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Nucle1 bound by strong interactions

doi:10.1038/nature11188
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Multi-messenger era: neutron star merger GW 170817

gravitational wave signal: provides contraints on neutron star radii

LIGO-Hanford LIGO-Livingston
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Hierarchy of degrees of freedom

Degrees of Freedom Energy (MeV)
LQCD
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Resolution

Emergent phenomena:

Protons and neutrons from QCD

Nuclear forces

Nuclear saturation,
shell structure, and clusters

Large scattering length
(universal) physics

Can we describe these
phenomena quantitatively
with theoretical uncertainties?

Can we connect each level
in the tower back to QCD?



Hierarchy of degrees of freedom
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Tower of effective field theories
Chiral EFT: nucleons, pions

Pionless EFT: nucleons only
(low-energy few-body) or
nucleons + clusters (halo EFT)

EFT for heavy nucler:
collective degrees of freedom

EFT at Fermi surface:
Fermi liquid theory,
superconductivity

EFT for nuclear DFT?
densities as degrees of freedom



Chiral effective field theory for nuclear forces

Systematic expansion (power counting) in low momenta (Q/A)®
NN 3N 4N

LO o(%) 4 = — Interaction (QCD)
- long-range interactions governed by
X‘ ’ pion exchanges (phonons of QCD)
NLO (9 <) f . —

i o

Weinberg (1990,91)



Chiral effective field theory for nuclear forces

Systematic expansion (power counting) in low momenta (Q/A)®
NN 3N 4N

N
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I

powerful approach for
many-body interactions

C1,C3, C4 CDh CE

only 2 new couplings at N?LO

all 3- and 4-neutron forces

iderivedin(w%/zﬁLm .
; predicted to N°LO

Taee (2011) cee (2006) ...
Weinberg, van Kolck (1992-1994), Kaplan, Savage, Wise, Bernard, Epelbaum, Kaiser, Meissner,...



Chiral effective field theory for nuclear forces

Systematic expansion (power counting) in low momenta (Q/A)®

10P Publishing Journal of Physics G: Nuclear and Particle Physics

J. Phys. G: Nucl. Part. Phys. 42 (2015) 034028 (20pp) doi:10.1088/0954-3899/42/3/034028

A recipe for EFT uncertainty quantification
in nuclear physics

R J Furnstahl’, D R Phillips” and S Wesolowski'

o (mb)

Bayesian uncertainty estimates
and model checking

— NPWA B4 NLO B4 N2LO B4 N°’LO B4 N*LO
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Elab (MQV) Elab (MGV)

Furnstahl, Phillips, Klos, Wesolowski, Melendez (2015-)



The oxygen anomaly otsuka et al., PRL (2010)
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Ab 1nitio calculations of neutron-rich oxygen 1sotopes

based on same NN+3N interactions with different many-body methods
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Many-body calculations of medium-mass nuclei have smaller
uncertainty compared to uncertainties in nuclear forces



Ab 1mitio calculations of nuclel
great progress in last 5 years to access nuclei up to A ~ 50
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ADb 1nitio calculations

great progress 1n last 5 years to access nucle
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Structure of the Lightest Tin Isotopes

T.D. Morris, J. Simonis, S. R. Stroberg, C. Stumpf, G. Hagen, J. D.

Holt, G.R. Jansen, T. Papenbrock, R. Roth, and A. Schwenk

Phys. Rev. Lett. 120, 152503 (2018) — Published 12 April 2018
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In-medium similarity renormalization group
Tsukiyama, Bogner, AS, PRL (2011), Hergert et al., Phys. Rep. (2016)
continuous transformation to block-diagonal form (— decoupling)




In-medium similarity renormalization group
Tsukiyama, Bogner, AS, PRL (2011), Hergert et al., Phys. Rep. (2016)
flow equations to decouple higher-lying particle-hole states
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In-medium similarity renormalization group

Tsukiyama, Bogner, AS, PRL (2011), Hergert et al., Phys. Rep. (2016)
flow equations to decouple higher-lying particle-hole states
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In-medium similarity renormalization group
Tsukiyama, Bogner, AS, PRL (2011), Hergert et al., Phys. Rep. (2016)
flow equations to decouple higher-lying particle-hole states
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Valence space IMSRG

Tsukiyama et al. (2012); Bogner et al., PRL (2014); Stroberg et al., PRL (2016), PRL (2018)
decouple valence space of few particles

followed by exact diagonalization in valence space
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Valence space IMSRG

Tsukiyama et al. (2012); Bogner et al., PRL (2014); Stroberg et al., PRL (2016), PRL (2018)
decouple valence space of few particles

followed by exact diagonalization in valence space
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with ensemble normal ordering to move along 1sotopic chains

Valence space IMSRG

Stroberg et al., PRL (2016), PRL (2018), PRL (2021)
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Nuclear landscape based on a chiral NN+3N interaction
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Stroberg, Holt, AS, Simonis, PRL (2021)  Neutron number N

ab initio is advancing to global theories, limitations due to input NN+3N




Extreme matter in neutron stars

governed by the same strong interactions

1| OUTER CRUST

NUCLEI
ELECTRONS

INNER CRUST

NUCLEI
ELECTRONS
SUPERFLUID NEUTRONS

CORE

SUPERFLUID NEUTRONS
SUPERCONDUCTING PROTONS
HYPERONS? ‘
DECONFINED QUARKS?
COLOR SUPERCONDUCTOR?

Watts et al., RMP (2016)




Chiral EFT calculations of neutron matter

good agreement up to saturation density for neutron matter
nonlocal/local int. and different calcs. (MBPT, QMC, SCGEF, CC)

25

20

Hebeler et al., ApJ (2013)
Tews et al., PRL (2013)
Lynn et al.,PRL (2016)
Drischler et al., PRL (2019)
----- Drischler et al., GP-B
& Gezerlis, Carlson, PRC (2010)
=+=Unitary gas (£ = 0.376)
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n [fm 7]

from Huth, Wellenhofer, AS (2020)
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slope determines
pressure of
neutron matter



Neutron star masses

from Jim Lattimer

’

AS107 bl =
(PSR J0348+0432)
R ~ A3 fm=10km
three 2 M

Demorest et al, Nature (2010),
Antoniadis et al., Science (2013),
2.08+0.07 M,, Fonseca et al. (2021)
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Why are stars stable?

due to their mass, stars would undergo gravitational collapse

stabilized by the pressure of matter they consist of:
equation of state — hydrostatic equilibrium

For neutrons:

‘ pressure of Fermi gas
gravity plus strong interactions
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Impact on neutron stars mebeler et al., PRL (2010), ApJ (2013)
constrain high-density EOS by causality, require to support 2 M, star
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predicts neutron star radius: 9.7 - 13.9 km for M=1.4 M,
1.8 - 4.4 pomodest central densities

speed of sound needs to exceed ~0.65¢ to get 2 M, stars Greif et al., ApJ (2020)



Neutron star EOS: chiral EFT plus general extensions
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Neutron star radius from GW170817
chiral EFT + general EOS extrapolation: 9.7 - 13.9 km for M=1.4 M,

GW170817: Measurements of neutron star radii and equation of state eXCellent a greement Wlth

The LIGO Scientific Collaboration and The Virgo Collaboration GWl 7 08 1 7 from LIGO

( compiled 30 May 2018)
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Intéfior Composition ExploreR’

Neutron star radius from
pulse profile modeling

JO030 and J0740

here: Amsterdam analysis
Riley et al., ApJL (2019), (2021)

similar results from

[llinois-Maryland analysis
Miller et al., ApJL (2019), (2021)
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Combined LIGO/Virgo and NICER constraints (JO030 only)

Raaijmakers et al., ApJL (2020)

piecewise polytrope extension
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Combined merger and NICER constraints

Raaijmakers et al.,
ApJL (2020), (2021)

for mass-radius

equation of state
at 1 5 and 2 nO
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Functional RG: From QCD to intermediate densities

based on QCD at high densities

symmetric matter (m,=my, no s quark, no electroweak interactions)
Leonhardt, Pospiech, Schallmo, Braun et al., PRL (2020)
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Constraints from heavy-1on collisions ruth, pang et al., arXiv:2107.06229

include in addition to chiral EFT: constraints from ASY-EOS and FOPI
for neutron and symmetric matter with different functionals
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Constraints from heavy-1on collisions ruth, pang et al., arXiv:2107.06229

Bayesian multi-messenger framework using EOS draws

based on Chiral EFT Prior construction
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Constraints from heavy-1on collisions ruth, pang et al., arXiv:2107.06229

inclusion of HIC constraints prefers higher pressures, similar to NICER,
overall remarkable consistency with chiral EFT and astro constraints!

(A) Chiral effective field theory: (B) Multi-messenger astrophysics:
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Constraints from heavy-1on collisions uth, pang et al., arXiv:2107.06229

inclusion of HIC constraints prefers higher pressures, similar to NICER,
overall remarkable consistency with chiral EFT and astro constraints!

(A) Chiral effective field theory:
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(B) Multi-messenger astrophysics:
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more HIC information for intermediate densities very interesting!




Exciting era in nuclear physics

Effective field theory of strong interaction + powerful many-body theory

New experimental frontier New observations in astrophysics
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Chiral EFT calculations of neutron matter

slope (L parameter) determines pressure of neutron matter
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Chiral EFT for coupling to electroweak interactions

axial-vector currents (beta decays)

| NN3N4N one-body currents at Q° and Q?
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Chiral EFT for coupling to electroweak interactions

consistent electroweak one- and two-body currents

magnetic properties of light nuclel
Pastore et al. (2012-)

B(M 1) of °Li Gayer et al., PRL (2021)
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Effective theory

near spherical nuclei based on
core + phonons + particles/holes
as degrees of freedom

Gamow-Teller transitions
for single and double-beta

decay at LO
Coello Perez et al., PRC (2018)

prediction (ET and shell model)
for double electron capture

on 124Xe coello Perez et al., PLB (2019)
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collaboration Aprile et al. Nature (2019)
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Impact on neutron stars ebeler et al., PRL (2010), ApJ (2013)

Equation of state/pressure for neutron-star matter (includes small Y, )
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state only after 3N forces are included



Impact on neutron stars ebeler et al., PRL (2010), ApJ (2013)

Equation of state/pressure for neutron-star matter (includes small Y, )
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extend uncertainty band to higher densities using piecewise polytropes
allow for soft regions



EOS constraints from GW170817

piecweise polytropes |
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