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Outline

● Equation of state of dense matter: nucleonic matter, 
hadronic matter, strange quark matter (strangeon 
matter see Xu's talk)

● Structure of compact stars 
● Merger of compact stars in the era of multi-

messenger astronomy
● Need of two families of compact stars? Signatures 
● Conclusions



  

The (unknown) The (unknown) 
equation of state of equation of state of 
dense matter: soft, dense matter: soft, 

stiff or “both”?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)

Stiff: high maximum mass – less 
compact configurations, small central 
densities, small central baryon chemical 
potential

Strongest and 
reliable constraint 
from Shapiro 
delay: maximum 
mass of at least 
2M

sun
Gandolfi et al 2012



  

Example of two radii measurements Example of two radii measurements 

Bogdanov et al 2016Bogdanov et al 2016

Bogdanov 2013Bogdanov 2013

Different stellar 
objects, different 
techniques... still, 
some indication of 
large stars (>12 km)
and small stars 
(<11km)



  

Two families of compact stars? 
(exercise with constant speed of sound quark EoS, Dondi et al 2016)

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

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.

RMF model for 
hadronic matter



  

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

star merger  star merger  
1) Gravitational waves from the inspiral phase 1) Gravitational waves from the inspiral phase 
seen by LIGO&VIRGOseen by LIGO&VIRGO

2) Prompt short gamma-ray-burst seen by 2) Prompt short gamma-ray-burst seen by 
FERMI&INTEGRAL delayed by about 2 sec FERMI&INTEGRAL delayed by about 2 sec 
and lasting about 2sec. Very low luminosity as and lasting about 2sec. Very low luminosity as 
compared to standard sGRBs: 10compared to standard sGRBs: 1047 47 erg/secerg/sec

3) Localization of the source (the host galaxy) 3) Localization of the source (the host galaxy) 
and estimate of the distance: 40Mpc and estimate of the distance: 40Mpc 

From A. BausweinFrom A. Bauswein

Abbott et al, APJL 2017. 



  

The subsequent kilonovaThe subsequent kilonova

Nicholl et al 2017Nicholl et al 2017The merger of two neutron stars leads to
the ejection of neutron rich material. 
Fitting the spectra:
1) amount of ejected material: few 10-2 M

sun

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

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 56Ni).



  

Measurement: M
chirp 

=1.188 M
sun 

which leads to 
a total mass 

MMtot tot = M= M
1 1 +M+M

2 2 ==

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.

From A. BausweinFrom A. Bauswein
What do we learn from the What do we learn from the 
measured GW signal:measured GW signal:

Indications of an asymmetric system: M
1 
~1.36-1.6 M

sun

                                                                                                     
M

2 
~ 1.17 -1.36 M

sun

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)

PRL119 (2017)PRL119 (2017)



  

Compactness constraintsCompactness constraints

PRL119 (2017)PRL119 (2017)
The deviations from point-like GW sources depend 
on the tidal deformability Λ:  the phase departure 
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.

Ruled out, ingredients: just Ruled out, ingredients: just 
nucleons, no strangeness.nucleons, no strangeness.
Large radii.Large radii.

Sly and APR4: again just nucleons, but consistent Sly and APR4: again just nucleons, but consistent 
with the astro-data. Are they consistent with with the astro-data. Are they consistent with 
(hyper)nuclear physics ??(hyper)nuclear physics ??

Soft eos

Read et al 2013Read et al 2013



  

Calculations performed much before the discovery of the 2M
sun 

 stars. At the maximum mass 

densities close to 10 times saturation density.  
In general : soft nucleonic equations of state predict large densities. In general : soft nucleonic equations of state predict large densities. 
Heavy baryons must be taken into account at such high densities!!Heavy baryons must be taken into account at such high densities!!

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

dof: nucleons and leptons, Skyrme type interactions. No hyperons , no deltas included.

1015



  

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.

Constraints from 
the amount of 
matter ejected



  

Average tidal deformability

Radice et al APJL 2017

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 

Annala et al PRL 2018Use of chiral effective theory results for subsaturation 
densities and pQCD calculations at (very) high densities 
and interpolate between them with pieceweise polytropes

2M
sun 

limit and constraints on the tidal deformability 

obtained with GW170817 : 400< Λ <800 for a 1.4 
M

sun 
. 

Its radius 12.2km<R12.2km<R
1.4 1.4 <13.4km<13.4km

(tension with small radii measurements)(tension with small radii measurements)



  

● 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

threshold 
 ~ 2.5 M

sun
). The electromagnetic counterpart 

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) 

GW170817 within the two families 
scenario



  

Relation between average tidal deformability and radii:
(Burgio et al. ApJ 2018)

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. 



  

PredictionsPredictions
key points of the two families key points of the two families 
scenario:scenario:  

1) A merger would always produce at some 
stage a strange star (stable or unstable) but 
for the case of the prompt collapse
2) In the cases of prompt collapse, the 
remnant collapses within t

c
 ~ few ms which is 

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

turb  

(again few ms, Drago et al 2015) 
3) In the cases of prompt collapse the relevant 
M

max 
 is not the maximum mass of strange 

stars but the maximum mass of hadronic stars 
which is in our scenario of the order of 
1.5 - 1.6 M

sun 

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

 

Conversion of a cold, non-rotating Conversion of a cold, non-rotating 
hadronic starhadronic star
 (Pagliara et al 2013)



  

By using the binary mass By using the binary mass 
distribution distribution (from Kiziltan 2013)(from Kiziltan 2013)

we can calculate we can calculate 
the probabilities the probabilities 
of prompt collapses in the two of prompt collapses in the two 
families scenario and in the one families scenario and in the one 
family scenario.family scenario.

Mass threshold for prompt collapse Mass threshold for prompt collapse 

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).

Drago&Pagliara ApJL 2018



  

Bauswein et al 2016

The GW frequency of the leading The GW frequency of the leading 
oscillation mode of the remnant as a oscillation mode of the remnant as a 
function of the total mass of the function of the total mass of the 
binary: jump in correspondence of binary: jump in correspondence of 
the threshold mass of the HS-HS the threshold mass of the HS-HS 
systemsystem

If post-merger signal will be detected:



  



  

Conclusions and future measurementsConclusions 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):

● Neutron skin thickness:

if future measurements 

will indicate large values, a phase transition is likely to 

occur in compact stars (Fattoyev et al PRL2018)

- R
1.4 

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

1.4 
< 13km, one family: hyperonic stars-hybrid stars (need of stiffening of the 

EoS to solve the hyperon puzzle)
- R

1.4 
<11km , two families scenario (or twin stars scenario)



  

Appendix



  

What do we learn from the What do we learn from the 
measured EM signal:measured EM signal:
1) At least one of the stars is a 
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 starhypermassive star 
that collapsed to a BH within 1sec.

Difficult to explain the 
shortGRB + small amount 
of mass ejected

Stable until complete Stable until complete 
dissipation of dissipation of 
differential rotationdifferential rotation

Stable until complete Stable until complete 
dissipation of rigid dissipation of rigid 
rotationrotation

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 The merger of neutron stars represents a viable and maybe the most 
important mechanism for the nucleosynthesis of heavy elements important mechanism for the nucleosynthesis of heavy elements 
via r-processes.via r-processes.

Margalit & Metzger 2017Margalit & Metzger 2017



  

Constraining the equation of state: maximum massConstraining the equation of state: maximum mass

Rezzolla et al 2017Rezzolla et al 2017

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

non-rotating star MMmax max ≤≤ 2.2 M 2.2 M
sun sun (see also Margalit et al 2017)(see also Margalit et al 2017)

Ruiz et al 2017:Ruiz et al 2017:

Ruling out very stiff equations of state!!

(simple argument based on causality)



  

RR1.6 1.6 larger than about 10.3kmlarger than about 10.3km

Constraining the equation of state: radiiConstraining the equation of state: radii

Hyp: no prompt collapse in GW170817.
Use of empirical relations between the maximum 
mass and the radius R

1.6 
 of the 1.6M

sun 

configuration found in numerical simulations of 
the merger. 
(Bauswein et al 2017) 

Strong dependence of the mass ejected on the 
radius of the 1.35 M

sun 
configuration.

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



  

Exluded by the 2MExluded by the 2M
sunsun

First scenario: 11km<RFirst scenario: 11km<R
1.4 1.4 <13km<13km

Hybrid stars Hybrid stars 

Alford et al 2015Alford et al 2015

Simple parametrization of a first order phase 
transition to quark matter

It is possible to construct 1.4M
sun   

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.



  

Tidal deformabilityTidal 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

2
/M

1

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

Small asymmetry for 1family

Large asymmetry for 2families
Crossing point at q<1

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



  

Strange star mergers from population synthesis Strange star mergers from population synthesis 
(Wiktorowicz et al 2017)(Wiktorowicz et al 2017)

StarTrack code by Belczynski 2002StarTrack code by Belczynski 2002

Two families scenario: maximum mass of 
hadronic stars 1.5-1.6 M

sun 
Massive stars are 

strange stars.

A small modification of the mass distribution 
around 1.4M

sun

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

Drago et al 2014



  

Estimated rate of DQS mergers Estimated rate of DQS mergers 
(taking into account the (taking into account the 

coalescence time): 10/Gyr per coalescence time): 10/Gyr per 
MW galaxyMW galaxy

Evolution of two MS stars 
leading to a double strange star 
system.



  

Strange quark matter ejectaStrange quark matter ejecta

Prompt collapse: in those cases no matter ejected  (limited by Prompt collapse: in those cases no matter ejected  (limited by 
the numerical resolution 10the numerical resolution 10-6 -6 MMsunsun). In the case of matter ejected , ). In the case of matter ejected , 

average mass 10average mass 10-4 -4 MMsun.sun.

To obtain an upper limit: take the typical value of NS mergers, To obtain an upper limit: take the typical value of NS mergers, 
1010-2 -2 MMsun sun , use the DQS merger rate: strange matter density in the , use the DQS merger rate: strange matter density in the 

galaxy  galaxy  ρρ s s =10=10-35 -36 -35 -36 g/cmg/cm33. Important input for the searches of strangelets . Important input for the searches of strangelets 

in cosmic rays (AMS02 - PAMELA)in cosmic rays (AMS02 - PAMELA)

Bauswein et al 2009



  

Why is Neumatt very interesting:Why is Neumatt very interesting:

Upcoming measurements: X-raysUpcoming measurements: X-rays

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

NICERNICER

The closest and brightest The closest and brightest 
millisecond pulsarmillisecond pulsar

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.



  

Upcoming measurements: radioUpcoming measurements: radio

Square kilometer array.Square kilometer array.
Construction planned in 2018, data taking from Construction planned in 2018, data taking from 
2020.2020.
It will allow to discover It will allow to discover 101044  more more pulsars, among pulsars, among 
which 100 in binaries → 100 new mass which 100 in binaries → 100 new mass 
measurements (masses higher than 2Mmeasurements (masses higher than 2M

sunsun?)?)

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

SKA artistic viewSKA artistic view

Gamma-ray-bursts events: SWIFT, FERMI Gamma-ray-bursts events: SWIFT, FERMI 
in hard X-ray/soft gamma. Some GRBs in hard X-ray/soft gamma. Some GRBs 
may be generated by compact stars may be generated by compact stars 
(magnetars). Some (indirect) info on the (magnetars). Some (indirect) info on the 
properties of matter already proposed properties of matter already proposed 
(Gao et al. PRD 2016). Test Neumatt (Gao et al. PRD 2016). Test Neumatt 
modeling of explosive phenomena.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 soil searches.

From Weber  2005

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)(PAMELA coll. 2015)



  

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

Bauswein Stergioulas 2017Bauswein Stergioulas 2017

Four possible outcomes (clearly distinguishable from the GWs signals):
1) Prompt collapse (large masses)1) Prompt collapse (large masses)
2) Hypermassive (intermediate masses) living 2) Hypermassive (intermediate masses) living ~ 10 ms~ 10 ms
3) Supramassive stars (living > few3) Supramassive stars (living > few  sec sec ))
4) Stable stars4) Stable stars

At fixed total mass, the outcome depends on the EoS. 
The mass above which a prompt collapse is obtained 
M

thresh
 is a simple function of M

max 
and its compactness.



  

… … is this surprising?is this surprising?

Also at finite density Also at finite density 
the quark matter the quark matter 
equation of state equation of state 
should be stiffer than should be stiffer than 
the hadronic equation the hadronic equation 
of state in which new of state in which new 
particles are produced particles are produced 
as the density as the density 
increasesincreases

Heavy ions physics: Heavy ions physics: (Kolb & Heinz 2003)(Kolb & Heinz 2003)

Hadron resonance gas Hadron resonance gas 
p=e/6p=e/6

p=e/3 massless p=e/3 massless 
quarksquarks



  

FragmentationFragmentation

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

We=(ρ/σ) v2
turb

 d (mass density, surface tension, turbulent velocity and 
drop size). By assuming v2 

turb
     to scale (Kolmogorov) with 

v2
0 

  (d/d
0 
)5/3  where d

0 
 ~1km and v

0  
~0.1c , we obtain d ~1mm and thus 

A ~ 1039  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 103 .

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.).

Work in progress

Work in progress



  

Capture of strangelets by stars and conversionCapture of strangelets by stars and conversion

Stopping force due elastic interaction 
with atoms

Interaction with the ion 
lattice

Our upper limit on 
the strange matter 
density

Our initial A

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 
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.

Madsen 1989Madsen 1989



  

Two families and short/longGRBsTwo families and short/longGRBs

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 prompt phase of sGRBs is short (Drago, Lavagno, Metzger, Pagliara 
2016)



  

Deconfinement and the protomagnetar model of long GRBDeconfinement and the protomagnetar model of long GRB   
(Pili et al. 2016)(Pili et al. 2016)

Conversion of rotating HSs Delayed deconfinement 

Many examples of 
“double bursts” in the 
LGRBs data
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