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Introduction

Understanding the final journey of a massive star
after its fuel has been exhausted is a challenging
problem. The outcome is a core collapse supernova
and the residue may take the form of either a neutron
star or a black hole.

Colgate et al., Astronomical Journal 70 (1961)
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updoted 15 Jonuory 2014

[ Lattimer (2014) ]
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highest Neutron Star mass
is 2.01+0.04 . [ J. Antoniadis
et al., Science 340 (2013)]
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Microphysics:Equation of State Hyperon Matter and EoS

Equation of state (E0S) is an important microphyics input. For
simulations of stellar collapse, we need EoS with wide ranges of

> density (10° — 10%5g/cm3),
» temperature (0 — 150MeV)
» proton fraction (0 — 0.6).

Most of the EoS for SN simulations are composed of non-strange
particles like neutrons, protons, a-particles and heavy nuclei. Those
nuclear EoS satisfy 2M, constaint.
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Microphysics:Equation of State Hyperon Matter and EoS

Novel phases of dense matter might be possible in the post-bounce
phase of a core-collapse supernova

» Strangeness may appear in the form of
» Hyperons,

» Bose-Einstein condensates of Kaons,
» Quarks.

» A strong signature of quark-hadron phase transition was predicted
during the post-bounce phase.[ Ref.l. Sagert et. al. PRL102, 2009]

» Can phase transitions from nuclear to other exotic matter trigger
supernova explosions?
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Microphysics:Equation of State Hyperon Matter and EoS

» Hyperons produced at the cost of the nucleons.
n+p—p+A+K° ntn—n+3x +K*

v

Chemical equilibrium in compact star interior through weak
processes,
> p+e” — A+, N4+ — =" +1p
Condition for chemical equilibrium
pi = bipin — dipte
Threshold Condition for Hyperons
pn — Qiple > Mg + guBwo + J,BL0373

v

v
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Microphysics:Equation of State Hyperon Matter and EoS

A hyperons, being the lightest hyperons with an attractive potential
of ~ —30 MeV in nuclear matter, are believed to populate the
dense matter first among all strange baryons.

v

» Threshold Condition for A hyperons pn = pua

» Other hyperons, = & ¥ are excluded due to their relatively higher
threshold and lack of experimental data.

» Recently Shen et. al extended their nuclear EoS to include A
hyperons [ Ref:Shen et al. ApJ197 (2011) |

» Michaela Oertel and collaborators also constructed hyperon EoS |
Ref: M. Oertel et al. PRC85 (2012) |
Those hyperon EoS are not compatible with a 2M, neutron star
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Microphysics:Equation of State Hyperon Matter and EoS

New Hyperon EoS

» should satisfy the experimental constraint on the value of
parameter (L) corresponding to the density dependence of the
symmetry energy

» should be consistent with 2M, neutron star
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Microphysics:Equation of State Hyperon Matter and EoS

» We construct the hyperon EoS tables for densities
(10° — 10%g/cm®), temperatures (0.1 — 158MeV) and proton
fractions (0.01 — 0.6).

» We adopt a Density Dependent Relativistic Mean Field (RMF)
Model to describe uniform matter including hyperons

» At low temperature and sub-saturation density, matter is mainly
composed of light and heavy nuclei coexisting with unbound
nucleons. This is treated in the Nuclear Statistical Equilibrium
model (Saha Equation) (Hempel and Schaffner, Nucl. Phys. A837, 210 (2010)).
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Microphysics:Equation of State Hyperon Matter and EoS

» Density Dependent Relativistic Model: The interaction between
baryons is mediated by the exchange of scalar (¢) and vector
(w, ¢, p) mesons.

» The Lagrangian density for baryons is given by
Lg = Z Vg (Wua” — Mg — 9B VW — e V"
B=N,A
09,8778 - P*) Vg
1
- W 2.2
+2 ((9”00 o—mio )

1 v 1 L 1 LV 1 L
_Zw,u,l/w/ + Emiwy,wl/ - Z(/),u,l/(/)l/ + Emégbu(f)#

1 Qv 1 2 o
_Zpuz/'p +§mppu'p .

Ref: S. Banik, M. Hempel, D.B. , ApJS214 (2014) 22; S.Banik, D.B., Phys.Rev. C66 (2003)
065801
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Microphysics:Equation of State Hyperon Matter and EoS

The thermodynamic potential per unit volume for nucleons is given by

Q 1 1 1 1
Bo— Zm2e? - ZmPui - Emiqﬁ%— §m§p33—zf Yoo

v 27 2 .
i=n,p,A\

a3k e s
—2TZ/W[m(1+e BE"~18)Y | In(1 + e~BE +1)y]

Here, 3 = 1/T,E* = {/(k? + m5?) and X' is the rearrangement term.

Pg = —Qg/V. J
The energy density is given by,
1

1 1
€g = Emfrcﬂ 4 Emiwé + Eméqb% + Emfzwo%@l

d3k _, 1 1
+ZXB:/ (271)3E (eﬁ(E*—VB) +1 + eB(E*+ug) 1 1> '
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Microphysics:Equation of State Hyperon Matter and EoS

Parameters of the Model

» The density dependent couplings (DD2 parameter set) g,n and
gwN are given by

JaN = QaN (nO)fa(X)
1+ bo(x +dg)?
fa(Np/Ng) = &
a( b/ 0) al—FCa(X—Fda)z
Here ng is the saturation density, « = o,w and x = ny/ng.
» For p mesons, g,n = g,n(No)exp[—a,(x —1)].
» The scaling factors for vector and isovector mesons from the
SU(6) symmetry relations of the quark model
390 = 29N Oon = 0; 2948 = —2L2g,n
» Scalar-A hyperon is obtained from the potential depth of A
hyperon in saturated nuclear matter: U\ (ng) = =% — =3
» The potential depth U,’Q‘(no) = —30 MeV from A hypernuclei data.
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Microphysics:Equation of State Hyperon Matter and EoS

Extended NSE model

Internal excitations, Coulomb screening and excluded volume effects
are included.
The total canonical partition function is given by,

Z(T7V7 {Ni}) = Znuc HZA,Z ZCouI'
AZ
The free energy density is defined as
fo= > fR,(T,naz) +foou(Ne,Naz) + & (T, 0o, np) = T > nazing
AZ AZ

where the last term goes to infinity when available volume fraction of
nuclei (k) is zero near saturation density.

For the merging of the two tables, we follow

i) the free energy per baryon at fixed T, ng, and Y, has to be
minimized, ii) hyperon fraction is small i.e. 10~°.
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Microphysics:Equation of State Hyperon Matter and EoS
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J. M. Lattimer and Y. Lim, ApJ 771, 51 (2013)
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Microphysics:Equation of State Hyperon Matter and EoS
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Microphysics:Equation of State Hyperon Matter and EoS

Mass-Radius Relation of Neutron Stars

Hyperon EoS is compatible with a 2 M Neutron Star. s. Banik, M. Hempel,
D.B., ApJS214
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Core Collapse Supernova (CCSN) Simulations

SN Simulations in GR1D

The line element in General Relativistic 1D Model called GR1D is
described below [ Ref:C. D. Ott and E. O'Connor, Class.Quant.Grav.27 114103, 2010],
ds? = —a(r,t)?dt? + X (r,t)%dr? +r2dQ?,

where a(r,t) = exp(®(") & X (r,t) = [1 — 2m(r)/r]~%/2.
The fluid stress-energy tensor & matter current density are

T = phufu” + g"'P
JE = put.

Fluid evolution equations are derived from local conservation laws
VvV, TH =0

n_
V,JH =0
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Core Collapse Supernova (CCSN) Simulations

v reactions with matter in supernova core
v number, energy change — heating/cooling of matter

* Weak interaction, difficult experiments
» Dependence on energy (E, ), nuclei (A, Z)
— We need the information of composition

* Emission/absorption:
e+p< v.+n e+A=v +A
et+n< v _+p

* Scattering:
v+ N <= v,+ N vi+ A<= v+ A
vite<= v, +e

* Pair creation/annhilation:
etet e v +Y, YFes v+ v
N+ N < N+ N +v, +v, i=e,u, T
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Core Collapse Supernova (CCSN) Simulations

» A computationally more effecient scheme for neutrinos is chosen
over the Boltzmann transport for example, in GR1D [ ApJ730,2011].

» Neutrino emission takes place after electron-capture by free or
bound protons leading to fall of Y, at the core.

» Prebounce: effective Ye(p) approximation [ Ref: Liebendérfer, Astrophys.J.
633 (2005)].

» Postbounce: 3-flavor, energy-averaged neutrino leakage scheme,
which captures the effects of cooling.

» The leakage scheme provides approximate energy and number
emission rates [ Ref: Ruppertetal., A& A 311, 1996; Rosswog & Liebendorfer,
MNRAS 342, 2003].

» Neutrino heating is included via a parameterized charged-current
heating scheme. [ Ref:H. T. Janka, A & A, 368, 527 (2001)].

ve+N—e€ +p
Ve +p—et+n
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Core Collapse Supernova (CCSN) Simulations

For a set of progenitor models of Wooseley and Heger, [ Ref: s.E.
Woosley and A. Heger, Phys. Rep. 442, 269 (2007)] we show simulation results
using GR1D and BHBA¢ and Shen A hyperon EoS.
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Core Collapse Supernova (CCSN) Simulations

Supernova Simulations with New Hyperon EoS
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P. Char, S. Banik, D.B., ApJ (in press)
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Core Collapse Supernova (CCSN) Simulations

Supernova Simulations with New Hyperon
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Core Collapse Supernova (CCSN) Simulations

Supernova Simulations with New Hyperon EoS
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Core Collapse Supernova (CCSN) Simulations

Supernova Simulations with New Hyperon EoS
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Core Collapse Supernova (CCSN) Simulations

BHBA¢ HShen A

Model teH Mpmax Mg max | tBH Mp,max Mg max
© (M) (M) | () (M) (M)
s20WHO07 | 1.938 2.251 2.138 | 1.652 1.999 1.964
s23WHO07 | 0.879 2.276 2.203 | 0.847 2.095 2.073
s25WHO07 | 1.548 2.234 2.141 | 1.376 2.035 2.001
s30WHO07 | 2.942 2.243 2.113 | 2.258 1.967 1.929
s35WHO07 | 1.175 2.243 2.161 | 1.084 2.071 2.041
s40WHO07 | 0.555 2.250 2.210 | 0.565 2.129 2.118
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Core Collapse Supernova (CCSN) Simulations

Neutrinos as probe of hyperon matter

53

neutrino luminosity ( 10 erg/s)
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P. Char, S. Banik, D.B., ApJ (in press)

Debades Bandyopadh Black hole formation in failed core collapse supernova simul

T T

T

T

T

s40WHO7

BHBA¢ EoS

T

T

Lo v b v by by a

L

0.2 0.3 0.4
post bounce time (s)



Core Collapse Supernova (CCSN) Simulations
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Core Collapse Supernova (CCSN) Simulations

Supernova 1987A

» Occurred in Large Magellanic Cloud

» Mass of Progenitor Star ~ 18M,

» Distance from the earth 1,60,000
light years

» Neutrino-antineutrino pairs were
created from the heat energy and
radiated away

» In Kamiokande, Japan, antineutrinos
were detected through
Ve +p—et+n

» But where is the neutron star?
Exotic Matter!
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Core Collapse Supernova (CCSN) Simulations

BHBA¢ HShen A

Model teH Mpmax Mg max | tBH Mp,max Mg max
© (M) (M) | (9 (M) (M)
s20WHO07 | 1.938 2.251 2.138 | 1.652 1.999 1.964
s23WHO07 | 0.879 2.276 2.203 | 0.847 2.095 2.073
s25WHO07 | 1.548 2.234 2.141 | 1.376 2.035 2.001
s30WHO07 | 2.942 2.243 2.113 | 2.258 1.967 1.929
s35WHO07 | 1.175 2.243 2.161 | 1.084 2.071 2.041
s40WHO07 | 0.555 2.250 2.210 | 0.565 2.129 2.118

Maximum masses of cold neutron stars with BHBA¢ and HShen A are
2.1 and 1.75 My, respectively

Instability Window in mass = Maximum PNS mass - Maximum cold NS
mass

G.E. Brwon and H. A. Bethe, ApJ423 (1994) 659
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Core Collapse Supernova (CCSN) Simulations

Long Duration: Deleptonization and Cooling

—— 25

e B ]
10'E E 5 ]

r 1 g

= | 1 = =
5 g 15 —
2 10° =5 E R
B q g b
= 1 g 4
5 ] 8 * ]
o ]

10° heat =
S20WHO07 3 S20WHO7
BHBA@EOS 0.5 BHBA@ EoS
CY N R R ol v v
10 1 2 3 a 0 1 2 3 a
post bounce time (s) post bounce time (s)

P. Char, S. Banik, D.B., ApJ (in press)
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Core Collapse Supernova (CCSN) Simulations

Summary and Outlook

>

New Hyperon EoS is compatible with density dependence of the
symmetry energy and 2 Mg, neutron star.

Hyperon E0S fails to generate a second neutrino burst and shock.

v

v

The hadron-hyperon phase transition is a weak phase transition.

Hyperon emergence in the collapse produces an intense but short
neutrino burst, that may be used as a probe of exotic matter.

v
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Core Collapse Supernova (CCSN) Simulations

Collaborators

Mr. Prasanta Char (Saha Institute of Nuclear Physics)
Dr. Sarmistha Banik (BITS Pilani, Hyderabad)
Dr. Matthias Hempel (Basel University, Switzerland)

Debades Bandyopadhyay Black hole formation in failed core collapse supernova simul



	Introduction
	Microphysics:Equation of State
	Hyperon Matter and EoS

	Core Collapse Supernova (CCSN) Simulations

