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Strong interactions in the Universe



Nuclei bound by strong interactions

~ 3000 nuclei discovered (288 stable), 118 elements
~ 4000 nuclei unknown, extreme neutron-rich
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1) What is dark matter?
2) What is dark energy?
3) How were the elements
from iron to uranium made?



Neutrons

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

Matter in neutron stars and mergers
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Chiral effective field theory for nuclear forces

NN 3N 4N

Weinberg, van Kolck, Kaplan, Savage, Wise, Bernard, Epelbaum, Kaiser, Machleidt, Meissner,…

Separation of scales: low momenta breakdown scale ~500 MeV

limited resolution at low energies,
can expand in powers (Q/Lb)n

LO, n=0 - leading order,
NLO, n=2 - next-to-leading order,…

expansion parameter ~ 1/3



Chiral effective field theory for nuclear forces

NN 3N 4N
Separation of scales: low momenta breakdown scale ~500 MeV

include long-range pion physics

few short-range couplings,
fit to experiment once,
NN scattering at

systematic with error estimates

consistent electroweak interactions,
matching to lattice QCD,
coupling to beyond SM particles,…

Weinberg, van Kolck, Kaplan, Savage, Wise, Bernard, Epelbaum, Kaiser, Machleidt, Meissner,…

(2011) (2006)

derived in (1994/2002)



Chiral effective field theory and many-body forces
Separation of scales: low momenta breakdown scale ~500 MeV

consistent NN-3N-4N interactions

only 2 new couplings to N3LO

all 3- and 4-neutron forces are
predicted to N3LO!

Weinberg, van Kolck, Kaplan, Savage, Wise, Bernard, Epelbaum, Kaiser, Machleidt, Meissner,…

NN 3N 4N

(2011) (2006)

derived in (1994/2002)
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The oxygen anomaly
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The oxygen anomaly Otsuka, Suzuki, Holt, AS, Akaishi, 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



Progress in ab initio calculations of nuclei
dramatic 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)
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Progress in ab initio calculations of nuclei
dramatic 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)



52Ca is 1.74 MeV more bound
compared to atomic mass evaluation

behavior of 2n separation energy S2n
agrees with NN+3N predictions

Start of a new era: 51,52Ca TITAN measurements
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Ab initio calculations at neutron-rich extremes

53,54Ca masses measured at
ISOLTRAP/CERN using new
MR-TOF mass spectrometer

excellent agreement with
theoretical NN+3N prediction

suggests N=32 shell closure



New results from RIBF at RIKEN



Great progress from medium to heavy nuclei
In-medium similarity renormalization group (IM-SRG) for open shell
Tsukiyama, Bogner, AS, Hergert, Holt, Stroberg, Simonis,…



Great progress from medium to heavy nuclei
In-medium similarity renormalization group (IM-SRG) for open shell
Tsukiyama, Bogner, AS, Hergert, Holt, Stroberg, Simonis,…

Holt, Stroberg, et al., in prep.  IM-SRG

ab initio calculation
of neutron dripline



Neutron skin of 48Ca



Neutron and weak-charge distributions of 48Ca
ab initio calculations lead to charge
distributions consistent with experiment



Neutron and weak-charge distributions of 48Ca
ab initio calculations lead to charge
distributions consistent with experiment

predict small neutron skin



Neutron and weak-charge distributions of 48Ca
ab initio calculations lead to charge
distributions consistent with experiment

predict small neutron skin, dipole polarizability, and weak formfactor

dipole polarizability
in good agreement with
recent DA-Osaka expt.
Birkhan, Miorelli, et al., PRL (2017)



Neutrons

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

Matter in neutron stars and mergers



Complete N3LO calculation of neutron matter
first complete N3LO result Tews, Krüger, Hebeler, AS, PRL (2013)

includes uncertainties from NN, 3N (dominates), 4N



Complete N3LO calculation of neutron matter
first complete N3LO result Tews, Krüger, Hebeler, AS, PRL (2013)

includes uncertainties from NN, 3N (dominates), 4N

slope determines
pressure of
neutron matter



Chart of neutron star masses
from Jim Lattimer

two 2 Msun neutron stars observed
Demorest et al, Nature (2010),
Antoniadis et al., Science (2013)

(PSR J0348+0432)A=1057

R ~ A1/3 fm=10km



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

low-density pressure sets scale, chiral EFT interactions provide strong 
constraints, ruling out many model equations of state

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

Impact on neutron stars Hebeler et al., PRL (2010), ApJ (2013)
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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
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Congratulations TRIUMF!!
Always at the forefront – On to the next 50 years!
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