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Heaven and Earth: Nuclear EOS Density Ladder

No single method can constrain the EOS over the entire density
domain. Instead, each rung on the ladder provides information that
can be used to determine the EOS at neighboring rungs
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GW150914: The Dawn of Gravitational Wave Astronomy
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Initial black hole masses: 36 and 29 solar masses
Final black hole mass: 62 solar masses

Rainer Weiss
Barry C. Barish
Kip S. Thorne

It took exactly 100 years!

SN44 Sitzu i del l-l‘-,‘-"-i’.-;.'tl:'~n-l‘.-m::tl:~f-x:‘..|t:~.«":.' n Klasse vom 25. November 1915

The Field Equations of Gravitation
Die Feldgleichungen der Gravitation.

Yon A. EINSTEIN.

||| zwel vor kurzem erschienenen Mitteilungen' habe ich gezeigt, wie

man zu Feldgleichungen der Gravitation gelangen kann. die dem Postu-
lat alleemeiner Relativitit rn‘.\';wn'-:‘ht'u. d. h. die in ihrer alleemeinen
Fassung beliebigen Substitutionen der Raumzeitvariabeln gegeniiber ko-

variant sind.
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Neutron Stars: The Role of Nuclear Science

& Neutron stars are the remnants of massive stellar explosions (CCSN) -
Satisty the TOV equations: Transition from Newtonian Gravity to Einstein Gravnty

& Only Physics that the TOV equation is sensitive to: Equation of State

& Increase from 0.7 to 2 Msun transfers ownership to Nuclear Physics!

HEAVEN AND EARTH
Connecting Atomic Nuclei
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systems that differ in size

by 18 orders of magnitude!
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& Need an EOS: P=P(&) relation

Enormous spread in stellar radii! NUClear PhyS|CS CFI’[IC&| Chiral Effective Field Theory V & Neutron sins
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Micro-macro connection Nuclear Physics and Neutron Stars




E/A-M (MeV)

EOS-101: The Equation of State of Neutron-Rich Matter

Equation of state: textbook examples Equation of state of neutron-rich matter:

8 Non-interacting classical gas NON:-textbook example
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Strongly-interacting quantum fluid
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Two “quantum liquids” in p-equilibrium *
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3 Non-interacting (UR) quantum gas Charge-neutral system (neutralizing leptons)
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Density dependence and isospin asymmetry

1 of the EOS poorly constrained

P(n,T=0) = n*3 & P(E) = =3

|
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Ppan & §Lp0 (Pressure of PNM)

| “Stiff”"— L large
| “Soft”— L small |




Gravity vs Degeneracy Pressure
A few last words on white-dwarf stars

Sirius A and B

Why are not all death stars black holes?
What supports death stars
against gravitational collapse?




The Fate of our Sun: Quantum Mechanics and Special Relativity

Our Sun now ... and in 5 billion years!

A Relativistic Fermi Gas
N k3
v=n=g3 (Pe=Tp)
E(n)= & [waF (w§+y§)—ln(wF+yF)} < ;
UR anFcocn4/3
P(n)= Eo[ 5y, ~,p +In(z, +y,)|

White-dwarf Stars: The fate of our Sun

2

| relativity ultimately seals its fate!

Supported against GW collapse by electron degeneracy
pressure ... a QM effect due to the Pauli exclusion principle

For low mass stars electrons are non-relativistic and pressure
scales as n%3

2

e(p)=+/(pc)? + (mc?)2 — me - constant

For high mass stars electrons are relativistic and pressure
scales only as n43 ... star loses pressure support

=(p) =/ (pc)? + (me?)? = pe

White dwarf collapses when M, > M., =1.4 M
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Quantum mechamcs delays the

collapse of WD stars — but specnal




Gravitational Energy:

NR free Fermi Gas:

UR free Fermi Gas:

Chandrasekhar Mass:

A Toy Model for Newtonian Stars
(A star of uniform density)

Ec(M,R) 3 (M
Mc2 10\ R
(NR) 2/3
L G (MaR) M/
F Y =14+ Kyp ( 72

M c?

UR
Epe (M, R) KUR(

=12

Mo, = (6.86 M) Y2 -

> 1.72 M

§ Ultimately, special relativity ;

04 06 038 1 1. 14 16 1.
Mass (Msun)

k leads to the collapse of WDs §



Neutron Stars: The Role of Nuclear Science
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Neutron-star Interior Composition Explorer (NICER)
Simultaneous Mass and Radius Measurements (2019-2021)

NICER was launched from Kennedy’s ~ NICER measures the compactness M = 2.08 +0.07 Mg
Space Center on June 3, 2017 aboard of the Neutron Star U] (2 eVB LRI CEETs Aty
SpaceX Falcon 9 Rocket and docked at the Ro g = 12.39f(1)'8g km
International Space Station two days later. Riley et al. (2021)
Pulse Profile: The stellar Ry =13.7725km
compactness controls the light Miller et al. (2021)

profile from the hot spot

B eV B RS Stiff EOS!

$ = 2R R

NICER 4

> |
s |
G-
a
=
—
=
2 P
(==

Brightness
Brightness

1 1.5
Pulse phase

Increasing compactness (M/R) and light bending

:-”I.,. .'l—r' ‘, A Ci _r'_’ e
= — iy’ .'._MML surtace




