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Nuclei bound by strong interactions

~ 3000 nuclei discovered (288 stable), 118 elements
~ 4000±500 nuclei unknown, extreme neutron-rich
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Nuclei bound by strong interactions

~ 3000 nuclei discovered (288 stable), 118 elements
~ 4000±500 nuclei unknown, extreme neutron-rich

r-pro
cess

1) What is dark matter?
2) What is dark energy?
3) How were the elements
from iron to uranium made?



from A. Arcones



from Watts et al., RMP (2016) NASA/Goddard/LIGO/Virgo

Neutrons
Matter in neutron stars and mergers



Multi-messenger era: neutron star merger GW170817
gravitational wave signal: provides contraints on neutron star radii

short gamma-ray burst + kilonova light curve: decay of r-process nuclei

Kilonova prediction
Metzger et al.,
MNRAS (2010)



from Watts et al., RMP (2016) NASA/Goddard/LIGO/Virgo

Neutrons
Matter in neutron stars and mergers



Hierarchy of degrees of freedom
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?
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Hierarchy of degrees of freedom
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 nuclei:
collective degrees of freedom

EFT at Fermi surface:
Fermi liquid theory,
superconductivity

EFT for nuclear DFT?
densities as degrees of freedom
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NN 3N 4N

Weinberg (1990,91)
(2011) (2006)

derived in (1994/2002)

Chiral effective field  theory for nuclear forces
Systematic expansion (power counting) in low momenta (Q/L)n

based on symmetries of strong
interaction (QCD)

long-range interactions governed by
pion exchanges (phonons of QCD)



NN 3N 4N

(2011) (2006)

derived in (1994/2002)

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/L)n

powerful approach for
many-body interactions

only 2 new couplings at N2LO

all 3- and 4-neutron forces
predicted to N3LO



Chiral effective field  theory for nuclear forces
Systematic expansion (power counting) in low momenta (Q/L)n

Bayesian uncertainty estimates
and model checking

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

The oxygen anomaly Otsuka et al., PRL (2010)

without 3N forces, NN interactions too attractive
3N forces crucial for location of neutron dripline
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Ab initio calculations of neutron-rich oxygen isotopes
based on same NN+3N interactions with different many-body methods

CC theory/CCEI
Hagen et al., PRL (2012),
Jansen et al., PRL (2014)

Multi-Reference
In-Medium SRG
and IT-NCSM
Hergert et al., PRL (2013)

Self-Consistent
Green’s Functions
Cipollone et al., PRL (2013)

Many-body calculations of medium-mass nuclei have smaller 
uncertainty compared to uncertainties in nuclear forces



Ab initio calculations of nuclei
great progress in last 5 years to access nuclei up to A ~ 50

from Hagen et al., Nature Phys. (2016)

from Hergert et al., Phys. Rep. (2016)
Moore’s law



Ab initio calculations of nuclei
great progress in last 5 years to access nuclei up to A ~ 50

2021

100SnMoore’s law

Miyagi et al. (2021)

132Sn



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

IMSRG

s = 0 s = ∞



In-medium similarity renormalization group

s = 0 s = ∞

with generator η =

Tsukiyama, Bogner, AS, PRL (2011), Hergert et al., Phys. Rep. (2016)

flow equations to decouple higher-lying particle-hole states

IMSRG



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

IMSRG

First IMSRG(3) results
Heinz et al. (2021)



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

Valence space IMSRG

VS-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

Valence space IMSRG

Cáceres et al., PRC (2015)
CC   IM-SRG  Expt.  USDB
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with ensemble normal ordering to move along isotopic chains
Stroberg et al., PRL (2016), PRL (2018), PRL (2021)

enables access to all open-shell nuclei!

Valence space IMSRG
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Nuclear landscape based on a chiral NN+3N interaction

ab initio is advancing to global theories, limitations due to input NN+3N
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Extreme matter in neutron stars

Watts et al., RMP (2016)

governed by the same strong interactions



Chiral EFT calculations of neutron matter

from Huth, Wellenhofer, AS (2020)
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Unitary gas (ª = 0.376)

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

slope determines
pressure of
neutron matter



Neutron star masses
from Jim Lattimer

three 2 Msun neutron stars obs.
Demorest et al, Nature (2010),
Antoniadis et al., Science (2013),
2.08±0.07 Msun Fonseca et al. (2021)

(PSR J0348+0432)A=1057

R ~ A1/3 fm=10km



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
plus strong interactions



constrain high-density EOS by causality, require to support 2 Msun star 

predicts neutron star radius: 9.7 - 13.9 km for M=1.4 Msun
1.8 - 4.4 ρ0 modest central densities

speed of sound needs to exceed ~0.65c to get 2 Msun stars Greif et al., ApJ (2020)
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chiral EFT band

Piecewise polytrope
extension
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Neutron star EOS: chiral EFT plus general extensions
piecweise polytropes
Hebeler et al., ApJ (2013)

constrained to
support 2 Msun

cs model
Greif et al., MNRAS (2019)
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Neutron star radius from GW170817
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chiral EFT + general EOS extrapolation: 9.7 - 13.9 km for M=1.4 Msun

excellent agreement with 
GW170817 from LIGO/Virgo



NICER results

Neutron star radius from
pulse profile modeling

J0030 and J0740
here: Amsterdam analysis
Riley et al., ApJL (2019), (2021)

similar results from
Illinois-Maryland analysis
Miller et al., ApJL (2019), (2021)

figure from Watts 
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Raaijmakers et al., ApJL (2020)

piecewise polytrope extension

speed of sound model
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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 n0
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Functional RG: From QCD to intermediate densities
based on QCD at high densities
symmetric matter (mu=md, no s quark, no electroweak interactions)
Leonhardt, Pospiech, Schallmo, Braun et al., PRL (2020)

promising consistency between diquark correlations crucial 
chiral EFT and FRG and pQCD for intermediate densities

and high speed of sound



Constraints from heavy-ion collisions Huth, 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



Constraints from heavy-ion collisions Huth, Pang et al., arXiv:2107.06229 

Bayesian multi-messenger framework using EOS draws
based on chiral EFT
(QMC results)
with cs extension



Constraints from heavy-ion collisions Huth, 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!



Constraints from heavy-ion collisions Huth, 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!

more HIC information for intermediate densities very interesting!



Exciting era in nuclear physics
Effective field theory of strong interaction + powerful many-body theory  

Cas A (Chandra X-ray observatory)

New experimental frontier

Extreme neutron-rich nuclei

New observations in astrophysics

Extreme neutron-rich matter

Neutron star

Thanks to our group
and collaborators!





Chiral EFT calculations of neutron matter

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

Essick et al., PRL (2021)



Chiral EFT for coupling to electroweak interactions

NN 3N 4N
axial-vector currents (beta decays)
one-body currents at Q0 and Q2

+ two-body currents at Q3

same couplings in forces and currents!(2011) (2006)

derived in (1994/2002)



consistent electroweak one- and two-body currents

magnetic properties of light nuclei Gamow-Teller beta decay of 100Sn
Pastore et al. (2012-) Gysbers et al., Nature Phys. (2019)

B(M1) of 6Li Gayer et al., PRL (2021)

two-body currents (2BC) key for 
quenching puzzle of beta decays
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Effective theory for heavy nuclei
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)

first observed by XENON
collaboration Aprile et al. Nature (2019)



Equation of state/pressure for neutron-star matter (includes small Ye,p)

pressure below nuclear densities agrees with standard crust equation of 
state only after 3N forces are included

crust EOS

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



Equation of state/pressure for neutron-star matter (includes small Ye,p)

pressure below nuclear densities agrees with standard crust equation of 
state only after 3N forces are included

extend uncertainty band to higher densities using piecewise polytropes
allow for soft regions
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EOS constraints from GW170817
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piecweise polytropes
Hebeler et al., ApJ (2013)

cs model
Greif et al., MNRAS (2019)

constrained to
support 2 Msun

LIGO/Virgo
PRX (2019)

chirp mass,
mass ratio,
binary tidal
deformability

very consistent
with nucl. physics
+ NS masses
Greif et al.


