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ØNeutron stars (NS) are remnants of core-collapse supernovae and
stabilized against gravitational collapse by nuclear interactions.

ØA typical NS has a mass of 1.4 Msol but a radius of less than 15 km!
ØHence, NS contain the densest form of matter we know to exist in

the cosmos and are ideal laboratories for theories of nuclear
interactions. They are probed in astrophysical observations.

Neutron Stars

Weinberg, van Kolck, Kaplan, Savage, Wise, 
Epelbaum, Kaiser, Machleidt, Meißner, Hammer ...

Results: Equation of State and Atomic Nuclei

Ø Chiral interactions at N2LO simultaneously reproduce the properties
of A≤ 16 systems and of neutron matter.

Ø Commonly used phenomenological 3N interactions fail for neutron
matter [Sarsa, Fantoni, Schmidt, Pederiva, PRC (2003)].
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ØThe combination of chiral EFT and advanced QMC methods is a
versatile and systematic approach to atomic nuclei and nuclear
matter with relevance for astrophysics, e.g., neutron-star mergers.

ØNuclear physics is directly probed in neutron-star mergers. Future
gravitational-wave observations will reduce the observational
uncertainties, and allow precision tests of nuclear forces.

Conclusions & Outlook

Ø With a EOS extension to high densities using the speed of sound,
we find that GW170817 constrains the radius of a 1.4 M⊙ NS:

Quantum Monte Carlo (QMC) method to
solve the many-body Schroedinger
equation:
ØChoose trial wavefunction that overlaps

with the ground state of the system.
ØEvaluate imaginary-time propagator for 

small timestep Δ𝜏.
ØMake consecutive small time steps

using Monte Carlo techniques to
project out ground state:

More details:
Carlson, Gandolfi, Pederiva, Pieper, Schiavilla, Schmidt, Wiringa, RMP (2015)
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Quantum Monte Carlo Method

Chiral Effective Field Theory
Systematic expansion of nuclear
forces in low momenta 𝑄 over
breakdown scale Λ':
ØPions and nucleons as degrees

of freedom.
ØPower counting scheme.
ØCan work to desired accuracy

with systematic error estimates.
ØProvides natural hierarchy of

nuclear forces.
ØConsistent interactions: Same

couplings for two-nucleon and
many-body sector.

ØFitting: Two-nucleon (NN) forces in NN system (phase shifts), three-
nucleon forces (3N) in A=3,4 systems (Binding energies, radii).
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LVC, PRL (2018)

Ø Tidal polarizabilities relate NS deformation Qij with partner’s
gravitational field Eij. They are given by (with love number k2):

⇤ = �/M5
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Ø However, systematic calculations show that currently nuclear-
physics input is more constraining than first merger observation:

ØLos Alamos National Laboratory:
J. Carlson, S. Gandolfi, D. Lonardoni

ØTechnische Universität Darmstadt:
K. Hebeler, J. Lynn, A. Schwenk

ØINT Seattle: S. Reddy
ØIPN Lyon: J. Margueron
ØUniversity of Guelph: A. Gezerlis
ØArizona State University: K. Schmidt

A Groundbreaking Discovery

ØThe LIGO-Virgo collaboration (LVC) observed gravitational waves
from a binary neutron-star merger for the first time on Aug 17, 2017.
The event was called GW170817.

ØGravitational waves probe NS radii and, hence, the equation of state
(EOS) and nuclear forces.

ØLight curves of the ejecta from the associated explosion (kilonova)
probe ejecta composition and nucleosynthesis (r-process pathway).

ØTo reliably interpret these events, we need precise many-body
methods in combination with a systematic theory for nuclear forces.
We perform controlled calculations with systematic theoretical error
estimates using chiral effective field theory (EFT) and advanced
Quantum Monte Carlo methods.

Credit: NY Times

Qij = �k2
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Observation

Chiral EFT

(Gravitational waves)
PRL (2018)

ØWith transient estimates, QMC methods are stochastically exact.
ØWe perform large-scale QMC simulations of atomic nuclei and

nuclear matter relevant for astrophysics.

Lonardoni et al., PRL and PRC (2018)
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R1.4  13.6 km
<latexit sha1_base64="BQSG9zODvUmawqmkVlxOgqAsD1Y=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFHHcqainaWKqYKORC2NtMkiW7d+funBiO+wM2/hUbC0Vs7e38N24+Ck18MPB4b4aZeWEihUHP+3YmJqemZ2bn5gsLi0vLK8XVtYqJU82hzGMZ69uQGZAigjIKlHCbaGAqlHATds56/s09aCPi6Bq7CdQUa0WiKThDK9WLW4Fi2NYqu8rrme8e5IGEO+rvu4fBboDwgFlH5fViyXO9Pug48YekRIa4qBe/gkbMUwURcsmMqfpegrWMaRRcQl4IUgMJ4x3WgqqlEVNgaln/m5xuW6VBm7G2FSHtq78nMqaM6arQdvZuN6NeT/zPq6bYPK5lIkpShIgPFjVTSTGmvWhoQ2jgKLuWMK6FvZXyNtOMow2wYEPwR18eJ5U91/dc//KgdHI6jGOObJBNskN8ckROyDm5IGXCySN5Jq/kzXlyXpx352PQOuEMZ9bJHzifP3rlmys=</latexit><latexit sha1_base64="BQSG9zODvUmawqmkVlxOgqAsD1Y=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFHHcqainaWKqYKORC2NtMkiW7d+funBiO+wM2/hUbC0Vs7e38N24+Ck18MPB4b4aZeWEihUHP+3YmJqemZ2bn5gsLi0vLK8XVtYqJU82hzGMZ69uQGZAigjIKlHCbaGAqlHATds56/s09aCPi6Bq7CdQUa0WiKThDK9WLW4Fi2NYqu8rrme8e5IGEO+rvu4fBboDwgFlH5fViyXO9Pug48YekRIa4qBe/gkbMUwURcsmMqfpegrWMaRRcQl4IUgMJ4x3WgqqlEVNgaln/m5xuW6VBm7G2FSHtq78nMqaM6arQdvZuN6NeT/zPq6bYPK5lIkpShIgPFjVTSTGmvWhoQ2jgKLuWMK6FvZXyNtOMow2wYEPwR18eJ5U91/dc//KgdHI6jGOObJBNskN8ckROyDm5IGXCySN5Jq/kzXlyXpx352PQOuEMZ9bJHzifP3rlmys=</latexit><latexit sha1_base64="BQSG9zODvUmawqmkVlxOgqAsD1Y=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFHHcqainaWKqYKORC2NtMkiW7d+funBiO+wM2/hUbC0Vs7e38N24+Ck18MPB4b4aZeWEihUHP+3YmJqemZ2bn5gsLi0vLK8XVtYqJU82hzGMZ69uQGZAigjIKlHCbaGAqlHATds56/s09aCPi6Bq7CdQUa0WiKThDK9WLW4Fi2NYqu8rrme8e5IGEO+rvu4fBboDwgFlH5fViyXO9Pug48YekRIa4qBe/gkbMUwURcsmMqfpegrWMaRRcQl4IUgMJ4x3WgqqlEVNgaln/m5xuW6VBm7G2FSHtq78nMqaM6arQdvZuN6NeT/zPq6bYPK5lIkpShIgPFjVTSTGmvWhoQ2jgKLuWMK6FvZXyNtOMow2wYEPwR18eJ5U91/dc//KgdHI6jGOObJBNskN8ckROyDm5IGXCySN5Jq/kzXlyXpx352PQOuEMZ9bJHzifP3rlmys=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="8EXxY3AGjc2sRUwqZm9TI1boAko=">AAACAnicbZDLSsQwFIZPvTveRrdughdwIaVVUZeCG5cqzihMhyHNnNEwSVuTU3EofQE3voobF4r4EO58GzOXhbcfAh//n5Bz/jhT0lIQfHpj4xOTU9Mzs5W5+YXFperyfN2muRFYE6lKzVXMLSqZYI0kKbzKDHIdK7yMu8f9/PIOjZVpckG9DJuaXyeyIwUnZ7WqG5HmdGN0cV62itDfKyOFtyzc9fej7YjwnoquLlvV9cAPBmJ/IRzBOox02qp+RO1U5BoTEopb2wiDjJoFNySFwrIS5RYzLrr8GhsOE67RNovBNiXbdE6bdVLjTkJs4H5/UXBtbU/H7mZ/dvs765v/ZY2cOofNQiZZTpiI4UedXDFKWb8a1pYGBameAy6MdLMyccMNF+QKrLgSwt8r/4X6jh8GfngWwAyswhpsQQgHcAQncAo1EPAAT/ACr96j9+y9Desa80a9rcAPee9f0NGZsw==</latexit><latexit sha1_base64="8EXxY3AGjc2sRUwqZm9TI1boAko=">AAACAnicbZDLSsQwFIZPvTveRrdughdwIaVVUZeCG5cqzihMhyHNnNEwSVuTU3EofQE3voobF4r4EO58GzOXhbcfAh//n5Bz/jhT0lIQfHpj4xOTU9Mzs5W5+YXFperyfN2muRFYE6lKzVXMLSqZYI0kKbzKDHIdK7yMu8f9/PIOjZVpckG9DJuaXyeyIwUnZ7WqG5HmdGN0cV62itDfKyOFtyzc9fej7YjwnoquLlvV9cAPBmJ/IRzBOox02qp+RO1U5BoTEopb2wiDjJoFNySFwrIS5RYzLrr8GhsOE67RNovBNiXbdE6bdVLjTkJs4H5/UXBtbU/H7mZ/dvs765v/ZY2cOofNQiZZTpiI4UedXDFKWb8a1pYGBameAy6MdLMyccMNF+QKrLgSwt8r/4X6jh8GfngWwAyswhpsQQgHcAQncAo1EPAAT/ACr96j9+y9Desa80a9rcAPee9f0NGZsw==</latexit><latexit sha1_base64="EETfeJD7xST748hq+vqmCb8sgoI=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFHHcqainaWEYxMZALYW8ziUt2787dOTEc9wds/Cs2ForY2tv5b9x8FBp9MPB4b4aZeWEihUHP+3ImJqemZ2bn5gsLi0vLK8XVtaqJU82hwmMZ61rIDEgRQQUFSqglGpgKJVyH3bO+f30H2og4usJeAg3FOpFoC87QSs3iVqAY3miVXebNzHcP8kDCLfX33cNgN0C4x6yr8max5LneAPQv8UekREYoN4ufQSvmqYIIuWTG1H0vwUbGNAouIS8EqYGE8S7rQN3SiCkwjWzwTU63rdKi7VjbipAO1J8TGVPG9FRoO/u3m3GvL/7n1VNsHzcyESUpQsSHi9qppBjTfjS0JTRwlD1LGNfC3kr5DdOMow2wYEPwx1/+S6p7ru+5/oVXOjkdxTFHNsgm2SE+OSIn5JyUSYVw8kCeyAt5dR6dZ+fNeR+2TjijmXXyC87HN3mlmyc=</latexit><latexit sha1_base64="BQSG9zODvUmawqmkVlxOgqAsD1Y=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFHHcqainaWKqYKORC2NtMkiW7d+funBiO+wM2/hUbC0Vs7e38N24+Ck18MPB4b4aZeWEihUHP+3YmJqemZ2bn5gsLi0vLK8XVtYqJU82hzGMZ69uQGZAigjIKlHCbaGAqlHATds56/s09aCPi6Bq7CdQUa0WiKThDK9WLW4Fi2NYqu8rrme8e5IGEO+rvu4fBboDwgFlH5fViyXO9Pug48YekRIa4qBe/gkbMUwURcsmMqfpegrWMaRRcQl4IUgMJ4x3WgqqlEVNgaln/m5xuW6VBm7G2FSHtq78nMqaM6arQdvZuN6NeT/zPq6bYPK5lIkpShIgPFjVTSTGmvWhoQ2jgKLuWMK6FvZXyNtOMow2wYEPwR18eJ5U91/dc//KgdHI6jGOObJBNskN8ckROyDm5IGXCySN5Jq/kzXlyXpx352PQOuEMZ9bJHzifP3rlmys=</latexit><latexit sha1_base64="BQSG9zODvUmawqmkVlxOgqAsD1Y=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFHHcqainaWKqYKORC2NtMkiW7d+funBiO+wM2/hUbC0Vs7e38N24+Ck18MPB4b4aZeWEihUHP+3YmJqemZ2bn5gsLi0vLK8XVtYqJU82hzGMZ69uQGZAigjIKlHCbaGAqlHATds56/s09aCPi6Bq7CdQUa0WiKThDK9WLW4Fi2NYqu8rrme8e5IGEO+rvu4fBboDwgFlH5fViyXO9Pug48YekRIa4qBe/gkbMUwURcsmMqfpegrWMaRRcQl4IUgMJ4x3WgqqlEVNgaln/m5xuW6VBm7G2FSHtq78nMqaM6arQdvZuN6NeT/zPq6bYPK5lIkpShIgPFjVTSTGmvWhoQ2jgKLuWMK6FvZXyNtOMow2wYEPwR18eJ5U91/dc//KgdHI6jGOObJBNskN8ckROyDm5IGXCySN5Jq/kzXlyXpx352PQOuEMZ9bJHzifP3rlmys=</latexit><latexit sha1_base64="BQSG9zODvUmawqmkVlxOgqAsD1Y=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFHHcqainaWKqYKORC2NtMkiW7d+funBiO+wM2/hUbC0Vs7e38N24+Ck18MPB4b4aZeWEihUHP+3YmJqemZ2bn5gsLi0vLK8XVtYqJU82hzGMZ69uQGZAigjIKlHCbaGAqlHATds56/s09aCPi6Bq7CdQUa0WiKThDK9WLW4Fi2NYqu8rrme8e5IGEO+rvu4fBboDwgFlH5fViyXO9Pug48YekRIa4qBe/gkbMUwURcsmMqfpegrWMaRRcQl4IUgMJ4x3WgqqlEVNgaln/m5xuW6VBm7G2FSHtq78nMqaM6arQdvZuN6NeT/zPq6bYPK5lIkpShIgPFjVTSTGmvWhoQ2jgKLuWMK6FvZXyNtOMow2wYEPwR18eJ5U91/dc//KgdHI6jGOObJBNskN8ckROyDm5IGXCySN5Jq/kzXlyXpx352PQOuEMZ9bJHzifP3rlmys=</latexit><latexit sha1_base64="BQSG9zODvUmawqmkVlxOgqAsD1Y=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFHHcqainaWKqYKORC2NtMkiW7d+funBiO+wM2/hUbC0Vs7e38N24+Ck18MPB4b4aZeWEihUHP+3YmJqemZ2bn5gsLi0vLK8XVtYqJU82hzGMZ69uQGZAigjIKlHCbaGAqlHATds56/s09aCPi6Bq7CdQUa0WiKThDK9WLW4Fi2NYqu8rrme8e5IGEO+rvu4fBboDwgFlH5fViyXO9Pug48YekRIa4qBe/gkbMUwURcsmMqfpegrWMaRRcQl4IUgMJ4x3WgqqlEVNgaln/m5xuW6VBm7G2FSHtq78nMqaM6arQdvZuN6NeT/zPq6bYPK5lIkpShIgPFjVTSTGmvWhoQ2jgKLuWMK6FvZXyNtOMow2wYEPwR18eJ5U91/dc//KgdHI6jGOObJBNskN8ckROyDm5IGXCySN5Jq/kzXlyXpx352PQOuEMZ9bJHzifP3rlmys=</latexit><latexit sha1_base64="BQSG9zODvUmawqmkVlxOgqAsD1Y=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFHHcqainaWKqYKORC2NtMkiW7d+funBiO+wM2/hUbC0Vs7e38N24+Ck18MPB4b4aZeWEihUHP+3YmJqemZ2bn5gsLi0vLK8XVtYqJU82hzGMZ69uQGZAigjIKlHCbaGAqlHATds56/s09aCPi6Bq7CdQUa0WiKThDK9WLW4Fi2NYqu8rrme8e5IGEO+rvu4fBboDwgFlH5fViyXO9Pug48YekRIa4qBe/gkbMUwURcsmMqfpegrWMaRRcQl4IUgMJ4x3WgqqlEVNgaln/m5xuW6VBm7G2FSHtq78nMqaM6arQdvZuN6NeT/zPq6bYPK5lIkpShIgPFjVTSTGmvWhoQ2jgKLuWMK6FvZXyNtOMow2wYEPwR18eJ5U91/dc//KgdHI6jGOObJBNskN8ckROyDm5IGXCySN5Jq/kzXlyXpx352PQOuEMZ9bJHzifP3rlmys=</latexit><latexit sha1_base64="BQSG9zODvUmawqmkVlxOgqAsD1Y=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIKFHHcqainaWKqYKORC2NtMkiW7d+funBiO+wM2/hUbC0Vs7e38N24+Ck18MPB4b4aZeWEihUHP+3YmJqemZ2bn5gsLi0vLK8XVtYqJU82hzGMZ69uQGZAigjIKlHCbaGAqlHATds56/s09aCPi6Bq7CdQUa0WiKThDK9WLW4Fi2NYqu8rrme8e5IGEO+rvu4fBboDwgFlH5fViyXO9Pug48YekRIa4qBe/gkbMUwURcsmMqfpegrWMaRRcQl4IUgMJ4x3WgqqlEVNgaln/m5xuW6VBm7G2FSHtq78nMqaM6arQdvZuN6NeT/zPq6bYPK5lIkpShIgPFjVTSTGmvWhoQ2jgKLuWMK6FvZXyNtOMow2wYEPwR18eJ5U91/dc//KgdHI6jGOObJBNskN8ckROyDm5IGXCySN5Jq/kzXlyXpx352PQOuEMZ9bJHzifP3rlmys=</latexit>

Results: Neutron-Star Mergers
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