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The (unknown)
equation of state of

Press

“stiff” EOS

M “stiff” EOS

“soft” _ Each point
S
corresponds to a
star (or to a specific

choice of p)

dense matter:; soft,
stiff or “both™?

Soft: small maximum mass — compact

configurations, large central densities,

large central baryon chemical potential

(which could reach 1.5 GeV, hyperons

and deltas resonances likely to appear)
3 —

density R

Stiff: high maximum mass — less
compact configurations, small central
densities, small central baryon chemical
potential
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Example of two radii measurements

THE NEAREST MILLISECOND PULSAR REVISITED WITH XMM-NEWTON:
IMPROVED MASS-RADIUS CONSTRAINTS FOR PSR J0437-4715
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ABSTRACT

I present an analysis of the deepest X-ray exposure of a radio millisecond pulsar (MSP) to date, an X-ray Mulri
Mirror-Newton European Photon Imaging Camera spectroscopic and timing observation of the nearest known MSP,
PSR J0437-4715. The timing data clearly reveal a secondary broad X-ray pulse offset from the main pulse by ~0.55
in rotational phase. In the context of a model of surface thermal emission from the hot polar caps of the neutron star,
this can be plausibly explained by a magnetic dipole field that is significantly displaced from the stellar center. Such
an offset, 1f commonplace in MSPs, has important implications for studies of the pulsar population, high energy
pulsed emission, and the pulsar contribution to cosmic-ray positrons. The continuum emission shows evidence for
at least three thermal components, with the hottest radiation most likely originating from the hot magnetic polar
caps and the cooler emission from the bulk of the surface. I present pulse phase-resolved X-ray spectroscopy of
PSR J0437-4715, which for the first time properly accounts for the system geometry of a radio pulsar. Such an
approach is essential for unbiased measurements of the temperatres and emission areas of polar cap radiation
from pulsars. Detailed modeling of the thermal pulses, including relativistic and atmospheric effects, provides a
constraint on the redshift-corrected neutron star radius of R > 11.1 km (at 3¢ conf.) for the current radio timing
mass measurement of 1.76 M. This limit favors “stiff” equations of state.

Different stellar
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Figure 6. Mass—radius plane for neutron stars showing the lo, 2o, and 3o
confidence contours (yvellow, green, and blue hatched regions, respectively) for
PSR JO437—-4715. The solid lines are representative theoretical model tracks
(from Lattimer & Prakash 2001). The horizontal lines show the pulsar mass
measurement from radio timing (dashed line ) and the associated lo uncertainties
(dotted lines) from Verbiest et al. (2008).

large stars (>12 km)
and small stars
(<11km)

ABSTRACT
We present Chandra/ACIS-S subarray observations of the quiescent neutron star (NS) low-mass X-ray binaries
X7 and X5 in the globular cluster 47 Tuc. The large reduction in photon pile-up compared to previous deep
exposures enables a substantial improvement in the spectroscopic determination of the NS radius and mass of these
NSs. Modeling the thermal emission from the NS surface with a non-magnetized hydrogen atmosphere and
accounting for numerous sources of uncertainties, we obtain for the NS in X7 a radius of R = 11.1757 km for an
assumed stellar mass of M = 1.4 M, (68% confidence level). We argue, based on astrophysical grounds, that the
presence of a He atmosphere is unlikely for this source. Due to the excision of data affected by eclipses and
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variable absorption, the quiescent low-mass X-ray binary X5 provides less stringent constraints, leading to a radius
of R = 9.6°%7 km, assuming a hydrogen atmosphere and a mass of M = 1.4 M. When combined with all existing
spectroscopic radius measurements from other quiescent low-mass X-ray binaries and Type I X-ray bursts, these
measurements strongly favor radii in the 9.9-11.2 km range for a ~1.5 M., NS and point to a dense matter equation
of state that is somewhat softer than the nucleonic ones that are consistent with laboratory experiments at low
densities.

Figure 10. Mass-sadius relation (solid blue curve) comesponding to the most likely triplet of pressures that agrees with the current neutron star data. These include the
X5 and X7 radivs measwrements shown in this work, as well the neutron star redii measurements for the 12 neutron stars included in Ozel et al. (2016), the low-cnergy
nucleon-nucleon scattering data, and the requirement that the EoS allow fora M > 1.97 M, neutron star. The ranges of mass-radius relations comresponding to the
regions of the (P, Py, P: parameter space in which thelikelibood is within ¢~/ and ¢ of it highest value are shown in dark and light blue bands, respectively, The
results for both flat pricrs in P, Py, and P; (top panel) and for flat priors the logarithms of these pressures (bottom panel) are shown.

Bogdanov et al 2016



Two families of compact stars?

(exercise with constant speed of sound quark EoS, Dondi et al 2016)

¢ *=1/3 - E/A=870 MeV - n =1.15n_
s 0 sat
2.5 | T T T ]
- - QS . ]
—— SFHo tdelta+hyperons
2 Hyp formation ]
1.5 —
RMF model for 5 T
hadronic matter =3 I 14
= L _
1 - A4
0.5 B .
i ul oL L 1]
900 1200 1500
0 | | L1 | MIMeV],
10 11 12 1312 15 1.8 21 24 27
R[km] NLB;Mﬂm

3

Three
parameters:
Speed of
sound, energy
density and
baryon density
at pressure=0

p =ci(e—ep)
et
k= 14¢2

p=k(n/no) ¥ = 1)

Hadronic stars would fulfill the small radii limits while strange stars would fulfill
the large masses limits. Note: at fixed baryon mass, strange stars could be
energetically convenient even if the radius is larger than the corresponding

hadronic star configuration.



August 2017: The first Z
(multimessenger) detection
of a neutron star — neutron

star merger

1) Gravitational waves from the inspiral phase

seen by LIGO&VIRGO

2) Prompt short gamma-ray-burst seen by

FERMI&INTEGRAL delayed by about 2 sec
and lasting about 2sec. Very low luminosity as

compared to standard sGRBs: 10" erg/sec

3) Localization of the source (the host galaxy)

and estimate of the distance: 40Mpc
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The subsequent kilonova

The merger of two neutron stars leads to
the ejection of neutron rich material.

Fitting the spectra:

1) amount of ejected material: few 10*M_

2) speed of the expanding material: few 0.1c
3) different components (red & blue kilonova):
material ejected from tidal disruption

shock heated material

accretion disk wind
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The kilonova signal is due to the radioactive
decays of the heavy elements synthesized in
the ejecta (similar to the a supernova which
IS powered by the decay of *°Ni).



What do we learn frorm the
measured GW signal:

The power and frequency of the GW signal during the
inspiral phase depend on the chirp mass which in turn is
related to the total mass.

Mepirp = (MyM)3/5(My + My) Y5

Measurement: M, =1.188 M_  which leads to
a total mass

- - 0.04 4 1
Mtot_ Ml +M2_ 2'741LU.U2 AI@

Indications of an asymmetric system: M, ~1.36-1.6 M

sun

M,~1.17 -1.36 M__

Values consistent with the distribution of masses in
binary systems. Consistent with the hyp. that the two
compact stars are both neutron stars (BH -NS system
very unlikely)
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Compactness constraints

3000 7
The deviations from point-like GW sources depend
on the tidal deformability A: the phase departure iy
depend on the compactness of the stars and thus

on the equation of state. The stiffer the EoS the
larger the radius, the larger the deviation.
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Sly and APR4: again just nucleons, but consistent
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Ruled out, ingredients: just
nucleons, no strangeness.
Large radii.




Example: Sly equation of state (Douchin&Hansel 2001)

dof: nucleons and leptons, Skyrme type interactions. No hyperons , no deltas included.
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Fig. 4. Gravitational mass M wersus central density

pe, for the SLy, FPS, and APR EOS of dense matter.
Maximum on the mass-central density curves is indicated
by a filled circle. On the APR curve, configurations to the
right of the asterisk contain a central core with v, g > .
Configurations to the right of the maxima are unstable
with respect to small radial perturbations, and are de-
noted by a dotted line. The shaded band corresponds to
the range of precisely measured masses of binary radio
pulsars.

Calculations performed much before the discovery of the 2M_ = stars. At the maximum mass
densities close to 10 times saturation density.

In general : soft nucleonic equations of state predict large densities.
Heavy baryons must be taken into account at such high densities!!



Constraints from
the amount of
matter ejected

Comparison between a soft and
stiff equation of state (Shibata et
al 2017)

Computations of mass ejected

not yet completely under control:

for instance the neutrino
transport is modeled by simple
leakage schemes.

TABLE 1. Equations of state employed, the maximum mass for cold spherical neutron stars, M., 1n units of the solar mass,
the radius, Ry, and the dimensionless tidal deformability Ay of spherical neutron stars of gravitational mass M = 1.20, 1.20,
1.40, and 1.50My. Ry is listed in units of km. The last five data show the binary tidal deformability for n = 0.250, 0.248,
0.246, 0.244, and 0.242 with M = 1.19M,.

EOS Muax flio0 Riso RBpgo Fiso Moo A Mo Ao A

SFHo 206 11.96 11.93 (11.88 )11.83 864 533 332 208 388, 387, 387, 386, 385

DD2 242 1314 13.18(C 13 13.24 1622 1053 G696 467 797, 788, T8O, 772, 764

TABLE II. Merger remnants and properties of dynamical ejecta for two finite-temperature neutron-star EOS, SFHo and DD2
and for the cases with different mass. The quantities for the remnants are determined at = 30 ms after the onset of merger.
HMNS, BH, and MNS denote hypermassive neutron star, black hole, and massive neutron star, respectively. The torus mass
for the DD2 EOS is determined from the mass located outside the central region of MNS with density p < 10'% g/em®. The
values of mass are shown in units of M. The BH spin means the dimensionless spin of the remnant black hole. ¥, and o;
are the average value of the electron fraction, Y., and average velocity of the dynamiecal ejecta, respectively. We note that ¥,
1s broadly distributed between ~ 0,05 and ~ 0.5, irrespective of the models (see Refs. [34, 35]).

EOQS  my & mao ma/my Remnant BH mass BH spin Torus mass M Y. Do/
SFHo 1.35,1.35 1.00 HMNS — BH 259 0.69 pos ool 031 0.22
SFHo 1.37,1.33 097 HMNS — BH 259 0.70 0.06 0.008 0.30 0.21
SFHo 1.40,1.30 093 HMNS — BH 258 0.67 0.09 0.006 0.27 0.20
SFHo 1.45,1.25 0.8 HMNS — BH 258 0.69 0.12 0.011 0.18 0.24
SFHo 1.55.1.25 081 HMNS — BH 269 0.76 0.07 0.016 0.13 0.25
SFHo 1.65,1.25 0.76 EH 2.76 0.77 0.09 0.007 0.16 0.23
DD2 1.35, 135 1.00 MNS 023 (002 030 016
DD2  1.40,1.30 093 MNS 0.23 0.002 0.26 0.18
DD2 1.45,1.25 086 MNS 0.30 0.005 0.20 0.19
DD2 140, 1.40 1.00 MNS 0.17 0.002 0.31 0.16

THE ELECTROMAGNETIC COUNTERPART OF THE BINARY NEUTRON STAR MERGER LIGO/VIRGO GW170817.
III. OPTICAL AND UV SPECTRA OF A BLUE KILONOVA FROM FAST POLAR EJECTA

M. NichoLL', E. BERGER', D. Kasen™*, B. D. M]—Txc,l-k"‘ 1. ELIAS”, C. BRICENO®, K. D. ALEXANDER', P. K. BLANCHARD',
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A. ResT-

ABSTRACT

We present optical and ultraviolet spectra of the first electromagnetic counterpart to a gravitational wave (GW)
source, the binary neutron star merger GW170817. Spectra were obtained nightly between 1.5 and 9.5 days
post-merger, using the SOAR and Magellan telescopes; the UV spectrum was obtained with the Hubble Space
Telescope at 5.5 days. Our data reveal a rapidly-fading blue component (7" = 5500 K at 1.5 days) that quickly
reddens; spectra later than = 4.5 days peak beyond the optical regime. The spectra are mostly featureless,
although we identify a possible weak emission line at ~ 7900 A at+ < 4.5 days. The colours, rapid evolution
and featureless spectrum are consistent with a “blue™ kilonova from polar ejecta comprised mainly of light
r-process nuclei with atomic mass number A < 140. This indicates a sight-line within s < 45° of the orbital
axis. Comparison to models suggests ~ 0.03 M., of blue ejecta, with a velocity of ~ 0.3c. The required
lanthanide fraction is ~ 107, but this drops to < 107 in the outermost ejecta. The large velocities point to
a dynamical origin, rather than a disk wind, for this blue component, suggesting that both binary constituents
are neutron stars (as opposed to a binary consisting of a neutron star and a black hole). For dynamical ejecta,
the high mass favors a small neutron star radius of < 12 km. This mass also supports the idea that neutron star
mergers are a major contributor to r-process nucleosynthesis.




Average tidal deformability

A 16 (Ma+t 12Mp)M4A 4

+ (A & B)

From numerical simulations: an empirical
relation between the average tidal deformability
and the sum of the mass ejected and the mass
of the accreting disk.

Estimate of the lower limit on the average tidal
deformability ~ 400

Use of chiral effective theory results for subsaturation
densities and pQCD calculations at (very) high densities
and interpolate between them with pieceweise polytropes

2M__limit and constraints on the tidal deformability

obtained with GW170817 : 400< A <800 fora 1.4
M

sun *

Its radius 12.2km<R1‘4 <134km

(tension with small radii measurements)
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FIG. 1: The mass-radius clouds corresponding to our EoSs.

The cyan area corresponds to EoSs that cannot support a
2M star, while the rest denote EoSs that fulfill this re-
quirement and in addition have A(1.4Mgs) < 400 (green).
400 << A(1.4M) < 800 (violet), or A(1.4Mg) = 800 (red), so
that the red region is excluded by the LIGO/Virgo measure-
ment at 90% credence. This color coding is used in all of our
figures. The dotted black lines denote the result that would
have been obtained with bitropic interpolation only.



GW170817 within the two families
scenario

« Three possible merger processes: double hadronic stars system,
hadronic star - quark star (mixed), double quark stars system

a) The total mass of GW170817 is larger than the threshold mass above
which a prompt collapse is obtained in the case of a double hadronic
stars system (M ~ 2.5 M_ ). The electromagnetic counterpart

threshold sun

excludes the occurrence of a prompt collapse for GW170817 thus it
cannot be a double hadronic stars system.

b) It cannot be due to a double quark stars system due the large amount
of hadronic matter ejected from the merger (in turn this rules out the
possibility that all compact stars are quark stars, caveat: evaporation of
quark matter droplets? )

c) GW170817 is due, within the two families scenario, to the

merger of a mixed system (similarly, for the twin stars scenario to be
discussed by D. Blaschke, hybrid star — hadronic star)



Relation between average tidal deformability and radii:
(Burgio et al. ApJ 2018)
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While for the standard one family scenario, a tidal deformability larger than 400 implies a
radius larger than about 12km, within the two families scenario (and the twin stars scenario) it
Is possible to fulfill the constraints on the tidal deformability from GW170817 and to obtain at
the same time radii smaller than about 11km (thus closer to some observational analyses on
radii). This is due to the large difference in radii of the two components of the mixed binary
system. Mass ejected? Difficult to estimate, need of hydro-simulations with two distinct fluids.



Predictions
key points of the two families

scenario:

Conversion of a cold, non-rotating

hadronic star
(Pagliara et al 2013)

1) A merger would always produce at some
stage a strange star (stable or unstable) but 1 L .
for the case of the prompt collapse
2) In the cases of prompt collapse, the |
remnant collapses within t_~ few ms which is e

comparable with the time needed for the
turbulent conversion of the hadronic star, t

* “turb
(again few ms, brago et al 2015)
3) In the cases of prompt collapse the relevant
M__ Is not the maximum mass of strange

ma

stars but the maximum mass of hadronic stars
which is in our scenario of the order of G e e R
1.5-16M

sun

We expect therefore to have a large number
of cases in which the prompt collapse occurs.




Mass threshold for prompt collapse
By using the binary mass LAY R B
distribution (rom kizittan 2013) n

we can calculate SRR /

I~

d.l.
—

the probabilities

of prompt collapses in the two
families scenario and in the one
family scenario.
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In the two families scenario, if the two stars are both hadronic
stars, It Is very easy to obtain a prompt collapse.

The possibility of mixed systems, a quark star and a hadronic
star, could lead to a non-monotonic behavior of the threshold
mass as a function of the total mass (same total mass could
lead to a prompt collapse or to a hypermassive/supramassive
remnant).



If post-merger signal will be detected:

4 :
3.5} i
) Bauswein et al 2016
i.ﬁ 3t i
The GW frequency of the leading |
oscillation mode of the remnant as a | ; e
function of the total mass of the IR pomn T

binary: jump in correspondence of 54 2ﬁsm' y ]2:3
the threshold mass of the HS-HS tot | 'sun

System ]Fl‘ig. 17. Dn:-minapt postmerger GW fl‘DCIT_lDI]C}" fpeak .i.'i.‘_-'. a func-
tion of the total binary mass for symmetric mergers with a two-
family scenario [46]. For low binary masses the merger remnant
is composed of hadronuc matter (black curve), whereas higher
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 vield a remnant that is stable against
gravitational collapse (see text).



P0ossible types of mergers
in the two-families scenario

* HS-HS
* For M,,; > My, ~2.48 M,  thereis direct collapse to a BH
* ForM,,, <M, ~2.48 M, sGRB viathe protomagnetar scheme

* Possibility of extended emission and quasi-plateau
* Large value of mass ejected by the shock, not very massive disk

* HS-QS
* For M,,; >My, ~3.1 M, there is direct collapse to a BH
* For2.6 M.<M., <My ~3.1 M, sGRB via BH and torus

* No extended emission and no quasi plateau
* Smaller value of mass ejected by the shock, massive disk

* For M, < 2.6 M, SGRB via the protomagnetar scheme
* Possibility of extended emission and quasi-plateau
* Smaller value of mass ejected by the shock, massive disk

* QS-QS
* ForM,>M, ~3.1M_ thereis direct collapse to a BH
* ForM,, <My, ~3.1 M. sGRB a la Haensel, Paczinski, Amsterdamski



Conclusions and future measurements

. With the expected rate of detection of merger events (~10 per year),
confirm/rule out the two families scenario within a couple of years.

. Radii measurements (NICER):

- R, ,> 13km, one family of nucleonic stars (central density below the threshold of

hyperons)

- 11 km <R_, < 13km, one family: hyperonic stars-hybrid stars (need of stiffening of the

EoS to solve the hyperon puzzle)
- R, ,<11km , two families scenario (or twin stars scenario)

. Neutron skin thickness:
If future measurements
will indicate large values, a phase transition is likely to
occur in compact stars (Fattoyev et al PRL2018)
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Appendix



What do we learn frorm the
measured EM signal:

Stable until complete
dissipation of
differential rotation

Stable until complete
dissipation of rigid
rotation

1) At least one of the stars is a Prompt Collapse

neutron star, most probably both
(difficult to explain such small
mass BHS)

2) From the three possible
outcomes of a merger:

Most probably a hypermassive star

HMNS or short-lived SMNS

long-lived SMNS
Interface Dynamical M = 107M, v~ c
B Dise Winds {lang Ied N5
00 M, v e

nnnnnn
mmmmm

that collapsed to a BH within 1sec.

Difficult to explain the

shortGRB + small amount

of mass ejected

. Interface Dynamical
Margalit & Metzger .
Bun nits {long-i ]
Maztly] Red Disk Winds gt
M= 10010 M w01
I;|I'idal Tail E'; aIT.aiI &
aaaaaaaa i
M= 104107 M, t e 2
V~0.2-03¢c et
nd inds |shart: Ived N5
301

To form a jet (needed
for the short GRB) a
black hole is needed
(not clear however)+
no evidence of long
term energy injection

The merger of neutron stars represents a viable and maybe the most
important mechanism for the nucleosynthesis of heavy elements

via r-processes.



Constraining the equation of state: maximum mass

[ diff. rot. hypermassive NSs

By using the hyp. that the remnant is not a supramassive star, -
three different papers lead to a maximum mass for cold and -

M
:
4
[
=
[45]
1]

non-rotating star hﬂmaX < 2.2 Msun (see also Margalit et al 2017)

. [ only diff. stable
Ruiz et al 2017: R /s ]
. g Rezzoll | 20171
Msns ~ 2.74 < Mios ~ aMZP2 g ezzolla etal 2017
T S PR A TR RO S SR (N TR O T TR N TR T N
Pe
Mnsns =~ 2.74 > M™P ~ BMPR (1. L Schematc digra of the difeent types of el model

product and the dashed lines its possible trajectories in the (M, p.) plane
before it collapses to a black hole.

14 3\ 1/2
MR — 48 (2 X109 gxjem ) M,

R P/ C2 Ruling out very stiff equations of state!!
14 3y 1/2
MR — 61 (2 il fg;’{ a ) M,
Pm/C )
8= 1.27.

2.74/a < MPh < 2.74/8

(simple argument based on causality)



Constraining the equation of state: radi

Hyp: no prompt collapse in GW170817.
Use of empirical relations between the maximum

mass and the radius R, of the 1.6M__
configuration found in numerical simulations of

the merger.
(Bauswein et al 2017)

G M ax
?Ri¢

Mipree — (—3.606 T 2.38) - Mypax

i?.l'fthres ~ Jnl_f:i:ﬁ:'l?ﬂal'f _ QT_li‘gg‘fll iﬁl'f.:gj.._

Strong dependence of the mass ejected on the
radius of the 1.35 M_ _configuration.

The estimate of the ejected mass obtained from the
kilonova would suggest radii smaller than about
11km!!,

o
o
|

3. GWI170817
RI.G =12 km
© 3.07 I

o

=

— Rig =11 km
o
= 7 _ g =,+0.04 ;
= 92 8_/ Moy = 27475 Ms

Ry =10.3 km
/_
2 6= Ris =10 km

' Mpax [Mo)]

R, . larger than about 10.3km

0.012
X
001
X
— 0.008 X
=) x X X
s 0.006 Xod X

3 K ok
= o.004f O Xy >k§ % 9
x sy
00 b & % X
e

0
1

Prompt
collapse

Bauswein et al 2013



First scenario: 11km<R, , <13km
Hybrid stars

‘ Alford et al 2015 \ A
Simple parametrization of a first order phase {\ o !!.

transition to quark matter

E‘{ )) SNM{F) P < Ptrans
y ENM {f}trdmj +Ae +¢ Q‘ﬂ( — Ptrans) P > Pltrans

Ag Eirans

ptI‘El ns / E[['CIHS

BHF (soft) NM, c&u = 1/3
Nirans/No

It is possible to construct 1.4M_ _  hybrid stars

solutions with radii as small as 11.5km.

Those solutions predict a very early onset of the
phase transition to quark matter in beta stable
nuclear matter.

Hyperons are “eaten up” by quark matter. b 00z 004 006 008 01
ph'ans}rEtmns




Tidal deformability

Compute the deformability for the two stars of
GW170817 at fixed total mass (i.e. 2.74M_ )

sun

and for various values of the mass ratios
q=M./M,

1) One family of neutron stars (SFHo model)
2) Mixed system: the most massive star is a

quark star and the second star is a neutron
star

900

\ ' | ‘ \ ' |
SFHo (1 family) - SFHo+HD & MIT-like (2 families)

800

700

600

<5001
400
300

200

| ‘ 1 | | ‘ 1 | 1
108‘75 0,8 0,85 0,9 0,95 1
q

Small asymmetry for 1family

Large asymmetry for 2families
Crossing point at <1

A mixed system would be highly asymmetric: more efficient for what
concerns the mass ejected



Strange star mergers from population synthesis

(Wiktorowicz et al 2017)
StarTrack code by Belczynski 2002

Simulation of 2 millions binaries with three different metallicities, statistical distributions
of progenitor masses, binary separation, eccentricities and natal kicks.

3 — 1 T T T T T T
1 Py Drago et al 2014 |

Two families scenario: maximum mass of
hadronic stars 1.5-1.6 M_,_Massive stars are

strange stars.

10e] o LMXB 7 = Z. ||

! N OS
NS
— NS (N0QS) |3

A small modification of the mass distribution
around 1.4M_

n 10tL

109




Evolution of two MS stars

leading to a double strange star

system.

TABLE 1
NUMBER OF QS/NS IN BINARIES
Metallicity ~ #QS? #NS= fosP  #NS(noQS)®  fe.d
ALL
Zo 9.0 x 10* 7.2x10% 0.01 7.3 x 10 1.10
Z/10 2.7 x 10° 7.4 x 105 0.04 7.7 x 108 1.37
Z /100 1.5 % 10° 1.0 x 107  0.01 1.0 x 107 1.57
LMXB
Za 1.6 x 10 6.1 < 10*  0.26 7.7 x 10% 1.61
Zs /10 1.2 % 10* 1.5 x 10° 0.08 1.6 x 10° 1.22
Z /100 7.0 x 10% 2.1 x 10" 025 2.9 x 10* 1.31
DQS/DNS
Zg - 6.4 x 10° - 6.6 x 10° 0.88
Z5/10 4.2 x 10® 5.2 x 105 0.08 5.2 x 105 1.22
Z /100 - - 7.6x10°5 - 7.6 x 105 0.86
NoTE. — QS and NS guantities per MWEG at present time

for ﬁffn"'.fax = 1.5 Mg . ALL—all binaries; LMXB — mass-transferring
binaries; DQS/DNS —double QS/NS.

 Number of QS (#QS) and NS (#NS)

b fraction of QSs; defined as fas 1= #QS/(F#QS5 + #N8S)

< number of NSs in the model without QSs (noQS)

d change in a number of compact objects (QSs and NSs) in

1.36 1.5 M5 mass range; fer := (#FQS' + #NS')/#NS (noQS)

(mass range marked with ’)

_ MS
0 MS O O ZAMS 24 23

a =~ 1200 R,

8.9 23(8.4)  23(30)

=2
—

a =~ 3000 R,

CHLB
0.2 8.2 29(8.1)
ar 11 R
0.3 g Hei SNQS 8.1(1.7) 8.0
ar 8.9 Ry, e~ 0.25
0.4 e o A SNQS 1.7 7.9(1.7)

an 73Ry, e 0.6
Tmerge & 8.6 G}"l‘

Estimated rate of DQS mergers
(taking into account the
coalescence time): 10/Gyr per
MW galaxy



Strange quark matter ejecta

1 Io.os
55l | M®0.025
- 10.02
0.8}
> - 10.015
0.7} |
- 10.01
0.6 - Bauswein et al 2009 B 005
MIT60 MIT80
0.5— - ' - ' ' 0
2" 25 3 2 2.5 3
Mot [Mo) Mot Mo)
Promppt JJJJE pse: In those cases no maitter gjected (limited oy
the numeric zJ resolution 10°M_ ). In the case of matter ejected ,

To ontaln an upper limit: taxe the typical value of NS merg erq,
10~*M_ _, use the DQS merger rate: strange me""e' r density in the
galawty p =10"*7°g/cm’, Important input for the searches of strangelets



Why is Neumatt very interesting:
Upcoming measurements: X-rays

NICER (Neutron star Interior Composition Explorer) on
the ISS, is collecting data since June 2017.

Temporal pulse profile of the hot
spot will allow to measure the
radius within 5% of error.

Radii strongly depend on the
adopted equation of state (see in
the following). Possibility to test

the models produced by Neumatt.

Relative flux

The closest and brightest
millisecond pulsar

8—‘ |||||||| I |
L B, PSRIOAT-4TIS
Front-side hotspot rotates through the fine of sight o it e ke
‘g "
£ o
s &
= =
= N o
= 1.3‘ = |
=3 2
~ ~
=
. a 2
=
r s
. g
g §
- = 1| G O e oo B T v DO B Al |
L =
[ £ B b —— ——— T
. I 3 o 20k —
0 1 g E 0 o o
Pulse phase Zi £ g =
invisible surface E T il
0 0.2 04 0.6 0.8 1
Pulse phase

Figure 4. (Left) A distant observer sees X-ray intensity grow and fall as hot-spots on a neutron star surface
spin through the line of sight. The far-side spot becomes more visible for smaller stars through gravitational
light-bending, which depends on M/R; thus, depth of modulation constrains compactness. (Righf) Two sets of
simulated NICER lightcurves, for stellar radii differing by +5%, show measurable differences in several
energy bands for a 1 Msec exposure: 4-6¢ differences per phase bin pinpoint the star's radius.



Upcoming measurements: radio

Square kilometer array.

Construction planned in 2018, data taking from
2020.

It will allow to discover 10* more pulsars, among
which 100 in binaries — 100 new mass
measurements (masses higher than 2M__?)

Possible to extract the momentum of inertia which £ ===
together with a mass measurement will strongly
constrain the equation of state. Test Neumatt
calculations on rotating compact stars.

Gamma-ray-bursts events: SWIFT, FERMI
in hard X-ray/soft gamma. Some GRBs
may be generated by compact stars R\ - FGST
(magnetarS). Some (indireCt) info on the e NS WOON|  FERMI GAMMA-RAY SPACE TELESCOPE
properties of matter already proposed =3 . BAY

(Gao et al. PRD 2016). Test Neumatt
modeling of explosive phenomena.




Flux of strangelets (with a specific value of mass number A, v:

velocity of the galactic halo)

Considering the extreme upper
limit on the mass ejected, our
fluxes are compatible with the
lunar soll searches.

Constraints from PAMELA: our upper
limit violates the limits for A<103... but
the mass ejected is probably much
smaller+difficult to fragment down to
such small values of A (work in progress)
(PAMELA coll. 2015)

Strangelet Flux (cm 27! sr71)

Upp. Limit (m?y'sr)

djs Psv

df} N 4T Am,
From Weber_ 7200.5

=
=
=
2.
=
Z

10° 10°

10°
Baryon Number (A)

10



Prediction of the two families scenario on the fate of
binary systems

Four possible outcomes (clearly distinguishable from the GWs signals):
1) Prompt collapse (large masses)

2) Hypermassive (intermediate masses) living ~ 10 ms

3) Supramassive stars (living > fewsec )

4) Stable stars

Bauswein Stergioulas 2017

At fixed total mass, the outcome depends on the EoS.
The mass above which a prompt collapse is obtained
M Is a simple function of M__ and its compactness.

thresh
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Fragmentation  “»,
o,
e

Condition to create a fragment: Weber number We larger than 1

We=(p/0) v*_. d (mass density, surface tension, turbulent velocity and

drop size). By assuming v* _ to scale (Kolmogorov) with

v*, (d/d,)*” where d, ~1km and v, ~0.1c, we obtain d ~1mm and thus

A ~ 10 very big fragments. There will be a further “reprocessing” via
collisions, turbulence, evaporation ... very difficult problem!!

There will be a distribution of mass number, with a minimum value
which is probably much higher than 10-.

Depending on the size, different strangelets can act as seeds for the
conversion of stars into strange stars (astrophysical argument againts
the Witten's hyp.).



Capture of strangelets by stars and conversion

g, OUI INItial A

VELA
d" X 401
mrv(x) v x) =—ap(x)uz(x)+ G'Mz(x)m —e(x)a CRAB
dx / R (x) ¢ i
, o _ Interaction with the ion 5, MS 10 M,
Stopping force due elastic interaction lattice ARRRRRRRE
with atoms

20
Main sequence stars: the most important limit. A

strangelet can sit in the center of the star and “wait” for
the core collapse SN and the neutronization. This

would trigger the conversion of all protoneutron stars 0

Into strange stars.

But:

1) due to the 10 MeV temperature of the SN they
could evaporate

2) Not clear If fragmentation can work over ten
orders of magnitude. Work in progress.
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densitv



Two families and short/longGRBs

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

Ang Lil?*, Bing Zhang®>*7. Nai Bo Zhang’. He Gao®. Bin Qi°. Tong Liu!?
1 Departmment of Astronomy, Xiamen University, Xiamen, Fujian 3061005, China
> Department of Physics and Astronomy, University of Nevada Las Vegas, Nevada 89154, USA
3 Department of Astronemy, Scheol of Physics, Peking University, Beijing 100871, China
* Kavli Institute of Astronomy and Astrophysics, Peking University, Beijing 100871, China
> Institute of Space Sciences, Shandong University, Weihai 264209, China
® 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 1n 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 #; 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, CDDM?2. 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 mcreasing spinning frequency f, from non-rotating (f = 0) to the Keplerian
frequency (f = fx), 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 7, the break
time luminosity Ly and the total energy in the electromagnetic channel Ei;q) of SGRBs, and find that whale
equally well reproducing other observational constraints, QS EoSs predict a much narrower f;, distribution than
that of the NS EoSs, better matching the data. We therefore suggest that the post-merger product of NS-NS
mergers might be fast-rotating supramassive QSs rather than NSs.

Within the proto-magnetar model of SGRBs, the formation of a
guark star instead of a hadronic star in the merger would explain

Why the prompt phase of SGRBs Is short (Drago, Lavagno, Metzger, Pagliara
2016)




Deconfinement and the protomagnetar model of long GRB

(Pili et al. 2016)

Conversion of rotating HSs

Delayed deconfinement

25 [T T T I T T T TR TP Table 2. Spin-down timescales to start quark deconfinement Afyy together
[ Static S A with the associated variation of the rotational kinetic energy AKyq starting
L _i‘:o';of’: - : ,’f ] from an initial spin period P; for the equilibrium sequences shown in fig-
20 | — 00k 055 . ure 3. We also report the spin-down timescales Azq (defined as the time
r - needed to half the rotational frequency of the QS) and the corresponding
= i rotational energy loss AKy after quark deconfinement. The initial magnetic
2 field is of 101 G.
i ] My P;i — Py Aty AKy Atg AKy
1o T [Ms] [ms] [10%2 erg] [10°2erg]
i - 1.666 1.0 — oo 5.91 - -
0.51;l 1 .. p \IY*II1|:3|I\ITI-WI-I¢1|4IIIIIIIII1‘5IIIIII\I§5 1.677 10—3 3.3 5.48 37 hr 0.19
A k] 2.0 33 0.82
30— 33 f 37min 0.13
1.687 1.0—25 1.5 hr 5.13 21 br 0.33
Figure 2. Gravitational mass as a function of the circumferential radius 7025 36 min 0.46
ot o 1 05 T dsed o e s o e 3 5 tos 10520\ SSmn Jass w0
lines) to the configurations rotating at the maximum frequency (thin solid 1.733 1.0— 14 23 min 3.37 8.2 hr 1.20
blue and green lines) and spaced by 200 Hz. The yellow region shows 1.785 1.0— 1.1 6 min 1.37 54hr 1.95
hadronic configurations centrifugally supported against deconfinement. Red 1.820 1.0—- 1.0 Q 4.6hr 241

lines and labels are the same as in figure 1.

Many examples of
“double bursts” in the D s e 3, 3013

LGRBs data

0.5
g 04
UNUSUAL CENTRAL ENGINE ACTIVITY IN THE DOUBLE BURST GRB 110709B E 03
Biv-Bin ZHang', Davip N. Burrows', BING ZHANG®, PETER Mesziros'™, Xanc-Yu Wane™, GIULIA STRATTA™, 3 0
VALERIO D'ELIA™, DMITRY FREDERIKS®, SERGEY GoOLENETSKIC, Jay R. Cummives™", Jay P. Normis', ABranam D. 5 01
Farcone!, Scorr D. Bartueiay'?, New Cenrers™ S 00

=
o

ABSTRACT 1.8
The double burst, GRB 110709B, triggered Swift/BAT twice at 21:32:39 UT and 21:43:45 UT, 1.6
respectively, on 9 July 2011 TTis is the Hrst time we observed a GREB With two DAL triggers. 1 ~ 14

this paper, we present simultaneous Swift and Konus- WIND ohservations 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 aceretion system.

Subject headings: gamma-ray burst: general
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