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Key Questions

• Can compact star observations provide compelling 
evidence about a first order phase transition in QCD?

• What are the relevant observables?



Outline

• Brief introduction to the neutron star equation of state.

• First order phase transition and deconfinement in 
compact stars: neutron star twins.

• Tidal deformalities of compact stars and the 
GW170817 event.

• Astrophysical implications and perspectives.





Nuclear Matter

C. Fuchs, H.H. Wolter, EPJA 30(2006)5



Flow Constraint



Nuclear Equation of State

DD2 equation of state (dotted line) [S. Typel et al., Phys. Rev. C 81 (2010)] 
compares very well with chiral EFT N3LO (grey band)

Compilation of 
Neutron matter
Equations of
State;
T. Fischer et al.,
EPJA 50, 46 
(2014)



is the difference between symmetric nuclear matter and pure neutron 
matter:

where α=1-2x 

Nuclear Symmetry Energy



Measuring the symmetry energy

Lattimer and Lim
(2013) ApJ  771 51



Compact Star Sequences
(M-R ↔ EoS)

• TOV Equations

• Equation of State (EoS)

Lattimer,
Annu. Rev. Nucl. Part. Sci. 

62, 485 (2012)
arXiv: 1305.3510



Nuclear Symmetry Energy

S. Typel, Phys. Rev. C 89, 
064321 (2014)



Symmetry energy effects
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DUrca Process Constraint

D. E. Alvarez-Castillo,  D. Blaschke and T. Klahn. (2016) 
arXiv: 1604.08575



Symmetry energy Conjecture
Klaehn et al. PhysRev C74 (2006)



Universal symmetry energy contribution

The symmetry energy contribution to the neutron star EoS behaves universal!

arXiv: 1604.08575



Predictions for neutron stars properties

J. Margueron, R. Hoffmann Casali, F. Gulminelli - Phys. Rev. C 97, 025806 (2018)

If composed exclusively of nucleons and leptons, our prediction is that neutron stars have a 
radius of 12.7 ± 0.4 km for masses between 1 and 2M⊙
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Critical Endpoint in QCD



Support a CEP in QCD phase diagram with 
Astrophysics?

Crossover at finite T (Lattice QCD) + First order at zero T (Astrophysics) 
=> Critical endpoint exists!

A. Ohnishi @ SQM-2015 in Dubna



Neutron Star Twins and the AHP 
scheme

• First order PT can lead to a stable
branch of hybrid stars with quark
matter cores which, depending on the
size of the “latent heat” (jump in
energy density), can even be
disconnected from the hadronic one
by an unstable branch → “third family
of CS”.

• Measuring two disconnected
populations of compact stars in the
M-R diagram would represent the
detection of a first order phase
transition in compact star matter and
thus the indirect proof for the
existence of a critical endpoint (CEP)
in the QCD phase diagram!

Alford, Han, Prakash, 
Phys. Rev. D 88, 083013 (2013) 



Compact Star Twins

Alvarez-Castillo, Blaschke (2017) 
High mass twins from multi-polytrope equations of state

arXiv: 1703.02681v2, Phys. Rev. C 96, 045809 (2017)



Neutron Star Twins
Equation of State Mass-Radius Relation

Benic, Blaschke, Alvarez-Castillo, Fischer, Typel: 
A&A 577, A40 (2015) - arXiv:1411.2856 (2014)



Avoiding Masquerades

Alford et al. - Astrophys.J.629:969-978, 2005 - arXiv:nucl-th/0411016



Avoiding reconfinement

Blaschke, Alvarez-Castillo - AIP Conf. Proc. 1701, 020013  (2015) - arXiv:1503.03834



Compact Stars with Sequential QCD Phase 
Transitions

Sedrakian and M. Alford 
Phys. Rev. Lett. 119, 161104 (2017) - arXiv:1706.01592



GW170817 
and 

Tidal deformability









Implications from GW170817

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral
B. B. P. Abbott et al. arXiv:1712.00451
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Implications from GW170817
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Implications from GW170817
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Implications from GW170817

Vasileios Paschalidis, Kent Yagi, David Alvarez-Castillo,
David B. Blaschke, Armen Sedrakian

PRD accepted, arXiv:1712.00451
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Implications from GW170817

Vasileios Paschalidis, Kent Yagi, David Alvarez-Castillo,
David B. Blaschke, Armen Sedrakian

arXiv:1712.00451
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Implications from GW170817

D. Alvarez-Castillo, D. Blaschke, G. Grunfeld, V. Pagura
In preparation
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Implications from GW170817 
and I-Love-Q relations

Vasileios Paschalidis, Kent Yagi, David Alvarez-Castillo,
David B. Blaschke, Armen Sedrakian

PRD accepted, arXiv:1712.00451
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Perspectives
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ABSTRACT

We introduce a new, powerful method to constrain properties of neutron stars (NSs). We show that the total mass
of GW170817 provides a reliable constraint on the stellar radius if the merger did not result in a prompt collapse as
suggested by the interpretation of associated electromagnetic emission. The radius R1.6 of nonrotating NSs with a mass
of 1.6 M� can be constrained to be larger than 10.68+0.15

�0.04 km, and the radius Rmax of the nonrotating maximum mass
configuration must be larger than 9.60+0.14

�0.03 km. We point out that detections of future events will further improve
these constraints. Moreover, we show that a future event with a signature of a prompt collapse of the merger remnant
will establish even stronger constraints on the NS radius from above and the maximum mass Mmax of NSs from above.
These constraints are particularly robust because they only require a measurement of the chirp mass and a distinction
between prompt and delayed collapse of the merger remnant, which may be inferred from the electromagnetic signal or
even from the presence/absence of a ringdown gravitational-wave (GW) signal. This prospect strengthens the case of
our novel method of constraining NS properties, which is directly applicable to future GW events with accompanying
electromagnetic counterpart observations. We emphasize that this procedure is a new way of constraining NS radii from
GW detections independent of existing e↵orts to infer radius information from the late inspiral phase or postmerger
oscillations, and it does not require particularly loud GW events.

Keywords: gravitational waves — stars: neutron — equation of state
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1. INTRODUCTION

The recently detected GW170817 is the first observed
gravitational-wave (GW) source involving matter and
the first with strong evidence for accompanying electro-
magnetic emission Abbott et al. (2017); LIGO Scien-
tific Collaboration et al. (2017). The measured binary
masses are only compatible with a neutron-star (NS)
merger. Apart from the importance of this detection
for stellar astrophysics and nucleosynthesis, such events
are highly interesting because they bear the potential to
infer weakly-constrained properties of NSs (Lattimer &
Prakash 2016; Özel & Freire 2016; Oertel et al. 2017).
Such information can be obtained from the GW sig-
nal either from finite-size e↵ects during the late inspiral
phase prior to merging (e.g. Faber et al. 2002; Flana-
gan & Hinderer 2008; Read et al. 2013; Del Pozzo et al.
2013; Abbott et al. 2017) or through the characteristic
oscillations of the postmerger remnant (e.g. Bauswein &
Janka 2012; Bauswein et al. 2012, 2014; Takami et al.
2014; Clark et al. 2014; Chatziioannou et al. 2017). Both
approaches require high signal-to-noise ratios (SNRs).
The relative proximity of GW170817 and the therefore
presumably high NS merger rate suggest that such mea-
surements might be possible already in the era of the
current GW detectors.

The merging of two NSs can result either in the di-
rect formation of a black hole (BH) (prompt collapse)
or the formation of an at least transiently stable NS
merger remnant (delayed/no collapse). The former case
occurs for mergers with binary masses Mtot above a
threshold binary mass Mthres, a delayed or no collapse
results for binaries with Mtot < Mthres. The two di↵er-
ent collapse scenarios are also expected to lead to dif-
ferent electromagnetic emission. On the one hand, the
amount of dynamical ejecta is strongly reduced in the
case of prompt BH formation (Bauswein et al. 2013b;
Hotokezaka et al. 2013). Moreover, the di↵erent na-
ture of the merger remnant yields di↵erent amounts of
secular ejecta (Fernández & Metzger 2013; Metzger &
Fernández 2014; Perego et al. 2014; Siegel et al. 2014;
Just et al. 2015).

In this letter we present a new method to infer in-
formation on the NS equation of state (EoS) from NS
mergers that does not require a high SNR of the GW
measurement.Our constraint only relies on the measured
binary mass of GW170817 and the evidence for a de-
layed/no collapse in this event as suggested by its elec-
tromagnetic emission (e.g. Kasen et al. 2017; Metzger
2017). In the case of a delayed/no collapse the mea-
sured total binary mass of GW170817 provides a lower

bound on the threshold mass for direct BH formation,

Mthres > MGW170817
tot = 2.74+0.04

�0.01 M�, (1)

and we conclude that the radius R1.6 of a NS with
1.6 M� must be larger than 10.68+0.15

�0.04 km. We demon-
strate that our new method promises very strong con-
straints on NS radii and the maximum mass Mmax of
nonrotating NSs if more NS mergers will be observed
and in particular if an event with a prompt collapse of
the merger remnant is identified.

2. OBSERVATIONS

Several telescopes observed emission in the X-ray, op-
tical and infrared from the GW source with spatial
and temporal coincidence (LIGO Scientific Collabora-
tion et al. 2017). The observations are compatible with
NS merger ejecta that are heated by the nuclear decays
of products of the rapid neutron-capture process (Met-
zger et al. 2010). The light-curve properties were inter-
preted as being produced by dynamical ejecta from the
merger and secular ejecta from the merger remnant. The
estimated ejecta mass is in the range 0.03 to 0.05 M�
(Cowperthwaite et al. 2017; Kasen et al. 2017; Nicholl
et al. 2017; Chornock et al. 2017; Drout et al. 2017;
Smartt et al. 2017; Kasliwal et al. 2017; Kilpatrick et al.
2017; Tanvir et al. 2017; Tanaka et al. 2017), which even
for asymmetric binaries lies near the high end of the the-
oretical range expected from simulations. This can be
interpreted as tentative evidence for a delayed/no col-
lapse in GW170817 because this merger outcome tends
to produce larger ejecta masses as compared to a direct
collapse, and neutrino irraditaion by the merger rem-
nant increases the electron fraction yielding a blue com-
ponent (Bauswein et al. 2013b; Hotokezaka et al. 2013;
Fernández & Metzger 2013; Metzger & Fernández 2014;
Perego et al. 2014; Siegel et al. 2014; Wanajo et al. 2014;
Just et al. 2015; Sekiguchi et al. 2016). We thus use be-
low the assumption of no prompt collapse in GW170817
and leave the detailed interpretation of the electromag-
netic emission to future work. Our assumption can be
corroborated by refined models and future observations.

3. NEUTRON-STAR RADIUS CONSTRAINTS

3.1. Threshold binary mass

If GW170817 resulted in a delayed collapse or no col-
lapse, its total mass provides a lower limit on the thresh-
old binary mass for prompt collapse as given by Eq. (1).

The threshold binary mass Mthres depends sensitively
on the EoS (Shibata 2005; Baiotti et al. 2008; Ho-
tokezaka et al. 2011; Bauswein et al. 2013a). Consider-
ing di↵erent EoSs, in Bauswein et al. (2013a) we found
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Figure 1. Threshold binary mass Mthres for prompt collapse as function of Mmax for di↵erent R1.6 (left panel, Eq. 2) and Rmax

(right panel, Eq. 3) (solid lines). The dark blue band shows the total binary mass of GW170817. This provides a lower limit
on Mthres. The true threshold binary mass must lie within the light blue areas if GW170817 resulted in a delayed/no collapse.
This rules out NSs with R1.6  10.30+0.18

�0.03 km and Rmax  9.26+0.17
�0.03 km. Causality requires Mthres � 1.22Mmax (left panel) and

Mthres � 1.23Mmax (right panel)

by hydrodynamical simulations that the threshold bi-
nary mass to good accuracy follows

Mthres =

✓
�3.606

GMmax

c2R1.6
+ 2.38

◆
· Mmax (2)

with R1.6 being the radius of a nonrotating NS with a
mass of 1.6 M� and Mmax being the maximum mass of
nonrotating NSs. The relation was derived from simu-
lations of symmetric binary mergers but also holds for
moderately asymmetric systems (Bauswein et al. 2013a;
Bauswein & Stergioulas 2017). We verify by additional
simulations that strongly asymmetric mergers with mass
ratio q = 0.6 have a threshold binary mass which is sys-
tematically lower by 0.1 to 0.3 M� than Mthres of equal-
mass binaries. This reduction of Mthres for asymmetric
binaries is understandable. The heavier binary compo-
nent forming the core of the merger remnant moves more
slowly on its orbit and thus the specific angular momen-
tum in the core is relatively low, which results in less sta-
bilization. If GW170817 was very asymmetric, one has
Masym

thres � Mtot, which implies that Eq. (1) is conserva-
tive because Mthres > Masym

thres for a given R1.6. Avoiding
a prompt collapse in the asymmetric case would require
an even larger value of R1.6 than for symmetric mergers.

A similarly accurate discription of Mthres is given by
the fit

Mthres =

✓
�3.38

GMmax

c2Rmax
+ 2.43

◆
· Mmax (3)

with the radius Rmax of the maximum-mass configura-
tion. Eq. (2) is accurate to better than 0.1 M� (see
Bauswein et al. (2013a, 2016) for details). The existence

of these relations has been solidified by semi-analytic cal-
culations of equilibrium models (Bauswein & Stergioulas
2017).

3.2. Radius constraints

Equations (2) and (3) imply constraints on NS radii
R1.6 and Rmax since the total binary mass of GW170817
represents a lower bound on Mthres (Eq. (1)). Figure 1
(left panel) shows Mthres(Mmax; R1.6) (Eq. (2)) for dif-
ferent chosen values of R1.6 (solid lines). Every sequence
terminates at

Mmax =
1

3.10
c2R1.6/G, (4)

which is a safe upper limit on Mmax for the given R1.6.
Extending various microphysical EoSs with a maximally
sti↵ EoS, i.e. vsound = c, beyond the central density of a
NS with 1.6 M� determines the highest possible Mmax

for a given R1.6 compatible with causality. With Eq. (2)
it implies Mthres � 1.22Mmax.

In Fig. 1 the horizonal dark blue band refers to the
measured lower limit of Mthres given by the total binary
mass of GW170817 (Eq. (1)). This GW measurement
thus rules out EoSs with very small R1.6 because those
EoSs would not result in a delayed collapse for the mea-
sured binary mass. The allowed range of possible stellar
parameters is indicated by the light blue area. The solid
blue curve corresponds to the smallest R1.6 compatible
with Eq. (1). Hence, the radius of a 1.6 M� NS must be
larger than 10.30+0.15

�0.03 km. The error bar corresponds to
the radii compatible with the error in Mtot. Arguments
about the error budget and the robustness are provided
in Sect. 3.3.
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Fictitious GW constraints
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Moments of Inertia



Perspectives for new Instruments?



NICER 2017
Gendreau, K. C., Arzoumanian, Z., & Okajima, T. 2012, Proc. SPIE, 8443, 844313



Hot Spots



Conclusions

• The symmetry energy strongly determines the NS radius.

• USEC conjecture has been corroborated and Es related
quantities found to be correlated with the NS radius.

• Given the knowledge from lattice QCD that at zero baryon
density the QCD phase transition proceeds as a crossover,
twins would then support the existence of a CEP in the QCD
phase diagram.



Conclusions
• Three of the fundamental puzzles of compact star structure,

the hyperon puzzle, the masquerade problem and the
reconfinement problem may be all solved by accounting for
quark Pauli blocking on the hadronic side and by introducing
stiffening effects on the quark matter side of the EoS.

• GW170817 favours softer hadronic EoS and together with the
Durca constraint DD2F-like EoS are favoured.

• Hybrid stars also favoured by GW170817.

• Future GW observations, NICER and SKA will soon result into
stronger NS EoS constraints. Gracias


