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Outline

-) Under the assumption of absolute
stability of strange quark matter:
modeling the process of conversion of
hadronic stars into quark stars

-) Motivation: two families of compact
stars from observations?



Strange quark matter hypothesis

(Bodmer 71- Terazawa 79 - Witten 84)
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Where V=6 (color * spin degeneracy) (depending on the values of the

B is the bag constant of the MIT bag model parameters)



Birth of quark stars

1) Nucleation of strange quark matter
(not 1n this talk, see e.g. lida & Sato 98)

2) Expansion and merging of strange quark
matter droplets, formation of a strange quark
matter core

(not in this talk, see e.g. Horvath et al. 92)
3) Macroscopic conversion of a hadronic star
(here!!)



Modeling the conversion

The conversion starts from strange hadronic
matter & mvolves strong interaction
(deconfinement) + flavor changing weak
interactions u+d->u+s.

Very complicated to model: deconfinement
1s a non-perturbative phenomenon.

Olinto 87: let us ignore
deconfinement and treat the
process as a chemical reaction and
borrow the formalism of
advection-diffusion-reaction PDE
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Combustion process

Kinetic theory approach: diffusion of
quarks between the two fluids (which
are in mechanical equilibrium) and
weak interactions

Microphysics: “a” strs
n.strange)/n.baryons

(n.down-

Dga" —vnaga’ —Rgla) =0,

Typical time scale for u+d->u-+s:

Tq ~ 1.3 x 10725 (300 MeV /uq)°
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1) Typical burning velocity:
vOsqrt(D / T) ~ 10* cm/s and
scales as T

2)Typical width of the combustion
zone: 800sqrt(D t) ~ 10° cm thus
very small in comparison with
the size of a star

This approach does not take into account macroscopic flows driven by

pressure/density gradients



Coupling with hydrodynamics

Ouyed 2010: 1D — no gravity — no star!

The 1-D hydrodynamical equations in our case are [24]:
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Such a calculation would be impossible in 2
or 3D which are needed to study the possible
occurrence of hydrodynamical instabilities.

A similar problem when simulating type la
SN.

Two possible strategies:
1) Khokhlv 1993:
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= —V - (pUU) - VP + pg,

K and R are rescaled to enlarge the width of
the combustion zone over several
computational cells. It underestimates
hydro-instabilities.



2) Calculate the burning velocities profiles
from the microscopic kinetic theory model,

assume an infinitely thin combustion layer.
Hillebrandt 1999 for type Ia SN
Books: Landau, Fluid dynamics.



Ideal-hydro modeling

p: pressure, e: energy density, n: baryon density, w=e+p: enthalpy density, X: (e+p)/n2
dynamical volume, T: energy momentum tensor, u fluid four velocity, y. Lorentz factor,
J: number of baryons converted per unit of surface and time.

Simplifying: let us

THY — (,:.5 1+ }._J)_I.{.j.i u’ — Dy [Ny . .
consider a stationary and

Op(nut) = 0 1D physical situation (we
9, TH = 0 consider only the “x”
dependence of the fluid

e = e(p,n) .
Egs. of ideal hydrodynamlcs / variables)

Ex: from hydrod. (continuity
Surface of discontinuity: flame front :
Je 9 Vo Jt J EqS)
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The first two equations can be

rewritten as:

Given the 1nitial state 1,
and for a fixed value of j
(computed from the
microphysics model), the
state of fluid 2 1s
determined.

2o (p2 — p1)
‘ (Xo — Xy)
Xowg — Xqwy = (Xy + Xo) (p2 — p1)

This equation defines the so-called “detonation adiabat”
which is formally identical to a shock adiabat but for the fact
that there are two different fluids and thus two different EoSs.

- Detonation adiabat
strong detonations

O Chapman-Jouguet detonation

% weak detonations

| 3 strong deflagrations
J ! (-hf-fﬂ-’“(”!—.](}H,_q“{alr ~——_ g ‘g 3
! deflagrarion —




Qualitatively we can distinguish
two different combustion modes:
-) detonation (the combustion is
driven by a shock wave which
heats up the fuel thus catalysing
the conversion)

-) deflagration (the combustion is
driven by the microscopic
properties: transport of
heat/chemical species and rate of
reactions)

By introducing the
sound velocities in the
two fluids cj

Py

\\ strong detonations

QO Chapman-Jouguet detonation

\ weak detonations

above O
on O
on AO vy > ¢y, vy > ¢y
on AA'
on A'0' vy < ¢, 19 < ¢y
on (O

below '

% strong deflagrations
Chapman-Jouguet —— 2 aAgrd

deflagrarion

v X

1
v > ¢y, vy < cp strong detonation
vy > ¢y, vp =y Chapman — Jouguet detonation
weak detonation
maginary flux, no physical significance
weak deflagration
U1 < c1, vg = ¢ Chapman — Jouguet deflagration

vy < ¢y, Uy >y strong deflagration

Several calculations (see Drago 2007) have shown that in the case of burning of hadronic stars,
detonations are quite unlikely. The combustion proceeds as a deflagration.



Numerical simulations of Herzog- Roepke 2011:

-)3+1D code used for SN type Ia
simulations

-) Newtonian dynamics + use of an
effective relativistic gravitational
potential based on TOV (Marek
2006)

-) assume that the combustion
proceeds as a deflagration

-) velocity profile taken from
Ouyed 2010

-) initial seed: a quark core of 1km
which is perturbed with a
sinusoidal perturbation of

amplitude 0.2 km.

-) EoS: Lattimer-Swesty + MIT

bag model

-) 128 or 192 grld cells in each FIGURE 1. Snapshots from a full-star SN Ia simulation starting from a multi-spat ignition scenario.
. . ['he logarithm of the density is volume rendered indicating the extend of the WD star and the isosurface

dimension corresponds o the thermonuclear flame. The last snapshot marks the end of the simulation and is not on

scale with the earlier snapshots.



Quark matter seed:
lkm +
perturbation on the
density

Mushroom structures
due to
hydrodynamical
instabilities

(c) ¢t =1.2ms (d) t = 4.0ms
FIG. 8. (color online) Model B150_.192: Conversion front (red) and surface of the neutron star (yellow) at different tim
(a) a close-up of the central region is added. Spatial units 10° cm.

Time needed for the partial conversion: few ms, burning velocities
substantially increased by Rayleigh-Taylor instabilities.

es t. In



-)Effective velocities of
conversion increased by several
orders of magnitude w.r.t. to the
laminar velocities obtained
within the purely kinetic theory
approach (importance of

multiD-hydro)

-) Puzzling result: even if the
strange quark matter hyp 1s
assumed to hold true, some
material (few 0.1 M_ ) 1s left

unburnt. The final configuration is
similar to a hybrid star. Is this
configuration stable?
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FIG. 7. Burning velocity: Comparison at each timestep of
maximum burning velocity, average burning velocity and the
underlying average laminar burning velocity. The averages
where done over all cells in which burning occurs. Data
from the high resolution run with B'/* = 150 MeV (model

B150_192).
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Coll's condition

Coll's condition for “exothermic”

combustion (1976), the energy density €1 ( D, X) > €9 ( D, X)
(or the enthalpy density) of the fuel

must be larger than the energy density oy -
of the ashes at the same pressure p and w1 (p Y X) > W2 (p ) X )
dynamical volume X

‘ T T | T | T ‘ T | T | T
BB Coll’s condition not fulfilled |

If fulfilled, 1t implies that ; L
the initial point (in the
hadronic phase) lies 1n the
region of the p-X plane
below the detonation
adiabat

o




Proof

Let us consider an initial state A in hadronic matter (fixed pressure, energy density,
baryon density). We consider for simplicity the EoS of massless quark for quark matter

eq = 3pg +4D

Let us fix the state B of quark matter (which lies on the detonation adiabat) to have the
same dynamical volume of the state A. (X, = X B)

We want to prove that pp > pa provided that the Coll's condition holds true.

Let us define:

A(p, X) = en(p, X) — eq(p, X) = wn(p, X) — wg(p, X) > 0

The detonation adiabat reads:

wh(pa. Xa) —wq(pB,Xa) = 2pa —2pB
ch(pa, Xa) +pa —eq(pB, Xa) —pB + eq(pa. Xa) —eq(pa, Xa) = 2pa —2pp
A(pa, Xa) +eq(pa, Xa) —eq(pp, Xa) = pa—pB
Alpa,Xa)+3pa+4B —3pg —4B = ps—pB
A(pa.Xa) =2(pp —pa)

Which implies that if A>0, then 7B > pa therefore the initial state A lies in the
half-plane below the detonation adiabat.



Also for a polytrope it can
been shown analitically.

— ey
pg = kn,

€q = ONg+p,/(V—1)

If en(p, X) = e4(p, X)the
initial point lies on the
detonation adiabat. Moreover,
besides the energy density and
the pressure, also the baryon
density 1s continuous across
the flame front.

T ‘ T | T | T | [T
'\ Coll's condition fulfilled |

Coll’s condition not fulfilled |

If Coll's condition is not fulfilled, there are no Chapman-Jouguet
points. No detonation is possible 1n the star (detonation with no
external forces exists only as a Chapman-Jouguet detonation

(Landau)).



T ‘ T | T | T | T T | T | T ‘ T | T | Tl
Coll's condition fulfilled | Coll's condition not fulfilled |

What about deflagrations? Let R
us consider the case of a slow
combustion (velocity much -
smaller than the sound velocity, _
j~0o0or pas~pp ). - L\ . i
In this case the detonation * TN |
adiabat leads to the - ~ I
conservation of the entalphy per b o b0
baryon 1.€. -

(ea +pa)/na = (ep +pa)/np

Coll's condition implies that \
Xp .

-~ X g
. A ‘ N A (€B! +pA) — 'n_.B/(eA _|_pA) < na (6A +pA)
(epr +pa)/ngy > (ea +pa)/n

| i

npr << 1N

e’ < €A



Coll's condition (for the case of a slow combustion ) implies that the new
phase is produced at a energy density smaller than the one of the fuel: quark
matter is lighter than hadronic matter. Inverse density stratification: within
the star the gravitational potential and the density gradient point in opposite
directions: buoyancy and Rayleigh-Taylor instabilities. If it is violated no
instabilities and the velocity of conversion coincides with the (small) laminar
velocity (the turbulent eddies stop).

See Drago&Pagliara PRC2015
We can define a critical density 7757 for which ¢, (p, X) = ¢,(p, X)
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For different hadronic equations of
state it 1s of [10.2 - 0.3fm -
(example of massless quarks). Note:
hyperons enlarge the window of
validity of the Coll's condition.
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What happens when the P
combustion front reaches 77, ?

\\  strong detonations

Q) Chapman-Jouguet detonation

Y\ weak detonations

1) At this density, the initial point of
the hadronic phase lies on the VN
detonatlon adlabat: o — ¢ L_itrong deflagrations

Chapman-Jougu
deflagrarion

2) End of turbulent eddies and thus
of the fast combustion. Beginning of

a diffusive regime: time scales much
longer than the ones of the turbulent B b
regime. } = 8

Fractal model: ] . \ ] .

AD
Umh = Vlh (}‘max,’f—)\mm) e
FIG. 8. (color online) Model B150_19
(a) a close-up e central reg

t (red) and surface of the neutron star (yellow) at different time

Fractal dimension AD



The two phases are in mechanical
equilibrium. Also energy density and
baryon density are continuous across the
interface. But: gradient of temperature and
of chemical potential. Temperature of the
order of few tens MeV in the inner part of
the star. Diffusion of heat/chemical species
and chemical reactions allow the
conversion process to proceed.
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| Burned material

g Zf

#F et> < Unburned material

EoS: Set 1

G.P., Herzog, Roepke 2013

o dataM=14M

sun

— fit M=1.4M_
sun
o data M=1.8M

sun

—- fit M=1.8M_
sun

0,1

P| fm* |

0,2

Note: the energy released during the fast conversion (time
scales of ms) 1s emitted by the star on a much longer time
scales (order of seconds) through neutrinos. Turbulent

conversion and neutrino cooling are decoupled.

0,3




Modeling the diffusive regime

During the turbulent :
conversion both the
gravitational mass
and the baryonic
mass are conserved
(no release of
neutrinos)

R[km]

M=1.5 M/M
sun

r - HS

— HS+quark core

Hyperons
threshold

p Diftusive regime

[ K

Turbulent regime

0.1 0.2

0.3 |
11[f111_3]

I -
0.4

0.5 |

L
0.6

Drago & Pagliara 2015

FIG. 3: Enclosed gravitational mass and radius as a function of the baryon density for a 1.5M; hadronic star before the
turbulent conversion (black lines) and after the turbulent conversion (red lines). The black dashed line marks the appearance
of hyperons: the seed of strange quark matter 1s formed at densities larger than this threshold. The red dashed line marks the
density below which Coll’s condition is no more fulfilled and the turbulent combustion does not occur anymore. Below this
density, the combustion proceeds via the slow diffusive regime.

Profile of a 1.5 Msun hadronic star and a “hybrid star”: turbulent
conversion can start once hyperons appear, and it will stop 3km
below the surface of the star leaving 0.5 Msun which will burn

during the diffusive regime.



State of the quark fluid as the conversion proceeds: the two
phases are in mechanical equilibrium. The detonation adiabat
implies that the enthalpy per baryon 1s conserved if the
cooling process 1s neglected (x: tis can be obtained also when applying the first principle of

thermodynamics for a transformation at constant pressure and which conserves the total number of baryon).
) . . ~J1 - p ; ; '
wa/na(pa,Ta) = we/n(pa.1B)

By indicating with N the total number of baryon composing the

system, the total enthalpy (for uniform matter) reads:
Nwa/na(pa,Ta)

After the conversion and once the cooling 1s complete the system will

reach again the same initial temperature (0 1n our case). The total

enthalpy is therefore: Nwp/np(pa,Ta)

One can then define the heat/baryon released by the conversion as:

q=wa/na(pa,Ta)—wp/np(pa,Ta)



Does the conversion proceed until the surface of the star?
At the surface the pressure of the two phases vanishes and the
enthalpy/baryon coincides with the energy/baryon.

ea/na(Ta = 0,pa =0) =ep/ng(Is > 0,pa =0) > eg/np(ls = 0,pa = 0)

Energy/baryon in Energy/baryon of

the crust 930 MeV strange quark matter
<930 MeV by hyp.

The conversion is exothermic, and thus spontaneous, until the
surface. The hybrid star configurations obtained after the
turbulent regime are not stable.



Propagation of the front and cooling

Within the combustion layer: diffusion and flavor changing weak
interactions among quarks

_ 2/3 —5/3 | 300 MeV' °
D =0.1 ( Ha ) (i) cm?/sec, 7 =1.3x10"° (3')0‘ led ) sec

300 MeV 10MeV la
EUNﬂ
NM i oM
an N: 1
: a

= Alford et al 2014 oip = D Qx
e | T 2an(aN — agx)

ag

At fixed pressure, the minimum amount of strangeness (non-beta stable

quark matter) for the process of conversion to be energetically
convenient.



f .
— = ui(pg, T
dt if (12q, T')

-) Uniform temperature, 1

black body emission

from the neutrinosphere AT ,

located at s (we have G(T)E = —L(T') +4mry j(ry, T) q(ry, T)

assumed that neutrinos - |
decouple at the inner crust- L = 21/80(T /K )*4mr-2
('

outer crust infarface) 2 x 103 0M /My, (T/10°) erg/K

Y

Source of heat: energy
released by the conversion

v 01/T°® the more material is converted the higher the
temperature the slower the velocity. Self-regulating mechanism!



Quasi-plateaux in the i

neutrino luminosity.
Unique feature of the
formation of a quark

let+52

max

— aQ:_: =0.3
max -
aQ:_: =0.5
max
— a . =07
CQ.,-.

= Core combustion

star: £ le+si
-) no need of a SN (the % -
conversion could occur also I
for cold neutron stars) 1e+50

-) if associated with a SN,

this emission lasts much Drago & Pagliara 2015
longer than the possible 4G | I L
& ep let 9, 0 40 60 30 100

extended emission due to {[]

the fallback.

Fast decay of a standard cooling (see next slides)

120



Cooling of the core

The huge energy
released in the
burning leads to a
significant heating
of the star, few tens
of MeV in the
center.

Steep gradient of the
temperature

b

40

10

 Burned material

S

EoS: Set 1

o dataM=1.4 Msun
— fit M:I.ilMsun
o data M:I.SMSU“
40 <—— Unburned material |~—~ fit M=1.8 Msun
| | |
0,1 0,2 0,3

P [fm"d]

Since the burning occurs on time scales of the order of ms, it is
decoupled from the cooling (typical time scales of the order of

seconds)




Temperature profiles as initial conditions for the cooling diffusion equation

Heat transport equation due to
neutrino diffusion

- P—— = — — (e**r? (F.,
. . dt ny ¢ dt ny nyrie® dr e Few
Assumption: quark matter is + F,))
formed already in beta AP | m L Amr3P
cpep. .o = = =i anl-——
equilibrium, no lepton number dr r2 — 2mr
conservation imposed in the ? — ArrZe, ,
. . . ar
burning simulation, no lepton i 4ru
d m + 43P
dr— r2—2mr
/\r_.uc. C-jfy‘..
Feve = =75,
F - /\E'_.L‘“ 061;“
v (..Ir‘“ - 3 (j]"

Diffusion is dominated by
. P s .
scattering of non-degenenerate Fd s GrE, 1

3 P
neutrinos off degenerate quarks ) O
Steiner et al 2001




phase | process [A(T=5 MeV)|A(T=30 MeV)

Expected smaller cooling Nuclear | vn — vn 200 m ( 1 cm
times with respect to hot Matter |ven — e p 2 m iom
neutron stars Unpaired| vq — vq 350 m (1.6‘ m
Quarks |vd — e u| 120m 4m
CFL A3p 100 m 70 cm

vé — ve | >10 km 4m

Reddy et al 2003
7 | el —— : | | lMl;EM A
I M=14M ] N =18M¢

T[MeV]
T[MeV]
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curves similar to —- 18M,
the protoneutron

stars neutrino
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luminosities. E” ' '
Possible = el . :
corrections due to f \ f
lepton number ) 50' \\\ '
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Phenomenology I1: connection with
Phenomenology I: such a neutrino double GRBs within the protomagnetar
signal could be detected for events model
occurring in our galaxy (possible
strong neutrino signal lacking the e e e ot oS Nowmal

FaLcong', Scort D. BartueLmy'?, NeiL GenreLs'?
optical counterpart if the conversion prernen s 172012
ABSTRACT

is delayed Wrt the SN) The doul)h* burst, GRB 11(J'TO_0]3_,. t-rigg(.frod TS'u.‘zft,fBAT twice at 21:32:39 UT and 21:%3:4-‘3 UT,
respectively, on 9 July 2011. This is the first time we observed a GRB with two BAT triggers. In
this paper, we present simultaneous Swift and Konus- WIND observations of this unusual GRB and
its afterglow. If the two events originated from the same physical progenitor, their different time-
dependent spectral evolution suggests they must belong to different episodes of the central engine,
which may be a magnetar-to-BH accretion system.
Subject headings: gamma-ray burst: general



Why speculating about the
existence of quark stars?



J1614-2230, what does a 2M_ _ star mean?

“Standard” neutron
stars, just nucleons and
electrons.

Central baryon densities
of a 2M_ _star 3-7 times

nuclear saturation
density. Are there really
just nucleons? Hyperons
&A?

_|I||||||||I|I||
L RMF — »~—
2 - —=¢F
1.6 |-
= F
= - /
- /
0'8- . = = Shen EoS
L . == BCPM EoS
0.4_—] = = SKaEoS
WY/ I
-
2 4 6 8
p/p,

Microscopic calculation: nucleon nucleon
potential and three body forces (Baldo et al 2013)



... heavier stars from shortGRB observations?

Crashing neutron stars can make gamma-ray burst jets

Before SWIFT: energy released 1051
erg, duration few hundreds of ms.
Inner engine: merger of two neutron
stars with masses of about 1.3-1.5 Msun

(main motivation: no SN associated
with shortGRB).

NASA/AEI/ZIB/M. Koppitz and L. Rezzolla

SWIFT has detected many shortGRB

4445; | | | | I0707I24A|
with lgte time activity (109sec). This S Lu et al 2015 .
could imply that the remnant of the 107 :
merger 1s a compact star and not a black §m o S e
hole!! Maximum mass (2.4 Msun. B e 0 "t

-
o

107 10° 10" 10> 10° 10* 10° 10°

HOW? Time Since Trigger (s)



Spin down due to magnetic Relation between the maximum mass of a
dipole emision: supramassive star and the maximum mass of

the non-rotating star (it depends on the EoS)
4m? B2 RS
3¢ IP2 2

P(f) = P[;.(l 172 ﬂ.—fmax — J?'L'I'I"::}“‘»fr(1 + &Pﬁ)

Collapse time of the supramassive star (before t.. the star emits the

signal seen 1n the plateaux)
See talk of Zhang

- 331 My, — Mrov 275 P2 next week
‘col = T 5 19 e [( ) ]
47 BPR C]ff&.trTDEf

10’ ; , —3 10 10 —
GRB 100117A _irL:r; _i;‘é
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Fic. 11.— Collapse time as a function of the protomagnetar mass. The shaded region is the protomagnetar mass distribution derived
from the total mass distribution of the Galactic NS—NS binary systems. The predicted results for 5 equations of state are shown in each
panel: SLy (black), APR (red), GMI (green), AB-N (blue), and AB-L (cyan). The horizontal dotted line is the observed collapse time for

each GRB.



Hyperons puzzle, A puzzle...

Vidana et al 2011
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Possible solutions?
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Stars containing quark matter?
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pQCD calculations: “ ... equations of state including quark matter lead to
hybrid star masses up to 2Ms, in agreement with current observations.
For strange stars, we find maximal masses of 2.75Ms and conclude that
confirmed observations of compact stars with M > 2Ms would strongly
favor the existence of stable strange quark matter”

Before the discoveries of the two 2M_  stars!!



Measurements of small radii?

see talk of J. Lattimer next week
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R=9.1%1.3 km. Updated to
9.4%11.2 (September 2014)

Tension between different
measurements:

Wiringa et al 1988,

nice, but:

T T 71 T T 177 T T

UVI4FTNL 22~ 7

K,' “z
2,
2,
,
s

N S N (N N

T T T T T

1
0.2 0.4 08 08 T
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It violates

causality

the canonical 1.4 M@ neutron star has a central density
p,=0.57 fm > for UV14 plus UVII and 0.66 fm~* for

both AV14 plus UVII and UV14 plus TNI, where the

Only nucleons up to very large densities.
Similarly for AP4

high masses — stiff equation of state

small radii — soft equation of state
— large central densities
— formation of new particles



Two families of compac

2.

M/M
ssun

Results from RMF models for
hadronic matter and simple
parametrizations for the
pQCD results (Fraga et al 2014)
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Berezhiani et al 2003 , Drago, Lavagno, G.P. 2013 — Drago,
Lavagno, G.P., Pigato 2014-2015

1) low mass (up to ~1.5 Msun) and small radii (down to [J10km)
stars are hadronic stars (containing nucleons, A and hyperons)

and they are metastable

2) high mass and large radii stars are strange stars (strange
matter is absolutely stable (Bodmer-Witten hyp.))



Why conversion
should then occur?
Quark stars are more
bound: at a fixed
total baryon number
they have a smaller
gravitational mass
wrt hadronic stars
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Two tamilies and short/longGRBs

Internal X-ray plateau in short GRBs: Signature of supramassive fast-rotating quark stars?

Ang Lil2*, Bing Zhang”'ﬁ. Nai Bo Zhangs. He GaoS. Bin Q_is. Tong Liul?
! Department of Astronomy, Xiamen University, Xiamen, Fujian 361005, China
I Departiment of Physics and Astronomy, University of Nevada Las Vegas, Nevada 89154, USA
3 Department of Astronomy, School of Physics, Peking University, Beijing 100871, China
* Kavli Institute of Astronomy and Astrophysics, Peking University, Beijing 100871, China
3 Institute of Space Sciences, Shandong University, Weihai 264209, China
6 Department of Astronomy, Beijing Normal University, Beijing 100875, China
(Dated: June 10, 2016)

A supramassive, strongly-magnetized millisecond neutron star (NS) has been proposed to be the candidate
central engine of at least some short gamma-ray bursts (SGRBs), based on the “internal plateau” commonly
observed in the early X-ray afterglow. While a previous analysis shows a qualitative consistency between this
suggestion and the Swift SGRB data, the distribution of observed break time f; 15 much narrower than the dis-
tribution of the collapse time of supramassive NSs for the several NS equations-of-state (EoSs) investigated.
In this paper, we study four recently-constructed “unified” NS EoSs (BCPM, BSk20, BSk21, Shen), as well
as three developed strange quark star (QS) EoSs within the new confinement density-dependent mass (CDDM)
model, labelled as CIDDM, CDDM1, CDDMZ2. All the EoSs chosen here satisfy the recent observational con-
straints of the two massive pulsars whose masses are precisely measured. We construct sequences of rigidly
rotating NS/QS configurations with increasing spinning frequency f, from non-rotating (f = 0) to the Keplerian
frequency (f = fk). and provide convenient analytical parametrizations of the results. Assuming that the cosmo-
logical NS-NS merger systems have the same mass distribution as the Galactic NS-NS systems, we demonstrate
that all except the BCPM NS EoS can reproduce the current 22% supramassive NS/QS fraction constraint as
derived from the SGRB data. We simultaneously simulate the observed quantities (the break time ;. the break
time luminosity Ly and the total energy in the electromagnetic channel Eiu,1) of SGRBs, and find that while
equally well reproducing other observational constraints, QS EoSs predict a much narrower 7 distribution than
that of the NS EoSs, better matching the data. We therefore suggest that the post-merger product of NS-INS
mergers might be fast-rotating supramassive QSs rather than NSs.

Within the proto-magnetar model of sGRBs, the formation of a quark
star instead of a hadronic star in the merger would explain why the
pI'OIIlpt phase of SGRBs 1s short (Drago, Lavagno, Metzger, Pagliara 2016)



Deconfinement and the protomagnetar model of long GRB

(Pili et al. 2016)

Conversion of rotating HSs
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Figure 2. Gravitational mass as a function of the circumferential radius
for both HSs and QSs. Thin dashed lines are sequences of stars at a fixed
frequency from the non-rotating configurations (thick solid blue and green
lines) to the configurations rotatmg at the maximum frequency (thin solid
blue and green lines) and spaced by 200 Hz. The yellow region shows
hadronic configurations centrifugally supported against deconfinement. Red

lines and labels are the same as in figure 1.

Many examples of veorm
“double bursts” in
the LGRBs data

UNUSUAL CENTRAL ENGINE ACTIVITY IN THE DOUBLE BURST GRB 110709B

Bin-Biv Zuang', Davip N. Burrows', BING Zuanc®, PETER Mésziros', X1anc-Yu Wane™, GuLia STRarTa®,
, Dartry Preperiks®, SErcY GoreneTskir, Jay R. Cummives™”, Jay P. Norris', ABRanam D.

FALCONE

The double burst, GRB 110709B, triggered Swift/BAT twice at 21:32:39 UT and 21:43:45 UT,

. ScoTT D. BARTHELMY'?, NEIL GEHRELS'
Draft version June 24, 2013

ABSTRACT

Delayed deconfinement

Table 2. Spin-down timesecales to start quark deconfinement Aryg together
with the associated variation of the rotational kinetic energy AKy starting
from an initial spin period P; for the equilibrium sequences shown in fig-
ure 3. We also report the spin-down timescales Aty (defined as the time
needed to half the rotational frequency of the QS) and the corresponding
rotational energy loss AKy after quark deconfinement. The initial magnetic
field is of 101° G.

Mo Pi—>Ps Aty ARy Atq AKq
[Ms] [ms] [10°2 erg] [10°%erg]
1.666 1.0 - o 5.91 - -
1.677 1.0— 3.3 548 37 hr 0.19
20— 33 0.82
30— 33 37min 0.13
1.687 1.0—= 2.5 1.5 hr 5.13 21 hr 0.33
20— 251 36min 0.46
1.698 1.0— 2.0 55 min 4.68 14 hr 0.53
1.733  1.0—14 \ 23 min 3.37 8.2 hr 1.20
1.785 1.0-—-1.1 6 min 1.37 5.4 hr 1.95
1.820 1.0—=1.0 0 4.6 hr 2.41

oo
I

counts/det/sec
=)
(3]

o 2
[==T

respectively, on0 July 2011. TS Is the NIt t0e we ohserved & GRD WID two DAL triggers. 1
this paper, we present simultaneous Swift and Konus- WIND observations of this unusual GRB and
its afterglow. If the two events originated from the same physical progenitor, their different time-
dependent spectral evolution suggests they must belong to different episodes of the central engine,

which may be a magnetar-to-BH accretion system.
Subject headings: gamma-ray burst: general
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Witten hypothesis: role of chiral symmetry breaking and confinement

SU(3) Quark-Meson Lagrangian

* Scalar meson sector
Lsgm. = Tr[(0* M) (3, M)] — mBTr(MTAM) — M [Tr(MTM))? — X Tr(MTAM)2.

Lyia = e(det M + det M) Lpsp = Te[H(M + M),

H = diag |k, ha, hs]

* Vector meson sector

Locctor

Zacchi et al 2015

VEY — gy gy
AW = gHAY — ¥ AH

—én[\;,,,w"'] = éTrjAm,A“"} + %m?.Tr[\;l Vi + émgTr[;lf,A"]

* Quark sector

Lguarks = T 8uq Where S,P are respectively the scalar and

. sy aprag pseudoscalar part of the total meson matrix M
Loo = —g24(S — 17’ P)gq

- 5 M=S8+iP
Lgw = =0TV + 7 Au)1"q +e

Dielectric Confinement

Yo

Iy — Add a whole new sector: the C - 1( 8x)? — LUQ 2
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This model introduces major changes:
= The bag constant B is replaced with the mass of the scalar dielectric field
» The masses of the quarks are directly dependent on the confinement parameter

» This makes the quark masses decrease faster. As a result, the minimum of E/A of the
system is typically lower than the bag-like case.

Bag-like Confinement
E—-E+ B

Where B is a constant energy density

2 03 X %] 03
Py Lim™| o L]

The free parameters of the model are chosen to be:
= Mass of the sigma meson m, = 600 MeV
- Scalar-quark coupling go = 300MeV/ f

« Vector-quark coupling G =2
+ The B parameter has no impact on the masses, only on the energy per baryon
number.

Preliminary results (pondi,brago.
Pagliara in preparation); confinement 1s
crucial for the Witten hyp. to
hold true. In models featuring
only chiral symmetry breaking
it 1s hard to fulfill the Witten

hyp.,
see Klahn &Fischer 2015



Recent findings within the

20 - T ; T

. | f
Schwinger-Dyson approach |RBS, B,;=60 /
(Chen,Wei, Schulze EPJA 2016) 7S / 7
Ansatz for the gluon propagator: = -udssS ’ ’

'E m— BOB,S 7
- il i g 1D_
y . ,  k° _r_—j_[ru- . ]fp]fg %
g (W)Dpo (k1) =4n"d—e (épa -3 ) S
) k= —
o 9 /
/
/ :
04—, /

d and w fitted to meson
properties, B  and a free

parameters.

900 920 940 960 980 1000
Mg [MeV]

In some cases stability 1s obtained.



Conclusions

-)New masses and radii measurements challenge nuclear physics: tension between high mass and
small radii. 2.4 M_ candidates already exist.

Possible existence of two families of compact stars (high mass — quark stars, low mass — hadronic
stars). Rich phenomenolgy: frequency and mass distributions, explosive events, quark stars are the
necessary compact remnants formed during NS mergers (if a BH is not formed promptly).

-) The conversion of a hadronic star into a quark star proceeds via two steps: turbulent regime (time
scale ms) — diffusive regime (10 s)

-) Burst of neutrinos with an extended tail (important for both short and long GRB)

-) NICER, Athena+, GAIA missions, with a precision of ~ 1km in radii measurements, could hopefully
solve the problem.

Bauswéin et al. EPJA 2016
..and Gravitational 1
2.5} i

waves!! Smaller GW | S

MtOt [MSUI'I]

. -
ﬁequenCIeS lf the remnant Of Fig. 17. Dominant postmerger GW frequency fpe.x as a func-

tion of the total binary mass for syvmmetric mergers with a two-

LN family scenario [46]. For low binary masses the merger remnant

the mer er IS a uark Star is composed of hadronue matter (black curve), whereas higher
g q A binary masses lead to the formation of a strange matter rem-

nant with a lower peak frequency (dashed blue curve). The

vertical dashed line marks a lower limit on the binary mass

which is expected to wield a remnant that is stable against
gravitational collapse (see text).
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Quark stars within a chiral model

Mean field lagrangian
bi=olsit g | o
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Two EoSs which provide a
maximum mass of 2ZM_

O B/A=260 Ve V(set])

® E/A=930 MeV(set2)
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Why conversion
should then occur?
Quark stars are
more bound: at a
fixed total baryon
number they have a
smaller
sravitational mass
wrt hadronic stars
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Do we have any experimental/theoretical information on XA & xoA ?

Electron, pion scattering
photoabsorption on nuclei
(O'Connel et al 1990,
Wehrberger et al1989...).

Indications of a A potential

in the nuclear medium
deeper than the nucleon
potential. Several
phenomenological and

theoretical analyses lead to

similar conclusions.

Phenomenological potentials:

={sz_+_W2}|f2+Vw{pf]*{p{_1+M2]”2—~Vh.[p‘-} T S D A DT D D

Vip)=—V,/(1+p%/p3)+V,
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Fig. 13. Cross section for electron scattering on '?C at incident electron energy E = 620 MeV and scattering
angle 8 =60° as a function of energy transfer @ for standard nucleon and different A-couplings. The
lines are the results for the sum of the contribution from nucleon knockout and 4-excitation. The dotted
line shows the cross section for free A’s, and the dashed and dot-dashed lines for no coupling to the
vector field and a ratio r,=0.15 and 0.30 of the scalar coupling of the A to the scalar coupling of the
nucleon. The solid line is obtained for universal coupling. The data are from ref. '®).
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FIG. 4. Phenomenological nucleon-nucleus, solid line, and A
nucleus, dashed line, momentum-dependent potentials for C.



This allows to constrain [
the free parameters within 11
the RMF model. Notice:
coupling with ) mesons )
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Implications for compact stars ?



To do: include the
imaginary part of the
delta self-energy in
the equation of state
calculations.

Simple estimates with
a Breit-Wigner-like
distribution. Critical
density within the
range of neutron stars
central densities.
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Figure 3: (Color Online) The Delta mass ma dependence of
the critical density pt_{l_t for A™ formation in neutron stars
(blue) and the Breit-Wigner mass distribution of Delta reso-
nances in free-space (red).
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Fig. 2. Mass radius relations for neutron stars obtained with the EoS from Fig. 1. The variation of Ut in“model rawp
cannot account for the observed neutron star mass limit (lower branch), unless the ¢ meson is included in the model
(upper branch).

... but: @" (to be interpreted as the
f0(980)) has not been included.
Introducing this additional interaction
would again reduce the maximum mass



... dramatic results in microscopic calculations

Hyperons puzzle: “...the treatment of hyperons in
neutron stars is necessary and any approach to
dense matter must address this issue.”

The solution is not just the “let's use only nucleons”

Baryon number density p [fm'g]
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What about delta resonances?



Symmetry energy: the L parameter

. . Lattimer et al 2013
Symmetry energy and its density T T
. . 100 /,;/’/ /
derivative -
20 :_ ”eutron Sk /, / /’/’
e(n,x) =e(n,1/2)+ SH»(n)(1 - 2,!c')2 + ... 60‘ §
S, = Sony), = 40; 1
L = 3nydS,/dn), =l *
o ]
o | ]
24 26 28 s (3[38\/) 32 34 36
see also Horowitz et al 2013

Within the old Glendenning mean field parametrizations it was not possible to include this
parameter as an additional constraint on nuclear matter
Z = ; B(iy, 0" — My + §,50 — 9oy Vu @")B
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Received 1984 March 28; accepted 1984 December 3 U(U) = [me + C(ga- 0')](9',, O'} ﬁxed through g



... it turns out that in the GM1-2-3 parametrizations L ~ 80 MeV thus
higher than the values indicated by the recent analysis of Lattimer &
Lim.

Baryons thresholds equation s | ]
My — dple = Gup®Wo + JopPo3lsp + Mp—g,po %— § %
Disfavours the appearance of particles, such as % T -
A~ , with negative isospin charge. A~ could form = L ]
in beta-stable matter only if g 1s set =0
(Glendenning 1984). < F -
100 ﬁ‘”***f\'\'\ B i n T T T T ;.; 1072; ;
107k ;E‘; E ;

Relative baryon/lepton populations

102
o

102 |

103

A\~ easier to form in RHF calculations (see
Huber etal 1998) due to the smaller value of g

104




A toy model: introduce a —
density dependence of g, — é‘
within the GM3 model 0.6 - /A\_ S

c c — = Z A off
(density dependence as in o
Typel et al 2009) =

= 05
fi(x) = exp|—a;(x — 1)]
The additional parameter “a” _ |
. . 0.4 - Lattimer and Lim 2013 —_— -

allow to fix L. Coupling ratios T R e
=] for A, for hyperons potential L[MeV]
depths and flavor symmetry
(Schaffner 2000).

Different behaviour of the hyperons and A thresholds as functions of L:
Gonp + \/A'f?n +miZ 4 e = mi_

Punch line: for the range of L indicated by Lattimer & Lim, A appear
already at 2-3 saturation density, thus comparable to the density of
appearance of hyperons. If A form before hyperons, hyperons are
shifted to higher densities (w.r.t. the case of no A)

~@— $§)[nsa. s,Furuudpudo)



The recent SFHo model (Steiner et al 2013):
additional terms added to better exploit the

experimental information

L = U [i(_ﬂ — g — %_r;pf)'. T—M+4+ g,0 — %( (1+ T_?,):l] U+ % (ij)#g)‘z

PROPERTIES AT SATURATION DENSITY AND NEUTRON STAR PROPERTIES FOR THE THE DIFFERENT EOSS UNDER INVESTIGATION. THE

DEFINITION OF ALL THE QUANTITIES IS GIVEN IN THE TEXT.

n% Eo K K’ J L my/mn mpfmp  Ria4 MrooMax  Ms=1 Max
EOS [(m=3] [MeV] [MeV] [MeV] [MeV] TN\ - - [km)] Mg Mg)
SFHo 0.1583 16.19 2454  -467.8 31.57 47.10 0.7609 0.7606 11.88 2.059 2.27
SFHx 0.1602 16.16 2388  -457.2  928.67 R 0.7179 0.7174 11.97 2.130 2.36
STOS(TM1) 0.1452  16.26 281.2 -285.3 36.80 110.79 0.6344 0.6344 14.56 2.23 2.62
HS(TMT1) 0.1455  16.31 281.6 -286.5 36.95 110.99 0.6343 0.6338 13.84 2.21 2.59
HS(TMA) 0.1472 16.03 318.2 5722 30.66 90.14 0.6352 0.6347 14.44 2.02 2.48
HS(FSUgold)  0.1482  16.27 2295 -5239 32.56 60.43 0.6107 0.6102 12.52 1.74 2.34
LS(180) 0.1550  16.00 180.0 -450.7 28.61 X 1 1 12.16 1.84 2.02
LS(QQH) 0.1550 16.00 220.0 -411.2  28.61 1 1 12.62 2.06 2.14
1 = T I T T T =
= T T | I I E
0.1k -
> - .
0.01k A .
Introducing both . L | |
. . E a [ ' i | ' | T | T | T [ E
hyperons and A in the E %, =09 xmld :
SFHo model: A appear o 0lF E
before h ' ” : :
efore hyperons even 1n 001k _E
0.001 L T
0 0.2 0.4 0.6 0.8 1 1.2 1.4

; 1e ¢ 2 5 2] 2op = ;
V(@) ~ Y P+ EmEt — LBy B 4 Y2 — Y P

- £ e 9 . . . .
—|—%gj (W) + iqi (5" )’ + g f (0, wuw™) 5 -, Steiner et al 2005




2.1 | T J I

Maximum mass and
radii: the maximum
mass is significantly
smaller than the

[ [ I
measured ones. Also, 0 S v
very compact stellar — T 1[— NRIL4|
° 'E 11F — AH R[Mmax]

configurations are = — ARIM_ |

. AH R|[1.4]
possible. 10 ~|— AR[1.4]

09 | I | T
X(OA

4[' :|-KVAL?-,:; l.“ .
7] — . =
7 T ross
é ‘ r ‘_.,",'_c_} e . \“"\-,_
See also: 5 . e O\ e

- (Schurhoff, Dexheimer, " |'
Schramm 2010)

[sola

T T
10
Radius[kln]

Punchline: beside the “hyperon puzzle” is there also a
“delta isobars puzzle”?



pQCD results Kurkela et al.2014)
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Case 1) no neutrino cooling:

The new phase is produced at the pressure
and enthalpy per baryon of the old phase:
two equations which allow to determine

the quark chemical potential and the
temperature of the quark phase.

Time needed to complete the
conversion of the hadronic star
(upper limit since T is large),
long: cooling must be included

4000
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o

§ 2000

1000

rr: position of the flame front

{fl.*'f ;
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Case 2): including (—j =g il T

cooling ... but in a very 1

schematic way:

-) Uniform temperature, AT -

black body emission CT(T)E = —L(T) +4mry j(rg, T) q(ry, T)

from the neutrinosphere YT
located at rs(we have L = 21/80(T/I ) 4
C

assumed that neutrinos 9 % 1039\ f /Mo (T/1 09) erg /K
decouple at the inner crust- ) Y

outer crust interface)

Source of heat: energy
released by the conversion

v 01/T°® the more material is converted the higher the
temperature the slower the velocity. Self-regulating mechanism!
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