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Outline

• A few words on the nuclear symmetry.

• A brief introduction to the neutron star equation of state.

• Astrophysics measurements of compact stars: multi-

messenger astronomy.

• Astrophysical implications and perspectives.



Nuclear Matter

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



Flow Constraint
Klaehn et al. PhysRev C74 (2006)



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



Neutron Star Equation of State



Charge neutrality and β-equillibrium



Neutron Star EoS



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 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)



Symmetry energy effects

S. Kubis and D. E. Alvarez-Castillo - arXiv:1205.6368

PALu & MDI k models

L models

High density models



Symmetry energy effects

S. Kubis and D. E. Alvarez-Castillo - arXiv:1205.6368



Nuclear Symmetry Energy

S. Typel, Phys. Rev. C 89, 

064321 (2014)



Symmetry energy effects
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Neutron Star Cooling Processes

Direct Urca is the fastest cooling process.

Threshold for onset:  pF,n< pF,p+ pF,e. For electrons only then xDU=1/9.

p



DUrca Process Constraint

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

arXiv: 1604.08575



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!

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

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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GW170817 

and 

Tidal deformability











Love number





Implications from GW170817

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

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

B. P. Abbott et al. arXiv:1712.00451



Symmetry energy effects
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Implications from GW170817

0 500 1000
L

1

0

1000

2000

3000

L
2

g=1/6

g=1/3

g=1/2

g=2/3

g=4/5

g=9/10

g=1

50%

90%



Implications from GW170817



Implications from GW170817
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Perspectives
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Figur e 1. Threshold binary mass M t hres for prompt collapse as funct ion of M m ax for di↵erent R1.6 (left panel, Eq. 2) and Rm ax

(right panel, Eq. 3) (solid lines). The dark blue band shows the total binary mass of GW170817. This provides a lower limit

on M t hres. The t rue 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 Rm ax 9.26+ 0.17

− 0.03 km. Causality requires M t hres ≥ 1.22M m ax (left panel) and

M t hres ≥ 1.23M m ax (right panel)

by hydrodynamical simulat ions that the threshold bi-

nary mass to good accuracy follows

M t hres =

✓

− 3.606
GM max

c2R1.6

+ 2.38

◆

·M max (2)

with R1.6 being the radius of a nonrotat ing NS with a

mass of 1.6 M and M max being the maximum mass of

nonrotat ing NSs. The relat ion was derived from simu-

lat ions of symmetric binary mergers but also holds for

moderately asymmetric systems (Bauswein et al. 2013a;

Bauswein & Stergioulas 2017). We verify by addit ional

simulat ions that strongly asymmetric mergerswith mass

rat io q = 0.6 have a threshold binary mass which is sys-

temat ically lower by 0.1 to 0.3 M than M t hres of equal-

mass binaries. This reduct ion of M t hres for asymmetric

binaries is understandable. The heavier binary compo-

nent forming thecoreof themerger remnant movesmore

slowly on its orbit and thus the specific angular momen-

tum in thecore is relat ively low, which results in lesssta-

bilizat ion. If GW170817 was very asymmetric, one has

M
asym
t hres ≥ M t ot , which implies that Eq. (1) is conserva-

t ive because M t hres > M
asym
t hres 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 discript ion of M t hres is given by

the fit

M t hres =

✓

− 3.38
GM max

c2Rmax

+ 2.43

◆

·M max (3)

with the radius Rmax of the maximum-mass configura-

t ion. Eq. (2) is accurate to bet ter than 0.1 M (see

Bauswein et al. (2013a, 2016) for details). The existence

of theserelat ionshasbeen solidified by semi-analyt ic cal-

culat ionsof equilibrium models (Bauswein & Stergioulas

2017).

3.2. Radius constraints

Equat ions (2) and (3) imply const raints on NS radii

R1.6 and Rmax since the total binary mass of GW170817

represents a lower bound on M t hres (Eq. (1)). Figure 1

(left panel) shows M t hres(M max ; R1.6) (Eq. (2)) for dif-

ferent chosen values of R1.6 (solid lines). Every sequence

terminates at

M max =
1

3.10
c2R1.6/ G, (4)

which is a safe upper limit on M max for the given R1.6.

Extending various microphysical EoSs with a maximally

st i↵ EoS, i.e. vsound = c, beyond the central density of a

NS with 1.6 M determines the highest possible M max

for a given R1.6 compat ible with causality. With Eq. (2)

it implies M t hres ≥ 1.22M max .

In Fig. 1 the horizonal dark blue band refers to the

measured lower limit of M t hres 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 compat ible

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 compat ible with the error in M t ot . Arguments

about the error budget and the robustness are provided

in Sect. 3.3.

Neut r on-st ar r adius const r aint s 3

2.0 2.2 2.4 2.6 2.8
Mmax [M ]

2.6

2.8

3.0

3.2

M
th

re
s

[M
]

R1.6 = 10 km

R1.6 = 11 km

R1.6 = 12 km

M tot = 2.74+ 0.04
− 0.01 M

R1.6 = 10.3 km

GW170817

2.0 2.2 2.4 2.6 2.8
Mmax [M ]

2.6

2.8

3.0

3.2

3.4

3.6

M
th

re
s

[M
]

Rmax = 9 km

Rmax = 10 km

Rmax = 11 km

Rmax = 12 km

M tot = 2.74+ 0.04
− 0.01 M

Rmax = 9.26 km

GW170817

Figur e 1. Threshold binary mass M t hres for prompt collapse as funct ion of M m ax for di↵erent R1.6 (left panel, Eq. 2) and Rm ax

(right panel, Eq. 3) (solid lines). The dark blue band shows the total binary mass of GW170817. This provides a lower limit

on M t hres. 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 Rm ax 9.26+ 0.17

− 0.03 km. Causality requires M t hres ≥ 1.22M m ax (left panel) and

M t hres ≥ 1.23M m ax (right panel)

by hydrodynamical simulat ions that the threshold bi-

nary mass to good accuracy follows

M t hres =

✓

− 3.606
GM max

c2R1.6

+ 2.38

◆

·M max (2)

with R1.6 being the radius of a nonrotat ing NS with a

mass of 1.6 M and M max being the maximum mass of
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ferent chosen values of R1.6 (solid lines). Every sequence

terminates at

M max =
1

3.10
c2R1.6/ G, (4)

which is a safe upper limit on M max for the given R1.6.

Extending various microphysical EoSs with a maximally

st i↵ EoS, i.e. vsound = c, beyond the central density of a

NS with 1.6 M determines the highest possible M max
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measured lower limit of M t hres 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
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GW170817 Radius Constraints
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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.

• GW170817 favours softer EoS and together with the Durca

constraint DD2F-like EoS are favoured.

• Future GW observations, NICER and SKA will soon result into

stronger NS EoS constraints.

Gracias


