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Introduction



Astrophysics and Equation of State

e essential ingredient in astrophysical
model calculations:

Equation(s) of State of dense matter
= dynamical evolution of core-collapse
supernovae, neutron star mergers

= static properties of neutron stars
=> conditions for nucleosynthesis
= energetics, chemical composition, =TS

| Optical: NASA/ESA/J.Hester & A.Loll (ASU
transport propertles’ T Infrared: NASA//JPL—/CaItech/R.Gehrz (L(Jniv. )Minn.)

NASA/ESA/R.Sankrit & W.Blair (Johns Hopkins Univ.)
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| Optical: NASA/ESA/J.Hester & A.Loll (ASU
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e timescale of reactions <
timescale of system evolution
= equilibrium (thermal, chemical, . . .)
= application of EoS reasonable
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Astrophysics and Equation of State

e essential ingredient in astrophysical
model calculations: _ _
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timescale of system evolution
= equilibrium (thermal, chemical, . . .)
= application of EoS reasonable
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e wide range of thermodynamic variables 107 10° 107 10° 10° 107 107 107 107 10°Y

Baryon density, n, [fm 3] ©
(temperature, density, isospin asymmetry)
= global, multi-purpose EoS required

T. Fischer, Uniwersytet Wroctawski
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Theoretical Approaches

e hadronic 'ab-initio’ methods with realistic interactions
o interactions: potential models, meson-exchange, chiral forces, RG evolved
(Argonne, Urbana, Tucson-Melbourne, Nijmegen, Paris, Bonn, . . . )
= two-body NN interaction (in vacuum) well constrained by experiment,
three-body forces less, large uncertainties for YN, YY, etc.
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Theoretical Approaches

e hadronic 'ab-initio’ methods with realistic interactions
o interactions: potential models, meson-exchange, chiral forces, RG evolved
(Argonne, Urbana, Tucson-Melbourne, Nijmegen, Paris, Bonn, . . . )
= two-body NN interaction (in vacuum) well constrained by experiment,

three-body forces less, large uncertainties for YN, YY, etc.
o many-body methods: (D)BHF, SCGF, CBF, VMC, GFMC, AFDMC, EFT, . ..

e QCD-based/inspired descriptions
o Lattice QCD, pQCD, DS, (P)NJL, bag models, . . .

= methods not always applicable (methodological /technical limitations)
= many EoS for neutron matter & neutron star matter, but

no global EoS for astrophysical applications available from these approaches

only phenomenological models for global EoS at present
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EoS for Astrophysical Applications

e constituents: mostly considered are
nucleons, nuclei (light/heavy/representative), leptons, photons, . . .
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EoS for Astrophysical Applications

e constituents: mostly considered are
nucleons, nuclei (light/heavy/representative), leptons, photons, . . .

e models: often combination of different approaches
(Skyrme/Gogny/relativistic mean-field models, NSE, virial EoS,
density functionals, classical/quantum molecular dynamics, . . . )

e global EoS used in astrophysical simulations:
o H&W W. Hillebrandt, K. Nomoto, R.G. Wolff, A&A 133 (1984) 175
o LS180/220/375 J.M. Lattimer, F.D. Swesty, NPA 535 (1991) 331
o STOS (TM1) H. Shen, H. Toki, K. Oyamatsu, K. Sumiyoshi,
NPA 637 (1998) 435, PTP 100 (1998) 1013
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EoS for Astrophysical Applications

e constituents: mostly considered are
nucleons, nuclei (light/heavy/representative), leptons, photons, . . .

e models: often combination of different approaches
(Skyrme/Gogny/relativistic mean-field models, NSE, virial EoS,
density functionals, classical/quantum molecular dynamics, . . . )

e global EoS used in astrophysical simulations:

o H&W W. Hillebrandt, K. Nomoto, R.G. Wolff, A&A 133 (1984) 175

o LS180/220/375 J.M. Lattimer, F.D. Swesty, NPA 535 (1991) 331

o STOS (TM1) H. Shen, H. Toki, K. Oyamatsu, K. Sumiyoshi,
NPA 637 (1998) 435, PTP 100 (1998) 1013

o HS (TM1,TMA,FSUgold,NL3,DD2,IUFSU) M. Hempel, J. Schaffner-Bielich,
NPA 837 (2010) 210

o SHT (NL3) G. Shen, C.J. Horowitz, S. Teige,
PRC 82 (2010) 015806, 045802, PRC 83 (2011) 035802

o SHO (FSU1.7, FSU2.1) G. Shen, C.J. Horowitz, E. O'Connor, PRC 83 (2011) 065808

o SFHo/SFHx A.W. Steiner, M. Hempel, T. Fischer, ApJ 774 (2013) 17

o recently many more, also with additional degrees of freedom (hyperons, quarks)
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Correlations

e low densities (much below nuclear saturation density)
two-, three-, . . . many-body correlations due to short-range NN interaction
o modification of thermodynamic properties
o bound states appear as new particle species = change of chemical composition

EoS for Astrophysical Applications - 5 Stefan Typel



Correlations

e low densities (much below nuclear saturation density)

two-, three-, . . . many-body correlations due to short-range NN interaction
o modification of thermodynamic properties

o bound states appear as new particle species = change of chemical composition

e intermediate densities (around/above nuclear saturation density)
uniform neutron-proton matter

o mean-field effects dominate = quasiparticle picture

EoS for Astrophysical Applications - 5

Stefan Typel



Correlations

e low densities (much below nuclear saturation density)

two-, three-, . . . many-body correlations due to short-range NN interaction
o modification of thermodynamic properties

o bound states appear as new particle species = change of chemical composition

e intermediate densities (around/above nuclear saturation density)
uniform neutron-proton matter

o mean-field effects dominate = quasiparticle picture

e high densities (much above nuclear saturation density)
strange matter? quark matter? meson condensates?

EoS for Astrophysical Applications - 5 Stefan Typel



Correlations

e low densities (much below nuclear saturation density)
two-, three-, . . . many-body correlations due to short-range NN interaction
o modification of thermodynamic properties
o bound states appear as new particle species = change of chemical composition

e intermediate densities (around/above nuclear saturation density)
uniform neutron-proton matter
o mean-field effects dominate = quasiparticle picture

e high densities (much above nuclear saturation density)
strange matter? quark matter? meson condensates?

e at low temperatures
inhomogeneous matter
o nuclear matter: “liquid-gas’ phase transition
(no Coulomb interaction, no electrons, no charge neutrality)

o stellar matter: formation of lattice structures, clustering, “pasta phases”
(charge neutrality, interplay of surface effects, long-range Coulomb interaction, entropy)
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e from laboratory experiments
o properties of nuclei:
masses, charge/diffraction radii, surface properties, giant resonances, . . .
o characteristic nuclear matter parameters (mostly indirect):
saturation density, binding energy, compressibility, symmetry energy, . . .
o heavy-ion collisions (often by comparison to numerical simulations):
collective flow, particle yields (e.g. light nuclei, mesons), . . .
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masses, charge/diffraction radii, surface properties, giant resonances, . . .

o characteristic nuclear matter parameters (mostly indirect):
saturation density, binding energy, compressibility, symmetry energy, . . .
o heavy-ion collisions (often by comparison to numerical simulations):
collective flow, particle yields (e.g. light nuclei, mesons), . . .

e from calculations
o 'ab-initio’ theory:
EoS of neutron matter/symmetric nuclear matter, . . .
o virial EoS:
exact low-density limit at finite temperatures

Stefan Typel
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Constraints

e from laboratory experiments
o properties of nuclei:
masses, charge/diffraction radii, surface properties, giant resonances, . . .
o characteristic nuclear matter parameters (mostly indirect):
saturation density, binding energy, compressibility, symmetry energy, . . .
o heavy-ion collisions (often by comparison to numerical simulations):
collective flow, particle yields (e.g. light nuclei, mesons), . . .

e from calculations
o 'ab-initio’ theory:
EoS of neutron matter/symmetric nuclear matter, . . .
o virial EoS:
exact low-density limit at finite temperatures

e from astronomical observations
o properties of neutron stars:
masses, radii, rotation, cooling, . ..
o core-collapse supernovae:
explosion dynamics, neutrino signal, nucleosynthesis, . . .
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Generalized Relativistic Density Functional



Generalized Relativistic Density Functional |

e extension of relativistic mean-field (RMF) models DT
o basic constituents: nucleons (n,p), mesons s | N
(w, o, p), photons (), hyperons (optional) ;:15'_ ]

o minimal coupling of mesons/photons to nucleons & 105_\ ;

o density-dependent meson-nucleon couplings %g 3 =
— suggested by Dirac-Brueckner calculations § SV

of nuclear matter

o

0 0.1 0.2 0.3 04 0.5
vector density p [fm'a]
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Generalized Relativistic Density Functional |

e extension of relativistic mean-field (RMF) models 20—
o basic constituents: nucleons (n,p), mesons
(w, o, p), photons (), hyperons (optional)
o minimal coupling of mesons/photons to nucleons
o density-dependent meson-nucleon couplings
— suggested by Dirac-Brueckner calculations
of nuclear matter

=
2]
|
|

meson-nucleon coupling T (p)
|_\
2] o
L I LI / T VAR
|
o
L1 1 I L1 1 1 I LAl 1 1 L1 1 1

o

0 0.1 0.2 0.3 04 0.5
vector density p [fm'a]

e thermodynamically consistent formulation
= “rearrangement” contributions to self-energies and thermodynamic quantities
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e thermodynamically consistent formulation
= “rearrangement” contributions to self-energies and thermodynamic quantities

e specific features of relativistic description:
o novel saturation mechanism for nuclear matter (vector vs. scalar self-energies)
o spin-orbit interaction automatically included
o no superluminal speed of sound
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Generalized Relativistic Density Functional |

e extension of relativistic mean-field (RMF) models 20—
o basic constituents: nucleons (n,p), mesons
(w, o, p), photons (), hyperons (optional)
o minimal coupling of mesons/photons to nucleons
o density-dependent meson-nucleon couplings
— suggested by Dirac-Brueckner calculations
of nuclear matter

H
&)
|
|

meson-nucleon coupling T (p)
|_\
2] o
L I LI / T VAR
|
o
L1 1 I L1 1 1 I LAl 1 1 L1 1 1

o

0 0.1 0.2 0.3 04 0.5
vector density p [fm'a]

e thermodynamically consistent formulation
= “rearrangement” contributions to self-energies and thermodynamic quantities

e specific features of relativistic description:
o novel saturation mechanism for nuclear matter (vector vs. scalar self-energies)
o spin-orbit interaction automatically included
o no superluminal speed of sound

e phenomenological approach with 9 parameters
o determined from fit to properties of finite nuclei
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Properties of Nuclei

e used in the fit of the RMF parameters:
o binding energies, spin-orbit splittings

o properties of charge form factor (charge radius, diffraction radius, surface thickness)

AT T T T T T T T ]
— 3} underbound _
% L
= 2r o .
s ° 2
T 0 ©
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~ -1} —
gl o o
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DD: S. Typel, Phys. Rev. C 71 (2005) 064301
NL3: G. A. Lalazissis, J. Kdnig, P. Ring, Phys. Rev. C 55 (1997) 540
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Nuclear Matter Parameters

e energy per nucleon near saturation:

= ——M = —Dgat + 5T —
n

x3+ﬁ2<

(o]
o

energy per nucleon E/A [MeV]

L
J+—x+ ...

3

with © = (n — ngat) /Nsat, asymmetry S =1 —2Y,, and

)+

RMFDD2, T =0MeV

8 S 3
T T T

o
T

'2%.-

_ Yp=0.0 .
Y =01
p

_ Yp—0.2

o Yp:0.3

_ Yp:0.4 /|
_ Yp—0.5

| |

0.1 0.2 0.3
density n [fm'g]

0.4
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Nuclear Matter Parameters

e energy per nucleon near saturation:

E c K / L
CmB) =S m= Byt a3 (g )+
(. 0) =5 —m TR T L ( LERRE

with © = (n — ngat) /Nsat, asymmetry S =1 —2Y,, and

RMF DD2, T =0 MeV
e nuclear matter parameters .

| ! | |
- - 80_ = ]
O Mgeat Saturation density 3 — Y700
. . % — Yp—O.l
o Bgat bulk binding energy = 60 |— Yp=02
Y =03
- - - - < p
o K incompressibility T ol | YeT04 /
S — Y, =05
o K’ skewness 3
g 20+ —
o J bulk symmetry energy S
5
o L slope of symmetry energy 5 0K T
DD2: Typel et al., Phys. Rev. C 81 (2010) 015803 ! |
. lypel et al., YsS. ev. , _2% 1 1 1 1
.0 0.1 0.2 0.3 0.4
refit of DD with experimental nucleon masses density n [fm'g]

EoS for Astrophysical Applications - 9 Stefan Typel



Nuclear Matter Parameters

e energy per nucleon near saturation:

&5
8

K., K L
CmB) =S —m= Byt a3 (I )+
(. 0) =5 —m TR o L ( LERRE

with © = (n — ngat)/Nsat, asymmetry S =1 —2Y,, and

RMFDD2, T=0MeV
e nuclear matter parameters : :

| | |
. . 80 = .
0 Ngat = Size of nuclei — Y,=00
%‘ - — Yp:O.l -
©) Bsat, J — CLS i E 60 - Yp:o'2
. . . Y =03
general trend of binding energies < v —oa
. . | - p 7 _
cf. Bethe-Weizsacker mass formula s 40 _ v, =05
©
. -}
o K, K' = giant resonances, = ok _
. . . o
ratio surface tension /surface thickness 3
. . 5 oK .
o L. = neutron skin thickness
\
DD2: Typel et al., Phys. Rev. C 81 (2010) 015803, 01T oz o3 " o4
refit of DD with experimental nucleon masses density n [fm-gl
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Constraints on Symmetry Energy

density dependence of symmetry energy F;(n) in nuclear matter
%(n,ﬁ) = Ey(n) + E,(n)B* + ... n = n, + n, B=(nn,—mny)/n
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Constraints on Symmetry Energy

density dependence of symmetry energy F;(n) in nuclear matter
%(n,ﬁ) = Ey(n) + E,(n)B* + ... n = n, + n, B=(nn,—mny)/n

e symmetry energy at saturation J = E,(ns.) © slope coefficient L = 3nLE,

N=Ngat
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Constraints on Symmetry Energy

density dependence of symmetry energy F (n) in nuclear matter
R(n, B) = Eo(n) + Ey(n)B* + . ..

e symmetry energy at saturation J = E,(nga:)

n = mn,+ n,

e slope coefficient L = 3nLE,

B = (nn—mnyp)/n

N=Ngat

e many efforts to determine J = 5, and L experimentally

X Lagrangian and
Q. Montecarlo
Neutron-Star
Observations

p & O scattering
charge ex.

Antiprotonic
Atoms

Nuclear
Model Fit

Heavy lon
Collisions

Giant
Resonances

N-A scattering
Charge Ex. Reactions
Energy Levels

Parity Violating
e-scattering

' I ' I
eutron Matter

eutron Star Data

Empirical

n—p Emission Ratio

Dipole Polarizability

20

40

60 80
L (MeV)

100

(X. Vifas et al., EPJA 50 (2014) 27)
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120

Hebeler ef al. PRL105 (2010) 161102
and Gandolfi ef al. PRC85 (2012) 032801 (R)

Steiner ez al. Astrophys. J. 722 (2010) 33
Lie-Wen Chen ef al. PRC 82 (2010) 024321
Centelles ez al. PRL 102 (2009) 122502

Warda et al. PRC 80 (2009) 024316
Méller et al. PRL 108 (2012) 052501

Danielewicz NPA 727 (2003) 233
Agrawal et al. PRL109 (2012) 262501
Famiano ef al. PRL 97 (2006) 052701
Tsang et al. PRL 103 (2009) 122701

Roca-Maza et al. PRC 87 (2013) 034301
Roca-Maza et al. PRC (2013), in press
Trippa et al. PRC 77 (2008) 061304(R)
Klimkiewicz ef al. PRC 76 (2007) 051603(R)
Carbone et al. PRC 81 (2010) 041301(R)
Xu et al. PRC 82 (2010) 054607

PREX Collab. PRL 108 112502 (2012)

L (MeV)

26 28 30 32 34
S, (MeV)

(J.M. Lattimer, A.W. Steiner, EPJA 50 (2014) 40)



Constraints on Symmetry Energy

density dependence of symmetry energy F;(n) in nuclear matter

2

L(n,B) = Ey(n) + Es(n)B* + . .. n = n, + n, B=(nn—mnp)/n
e symmetry energy at saturation J = E,(ns.) © slope coefficient L = 3nLE, —
e many efforts to determine J = S, and L experimentally

16_ 1 ' T T 1 '] H FT ™17 "1 771 ] 010 1 1701
— 14F : o J= 4 = T g
E 1.2-_ | BL7+-32)Mev 2 0.08+ .
3 101 1 goosf |
S osp 1 & |
2 06 4 2004r |
3 o4l 1 3 7 ;
S L ] goo2f : ' ]
= 0ol 4 &8 | l

0. %- e — zwlr‘uh‘\\\ﬂ\\\‘;\___ ] ) —— = == A s ‘

0 22 24 26 28 30 32 34 36 38 40 42 44 0 10 20 30 40 50 60 70 80 90 100 110120
symmetry energy at saturation J [MeV] symmetry energy slope coefficient L [MeV]

(M. Oertel, M. Hempel, T. Klahn, S. Typel, in preparation)
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Symmetry Energy and Neutron Skins of Nuclei

0.4 T T
e correlation: neutron skin thickness
_Q_ .2\1/2 2\1/2 0a -
ATnp =5 = <Tn> /2 — <Tp> / £ A o -
2
& derivative of neutron matter EoS 2 oz - o .
B.A. Brown, PRL 85 (2000) 5296 ® e
S. Typel and B. A. Brown, PRC 64 (2001) 027302 o [ e v .
”
0.0 ] | | ] |
-50 0 50 100 150 200 250

derivative of neutron EOS
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Symmetry Energy and Neutron Skins of Nuclei

0.4 I T
e correlation: neutron skin thickness
Q_ .2\1/2 2\ 1/2 03 =
Arnp =5 = <Tn> /2 — <Tp> / g I of |
&< derivative of neutron matter EoS £ oz - o .
B.A. Brown, PRL 85 (2000) 5296 ® e
S. Typel and B. A. Brown, PRC 64 (2001) 027302 o [ e -y -
& symmetry energy slope parameter L -
| | | | |
00 -50 0 50 100 150 200 250

derivative of neutron EOS
| ' ) N T
[ —— Linear Fit, »=0.979
O Skyrme, Gogny

- | T
0 50 100 150
L (MeV)

(X. Vifas et al., Eur. Phys. J. A50 (2014) 27)
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Symmetry Energy and Neutron Skins of Nuclei

0.4 I T
e correlation: neutron skin thickness
Q_ .2\1/2 2\ 1/2 03 =
Arnp — S — <Tn> / - <Tp> / g{ i Dl? 4
&< derivative of neutron matter EoS £ oz - o .
B.A. Brown, PRL 85 (2000) 5296 ® e
S. Typel and B. A. Brown, PRC 64 (2001) 027302 o [ e -y -
& symmetry energy slope parameter L -
0.0 | | | | |
. . -50 0 50 100 150 200 250
e determine L from experimental dervaive of neuron EOS
_—
measurement of Ary, L Linear Fit, r=0.979 2

O Skyrme, Gogny

o parity violation in electron scattering 0.3F
PREX@Jefferson Lab, C.J. Horowitz et al., [ ]
PRC 63 (2001) 025501, PRC 85 (2012) 032501 £ 0.25} -
o coherent pion photoproduction vm i ]
MAMI@Mainz, C. Tarbert et al., PRL 112 (2014) 242502 & 02f -
0.15 -
- A N

01y 50 100 150

L (MeV)
(X. Vifas et al., Eur. Phys. J. A50 (2014) 27)
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Symmetry Energy and Neutron Skins of Nuclei

0.4 I T

e correlation: neutron skin thickness

Arny =8 = (1)1 — (1)1 di o

& derivative of neutron matter EoS
B.A. Brown, PRL 85 (2000) 5296
S. Typel and B. A. Brown, PRC 64 (2001) 027302 01 o -

& symmetry energy slope parameter L -

0.0

S (fm) for 298pp
(=)
N
T
[m]
[ 3
|

-50 0 50 100 150 200 250

e determine L from experimental dervaive of neuron EOS

measurement of Ary, [ Linear Fit, = 0.979 %
O Skyrme, Gogny

o parity violation in electron scattering 03F
PREX®@Jefferson Lab, C.J. Horowitz et al.,
PRC 63 (2001) 025501, PRC 85 (2012) 032501 £ 0.25}

o coherent pion photoproduction |
MAMI@Mainz, C. Tarbert et al., PRL 112 (2014) 242502 g 02f

e correlation based on mean-field models, o5t
low densities at nuclear surface '

= effects of correlations? 0|
L (MeV)

(X. Vifas et al., Eur. Phys. J. A50 (2014) 27)

(see S. Typel, PRC 89 (2014) 064321)
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Nuclear Matter Parameters ||

V7 7
e density-dependent meson-nucleon couplings _
. . . . . . 3 20
with parametrization DD2 (refit of parametrization 2t
. . < -
DD with experimental nucleon masses) D 10f
§
S. Typel et al., Phys. Rev. C 81 (2010) 015803 ; 0: p——
F — DD2

e neutron matter EoS consistent with limits S o ;

Of Ch|ra| EFT(N3LO) Ca|CU|atI0nS Esymmetricnuclearmatter 1

|. Tews et al., PRL 110 (2013) 032504, T. Kriiger et al., PRC 88 (2013) 025802 oo dsy
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Nuclear Matter Parameters ||

V7 7
e density-dependent meson-nucleon couplings N
. . . . . . 3 20
with parametrization DD2 (refit of parametrization 2t
. . < L
DD with experimental nucleon masses) D 10f
§
S. Typel et al., Phys. Rev. C 81 (2010) 015803 ; 0: p——
F — DD2
e neutron matter EoS consistent with limits S o ;
Of Ch|ra| EFT(N3LO) Ca|CU|atI0nS Esymmetricnuclearmatter ]
|. Tews et al., PRL 110 (2013) 032504, T. Kriiger et al., PRC 88 (2013) 025802 oo dsy
p [10"* gem?]
0 1 2 3 4 5
45 T T T T T T 7 7 —
Chiral EFT N°LO AN
40 |---- DD2 Ly Ve
TN A/ e
B A Y /// g
o A
éc 25 _'-—_— |FUS|=UsgL(J)Id //l //// 4 P /'/ ’/'_
£ 200 Lo S ]
Z  [-— QB139as07 /’f//,»'/ S 1
o 15 - G T .
I 2 -
0F g L .
////j/?/"??
5 —/);_;/:«‘:/// .

O L L L L L
0.0 0.05 0.1 0.15 0.2 0.25 0.3

n ffm_3'|

T. Fischer et al., EPJA 50 (2014) 46
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Nuclear Matter Parameters ||

V7 7
e density-dependent meson-nucleon couplings N
. . . . . . > 20
with parametrization DD2 (refit of parametrization 2t
. . < -
DD with experimental nucleon masses) D 10f
8 I
S. Typel et al., Phys. Rev. C 81 (2010) 015803 X, e
= = = = > f — DDz
e neutron matter EoS consistent with limits 5 ol ;
Of Ch|ra| EFT(N3LO) Ca|CU|atI0nS Esymmetricnuclearmatter 1
R T B B R
|. Tews et al., PRL 110 (2013) 032504, T. Kriiger et al., PRC 88 (2013) 025802 Yo "00s dsy
120 17T 71T 71T 71T ™1 UI L p [1014 g Cm-3]
450 1 2 3 4 5
100 | N 3 IChiraIIIEFTNéLO I I I /I/'/' I/, I;,'l'/l
O ] 40 --- DD2 A
| —— NL3 / s
80 - 35 - - TM1 Y ST A
— ] o L — TMA A //,".'/ .
S | | gl S
\2, 60 gkllsj S 25 __-_—_ rUsFuSgchald // //// 7 . P ’//__
- ' T™M1 EC 20 L tg;gg /// /x/—:}/ s /// i
40 O TMA pa [ ——- QB139ag0.7 //»'/ _ -~ // ]
4 DD2 w 15 {/%/ -7 .
L] * FSUgold 10l P ///,?7 ,,,,, - ]
20 + A IUFSU [ o AT
A SFHo 5| T i
O | I I I B .SFHX O / g’-’ | L 1 1 1
26 28 30 32 34 36 38 40 0.0 0.05 0.1 0.15 0.2 0.25 0.3
J (MeV) n Ifm>1

T. Fischer et al., EPJA 50 (2014) 46
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Nuclear Matter Parameters ||

V7 7
e density-dependent meson-nucleon couplings N
. . . . . . 3 20
with parametrization DD2 (refit of parametrization 2t
. . < -
DD with experimental nucleon masses) D 10f
8 [
S. Typel et al., Phys. Rev. C 81 (2010) 015803 ;; 0: —
F — DD2
e neutron matter EoS consistent with limits S o ;
Of Ch|ra| EFT(N3LO) Ca|CU|atI0nS Esymmetricnuclearmatter 1
|. Tews et al., PRL 110 (2013) 032504, T. Kriiger et al., PRC 88 (2013) 025802 K dsy
([ ) DD2 120 77171 O 1 P [1014gcm'3]
very reasonable 100 L | w3 . ‘,‘/, _°
F Chiral EFT N'LO g
nuclear matter - o ! 40 - oo2 VA
50 o ey
parameters — O e ST i YA e
> < 30 L— SFHo / / / 7/ 4
()] * H&W % | — - SFHx // // e 7
_3 S 60 aLs = 51— rUSFLg;l(J)Id / //‘;,; 7 /,//,/_
Ngat — 0.149 fm ] i O$Il\_/|31 £ oo [ LS80 //’///;'7’ Ay
0 B LS220 S g - // ‘_
ay = 1602 I\/IeV 40 2;\59 5 15 [~ Q8130007 /;2// e - ]
r L /-%'.;2'- . ///// ]
K = 242.7 MeV - -_
A - //"':’-' = .
J = 31.67 MeV ' o o S == _
O !l 5 ) 0 s 1 L 1 L 1 L 1 L 1 L
L = 55.04 MeV 26 28 30 32 34 36 38 40 00 005 01 015 02 025 03
J (MeV) n Ifm>1

T. Fischer et al., EPJA 50 (2014) 46
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Generalized Relativistic Density Functional ||

stellar matter

e strong and electromagnetic interaction
= hadrons and leptons

e specific condition: charge neutrality
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Generalized Relativistic Density Functional ||

stellar matter

e strong and electromagnetic interaction
= hadrons and leptons

e specific condition: charge neutrality

e additional hadronic degrees of freedom:

o light nuclei (*H, 3H, 3He, *He)
o heavy nuclei (A > 4), full table
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Generalized Relativistic Density Functional ||

stellar matter
e strong and electromagnetic interaction
= hadrons and leptons
e specific condition: charge neutrality
e additional hadronic degrees of freedom:
o light nuclei (*H, 3H, 3He, *He)
o heavy nuclei (A > 4), full table
o experimental binding energies: AME 2012

(M. Wang et al., Chinese Phys. 36 (2012) 1603)

o extension: DZ10 predictions
(J. Duflo, A.P. Zuker, Phys. Rev. C 52 (1995) R23)

140

120

100

o0}
o

proton number Z
(o)
o

B
(@)

(=]

= DZ modified
= DZorigina
= AME 2012

N
o
T
in

neutron number N

= shell effects included, not only average heavy nucleus
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Generalized Relativistic Density Functional ||

stellar matter 140
e strong and electromagnetic interaction ol -
= hadrons and leptons N -
e specific condition: charge neutrality S .
e additional hadronic degrees of freedom: g or i
o light nuclei (*H, 3H, 3He, *He) 5 °r :
o heavy nuclei (A > 4), full table 5 Or| + DZmodfied]
o experimental binding energies: AME 2012 20 |pEee"— - AME2012
(M. Wang et al., Chinese Phys. 36 (2012) 1603) o N N P

. . 0O 20 40 60 80 100 120 140 160 180 200
o extension: DZ10 predictions neutron number N

(J. Duflo, A.P. Zuker, Phys. Rev. C 52 (1995) R23)
= shell effects included, not only average heavy nucleus
o considered as quasi-particles with scalar and vector potentials
o additional medium modifications of composite particles
(mass shifts, internal excitations) = dissolution of nuclei, Mott effect
o NN scattering correlations included = correct low-density limit, virial EoS

Details: S. Typel et al., Phys. Rev. C 81 (2010) 015803, Eur. Phys. J. A 50 (2014) 17,
M.D. Voskresenskaya and S. Typel, Nucl. Phys. A 887 (2012) 42, M. Hempel et al., Phys. Rev. C 91 (2015) 045805
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Low-Density Limit |

e comparison of generalized relativistic density functional
with virial Equation of State
(model-independent benchmark, depends only on experimental data)
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Low-Density Limit |

e comparison of generalized relativistic density functional
with virial Equation of State

(model-independent benchmark, depends only on experimental data)
e only two-body correlations relevant at lowest densities

e fugacity expansion of grandcanonical thermodynamic potential €2

= consistency relations with virial coefficients and
zero-density meson-nucleon couplings C; =T'?/m? (i = w, o, p, §)
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Low-Density Limit |

e comparison of generalized relativistic density functional
with virial Equation of State
(model-independent benchmark, depends only on experimental data)

e only two-body correlations relevant at lowest densities

e fugacity expansion of grandcanonical thermodynamic potential €2

= consistency relations with virial coefficients and
zero-density meson-nucleon couplings C; =T'?/m? (i = w, o, p, §)

= conventional mean-field models don't reproduce effect of correlations
at very-low densities

= Introduce continuum correlations,

represented by effective resonance energies E;;(T) (¢,5 = n,p)
with effective degeneracy factors ggfﬁ)(T)
= relativistic corrections

(M.D. Voskresenskaya and S. Typel, Nucl. Phys. A 887 (2012) 42)
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Low-Density Limit |l

comparison: p/n in different models for neutron matter (ideal gas: p/n =1T)

4-1_""I""I""I""I""_ 10-1_ — 1 1 1 T 1
! - T =10 MeV
10.0f m, .
N ‘\
— < b, -
% % 9.9_—‘\'-\'\\
2 2 | ~N .’\\
[T— [ E— B \_. .
c c o8f Viria 1
Or |=— I "N
fel Fol - |- - RMF
- , . - |- gRMF e
|-+ STOS S |- - STOS
37t | 2y S 0T |- 2 N
- |- LS220 ] - [~ LS220
3.6- PR R T N R N T N [ R T NN M TN T W NN RN N N 9.6- L | L | L | L | L -
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
n [fm'g] n [fm'a]

STOS: H. Shen et al., Nucl. Phys. A 637 (1998) 435 (TM1)
SH: G. Shen et al., Phys. Rev. C 83 (2011) 065808 (FSUGold)
LS 220: J.M. Lattimer et al., Nucl. Phys. A 535 (1991) 331 (K = 220 MeV)

Stefan Typel
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Mass Shifts |

e concept applies to composite particles: clusters
o light and heavy nuclei
o nucleon-nucleon continuum correlations
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Mass Shifts |

e concept applies to composite particles: clusters
o light and heavy nuclei
o nucleon-nucleon continuum correlations

e two major contributions to mass shifts

Amz‘ _ AEi(strong) —I—AEZ-(COM)

EoS for Astrophysical Applications - 16 Stefan Typel



Mass Shifts |

e concept applies to composite particles: clusters
o light and heavy nuclei
o nucleon-nucleon continuum correlations

e two major contributions to mass shifts

Ami _ AEi(strong) —I—AEZ.(COM)

e strong shift AEi(Strong)
o effects of strong interaction
o Pauli exclusion principle: blocking of states in the medium
= reduction of binding energies
= dissolution at high densities: Mott effect
= replaces traditional approach: excluded-volume mechanism
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Mass Shifts |

e concept applies to composite particles: clusters
o light and heavy nuclei
o nucleon-nucleon continuum correlations

e two major contributions to mass shifts

Ami _ AEi(strong) +AE§COU1)

e strong shift AEi(Strong)
o effects of strong interaction
o Pauli exclusion principle: blocking of states in the medium
= reduction of binding energies
= dissolution at high densities: Mott effect
= replaces traditional approach: excluded-volume mechanism

o electromagnetic shift AE “*" (in stellar matter)
o electron screening of Coulomb field
= increase of binding energies
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Mass Shifts ||

e light nuclei: parametrization

. ) effective binding energies B@(eﬁ") = B,L(O) — Amgstrong)
from G. Ropke, simplified and modified

. - - 3 1 1 1 1 10 1 1
for high densities and temperatures - ror e r
—_— T=0MeV 8 —
. — 2 —— T=5MeV _ — .
e NN scattering states: as for deuteron 3 o Teowel ] 3 6 -
S = ev s |
=1 4 = 4 -
g | L H
m° OR =% = - — — — — — ] o _
| ] OF-{-x----—
- 1 1 1 I 1 _2 1 1 1 I 1 ]
0 0005 001 0.015 0.02 0 0005 0.01 0.015 0.02
n, [fm'3] n, [fm'a]
10 1 1 I 1 | 30 1 I 1 I 1 I 1 i
8 - 25 —
3 6 4 3¢ g
E 4 3 7] E 15 1
He =1 _ B ]
s, 1 £.%F -
o 1 o 5S¢ ]
OFt-%Yv—~x—-———-—-— ob---A-- —
2 T A sl | |
0 0005 001 0.015 0.02 0 0005 0.01 0.015 0.02
n, [fm'a] n, [fm'a]
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Mass Shifts ||

e light nuclei: parametrization
from G. Ropke, simplified and modified

for high densities and temperatures 10
e NN scattering states: as for deuteron |
e heavy nuclei: simple parametrization B S e |
e general form: Am(Strong) fiBi(O) with S
2 _
vacuum binding energy Bz.(o) and shift function =, ]
x if =<1 <
— ® AME2012
f'i - (:U 1) (y 1) if x>1landzx < E 4r ®  n=0005fm"> N
3(y—=x) Y ® -0010fm>
® n=0015fm°| |
,teff) - ) 7 ® n=0020fm*
light nuclei: = = —F/t—~—, = ——5al _.’;’;’ _ © n=0025fm°| "
",Edlss) (T) (dlss) (T) ,5-:,: T = 0 MeV ® -0030fm’
B ® n=0035fm°| |
n(eﬁ) O 1 ] 1 ] 1 ] 1 ] 1 ] 1
heavy nuclei: = = z—y, y=3+ % 0 50 100 150 200 250 300

effective density: nz(eff) QZ Yg+N;(1- Yq)

Z;+N;
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Constraint from Heavy-lon Collisions

emission of light nuclei in heavy-ion
collisions at Fermi energies

e determination of density and temperature
S. Kowalski et al. PRC 75 (2007) 014601

J. Natowitz et al. PRL 104 (2010) 202501
R. Wada et al. PRC 85 (2012) 064618
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Constraint from Heavy-lon Collisions

emission of light nuclei in heavy-ion
collisions at Fermi energies

e determination of density and temperature
S. Kowalski et al. PRC 75 (2007) 014601

J. Natowitz et al. PRL 104 (2010) 202501
R. Wada et al. PRC 85 (2012) 064618

= thermodynamic conditions as in
neutrinosphere of cc supernovae
(“femtonovae”)
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Constraint from Heavy-lon Collisions

emission of light nuclei in heavy-ion chemical equilibrium constants of « particles
collisions at Fermi energies from M. Hempel et al., PRC 91 (2015) 045805
e determination of density and temperature 101

+ Exp.(Qinetal 2012)

S. Kowalski et al. PRC 75 (2007) 014601 — ideal gas
J. Natowitz et al. PRL 104 (2010) 202501 10%° F N gﬁﬂ?ﬁgggfiﬁjﬂ
R. Wada et al. PRC 85 (2012) 064618 = 18220, HIC mod., cor. B,
. . . . 9 O STOS, HIC mod.
= thermodynamic conditions as in 10° T = SHT(NL3) .
. o SHO(FSU2.1)
neutrinosphere of cc supernovae . o gROF
(“femtonovae”) .,g 10
S
. . Lpe 7 )
e particle yields = S, 107 |
chemical equilibrium constants X
10° .
K. i) = nz/(nz nVi) .
10° ) .
L. Qin et al., PRL 108 (2012) 172701 -"1‘ 0g
[m}
10* | e ‘
4 5 6 7 8 9 10 11 12 13 14
T (MeV)
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Constraint from Heavy-lon Collisions

emission of light nuclei in heavy-ion chemical equilibrium constants of « particles
collisions at Fermi energies from M. Hempel et al., PRC 91 (2015) 045805
e determination of density and temperature . N ——
S. Kowalski et al. PRC 75 (2007) 014601 ¥ e el 2012)
J. Natowitz et al. PRL 104 (2010) 202501 10%° | N gﬁﬁﬁ)‘)ﬁg gg’c§é£g4
R. Wada et al. PRC 85 (2012) 064618 = L5220, HIC mod.,, cor. B,
. o . 9 O STOS, HIC mod.
= thermodynamic conditions as in 10° | = SHT(NL3) i
_ o SHO(FSU2.1)
neutrinosphere of cc supernovae .l { 9ROF _
bt n E 10
(“femtonovae”) =
S
e particle yields = S, 10" f 1
chemical equilibrium constants X
10° T .
K.[i] = n;/(nJin,") i
10° | . i
L. Qin et al., PRL 108 (2012) 172701 -"1‘ 0g
. . .. p_ U
= mixture of ideal gases/NSE description 10% t "y .
not sufficient 4 5 6 7 8 9 10 11 12 13 14
= medium effects/correlations important T (MeV)
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Equation of State Table

range of variables

e temperature: 0.1 MeV < T <100 MeV = 76 mesh points

e baryon density: 10710 fm™3 < ny, <1 fm™2 = 251 mesh points
e hadronic charge fraction: 0.01 <Y, < 0.60 = 60 mesh points
= in total 1144560 mesh points
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Equation of State Table

range of variables

e temperature: 0.1 MeV < T <100 MeV = 76 mesh points

e baryon density: 10710 fm™3 < ny, <1 fm™2 = 251 mesh points
e hadronic charge fraction: 0.01 <Y, < 0.60 = 60 mesh points
= in total 1144560 mesh points

information on

e thermodynamic properties (pressure, entropy, energies, chemical potentials)
e chemical composition (nucleons, leptons, light and heavy clusters)
e microscopic quantities (mean-field potentials)
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Equation of State Table

range of variables

e temperature: 0.1 MeV < T <100 MeV = 76 mesh points

e baryon density: 10710 fm™3 < ny, <1 fm™2 = 251 mesh points
e hadronic charge fraction: 0.01 <Y, < 0.60 = 60 mesh points
= in total 1144560 mesh points

information on

e thermodynamic properties (pressure, entropy, energies, chemical potentials)
e chemical composition (nucleons, leptons, light and heavy clusters)
e microscopic quantities (mean-field potentials)

availability

e data tables will be released on CompOSE website
(http://compose.obspm.fr)
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Neutron Star Matter |

conditions: charge neutrality and (5 equilibrium
e hadronic charge fraction Y, = Z#e,ﬂ Qin; /1y

0.6

3 equilibrium
0.5

q

04

0.3

| — T=0.1000Mev

0.2

hadronic charge fraction Y

0.1

0.0
10 10° 10® 107 10° 10° 10* 10° 10% 10" 10°

baryon density n, [fm'a]
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Neutron Star Matter |

conditions: charge neutrality and (5 equilibrium
e hadronic charge fraction Y, = Zi#e# Qin; /1y

0.6
3 equilibrium
- i
>_ =
C —
O
ey -
§:_§ i
Y -
Q
@ —
o) L | — T=0.1000 MeV §
S L | — T=0.1585MeV
o | | — T=0.2512MeV
o — T=06310MeV
g " | — T =1.000MeV
= - | — T=1585MeV
- | — T=2512MeV
0.1F | — T=3981MeV
L | — T=6.310MeV
| | — T=10.00MeV

10 10° 10® 107 10° 10° 10* 10° 10% 10" 10°

baryon density n, [fm'a]
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Neutron Star Matter |

conditions: charge neutrality and (5 equilibrium
e hadronic charge fraction Y, = Zi#e# Qin; /1y

b ciorum e
— | 0.10<Y:<0.15 Yq |
. = 015<Y,<020
>.c- - B = 020<Y <025 T
- = m 025<Y_<030 -
c 3 .1 o L A
o ] 10| = 030<y <035 B N -
@ - . 0d0<Yv, <045 B 2 S
© 1 F . 0d5<Y, <050 AR e
. < < _ _ -
o - | —— I=01000Mev T % 3221“3?3 o .
S L | — T=0.1585MeV ® ' il 2 I
(&) | | —— T=0.2512 MeV a} F rEm. 2209092
c | | —— T=0.3981MeV o 0 e =
S 02| rt-o6310mev & 10 s B
- | — T =1.000 MeV o - I -
g - | —— T =1585MeV - :
- | — T=2512Mev N
0.1 | — T=3981Mev B
L | — T=6310Mev | N\ o/ 4 eSS ! - s
. | — T =10.00 MeV e = -
i . Ny — N =
0.0 |“"“‘ ||||||‘ ||||||I‘ ||||IIJ ||||||I‘ ||||IIJ ||||||‘ ||||IIJ ||||||‘ |||||IIH 10- BRI R BRI R T e | 8l BEl. Ll i
- - - - - - ) - 3 - 10 ,.9 .8 . T .6 . - i 3, 2 - 0
10%° 10° 10® 107 10° 10° 10* 10° 10° 10" 10° 107 10® 10° 107 10° 10° 10” 10° 10° 10" 10
baryon density n, [fm'a] baryon density n, [fm™]
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Neutron Star Matter ||

conditions: charge neutrality and (5 equilibrium

® pressure
101 101 T I T I T I T I 1 I T I T I T
0
10 . . i
1 Bequilibrium 10° B equilibrium =zd
10
10

’’’’’

o o T---Ill--IZ
£ ' D
= £ 10
3 3
= T =0.1000 MeV 2. 10°
e =0 [S) —_ _
o — T=01585MeV o — Lg-igmg
—— T=02512MeV 4 -
<& 10 —— T=02512MeV
= —— T=03981MeV )
— T=06310MeV 5 —— T=0.3981MeV
 t-q 5 — T=06310MeV
T = 1.000 MeV 10 ’ i - 0631
a —— T=1585MeV D T —— T=1.000MeV
— T=2512MeV o S —— T=158MeV
— T=398LMeV ¥ ISPy — T=2512MeV
— T=6310MeV 10 ey — T=3981MeV
—— T=1000MeV e — T=6.310MeV
107 R —— T=1000 MeV
e
0™ 10° 10° 107 10° 10° 10° 10° 10° 10° 10° T T
) -20 -15 -10 -5 0 5 10 15 20
baryon density n,_ [fm 3] baryon chemical potentia p -m_ [MeV]
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Neutron Star Matter |1l

conditions: charge neutrality and (5 equilibrium
e mass fractions of deuterons X; = 2n4/n; and « particles X, = 4ny/nyp

10° 10°F y
107 <X, <10" - L | & 10t<x <10 -
10° <X, <10° i [ | = 10%<x<10? i
= 10%<X <10’ - - 10°<x, <107 .
m 10°<x <10" ["= i L | = 10%<Xx<10° i
;. m 10°<X,<10° .;. B 10°<X <10
) 1 = 107<Xx,<10° _ D 1| = 10°<x<10° —
E 10 B 10°<X <10" . E 10 - |« 107< X, <10° .
[ 10'9<xi <10° = i C u 10-8<Xi <10” ]
= = 10<x <10° S . = - | o 10%<x <107 [ S 7
q) ................................ - GJ booood - ™ -
5 S5 Bl el e
-8 ] H el b
1 3
10— sl 1 £ WES S E
H gRDF(DD2) o — He gRDF(DD2) ]|
-1 10-1
10 10° 10® 107 10° 10° 10” 10° 10° 10" 10° 107 10° 10° 107 10° 10° 10" 10° 10° 10" 10°

baryon density n, [fm'ﬁ baryon density n, [fm'a]
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Neutron Star Matter IV

conditions: charge neutrality and (5 equilibrium
e mass fractions of tritons X; = 3n;/n; and helions X, = 3ny/ny

102 B e g = 102 B e e e e =) 1
10_2<Xi<10_1 JRNNEN : 10-2<Xi<10-1 N :
10° <X, <107 i 10° <X, <10? ]

= 10%<x;<10° 4 = 10%<x,<10° 4
| m 10°<X,<10" i | B 10°<X <10 |
.;. m 10°<X,<10° .;. m 10°<X <10°
D 1| = 10'<x<10° _ D 1| = 107<x<10° ]
= 10 F | & 10°<x <107 r . 1 = 10 E | & 10%<x <107 r .
: n 10'9<xi<10'5 - : : n 10'9<Xi<10'8  J :
~ ot R R -
9 o 7 9 s oo B T
- -
© - B J
g g
% 100 —: g 100: """" —:
i *H gRDF(DD2) ] *He gRDF(DD2)
10™ 10"
10™° 10° 10® 107 10° 10> 10” 10° 10 10" 10° 10™° 10° 10° 107 10° 10> 10” 10° 10° 10" 10°
baryon density n, [fm'ﬁ baryon density n, [fm'a]
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Neutron Star Matter V

conditions: charge neutrality and (5 equilibrium
e mass fractions of heavy nuclei X 4 = Xpeavy = Z(A 7),A>4 X(a,z)

11,

10— i -

A
o
©

[ equilibrium
0.8
0.7
0.6

0.5 | — T=0.1000 MeV

0.4
0.3

mass fraction of heavy nuclei X

0.2
0.1

0.0
10 10° 10® 107 10° 10° 10* 10° 10% 10" 10

baryon density n [fm'a]
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Neutron Star Matter V

conditions: charge neutrality and (5 equilibrium
e mass fractions of heavy nuclei X 4 = Xpeavy = Z(A 7),A>4 X(a,z)

1.1
10 _
><< 0.9 B equilibrium =
g 08 P -
g - ) K ',' ‘,’ ! -
1
c 07/ 1 0| —
- ! ! ! 1 1 i
1 " ,’ N I
50-6_." Pl -
c —’ 1 1 1 ! a
. R
© 0.5 |— T=01000Mev || —
5 - | — T=01585MeV |/ -
= 04K-|—— T=02512MeV || ]
o | | — T=03981MeV || |
o | | — T=06310MeV |i
0.3 | — T=1000Mev | —
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Neutron Star Matter V

conditions: charge neutrality and (5 equilibrium
e mass fractions of heavy nuclei X 4 = Xpeavy = Z(A 7),A>4 X(a,z)
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Neutron Star Matter VI

conditions: charge neutrality and (5 equilibrium
e average mass number of heavy nuclei A,, = (A) = Z(A,Z),A>4 AX(a,7)/ Xneavy
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Neutron Star Matter VI

conditions: charge neutrality and (5 equilibrium
e average mass number of heavy nuclei A,, = (A) = Z(A,Z),A>4 AX(a,7)/ Xneavy
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Neutron Star Matter VI

conditions: charge neutrality and 5 equilibrium
e average mass number of heavy nuclei A,, = (A) = Z(A,Z),A>4 AX(a,7)/ Xneavy
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Neutron Star Matter VII

conditions: charge neutrality and (5 equilibrium

e average neutron and proton numbers of heavy nuclei, (N) and (Z)
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Low- Temperature Limit

e gap in EoS tables between T'= 0 and T}, > 0

e phase transition from gas/liquid phase to solid phase

e correlations due to Coulomb interaction essential
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Low- Temperature Limit

e gap in EoS tables between T'= 0 and T}, > 0

e phase transition from gas/liquid phase to solid phase
e correlations due to Coulomb interaction essential
e |attice-periodic Coulomb potential in crystal

e Wigner-Seitz approximation not sufficient
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Low- Temperature Limit

e gap in EoS tables between T'= 0 and T}, > 0
e phase transition from gas/liquid phase to solid phase

e correlations due to Coulomb interaction essential

: C. C DD2 (preliminar
e lattice-periodic Coulomb potential in crystal (p y)

L] L] L] L] - L] ™~ I I I I I I I I I
e Wigner-Seitz approximation not sufficient i 5 et ]
equilibrium

e better: effective Coulomb contribution

3
from Monte Carlo simulation =)
(one-component plasma, OCP) B0
= phase transition for plasma parameter 0
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£

e improved description with model for crystal
(to be studied)
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Hyperon Puzzle

e high densities o Q= T, +(B+S)2
= large baryon chemical potentials oL
= heavy baryons appear (hyperons, . .. )
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Hyperon Puzzle

e high densities Q= T, +(B+S)12

SI
= large baryon chemical potentials oL
= heavy baryons appear (hyperons, . .. )
e extension of gRDF(DD2) model with hyperons 1
o couplings to mesons:
use SU(6) symmetry and 2l
potentials in nuclear matter at saturation L
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e high densities
= large baryon chemical potentials
= heavy baryons appear (hyperons, . .. )

e extension of gRDF(DD2) model with hyperons
o couplings to mesons:
use SU(6) symmetry and
potentials in nuclear matter at saturation
(Upy = —28 MeV, Uy, = 30 MeV, Uz = —18 MeV)
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Hyperon Puzzle

e high densities
= large baryon chemical potentials

= heavy baryons appear (hyperons, . . .
e extension of gRDF(DD2) model with hyperons

o couplings to mesons:
use SU(6) symmetry and

potentials in nuclear matter at saturation
—18 MeV)

(Up = —28 MeV, Us; = 30 MeV, Us
o softening of EoS

= maximum neutron star mass too low
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Hyperon Puzzle

e high densities
= large baryon chemical potentials
= heavy baryons appear (hyperons, . .. )

e extension of gRDF(DD2) model with hyperons
o couplings to mesons:
use SU(6) symmetry and
potentials in nuclear matter at saturation

(Upy = —28 MeV, Uy, = 30 MeV, Uz = —18 MeV)

o softening of EoS

= maximum neutron star mass too low
o introduce ¢ meson

= repulsive interaction

= increase of maximum star mass
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Hyperon Puzzle

e high densities
= large baryon chemical potentials
= heavy baryons appear (hyperons, . .. )

e extension of gRDF(DD2) model with hyperons
o couplings to mesons:
use SU(6) symmetry and
potentials in nuclear matter at saturation

(Upy = —28 MeV, Uy, = 30 MeV, Uz = —18 MeV)

o softening of EoS

= maximum neutron star mass too low
o introduce ¢ meson

= repulsive interaction

= increase of maximum star mass

e alternative solutions?
o transition to quark matter at low densities?
o...
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Optical Potential Constraint

e nucleon optical potential from p-A scattering i T— ]
— SN\ = e
(S. Hama et al., PRC 41 (1990) 2737, E. Cooper et al., PRC 47 (1993) 297) 15001 2- P2 )\ = 400MeV 7
3 o o |-- Fit2 T
o not reproduced at high energies with RMF models _ g
(similar for nonrelativistic mean-field models) 2w
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D1: original DD2
D2: Lorentzian energy dependence
D3: exponential energy dependence
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Optical Potential Constraint

e nucleon optical potential from p-A scattering
(S. Hama et al., PRC 41 (1990) 2737, E. Cooper et al., PRC 47 (1993) 297)
o not reproduced at high energies with RMF models
(similar for nonrelativistic mean-field models)

e extension of RMF approach with
higher-order derivative couplings
= density and energy/momentum dependent
self-energies (cf. Brueckner calculations)

e non-linear derivative coupling model
o three versions with reproduction
of DD2 saturation properties

EoS for Astrophysical Applications - 29

200

150

100

50

Uy, [MeV]

— D1

|— Fit1
-~ Fit2

I|— D2, A =500MeV
-- D2, A = 400MeV

-50¢#

-100

200

1501

100

Uy, [MeV]

e

1000

— D1

|— Fit1
-~ Fit2

|— D3, A =700MeV
-- D3, A = 600MeV

D1: original DD2
D2: Lorentzian energy dependence
D3: exponential energy dependence

400

600
E,gy MeV]

Stefan Typel




Optical Potential Constraint

e nucleon optical potential from p-A scattering
(S. Hama et al., PRC 41 (1990) 2737, E. Cooper et al., PRC 47 (1993) 297)
o not reproduced at high energies with RMF models
(similar for nonrelativistic mean-field models)

e extension of RMF approach with
higher-order derivative couplings
= density and energy/momentum dependent
self-energies (cf. Brueckner calculations)

e non-linear derivative coupling model
o three versions with reproduction
of DD2 saturation properties
o softening of EoS in D2/D3 models
o reduction of maximum masses of neutron stars
(S. Anti¢, S. Typel, Nucl. Phys. A 938 (2015) 92)
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Optical Potential Constraint

e nucleon optical potential from p-A scattering
(S. Hama et al., PRC 41 (1990) 2737, E. Cooper et al., PRC 47 (1993) 297)
o not reproduced at high energies with RMF models
(similar for nonrelativistic mean-field models)

e extension of RMF approach with
higher-order derivative couplings
= density and energy/momentum dependent
self-energies (cf. Brueckner calculations)

e non-linear derivative coupling model
o three versions with reproduction
of DD2 saturation properties
o softening of EoS in D2/D3 models
o reduction of maximum masses of neutron stars
(S. Anti¢, S. Typel, Nucl. Phys. A 938 (2015) 92)

e fit of model parameters to properties of
finite nuclei needed (in progress)
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Conclusions



Conclusions

e stellar matter: correlations in many-body system essential
—> clustering, modification of chemical composition
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Conclusions

e stellar matter: correlations in many-body system essential
—> clustering, modification of chemical composition

e generalized relativistic density functional
o extension of RMF models with density-dependent couplings, well-constrained parameters
o extended set of constituents: explicit cluster degrees of freedom, quasiparticle description
o medium-dependent properties of composite particles

= formation and dissolution of clusters, correct limits
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Conclusions

e stellar matter: correlations in many-body system essential
—> clustering, modification of chemical composition

e generalized relativistic density functional
o extension of RMF models with density-dependent couplings, well-constrained parameters
o extended set of constituents: explicit cluster degrees of freedom, quasiparticle description
o medium-dependent properties of composite particles

= formation and dissolution of clusters, correct limits

e applications:
o tables with details of equation of state of stellar matter

(thermodynamic properties, chemical composistion, . . . )
= astrophysical simulations
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Conclusions

e stellar matter: correlations in many-body system essential
—> clustering, modification of chemical composition

e generalized relativistic density functional
o extension of RMF models with density-dependent couplings, well-constrained parameters
o extended set of constituents: explicit cluster degrees of freedom, quasiparticle description
o medium-dependent properties of composite particles
= formation and dissolution of clusters, correct limits

e applications:
o tables with details of equation of state of stellar matter
(thermodynamic properties, chemical composistion, . . . )
= astrophysical simulations

e outlook:
o preparation of global EoS table (= CompOSE)
o extension of model with quarks (= hadron-quark phase transition)
o treatment of liquid/gas - solid phase transition (= crystallization)
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