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Neutron Stars are the
densest objects in the
universe which we can
bhysically describe and
observe!
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WHY STUDY MINIMAL MASSES OF PROTO-NEUTRON STARS?
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WHY STUDY MINIMAL MASSES OF PROTO-NEUTRON STARS?

Theory:
Lower mass limit of a cold neutron star at
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WHY STUDY MINIMAL MASSES OF PROTO-NEUTRON STARS?

Theory:
Lower mass limit of a cold neutron star at

M pin~0.1Mg

Core-collapse supernova simulations:

* Hot PNS (proto-neutron star) with
M pin~1.2Mg is formed

* Cools down to cold PNS
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WHY STUDY MINIMAL MASSES OF PROTO-NEUTRON STARS?

Theory:
Lower mass limit of a cold neutron star at

M pin~0.1Mg

Core-collapse supernova simulations:

* Hot PNS (proto-neutron star) with
Mpin~1.2M, is formed

* Cools down to cold PNS

HESS J1731-347 too light!

Theory for proto-neutron star:
* Mass constraint of hot PNS gives
constraint on mass of cold PNS!

Is HESS J1731-347 still a potential
neutron star candidate!?
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PROTO-NEUTRON STAR EVOLUTION

Collapse Deleptonization Cooling Cold Neutron Star
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PROTO-NEUTRON STAR SIMULATIONS
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PROTO-NEUTRON STAR SIMULATIONS
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PROTO-NEUTRON STAR EVOLUTION
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Collapse
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WHY STUDY IT WITH CHIRAL EFT?

Low masses of neutron stars 2 Low central densities 2 Framework which describes matter at low densities

Chiral EFT

Description of nucleon .
P Based on chiral

interaction at low : Power counting
symmetry and chiral

energies . scheme
& symmetry breaking
Relevant desr f . o v
elevant degrees o Pion as goldstone Expansion in L
freedom are nucleons boson Ay

and pions
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EQUATIONS OF STATE

Chiral constraints
OMC-BMF2
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Chiral constraints taken from:
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TOLMAN-OPPENHEIMER-VOLKOFF
EQUATIONS

Structure of a static, spherically symmetric star in General Relativity *

Mass conservation

mass “dm A 2ee energy density
dr
N

radius

Hydrostatic equilibrium

3 -1
/d—P:—G—m£(1+i>(1+4nr P><1_26m>

dr 12 ec? mc? rc?

pressure

*R. C.Tolman, Phys. Rev. 55, 364 (1939);
J- R. Oppenheimer & G. M.Volkoff, Phys. Rev. 85,374 (1939)
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EQUATIONS

TOLMAN-OPPENHEIMER-VOLKOFF

Mass conservation

mass \dm _ 4-11'1‘28 e
dr - energy density

™

. o radius
Hydrostatic equilibrium
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dr 12 ° £c2 mc2 rc2

A

pressure

Structure of a static, spherically symmetric star in General Relativity *

:

Input: Pressure and Energy Density

*R. C.Tolman, Phys. Rev. 55, 364 (1939);
J- R. Oppenheimer & G. M.Volkoff, Phys. Rev. 85,374 (1939)
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TOLMAN-OPPENHEIMER-VOLKOFF
EQUATIONS

Structure of a static, spherically symmetric star in General Relativity *

Mass conservation

mass \dm _ 4-11'1‘28 e
dr - energy density

™

. o radius
Hydrostatic equilibrium

dP__Gm ( P\(  4wr®P\( 2Gm -
dr 12 ° £c2 mc2 rc2

A

pressure

Input: Pressure and Energy Density

*R. C.Tolman, Phys. Rev. 55, 364 (1939);
J- R. Oppenheimer & G. M.Volkoff, Phys. Rev. 85,374 (1939)

)

Output: Mass and Radius
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RESULTS — MASS-RADIUS CURVES

Solid: Stable
Dashed: Unstable

® = minimum mass configuration

2.5
j === Yy=0,s=1
7
‘ Yp= 0,5:2
2.0 - AP
---- Y1 =04,5=2
1.5 -
"o
=
=
1.0 - B
_\\\__—_ -------------------------
0.5 -
»
" SRR SRS
0.0 -
0 20 40 60 80 100 120

R[km]

[1/16



RESULTS — MASS-RADIUS CURVES

ST%MminT

Additional thermal pressure!
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RESULTS — MASS-RADIUS CURVES

ST%MminT

Additional thermal pressure!
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RESULTS — MASS-RADIUS CURVES

ST%MminT

Additional thermal pressure!
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Additional lepton pressure!
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MINIMAL MASSES, RADII AND CENTRAL DENSITIES

Y =04,5=1 Y, =0,5=2

EOS Momin (Mg) R (km) ng (fm—)  EOS Min (Mo) R (km) ng (fm™)
QOMC-RMFI 0.617 379 0.149 QMC-RMFI 0.238 101 0.00821
QMC-RME2 0.615 36.6 0.163 QOMC-EME2 0.238 101 0.00823
QMC-RME3 0.618 38.0 0.145 QMC-RMF3 0.238 101 0.00821
QMC-RMF4 0.624 36.1 0.164 QMC-RMF4 0.238 101 0.00821
DD2 0.620 38.3 0.134 DD2 0.216 949 0.0121
SFHo 0.613 37.0 0.153 SFHo 0.195 85.0 0.0161

Captured neutrinos before the explosion result in: Bigger minimum mass, smaller radius, higher densities
- more compact

Loss of neutrinos after the explosion result in: Smaller minimum mass, bigger radius, lower densities

—less compact
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RESULTS — MINIMAL MASSES FOR DIFFERENT LEPTON FRACTIONS

/Increasing minimal mass with \ 1.75 -
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RESULTS - ISENTROPES
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CONSTRAINTS FROM HIC AND
ASTRO

—Theory

< Crust

Astro —

<sssssmm Nuclei properties
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Heavy-lon Collisions and astrophysical constraints both
describe matter at 2.0 — 3.0n,

 PNS:T = 10 — 50MeV & Y, =0.1-04
e HIC create similar conditions after collision

ﬁ

Combination of Heavy-lon Collisions with astrophysical
constraints narrow down pressure region

Heavy-lon Collisions probe regions in
temperature and proton fraction that are
found in Proto-Neutron Star matter and can
therefore help to constrain PNS properties!
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SUMMARY

* Minimal mass of proto-neutron stars
with chirally constrained equations of
state:

(e =0V, =04&s=1 )
> Mpin = 0.62Mg

e t=155:Y,=0&s =2
=2 Mpyin = 0.22Mg,

o J

* Chiral EFT gives very good estimate
on M,,;,, of PNS!

* Information from HIC could help

constrain the equation of state for
My, 05 of PNS!
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CHIRAL HIRARCHY
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BRIEF EXCURSION: LIQUID-GAS PHASE

TRANSITION

First order phase transition between
A liquid of nucleons at higher densities

A gas of nuclei at lower densities

Two globally conserved quantities in PNS:

Y; and Nz = Gibbs construction

Mixture of both phases at the crust-core
transition in proto-neutron stars

What we do: Linear interpolation

What is physically right? Gibbs
construction

~155 Quark-Gluon Plasma

Early
Universe Critical
Point?

Hadron Gas

Temperature (MeV)

Liquid- Nuclear

~15 4
. Transition




IMPACT OF LIQUID GAS PHASE TRANSITION FOR HIGH LEPTON
FRACTION
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* HighY; = Huge gap between crust and core, * Leads to a huge second maximum in the mass-radius curve

which needs to be constructed



TOLMAN-EHRENFEST-KLEIN LAW
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OUTLOOK

25C Color-flavor-locking (CFL)
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Which color-superconducting phases can we reach in proto-
neutron stars!?
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