =%7zh

Action of the zero point

ICE) =2[ dR\2ZM (R)[E—UR)] adiuion

Penetrability of the potential barrier

p0=eXp|:— fi

A(E) Ny 2_‘.§+dR\/2M(R)[U(R) 28 E] Action under the potenti

Quantum

nucleation time Tq — (Vop 0,




Potential energy barrier between the H-phase and the Q*-phase

UR,P) = (4/3) ng. (ho« - Py ) R? + 4mo R?
a(P)R> + a,R>
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I. Bombaci, I. Parenti, I. Vidana, Astrophys. Jour. 614 (



Hadronic Star mean-life time

I _ 1 _ 1
L /4796 - -
1.1‘\‘ = 4
- . i
» Wi/ AN OE =9 . i
- @wa Z |\1|.|l
| Lt96 o . i e
[ TEEL ¥ |
11 g 1 !
[ 2 ) g
b .E_IL. fm -AvaJI —
- 2 . B o
- O = I -
5 = i i
- I o i
B N._”.WN. —————— f— ml — o — i
| A
L _ 1 | 1 _T u_. 1 _ .l —
o m o

(5)"'80

20

I

sun

T,y ~ 4x10's



Hadronic Star mean-life time
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The critical mass of metastable Hadronic Stars

Def.: MCI’ = MHS(T =1 yl')

® HS with M, <My, <M_, are metastable witht=1yr + o

® HS with My > M_, are very unlikely to be observed

g

The critical mass M_. plays the role of an effective
maximum mass for the hadronic branch of compact stars
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Evolution of a cold HS
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Evolution of a cold HS
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Evolution of a cold HS
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The two families of Compact Stars
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Two “heavy” Neutron Stars

PSR J1614-2230  Myg= 1.97 £ 0.04 M

NS — WD  binary system (He WD)

Mwyp = 0.5 Mg (companion mass)

P, =8.69 hr (orbital period) P = 3.15ms (PSR spin period)
i = 89.17° £ 0.02° (inclination angle)

P. Demorest et al., Nature 467 (2010) 1081

PSR J0348+0432 My = 2.01+0.04 M,

NS — WD  binary system
Myp = 0.172 £0.003 M (companion mass)
P, =2.46 hr (orbital period) P = 39.12 ms (PSR spin period)

i = 40.2° % 0.6° (inclination angle)

Antoniadis et al., Science 340 (2013) 448
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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 & Volkoff

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

A new operational definition of NS limiting mass

"It T(MHS,maX) ~ Tuniv or T(M ) >> Tu
M, = Mg

= If M <Mpggmax e T(Mpggma) <1Yyr
Mlim = max[ Mcr ” MQS,maX]

HS.,max niv

lim ;max

"It 1 yr < T(MHS,maX) < Tuniv
Mlim = max [ MHS,maX ” MQS,maX]
I. Bombaci, 1. Parenti, I. Vidana, 2004, Astrophys. J.,



Total energy released in the stellar conversion

B Assuming that the stellar baryonic
mass is conserved during the
stellar conversion, the total energy
released in the process is :

E = Mcr_ MQS(Mbcr)

conv

i / ‘ S e b I. Bombaci, & Bhaskar Datta,
Astrophys. J. Lett. 530 (2000) L.69



Total energy released in the stellar conversion
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Supernova-GRB connection:
Hadronic Star = Quark Star conversion model

. Supernova explosion :

: SUOR e Mass accretion on metastable NS 2]
Berezhlanl, Bombac1, Drago, Frontera, Lavagno, Astrophys. Jour. 586 (2003) 1250



Metastability of cold and deleptonized HS

Quark deconfinement phase transition in

Cold (T=0) and neutrino-free HS

Formation of the first drop of QM:
Quantum nucleation process

Z.. Berezhiani, Bombaci, Drago, Frontera, Lavagno, Astrophys. Jour. 586
I. Bombaci, I. Parenti, I. Vidafa, Astrophys. Jour. 614 (2004) 314
I. Bombaci, G. Lugones, 1. Vidafia, Astron. &Astrophys. 462 (20
I. Bombaci, P.K. Panda, C. Providencia, I. Vidafa, Phys. Rev



Proto-Neutron Stars (new born NS)

Hot lepton-rich PNS 2s <t<t,~10-20s
Trapped neutrinos
Hot matter T.= 10-30 MeV
t = O (stellar core bounce), t, = neutrino trapping time

Hot neutrino-free PNS  t, <t <t , ~ afew 10’s

Neutrinos free matter
Hot matter (isoentropic core) S/N, ~ const =1 -2 kg

cool

Burrows, Lattimer, ApJ 307 (1986) 178; Prakash et al, P
Pons et al. ApJ 513 (1999) 780



Proto-Neutron Stars (new born NS)

Hot lepton-rich PNS 2s <t<t,~10-20s
Trapped neutrinos
Hot matter T.= 10-30 MeV
t = O (stellar core bounce), t, = neutrino trapping time

Hot neutrino-free PNS  t, <t <t , ~ afew 10’s

Neutrinos free matter
Hot matter (isoentropic core) S/N, ~ const =1 -2 kg

cool

{d

Cold deleptonized Neutron Stars

t>t.,, ~ afew10?s cooling time
Neutrinos free matter
Cold matter (T<<1 MeV)

Burrows, Lattimer, ApJ 307 (1986) 178; Prakash et al, Phy
Pons et al. ApJ 513 (1999) 780




Proto-Neutron Stars (new born NS)

Hot lepton-rich PNS 2s <t<t,~10-20s
Trapped neutrinos
Hot matter T.= 10-30 MeV
t = 0 (stellar core bounce), t, = neutrino trapping time

Hot neutrino-free PNS  t, <t <t , ~ afew 10’s

Neutrinos free matter
Hot matter (isoentropic core) S/N, ~ const =1 -2 kg

cool

{

In a proto-neutron star the quark deconfinement

phase transition will be likely triggered by a

thermal nucleation process




Thermal nucleation of QM in hot and dense hadronic matter

1es:

» 0.G. Benvenuto, H. Vucetich, Phys. Rev. D 45 (1992) 3865
rvath, Phys. Rev. D 49 (1994) 5590

L. Olesen, J. Madsen, Phys. Rev. D 49 (1994) 2698

. Heiselberg, arXive:hep-ph/9501374

Thermal nucleation ofa critical size drop of QM
for T > 2—-3MeV

!

hadronic stars converted to quark stars
within the first seconds after birth

Based on an estimate of the thermal nucleation rate base
values of the central stellar properties (T, , P,



To establish if a
new born hadronic star
(proto-hadronic star)
could survive the early
stages of its evolution
without “decaying” to a
quark star

Bombaci, Logoteta, Panda, Providencia, Vidana, Phys. Lett. B 680 (2009) 448
Bombaci, Logoteta, Providencia, Vidana, Astr. and Astrophys. 528 (2011) A71
Logoteta, Bombaci, Providencia, Vidana, Phys. Rev. D 85 (2012) 023003



Phase equilibrium

Gibbs’ criterion Uy = Ko = Ky
for phase equilibrium
Ty=To=T

P(uy) =P(ug) =Py =P,

l"’j = Gibbs’ energy per baryon (j-phase average chemical pot.) j=H, Q

&g+ Py —syT &gty —spl

Hy Ho

ny, g X,

g; = energy density, P,= pressure, s;= entropy density (inc



Gibbs’ energies per baryon
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Phase equilibrium curve
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Specific latent heat O

Q Ny Ny P,
MeV) | (fm3) | (fm>3) | (MeV)

0.0 0.453 | 0.366 | 39.95

0 =W~ Wy =T(S -5

5 0.56 | 0.451 | 0.364 | 39.74

10 240 | 0.447 | 0.358 | 38.58

15 5.71 | 0.439 | 0.348 | 36.55

20 10.60 | 0.428 | 0.334 | 33.77

25 17.17 | 0.414 | 0.316 | 30.36

30 25.44 | 0.398 | 0.294 | 26.53

GM1 + MIT bag model (B=85 MeV/fm?3, m=150 MeV)
v-free matter

W % 9 WH enthalpy per baryon

S O* > S H  entropy per baryon

Clapeyron — Clausius equation

% B Ny I”ZQ* Q
nQ*—nH T




Phase equilibrium curve
140_""l""l""l""l""l"'

120F

————— —
— —
—
—

2
/

P, [MeV/fm']
D
)
1 l LI B |

v—iree

N
@)

o
-
I LI

oo

-

|

/
X / |
lllllllllllllll‘lllllllllll

[N A TR PO TR TR [N U] WO OO S| (NOS/ SO VAN IO TR (S M) C |
10 15 20
T [MeV]

=
OIII
UIF-

GM1 + MIT bag model



Potential energy barrier between the H-phase and the Q*-phase

URPT) = (4307 nge (gn -ty ) RO+ dmo RE || Wessums
= aV(P,T) R3 + aSR2 independent

W=t T & & T & T & 1T &1
3500 —— T=0

o T'= 10 MV
3000F —— T=20MeV

9
N
S
(e

P =57 MeV/fm?

GM1 + MIT bag model
(B=85 MeV/fm3,
m.=150 MeV)

c =30 MeV/fm?

U(R) [MeV]

lllllllllllllllllllllllllllllllllllllll

4 5
R [fm]
Bombaci, Logoteta, Panda, Providencia, Vidana, Phys. Lett. B 680 (2009) 448

L L L L L l L
0 1 2 3 6 7 8 9



Thermal nucleation theory

ys. Rev. Lett. 21 (1968) 973; Ann. Phys. (N.Y.) 54 (1969) 258
, L.A. Turski, Phys. Rev. A8 (1973) 3230 L.A.
J.S. Langer, Phys. Rev. A22 (1980) 2189

U(R.,T)

K
Thel:mal I=—Qexp
nucleation rate 21T T

K= dynamical prefactor (related to the growth rate of the drop

radius R near the critical radius R )

QO = statistical prefactor (measures the phase-space vo

U(R_, T) = activation energy



Statistical
prefactor

4
o 5 G3u/R\

ai, J.I. Kapusta, 0™ 3\/§ T \g /

. Rev. D 46 (1992)

Eo = quark correlation length Eo = 0.7 fm (CK1992)

dynamical 20
Y K = ZT+2 SN+<
prefactor 3 A
R w)
R. Venugopalan, A.P. Vischer, Phys. Rev. E 49 (1994) 5849
L. Csernai, J.I. Kapusta, E. Osnes, Phys. Rev. D 67 (2003) 04500

Aw =w,. - w, enthalpy density difference
0 H

A = thermal conductivity, T] = shear viscosity,



ielewicz, Phys. Lett. B 146 (1984) 168, we assume

2
\=0, (=0 _ 76x10°° (ny ) MeV
(T/ MeV)2 0 fm* s

n,=0.16 fm

Tth = (Vnuc I )_1

Thermal
nucleation time

Vv _4 e R3 volume of the innermost stellar region
nuc 3 nuc where P(r) = P(r=0). R, .~ 100

Recent papers on transport O. Benhar, M. Valli, Phys. Rev. Lett. 99 (2007
properties of neutron matter O. Benhar, A. Polls, M. Valli, I. Vidana, P
and beta-stable NM: O. Benhar, A. Carbone, arXiv:0912.01

H.F. Zhang, U. Lombardo, W. Zuo



Thermal and quantum nucleation time

P =57 MeV/fm3 c = 30 MeV/fm?
20— 1 7 T T
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GM1 + MIT bag model (B=85 MeV/fm?, m =150




proto-Hadronic Star

Hot neutrino-free PHS t,<t<t,, ~ afew10’s
S/N, ~ const =1 -2 kg

T = min(Ty,Ty) >> t

U

Q*-matter nucleation will not likely occur in the PHS.
This star will evolve to a cold Hadronic Star

cool
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Limiting conversion temperature ®
for the proto-Hadronic Star

O=T.(t

=103 5s)

P=57 MeV/fm* o =30 MeV/fm?

1 l 1 l I I : 1 l 1 l 1 l 1 I il l 1

n

®=0(P,)




The limiting conversion temperature of proto-HS
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The limiting conversion temperature of proto-HS
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The limiting conversion temperature of proto-HS
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Critical mass configuration
for the proto-Hadronic stellar sequence

M. =M(Pg ,0)

MB,cr = M(PS 9®S)

SNy | Mg, | Mg, | M
kp) | Mp) | Mp) | (Mg)
0.0 1.573 1.752 1.573
1.0 1.494 1.643 1.485
2.0 1.390 1.492 1.361

Gravitational mass

Baryonic mass

M = grav. mass
of the cold HS




GMI1 EOS
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The limiting conversion temperature of proto-HS
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Evolution of a proto-HS
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Evolution of a proto-HS
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Evolution of a proto-HS: effect of v-trapping
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SECONCIUSIONS TSNS

A transition to a quark-deconfined phase of dense matter is expectd in

“massive” Neutron Stars.
If this phase transition is of the flrst order then
S P : \\ ‘-‘ : ﬂ_1
“massive” Hadronlc Stars are metastable
to the convers10n to Quark Stars (hybrld or strange stars)

There exist in nature two dlfferent branches of compact stars

T S R (e
stellar conversion HS%QS

E.onv™ 1053 erg (possible energy source for some GRBs) ~

S R S - . :\

7 _ m i N - ‘fi 4 \

extensmn of the concept of limiting mass of compact stars
with respect to the classical one given by
Oppenheimer and Volkoff

RN

<l
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We have studied quark deconfinement phase transition in
hot f3-stable v-free and v- trapped hadromc matter

ST > 30

We have introduced the new concepts of

limiting conversion temperature ® and critical mass M, |
for proto-hadronic stars
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Proto-Hadronic Stars with M < M. could survive the early stages of their
evolution without decaying to a Quark Star, thus evolving to a
cold Hadronlc Star

A prompt format1on of a critical size drop of QM take place when M > M,
These proto-Hadronic Stars evolve to cold Quark Stars or
collapse to a Black Hole
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