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LIGO-Hanford

observed by
source type

date
time of merger
signal-to-noise ratio

false alarm rate
distance

total mass

primary NS mass
secondary NS mass
mass ratio

radiated GW energy
radius of a 1.4 M, NS

effective spin
parameter

effective precession
spin parameter

GW speed deviation
from speed of light

LIGO-Livingston

H L,V
binary neutron star (NS)

17 August 2017
12:41:04 UTC
324

< 11in 80 000 years

85 to 160 million
light-years

2.73t0 3.29 M,
1.36 t0 2.26 M,
0.86 to 1.36 M,
04t01.0
>0.025 M, c?
likely = 14 km

-0.01to 0.17
unconstrained

< few parts in 101°

inferred duration from 30
Hz to 2048 Hz**

inferred # of GW cycles
from 30 Hz to 2048 Hz**

initial astronomer alert
latency*

HLV sky map alert latency*
HLV sky area'

# of EM observatories that
followed the trigger

also observed in

host galaxy
source RA, Dec
sky location

viewing angle
(without and with host
galaxy identification)

Hubble constant inferred
from host galaxy
identification

~60s

~ 3000

27 min

5 hrs 14 min
28 deg?

= 70

gamma-ray, X-ray,
ultraviolet, optical,
infrared, radio

NGC 4993
13h09m48s, -23°22'53"

in Hydra constellation

< 56° and < 28°

62 to 107 km s™' Mpc!
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A Theorist’s View of a Neutron Star:

A huge nucleus: ~ 10>’ nucleons :

np ey

eI
of =

~ 1000
M~1...2Mg

T < 1MeV =~ 100K

ROSAT image of Puppis A

> The only “laboratory” for pg ~ 10p¢g in the Universe |
Need EOS of nuclear matter including hyperons and quarks


http://apod.nasa.gov/apod/ap980425.html

(Hyper)Nuclear Matter in the Neutron Star:
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Vun: Argonne, Bonn, Paris, ...

939 MeV)

(
(1116 MeV)
0+ (1193 MeV)
(

1318 MeV)

potential

Vny: Nijmegen (NSC89,NSC97,ESCO08...)
Vyy: ? (no scattering data)

In free space weak decay: Y - N+ 1 etc. (cTt~ 8 cm)
In dense nucleonic medium the decay is Pauli-blocked !

We need to compute the energy density of this system ...



Theoretical Methods for (Hyper)Nuclear Matter:

® “Phenomenological”: RMF, Skyrme, ...

(Contact) interactions fitted to nuclear matter properties
around pg, uncontrolled extrapolation to much higher
density, no predictive power.

Good for (hyper)nuclei, bad for neutron stars.

® “Microscopic”: (D)BHF, Monte-Carlo, Chiral Perturbation, ...

Based on phase-shift equivalent potentials + TBF +
Many-body scheme.

Additional constraints from (hyper)nuclei.

® BHF is discussed in the following...



Brueckner Theory of (Hyper)Nuclear Matter:

e Effective in-medium interaction G from potential V:

1 1
G = Vr + Vi G
— A
parameter-free ! (O) self-consistent

k2
ek=m+m+U(k)

Results: binding energy €(0n,Pp,PAPx) =2 S [el(f)_ @}

. . <k
s.p. properties, cross sections, ... " ~°F

K.A. Brueckner and J.L. Gammel; PR 109, 1023 (1958) for nuclear matter

Extension to hypernuclear matter ...


http://dx.doi.org/10.1103/PhysRev.109.1023

® Framework: Brueckner-Bethe-Goldstone hole-line expansion

E 3K C% -
— = ——— + +
A  52m

+ 0(k%)

~|[22 - 40 + + 7 |MeV
\p = Po, Symmetric matter, V;g potential

® Expansion parameter Kk ~ pVcore = 0.2 :

p >k n(k > kF) =P/d3r<|_a(r)|2>5’.r _ NVcore _ (

D _k<k %
=K L= ¢ : calculated defect function

- Hierarchy of n-body correlations/clusters '
within hard-core range ¢, avg. distance d: '
o

- Justified for hard-core potentials




e Correlation parameter for different NN potentials:

K =~ pVcore(p)
Small up to large density

Hard vs. soft potentials
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http://link.aps.org/abstract/PRC/v94/e024322
http://link.aps.org/abstract/PRC/v96/e044309

® Diagrams up to 3HL:
(a) 2HL  (P) B.D. Day, PRC 24, 1203 (1981)

OO >

o (1

Fadeev calculation:



http://dx.doi.org/10.1103/PhysRevC.24.1203
http://link.aps.org/abstract/PRC/v96/e044309
http://link.aps.org/abstract/PRC/v96/e044309

Three-Nucleon Forces:

+
=
+

e Only small effect required [6(B/A) ~ 1 MeV at pg]
e Model dependent, no final theory yet

® Use and compare microscopic and phenomenological TBF...

Microscopic TBF of P. Grangé et al., PRC 40, 1040 (1989):
Exchange of m, p, 0, w via A(1232), R(1440), NN

Parameters compatible with two-nucleon potential (Bonn,Vig,...)
Urbana IX phenomenological TBF:

Only 2m-TBF + phenomenological repulsion
Fit saturation point


http://link.aps.org/abstract/PRC/v77/e034316
http://dx.doi.org/10.1103/PhysRevC.40.1040

e BHF binding energy and saturation point of nuclear matter:
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® Dependence on NN potential
® TBF needed to improve saturation properties


https://dx.doi.org/10.7566/JPSCP.4.015001
http://link.aps.org/abstract/PRC/v74/e047304

Regularization Dependence of CPT:

e Expansion for low momenta «— ENN <200 MeV, p <po

lab ~
30 L T T T T T T L T T T
F 2N+3N: 1
" ] MBPT N3LO(450-500) ;
[ [ MBPT NLO-N3LO(400-500) PRC94, 054307 (2016)
25 [ = — N3LOA+N2LOA1
= — N3LO+N2LO(500) 1 PRC95, 034326 (2017)
L — — N3LO+N2LO(450) /
e AFDMC(1.0fm/1.2fm)
>, [~ AFame Y . PRC94, 064001 (2016)
@ - ’
= [ 2N only: Ny /-
= [ —Av18 w ‘.
z | — — CDBONN -
< 15[ -~ N3Los00 B 7
& F —-—N3LO450 s 77
= [ —--=N4LO550 4. A
[ -~ N4LO500 S ]
10 Lo N4LO450 S X A A ]
5L i
0.00 0.05 0.10 0.15 0.20
p (fm™)

® ~ 50% uncertainty at pg at 4th order (N3LO 2BF+3BF) !


http://dx.doi.org/10.1103/PhysRevC.98.064322
http://dx.doi.org/10.1103/PhysRevC.94.054307
http://dx.doi.org/10.1103/PhysRevC.95.034326
http://dx.doi.org/10.1103/PhysRevC.94.064001

e Mass-radius relations with microscopic
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http://dx.doi.org/10.1088/1361-6471/aaf95c

Include Hyperons:

e Technical difficulty: coupled channels:
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Include Hyperons:

e Technical difficulty: coupled channels:
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http://apod.nasa.gov/apod/ap080306.html

«Recipe» for Neutron Star Structure Calculation:

Brueckner results:
. Chemical potentials:

Beta-equilibrium:
. Charge neutrality:

| Composition:
Equation of state:

TOV equations:

e({pi}); i=n,p,e,u, N\ 2,u,d,s,...

- 0E€
Hi= 3p;
HUi = bin — qQile
>.iXiqi=0
xi(p)
p(p) = pz%ﬁ/f’)(m xi(p))
dp _ _Gme
=
am _ 2
ar = A1tr<e

Structure of the star: p(r), M(R) etc.



«Recipe» for Neutron Star Structure Calculation:

Brueckner results: e({pi}); i=n,p,e,u, N\ 2,u,d,s,...

. Chemical potentials: ;= g—& He = Hy = Hn—Hp
ST /JZ—=2Un_/Jp
' Beta-equilibrium: Ui = bin — Qile i) =5, = 1
, Charge neutrality: ~ >Xx;q;=0 > !
Ms+ = Up
Composition: Xi(p)

’ Equation of state:  p(p) = pz%ﬁ/)p)(p, xi(p))
dp _ _Gme (1 +p/e)(1 + 4nr3p/m)

TOV equations: ar =" T —2Gm/r
dm _ pgnr?
gy = 4mr-e

Structure of the star: p(r), M(R) etc.



® Generic implications for EOS and stellar structure:

0.2
E P nucleons
i 2
+ hypeyons
%~ 0.1 f [
C 1r
0 ’ 0 [ | | |

} olp, R (km)

e Hyperon onset occurs at p ~ 2...3pg
e Softer EOS

e NS structure including hyperons
... and including quark matter
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http://apod.nasa.gov/apod/ap060519.html

Observational Data: Masses

[4U1700137' (a) '
Vela X-1 (b

e A I A ‘u?doled15donuory29h‘t
: IS s~ s

Cyq X=2 (d : :
- ——o
4()%535— (b) —e—i 1 g
SMC X—1"(T S .
DMC X—2 re-i X—ray/Optical
Cen X—-3 (b, I—o— . 1
Her X-1 —e—Hi : binaries
XTE J2123-058 (1) ————
2S 0921-630 (F —e—
4U1822-371 (n? ! _————
EXQ1722—-363 (f) ' e i
B1957+20 % | black:widow pulsar———e———f
IFE_J18027-2016 (c) . :
OAQ 1657—-415 (w. ——
J1311-3430 R; 1 g bwpl .
'ﬂ%s 7+303228 (L) I ——e———
+2456 (2) —e— '
J1829+2456 comp. ——t—
J1811-1736 (A) [ e |
J1811-1736 comp. —e ] i
J1906+0746 Bin L
J1906+0746 comp. 1
11518+4904 (Q)" — e
J1518+4904 comp. L e——
B1534+12 (D »
E}g?@ﬂ% o . |. double
B1913+16 cqmp : qIHulse—Toylor binary neutron star
B2127+11C (x ;o binaries
36737~ 305050 SN
- i e,
J0737-30398B o :dpuble pulsar
41756-2251 (J .
J1759—2251 c?mp. LI 0
9180728008 (=) 5 o :® in NGC 6544
J10 e
J17 e
B18 —e— in NGC 6539
B18; \——
J06: ——e—
JO7 —e—i!
JO4 1 —e—
J1141-6545 o | X
NEE=Z )5 inTer 5, o  white dwarf—
igese-sias o) Mo (GO e
= ) n uc
B1802-2124 () —e—i T.' : binaries
J0514-4002A (0) ——-7Le4in NGC 1851 .
B1516+028 (1) LI + inM 5
J1748-2021B"(H) [ . in NGC 6440 —e—
11750-37A (H) ————e———+—i in NGC 6441
J1738+0333 (v o
B1911-5958A (0) —e1—] in NGC 6752
J1614-2230 0 o+
J2043+1711 (k L —e—
J1910+1256 (t b ‘e |
J2106+1948 (t ————1:
J1853+1303 (t ® 5 i
J1045-4509 (e —e—H
J1804-2718 (e —_————
J2019+2425 (h —e—1:
J0348+0432 (E . | in NGC 6544 re4
Jlg 37+;;}g nS/r triple system w 2 WDe
= ——&——main sequence—
3 o
\3132318\8% M R NI N I .\ | ‘nFu‘tr(‘)n‘ %Par \%IPO\”?S
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Neutron star mass (Mg)

Courtesy of J. Lattimer

The heaviest neutron stars:
Recent: ~ 1.97M4y (Nature 09466)

~ 2.01M, (Science 340)
~ 2.144+0.1Mg (1904.06759)

No combined (M, R) measurements!
(Would practically fix the EOS)


http://dx.doi.org/10.1007/s10509-010-0529-1
http://dx.doi.org/10.1038/nature09466
http://dx.doi.org/10.1126/science.1233232
https://www.nature.com/articles/s41550-019-0880-2
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Observational Data: Radii

F. Ozel et al., APJ820, 28 (2016)

— T T T I T T T T I T T T T I
— M13
— M28
L —— M30 MPA1
— NGC 6304
—— NGC 6397 el
L —— wCen
—— 47 Tuc X5
—— 47 Tuc X7 ’/»('
i AN
(\\\
‘ Yy MS1
y!ﬁd, >
SQM1
| | |
5 10 15
Radius (km)

Mass (M)

3.0

2.5

2.0

1.5

1.0

0.5

0.0

1— T I T T T T I T T T T I
—— 40 1820-30
— SAX J1748.9-2021
- —— EXO 1745-248 MPA1
—— KS 1731-260
—— 40 1724-207 AP4
—— 40 1608-52
B GS1
sQM1
L 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15
Radius (km)

&P The measurement is difficult: currently no accurate results

Awaiting NICER results ...



http://dx.doi.org/10.1146/annurev-astro-081915-023322

Observational Data: Tidal Deformability A ~ Q;i/E;

Multimessenger Parameter Estimation of GW170817; D. Radice and L. Dai; EPJA 55, 50 (2019)
Analysis of accretion disk mass; assumes a one-family scenario

I
1 GW Only
1 GW + EM
[ Prior

IDIE

0 200 400 600 800 1000

A

300SA<800 = 11.2<R<13.4km
(previous result was 400 <A <800 !)



http://dx.doi.org/10.1140/epja/i2019-12716-4
http://dx.doi.org/10.1140/epja/i2019-12716-4
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http://apod.nasa.gov/apod/ap040408.html

e Composition of neutron star matter:

Relative fractions

0

10

Yy
Baryon density p (fm )

0.6 0.8

No hyperons

Free hyperons

Interacting hyperons
(X~ repulsive, A attractive)

NY interaction determines
Y onset


http://link.aps.org/abstract/PRC/v61/e055801

® EOS of neutron star matter:

500:"'|"'|"'|"'|"'|"': T

450 Paris + TBF 1 °F V,, + TBF

400 £ o i1 ¢ o
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Baryon density p (fm ™)

& Strong softening due to hyperons .
(More Fermi seas available)

12 0 0.2 0.4


http://link.aps.org/abstract/PRC/v61/e055801

e Mass-radius relations with different nucleonic TBF:

25F =
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s = —~-] 4 NoYY

10k | | No hyperon TBF
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& |arge variation of Mmax with nucleonic TBF
Self-regulating softening due to hyperon appearance
(stiffer nucleonic EOS — earlier hyperon onset)


http://link.aps.org/abstract/PRC/v78/e028801

e Mass-radius relations with different nucleonic TBF:

25F =
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& |arge variation of Mmax with nucleonic TBF
Self-regulating softening due to hyperon appearance
(stiffer nucleonic EOS — earlier hyperon onset)


http://link.aps.org/abstract/PRC/v78/e028801

® Mass-radius relations using different NY potentials:

- —_— V18+UIX ]
------ V18+UIX+NSC89
........... V18+UIX+NSC97 -
----- - V18+UIX+ESCO8 |

Maximum mass independent of potentials '

Maximum mass too low (< 1.4 Mg) '
Proof for “quark” matter inside neutron stars ?


http://link.aps.org/abstract/PRC/v84/e035801
http://link.aps.org/abstract/PRC/v84/e035801

® Mass-radius relations using different NY potentials:

2 T T T T T
L ——  VI8+UIX ]
------ V18+UIX+NSC89 |
----------- V18+UIX+NSC97 |
------ V18+UIX+ESCO8 |
(7))
=
= |
o ‘ ‘ ‘ '

Maximum mass independent of potentials .

BHF(AV g+UIX+NSC89) , M/Mg = 1.20

200 |--- :
Ewsof = -

Maximum mass too low (< 1.4 Mg) '
Proof for “quark” matter inside neutron stars ?


http://link.aps.org/abstract/PRC/v84/e035801
http://link.aps.org/abstract/PRC/v84/e035801
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e Effect of YY Interactions:
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A2~ attractive !
e Hyperon TBF (YNN, YYN, YYY) unknown (exp. and theor.) !
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Quark Matter EOS of Dense Matter:

® Problem: No “exact” results from QCD:
Large theoretical uncertainties, limited predictive power

® Current strategy:

Use available eff. quark models (MIT, NJL, CDM, DSM, ...)
in combination with the hadronic EOS

® An important constraint (from heavy ion collisions):
In symmetric matter phase transition not below ~ 3pg

&» E.g., the simplest (MIT) quark model requires
a density-dependent bag “constant”:

Eo =B+ €Ekin+asx...

\

B(p) =Bw + (Bg — Bx) €Xp [_ﬁ(p/po)zl



Hybrid (quark-matter core) Stars:
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NJL, FCM, Dyson-Schwinger models:
Hyperons prevent phase transition !
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(quark-matter core) Stars:
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NJL, FCM, Dyson-Schwinger models:
Hyperons prevent phase transition !

Internal structure:
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https://chandra.harvard.edu/photo/2018/gw170817

Some recent results with BHF (hyperonic) EOSs:

e |In the two-families scenario could coexist

APJ 860, 139 (2018)

low-mass hyperon stars and high-mass strange quark stars
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Some recent results with BHF (hyperonic) EOSs:
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® Universal Relations might be violated by hyperonic EOSs:
e.g., for moment of inertia I : JPG 46, 034001 (2019) :
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Deviation from univ. relation due to atypically small radii


http://dx.doi.org/10.1088/1361-6471/aaf95c
http://dx.doi.org/10.1088/1361-6471/aaf95c

e BHF EOS at finite temperature:

1—‘th

adiabatic index maximum NS mass
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important for numerical merger simulations
(estimate of NS Mmax)
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Hans-Josef Schulze IN°N Catania
Summary:

® Neutron star physics probes the 4 fundamental interactions:
- Gravitation: Densest object in the Universe
- Strong: Nuclear EOS
- Weak: Beta-equilibrium of matter, Neutrino physics
- EM: Charge-neutrality, Mixed-phase structures, Crust

® BHF+TBF approach with meson-exchange NN forces pro-
vides reasonable nuclear EOS up to high density:
- Fulfills constraints on Esym, Mmax, N1.4, R1.4, ...
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- Gravitation: Densest object in the Universe
- Strong: Nuclear EOS
- Weak: Beta-equilibrium of matter, Neutrino physics
- EM: Charge-neutrality, Mixed-phase structures, Crust

® BHF+TBF approach with meson-exchange NN forces pro-
vides reasonable nuclear EOS up to high density:
- Fulfills constraints on Esym, Mmax, N1.4, R1.4, ...

However:
® Hyperons cannot be ignored !

® BHF EOS with hyperons predicts Mqx Nnot above ~ 1.7 Mg

® Need “quark matter” to reach higher masses of hybrid stars
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