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Nuclear Matter
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Flow Constraint

Klaehn et al. PhysRev C74 (2006)
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Nuclear Symmetry Energy
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is the difference between symmetric nuclear matter and pure neutron
matter:

E(n,x)=E(n,x=1/ 2)+Es(n)*a’2(x)+Eq(n)*a’4(x)+0(a’6(x))

where a=1-2x
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Neutron Star Equation of State

The energy per nucleon in neutron star core matter is given by:

Eiot(n,{zi}) = Ep(n,zp)+ Eep(n, ze,x,) ,
Ey(n,z,) = Eo(n)+ S(n,z,)
Eiep(n, e, z,) = Ee(n,ze)+ Eu(n,z,) ,

where n = n, + n,, is the total baryon density and z; = n;/n, i = p,e, u are
the fractions of protons, electrons and muons, respectively. The baryonic part
is very well described by the parabolic approximation w.r.t. the asymmetry

7171 - ,l 7 P
a = —’=1—2;1:p,
Np + Ny

resulting in S(n,z,) = (1 — 22,)2Es(n). The leptonic contribution is a sum of
the Fermi gas expressions for the contributing leptons [ = e, i

F p * 21 .
Ej(n,x) = %ﬁif [\/ 1+ le (1 -+ %’) —%Al‘smh (}—l)]

where 2 = m;/pr,. For massless leptons (z; — 0), this expression goes over to

p
LPry 3, 2 \1/3 ay3
Ei(n, ‘“)|m1=0 == 1 (377 n) z,"" .



Charge neutrality and B-equillibrium

Under neutron star conditions charge neutrality holds,
Tp =Te+ Ty .

The 3— equilibrium with respect to the weak interaction processes n — p +
e 4+ v, and p+ e~ — n+ v, (and similar for muons), for cold neutron stars
(temperature T' below the neutrino opacity criterion 7' < T,, ~ 1 MeV) implies
’1.71 - ,l]) - /Le - /1,1 .

The chemical potentials are defined as

651 () ..

i = —=—~FE;(n,{x;}), i,j=n,pe,u,

on;  Ox; {25}
where €; = n E;(n,{z,}) is the partial energy density of species i in the system.
From the above equations:

fe =4(1 —2z)E (n) .

Since electrons in neutron star interiors are ultrarelativistic,
e = \/P% .+ M2~ pre, and pre = (37%n.)Y/3 = (3n2n)Y3(x — 2,)1/3 |

» - ) 2
T— Ty 64E3(n) (= 2,)23 — 223 = my,
(1—2z)3 3m2n ® H (372n)2/3

The total pressure is then given as P(n) = n? (%)



Compact Star Seqguences
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Mass (solar)

Massive neutron stars
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Symmetry energy effects
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Symmetry energy effects
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Neutron Star Cooling Processes

Process Name

Process

Emissivity @,
(erg em—2 s71)

Reference
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Direct Urca is the fastest cooling process.
Threshold for onset: pgn< pgp+ Pre. FOr electrons only then xpy=1/9.



DUrca Process Constraint

E plays an important role in determination of the activation of the direct Urca
(DU) cooling process
n—p+e-+ ve.

If the central density in a neutron star exceeds the critical value which allows
the DU process to operate then this process triggers a dramatic drop of the
core temperature due to rapid energy loss by neutrino emission. This process
can therefore not be operative in typical neutron stars as we do observe cooling
neutron stars much older than the typical transport timescale (~ 1000 years)
with surface temperatures that are not compatible with DU cooling.

The DU threshold condition is derived from the triangle inequality for the
Fermi momenta of neutron, proton and electron (neutrinos are neglected):

S1/3 . 1/3 , . 1/3
ny = <n, +n. ",
which can be formulated in terms of proton and muon fractions as
N3 /3 o \1/3
(1—2)'3 <23 4 (x—x,)Y3 .

Below the muon threshold 2PV =1/9 = 11.1.

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



DUrca Process Constraint

E, npu[fm=?] ne|fm =7
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Symmetry energy Conjecture

Klaehn et al. PhysRev C74 (2006)
PHYSICAL REVIEW C 74, 035802 (2006)
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FIG. 7. (Color online) Density dependence of the asymmetry
contribution to the energy per particle (left panel) and of the proton
fraction (right panel) in NSM. Encircled curves correspond to EoSs
that violate the DU-constraint.



Nuclear Symmetry Energy
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Universal symmetry energy contribution

D. E. Alvarez-Castillo, D. Blaschke and T. Klahn. (2016)
arXiv: 1604.08575
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The symmetry energy contribution to the neutron star EoS behaves universal!



Predictions for neutron stars properties
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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,

J. Margueron, R. Hoffmann Casali, F. Gulminelli - Phys. Rev. C 97, 025806 (2018)
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Anatomy of the GW signal
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Anatomy of the GWV signal
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What can we learn from the inspiral I

Waveforms incl. finite-size effects are described by tidal
deformability (how a star reacts on an external tidal field)

Offer possibility to constrain EoS because tidal deformability
depends on EoS

B )

M

.
3

A .1\3

Corresponding to ~10 % error in radius R for nearby events
(<100Mpc) (e.g. Read et al. 2013)

Note: faithful templates to be constructed

R/M compactness (EoS dependent)

K, tidal love number (EoS dependent)



Computing the love number/tidal deformability

Extension of a standard TOV solver (i.e. numerically an integration of coupled ODESs):

Ansatz for the metric including al=2 perturbation

ds® = ®M) 1+ H(r)} @ ]dt2
+e*A0 [1 — H(r)Y; ( )] dr o
42 [1 — K (r)Ya0(0, 0) ( 62 + sin? 0dy?) Following Hinderer et al. 2010
Integrate standard TOV system: And additional eqgs. for perturbations:
g y
on _ (1_ 2m,. T dH
€ e r ? T — j (11)
d® 1 dp dj | my\ 1 |
= —(_H)E. - = 2(1_27‘) H{—er[56_+9p—|—f(e+p)]
dp m, + 4wrip 9 ) 9
il 3 ey 3 ra(1—2™n) (M L g
2 r(r — 2m,.) -+-r2 + 2 (1 e— ) ( 2 + 47’7p)
dm, 9 243 ‘ =1 ,
= 4r-e. 2P (1 _ o _ Mr | omr2(e — -
2 (12 14 B o)
EoS to be provided g(p) (K(r) given by H(r))

Note: Although multidimensional problem — computation in 1D since absorbed in Y20



L ove number

_ RA(R)
T H(R)
ko = 85£5(1 - 20)2[2 +2C(y—1) —y]

X {26‘[6 — 3y + 3C(5y — 8)]
+4C%[13 — 11y + C(3y — 2) + 2C2%(1 + y)]
+3(1 - 20)*[2 —y+2C(y — 1)]In(1 — 20)}—1

where C' = M/R is the compactness of the star.
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L ove number
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Implications from GW170817
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Implications from GW170817

PRL 119, 161101 (2017)

PHYSICAL REVIEW LETTERS
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Implications from GW170817
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Symmetry energy effects
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Implications from GW170817
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Implications from GW170817
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Implications from GW170817
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Critical Endpoint in QCD
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Neutron Star Twins and the AHP
scheme

- First order PT can lead to a stable
branch of hybrid stars with quark ﬂ
matter cores which, depending on the 2 , Matter
size of the “latent heat” (jump in g%~~~ i&' - - -7 Slope = Cau
energy density), can even be & eqf---T-----
disconnected from the hadronic one & :
by an unstable branch — “third family Nudear  ®
of CS”. Matter :
. Measuring  two  disconnected b
populations of compact stars in the M- 2.5
R diagram would represent the pee 03 G =1
detection of a first order phase 2 T fow = 4.0 1
transition in compact star matter and b DT ) e/ = 0727
thus the indirect proof for the  [aefey=1 777
existence of a critical endpoint (CEP) 84} De/ew=06
in the QCD phase diagram!
0.5¢
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7 8 9 10 11 12 13 14
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Piecewise polytrope EoS — high mass twins?
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Implications from GW170817
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Implications from GW170817
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Implications from GW170817
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Implications from GW170817
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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 R; ¢ of nonrotating NSs with a mass
of 1.6 Mg, can be constrained to be larger than 10.681'8:(1)2 km, and the radius Ryax of the nonrotating maximum mass
configuration must be larger than 9.601‘8:(% 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 Mp,.x 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 efforts to infer radius information from the late inspiral phase or postmerger
oscillations, and it does not require particularly loud GW events.
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GW170817 Radius Constraints
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Fictitious GW constraints
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Moments of Inertia
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Fig. 9. The moment of inertia scaled by M 3/2 a5 a function of stellar mass M for EOSs described in [6]. The shaded band illustrates a +10% error

on a hypothetical //M 3/2 measurement with centroid 50 km? ME)]/ 2; the error bar shows the specific case in which the mass is 1.34 M with
essentially no error. The dashed curve labelled “Crab” is the lower limit derived by [123] for the Crab pulsar.
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Perspectives for new Instruments?

THE FUTURE: SKA - SQUARE KILOMETER ARRAY



o 1’.‘&1 s
‘ ( it (% R e
Neutron star Interior Composition ExploreR™Z_ "

NICER

e g
o

810 12 14 16
Neutron star radius (km) NE2056

NICER 2017

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



Neutron star Interior Composition ExploreR™__

nermatLigntcurvenioae

|

|l.

Front-side hotspot rotates through the line of sight

>

\"‘."
LRS!

Relative flux

2'

invisible surface

Hot Spots

Increasing compactness (M/R) and light bending

Counts (x1000)

Difference (o)

dhlborno o

2—
[ 1.2-18keV ]
[ 1.8-3.0 keV ]
L _—\h

M=1.67 Mo
R=12km, 13.25km
T = 1 Msec

" 0.6-09keV

[ 09-12keV

_-_—._._——.
1 " 1 " 1 a1 . a1 P
~0.2-3.0 keV |
7
N
_/ \_
R % B Y S VS 7 R

Pulse phase




Conclusions

. USEC conjecture has been corroborated and E; related
guantities found to be correlated with the NS radius.

. GW170817 favours softer EoS and together with the Durca
constraint DD2F-like EoS are favoured. Hybrid stars are also
favoured.

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

. Many possible astrophysical scenarios for mass twins.
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