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GW170817, Aug 17, 2017

Neutron stars:

• Remnants of core-collapse 
supernovae

• Typical masses of 1.4 Msol
• Typical radii of only O(10) km 

Neutron star mergers:

• Coalescence of two neutron stars
• Can be detected in gravitational 

waves and EM spectrum 
(Multimessenger astrophysics)

• Explore highest densities in the 
Cosmos!
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What are Neutron Stars?
Neutron star physics is extreme:
• Highest densities in the cosmos!
• Extreme magnetic fields, extreme gravity, extreme 

spin frequencies, …
• Can not be realized in terrestrial experiments!

Example: iron block, shrink x → 10-4 x with constant mass.

7.9 g/cm3

x
Gandolfi, Lippuner, Steiner, IT et al., J. Phys. G (2019)
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What are Neutron Stars?

Gandolfi, Lippuner, Steiner, IT et al., J. Phys. G (2019)

Neutron stars are ideal laboratories for fundamental 
physics:

• Atmosphere: atomic and plasma physics,
• Outer Crust: Solid state physics (lattice of nuclei),
• Inner Crust: Neutron superfluidity,
• Core: Strongly interacting matter, may exhibit 

exotic phases of matter.

Due to their extreme properties, neutron stars provide 
information complimentary to experiments on Earth.

Data from astrophysical observations is crucial to learn 
about fundamental physics!
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(Short) History of neutron stars
• 1932: Discovery of the neutron by Chadwick.
• 1933/34: Proposition of the existence of neutron stars by 

Baade and Zwicky as engines for supernovae.

Walter Baade

Fritz Zwicky
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(Short) History of neutron stars
• 1932: Discovery of the neutron by Chadwick.
• 1933/34: Proposition of the existence of neutron stars by 

Baade and Zwicky as engines for supernovae.
• 1939: Tolman, Oppenheimer and Volkoff calculate neutron-

star mass limit of 0.7 Msol for cold, degenerate neutron gas.

J. Robert Oppenheimer George Volkoff Richard Tolman
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(Short) History of neutron stars
• 1932: Discovery of the neutron by Chadwick.
• 1933/34: Proposition of the existence of neutron stars by 

Baade and Zwicky as engines for supernovae.
• 1939: Tolman, Oppenheimer and Volkoff calculate neutron-

star mass limit of 0.7 Msol for cold, degenerate neutron gas.
• 1967: Bell finds regular pulse repeating every 1.3 s in data 

taken by radio telescope built with A. Hewish, called it “Little 
Green Man-1” → Discovery of pulsars (PSR B1919+21).

Jocelyn Bell (1967)
Credit: NASA



85/3/21

(Short) History of neutron stars
• 1932: Discovery of the neutron by Chadwick.
• 1933/34: Proposition of the existence of neutron stars by 

Baade and Zwicky as engines for supernovae.
• 1939: Tolman, Oppenheimer and Volkoff calculate neutron-

star mass limit of 0.7 Msol for cold, degenerate neutron gas.
• 1967: Bell finds regular pulse repeating every 1.3 s in data 

taken by radio telescope built with A. Hewish, called it “Little 
Green Man-1” → Discovery of pulsars (PSR B1919+21).

• 1974: Hewish wins Nobel prize for the discovery of pulsars.
• 1974: Discovery of the Hulse-Taylor pulsar PSR B1913+16, 

first binary neutron-star system. Tests of General Relativity, 
e.g., gravitational waves lower orbital frequency → observed!

• 2010, 2013, 2019: Discovery of 2 Msol neutron stars. 

Weisberg and Taylor, 2004
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(Short) History of neutron stars
• 1932: Discovery of the neutron by Chadwick.
• 1933/34: Proposition of the existence of neutron stars by 

Baade and Zwicky as engines for supernovae.
• 1939: Tolman, Oppenheimer and Volkoff calculate neutron-

star mass limit of 0.7 Msol for cold, degenerate neutron gas.
• 1967: Bell finds regular pulse repeating every 1.3 s in data 

taken by radio telescope built with A. Hewish, called it “Little 
Green Man-1” → Discovery of pulsars (PSR B1919+21).

• 1974: Hewish wins Nobel prize for the discovery of pulsars.
• 1974: Discovery of the Hulse-Taylor pulsar PSR B1913+16, 

first binary neutron-star system. Tests of General Relativity, 
e.g., gravitational waves lower orbital frequency → observed!

• 2010, 2013, 2019: Discovery of 2 Msol neutron stars. 
• 2017: First discovery of gravitational waves from neutron-star      

merger, GW170817!

10/16/2017
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What stabilizes Neutron Stars?

Gravity

Pressure

Neutron stars are stabilized against gravity by pressure 
of strongly interacting matter!

Neutron star: Atomic nucleus, e.g., 208Pb:
M ⇠ 1.4Msol = 3 · 1030 kg
R ⇠ 10� 13 km

⇢ ⇠ 1014g/cm3
<latexit sha1_base64="b0kRbXTck5Uh3dbQL4rvfNyA7dU="></latexit><latexit sha1_base64="b0kRbXTck5Uh3dbQL4rvfNyA7dU="></latexit><latexit sha1_base64="b0kRbXTck5Uh3dbQL4rvfNyA7dU="></latexit><latexit sha1_base64="b0kRbXTck5Uh3dbQL4rvfNyA7dU="></latexit>

M ⇠ 3 · 10�25 kg

R ⇠ 6 fm = 6 · 10�18 km

⇢ ⇠ 1014g/cm3
<latexit sha1_base64="WdWCABBJZxS84FoqzHfrDsxts1o="></latexit><latexit sha1_base64="WdWCABBJZxS84FoqzHfrDsxts1o="></latexit><latexit sha1_base64="WdWCABBJZxS84FoqzHfrDsxts1o="></latexit><latexit sha1_base64="WdWCABBJZxS84FoqzHfrDsxts1o="></latexit>

Although the corresponding scales differ by many orders 
of magnitude, properties of neutron stars and nuclei are 
strongly connected.

Nuclear interactions exert outward pressure that 
stabilize both nuclei and neutron stars!

Nuclear saturation density
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Why study neutron stars?

What are current 
observational 
constraints?

What do observations tell 
us about nuclear physics 
and nuclear interactions?

01 02 03

• Multi-messenger astrophysics as 
test for nuclear physis.

Same nuclear interactions among same constituents (nucleons) in the lab and in astrophysics. 
A measurement or observation has immediate consequences for the other domain.

How does the neutron-
star structure depend on 
nuclear interactions?

• What are the fundamental 
interactions that govern 
strongly interacting matter?

• Constraints from mass 
measurements, gravitational waves, 
and NICER.
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The equation of state

Neutron Stars described by Tolman-
Oppenheimer-Volkoff (TOV) equations, 
equation of state (EOS) only ingredient.

• Neutron stars have typical temperatures 
of  T=107-108 K → Eth = 8 keV ≪ EF

• Therefore, neutron stars can be 
considered to be objects at T=0

• Then, EOS relates pressure p and energy 
density 𝜖

Equation of state Observation

Maximum Mass𝝆sat

Tolman-Oppenheimer-Volkoff eqns.
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The equation of state

Equation of state Observation

Maximum Mass𝝆sat

Tolman-Oppenheimer-Volkoff eqns.

Neutron Stars described by Tolman-
Oppenheimer-Volkoff (TOV) equations, 
equation of state (EOS) only ingredient.

• Neutron stars have typical temperatures 
of  T=107-108 K → Eth = 8 keV ≪ EF

• Therefore, neutron stars can be 
considered to be objects at T=0

• Then, EOS relates pressure p and energy 
density 𝜖



145/3/21

The equation of state

Equation of state Observation

Maximum Mass𝝆sat

Tolman-Oppenheimer-Volkoff eqns.

Neutron Stars described by Tolman-
Oppenheimer-Volkoff (TOV) equations, 
equation of state (EOS) only ingredient.

• Neutron stars have typical temperatures 
of  T=107-108 K → Eth = 8 keV ≪ EF

• Therefore, neutron stars can be 
considered to be objects at T=0

• Then, EOS relates pressure p and energy 
density 𝜖
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The equation of state

Credit: N. Wex

Large number of neutron-star equations of state 
available in the literature, but which ones are “good”?

• They do not provide any theoretical uncertainty 
estimates.

• They are not constructed based on some 
fundamental guiding principle; hence, it is not 
clear how to improve them systematically.

?
Sketch! Constraints:

• At low densities from nuclear theory and 
experiment.

• At very high density from pQCD.

• No robust constraints at intermediate densities 
from nuclear physics!

see, e.g., Kurkela, Vuorinen et al.
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The equation of state
Neutron-star structure depends on the EOS, given by                   

Ø Baryon density:

Ø Energy density:

Ø Pressure: 

In neutron star, we have neutrons, protons, and electrons in 
beta equilibrium. Therefore, we need a function

where x is the proton fraction,                 .

p = p(✏)
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<latexit sha1_base64="qJYRYTjHABhxukrSuAOSvGFLVAU=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGqXjxWsB/QhrLZbtqlm03cnRRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDholTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDf1myOujYjVI44T7ke0r0QoGEUr+eq6E2rKsptJ1ph0S2W34s5AlomXkzLkqHVLX51ezNKIK2SSGtP23AT9jGoUTPJJsZManlA2pH3etlTRiBs/mx09IadW6ZEw1rYUkpn6eyKjkTHjKLCdEcWBWfSm4n9eO8Xwys+ESlLkis0XhakkGJNpAqQnNGcox5ZQpoW9lbABtSmgzaloQ/AWX14mjfOK51a8h4ty9TaPowDHcAJn4MElVOEealAHBk/wDK/w5oycF+fd+Zi3rjj5zBH8gfP5A91okiY=</latexit><latexit sha1_base64="qJYRYTjHABhxukrSuAOSvGFLVAU=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGqXjxWsB/QhrLZbtqlm03cnRRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDholTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDf1myOujYjVI44T7ke0r0QoGEUr+eq6E2rKsptJ1ph0S2W34s5AlomXkzLkqHVLX51ezNKIK2SSGtP23AT9jGoUTPJJsZManlA2pH3etlTRiBs/mx09IadW6ZEw1rYUkpn6eyKjkTHjKLCdEcWBWfSm4n9eO8Xwys+ESlLkis0XhakkGJNpAqQnNGcox5ZQpoW9lbABtSmgzaloQ/AWX14mjfOK51a8h4ty9TaPowDHcAJn4MElVOEealAHBk/wDK/w5oycF+fd+Zi3rjj5zBH8gfP5A91okiY=</latexit><latexit sha1_base64="qJYRYTjHABhxukrSuAOSvGFLVAU=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGqXjxWsB/QhrLZbtqlm03cnRRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDholTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDf1myOujYjVI44T7ke0r0QoGEUr+eq6E2rKsptJ1ph0S2W34s5AlomXkzLkqHVLX51ezNKIK2SSGtP23AT9jGoUTPJJsZManlA2pH3etlTRiBs/mx09IadW6ZEw1rYUkpn6eyKjkTHjKLCdEcWBWfSm4n9eO8Xwys+ESlLkis0XhakkGJNpAqQnNGcox5ZQpoW9lbABtSmgzaloQ/AWX14mjfOK51a8h4ty9TaPowDHcAJn4MElVOEealAHBk/wDK/w5oycF+fd+Zi3rjj5zBH8gfP5A91okiY=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="kXilk2GwpJjBqFXOD7DU0sa9Rno=">AAAB6XicbZBLSwMxFIXv+Ky1anXrJlgEVyXjRjeC4sZlBfuAdiiZNNOGZjJjcqdQhvkdblwo4h9y578xfSy09UDgcE7CvfnCVEmLlH57G5tb2zu7pb3yfuXg8Kh6XGnZJDNcNHmiEtMJmRVKatFEiUp0UiNYHCrRDsf3s749EcbKRD/hNBVBzIZaRpIzdFGgb3qRYTy/K/JW0a/WaJ3ORdaNvzQ1WKrRr371BgnPYqGRK2Zt16cpBjkzKLkSRbmXWZEyPmZD0XVWs1jYIJ8vXZBzlwxIlBh3NJJ5+vtFzmJrp3HobsYMR3a1m4X/dd0Mo+sglzrNUGi+GBRlimBCZgTIQBrBUU2dYdxItyvhI+YooONUdhD81S+vm9Zl3ad1/5FCCU7hDC7Ahyu4hQdoQBM4PMMLvMG7N/FevY8Frg1vye0E/sj7/AGSHJDH</latexit><latexit sha1_base64="kXilk2GwpJjBqFXOD7DU0sa9Rno=">AAAB6XicbZBLSwMxFIXv+Ky1anXrJlgEVyXjRjeC4sZlBfuAdiiZNNOGZjJjcqdQhvkdblwo4h9y578xfSy09UDgcE7CvfnCVEmLlH57G5tb2zu7pb3yfuXg8Kh6XGnZJDNcNHmiEtMJmRVKatFEiUp0UiNYHCrRDsf3s749EcbKRD/hNBVBzIZaRpIzdFGgb3qRYTy/K/JW0a/WaJ3ORdaNvzQ1WKrRr371BgnPYqGRK2Zt16cpBjkzKLkSRbmXWZEyPmZD0XVWs1jYIJ8vXZBzlwxIlBh3NJJ5+vtFzmJrp3HobsYMR3a1m4X/dd0Mo+sglzrNUGi+GBRlimBCZgTIQBrBUU2dYdxItyvhI+YooONUdhD81S+vm9Zl3ad1/5FCCU7hDC7Ahyu4hQdoQBM4PMMLvMG7N/FevY8Frg1vye0E/sj7/AGSHJDH</latexit><latexit sha1_base64="fDmmogjqdD59dYWW6mkmtq5HqKI=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKex60YsQ9eIxgnlAsoTZSW8yZHZ2nZkNhGW/w4sHRbz6Md78GyePgyYWNBRV3XR3BYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+a4xK81g+mkmCfkQHkoecUWMlX153Q0VZdpNnzbxXrrhVdwaySrwFqcAC9V75q9uPWRqhNExQrTuemxg/o8pwJjAvdVONCWUjOsCOpZJGqP1sdnROzqzSJ2GsbElDZurviYxGWk+iwHZG1Az1sjcV//M6qQmv/IzLJDUo2XxRmApiYjJNgPS5QmbExBLKFLe3EjakNgVjcyrZELzll1dJ86LquVXvwa3UbhdxFOEETuEcPLiEGtxDHRrA4Ame4RXenLHz4rw7H/PWgrOYOYY/cD5/ANwokiI=</latexit><latexit sha1_base64="qJYRYTjHABhxukrSuAOSvGFLVAU=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGqXjxWsB/QhrLZbtqlm03cnRRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDholTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDf1myOujYjVI44T7ke0r0QoGEUr+eq6E2rKsptJ1ph0S2W34s5AlomXkzLkqHVLX51ezNKIK2SSGtP23AT9jGoUTPJJsZManlA2pH3etlTRiBs/mx09IadW6ZEw1rYUkpn6eyKjkTHjKLCdEcWBWfSm4n9eO8Xwys+ESlLkis0XhakkGJNpAqQnNGcox5ZQpoW9lbABtSmgzaloQ/AWX14mjfOK51a8h4ty9TaPowDHcAJn4MElVOEealAHBk/wDK/w5oycF+fd+Zi3rjj5zBH8gfP5A91okiY=</latexit><latexit sha1_base64="qJYRYTjHABhxukrSuAOSvGFLVAU=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGqXjxWsB/QhrLZbtqlm03cnRRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDholTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDf1myOujYjVI44T7ke0r0QoGEUr+eq6E2rKsptJ1ph0S2W34s5AlomXkzLkqHVLX51ezNKIK2SSGtP23AT9jGoUTPJJsZManlA2pH3etlTRiBs/mx09IadW6ZEw1rYUkpn6eyKjkTHjKLCdEcWBWfSm4n9eO8Xwys+ESlLkis0XhakkGJNpAqQnNGcox5ZQpoW9lbABtSmgzaloQ/AWX14mjfOK51a8h4ty9TaPowDHcAJn4MElVOEealAHBk/wDK/w5oycF+fd+Zi3rjj5zBH8gfP5A91okiY=</latexit><latexit sha1_base64="qJYRYTjHABhxukrSuAOSvGFLVAU=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGqXjxWsB/QhrLZbtqlm03cnRRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDholTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDf1myOujYjVI44T7ke0r0QoGEUr+eq6E2rKsptJ1ph0S2W34s5AlomXkzLkqHVLX51ezNKIK2SSGtP23AT9jGoUTPJJsZManlA2pH3etlTRiBs/mx09IadW6ZEw1rYUkpn6eyKjkTHjKLCdEcWBWfSm4n9eO8Xwys+ESlLkis0XhakkGJNpAqQnNGcox5ZQpoW9lbABtSmgzaloQ/AWX14mjfOK51a8h4ty9TaPowDHcAJn4MElVOEealAHBk/wDK/w5oycF+fd+Zi3rjj5zBH8gfP5A91okiY=</latexit><latexit sha1_base64="qJYRYTjHABhxukrSuAOSvGFLVAU=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGqXjxWsB/QhrLZbtqlm03cnRRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDholTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDf1myOujYjVI44T7ke0r0QoGEUr+eq6E2rKsptJ1ph0S2W34s5AlomXkzLkqHVLX51ezNKIK2SSGtP23AT9jGoUTPJJsZManlA2pH3etlTRiBs/mx09IadW6ZEw1rYUkpn6eyKjkTHjKLCdEcWBWfSm4n9eO8Xwys+ESlLkis0XhakkGJNpAqQnNGcox5ZQpoW9lbABtSmgzaloQ/AWX14mjfOK51a8h4ty9TaPowDHcAJn4MElVOEealAHBk/wDK/w5oycF+fd+Zi3rjj5zBH8gfP5A91okiY=</latexit><latexit sha1_base64="qJYRYTjHABhxukrSuAOSvGFLVAU=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGqXjxWsB/QhrLZbtqlm03cnRRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDholTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDf1myOujYjVI44T7ke0r0QoGEUr+eq6E2rKsptJ1ph0S2W34s5AlomXkzLkqHVLX51ezNKIK2SSGtP23AT9jGoUTPJJsZManlA2pH3etlTRiBs/mx09IadW6ZEw1rYUkpn6eyKjkTHjKLCdEcWBWfSm4n9eO8Xwys+ESlLkis0XhakkGJNpAqQnNGcox5ZQpoW9lbABtSmgzaloQ/AWX14mjfOK51a8h4ty9TaPowDHcAJn4MElVOEealAHBk/wDK/w5oycF+fd+Zi3rjj5zBH8gfP5A91okiY=</latexit><latexit sha1_base64="qJYRYTjHABhxukrSuAOSvGFLVAU=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIehGqXjxWsB/QhrLZbtqlm03cnRRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDholTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geDf1myOujYjVI44T7ke0r0QoGEUr+eq6E2rKsptJ1ph0S2W34s5AlomXkzLkqHVLX51ezNKIK2SSGtP23AT9jGoUTPJJsZManlA2pH3etlTRiBs/mx09IadW6ZEw1rYUkpn6eyKjkTHjKLCdEcWBWfSm4n9eO8Xwys+ESlLkis0XhakkGJNpAqQnNGcox5ZQpoW9lbABtSmgzaloQ/AWX14mjfOK51a8h4ty9TaPowDHcAJn4MElVOEealAHBk/wDK/w5oycF+fd+Zi3rjj5zBH8gfP5A91okiY=</latexit>

✏ =
E

V
= n · E

A
<latexit sha1_base64="jMa4FB0ZmBEqcaoAS7dDmVGkxtw=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiKCbgpVEVxWsA9oQplMJu3QyUyYmQgl5BPc+CtuXCji1qU7/8ZpG0RbD1w4nHMv994TJIwq7Thf1sLi0vLKammtvL6xubVt7+y2lEglJk0smJCdACnCKCdNTTUjnUQSFAeMtIPh1dhv3xOpqOB3epQQP0Z9TiOKkTZSzz7ySKIoE7zmRRLh7DrPWnmNezgUGv5IF3nPrjhVZwI4T9yCVECBRs/+9EKB05hwjRlSqus6ifYzJDXFjORlL1UkQXiI+qRrKEcxUX42eSiHh0YJYSSkKa7hRP09kaFYqVEcmM4Y6YGa9cbif1431dG5n1GepJpwPF0UpQxqAcfpwJBKgjUbGYKwpOZWiAfIpKBNhmUTgjv78jxpnVRdp+renlbql0UcJbAPDsAxcMEZqIMb0ABNgMEDeAIv4NV6tJ6tN+t92rpgFTN74A+sj2+NcJ2G</latexit><latexit sha1_base64="jMa4FB0ZmBEqcaoAS7dDmVGkxtw=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiKCbgpVEVxWsA9oQplMJu3QyUyYmQgl5BPc+CtuXCji1qU7/8ZpG0RbD1w4nHMv994TJIwq7Thf1sLi0vLKammtvL6xubVt7+y2lEglJk0smJCdACnCKCdNTTUjnUQSFAeMtIPh1dhv3xOpqOB3epQQP0Z9TiOKkTZSzz7ySKIoE7zmRRLh7DrPWnmNezgUGv5IF3nPrjhVZwI4T9yCVECBRs/+9EKB05hwjRlSqus6ifYzJDXFjORlL1UkQXiI+qRrKEcxUX42eSiHh0YJYSSkKa7hRP09kaFYqVEcmM4Y6YGa9cbif1431dG5n1GepJpwPF0UpQxqAcfpwJBKgjUbGYKwpOZWiAfIpKBNhmUTgjv78jxpnVRdp+renlbql0UcJbAPDsAxcMEZqIMb0ABNgMEDeAIv4NV6tJ6tN+t92rpgFTN74A+sj2+NcJ2G</latexit><latexit sha1_base64="jMa4FB0ZmBEqcaoAS7dDmVGkxtw=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiKCbgpVEVxWsA9oQplMJu3QyUyYmQgl5BPc+CtuXCji1qU7/8ZpG0RbD1w4nHMv994TJIwq7Thf1sLi0vLKammtvL6xubVt7+y2lEglJk0smJCdACnCKCdNTTUjnUQSFAeMtIPh1dhv3xOpqOB3epQQP0Z9TiOKkTZSzz7ySKIoE7zmRRLh7DrPWnmNezgUGv5IF3nPrjhVZwI4T9yCVECBRs/+9EKB05hwjRlSqus6ifYzJDXFjORlL1UkQXiI+qRrKEcxUX42eSiHh0YJYSSkKa7hRP09kaFYqVEcmM4Y6YGa9cbif1431dG5n1GepJpwPF0UpQxqAcfpwJBKgjUbGYKwpOZWiAfIpKBNhmUTgjv78jxpnVRdp+renlbql0UcJbAPDsAxcMEZqIMb0ABNgMEDeAIv4NV6tJ6tN+t92rpgFTN74A+sj2+NcJ2G</latexit><latexit sha1_base64="jMa4FB0ZmBEqcaoAS7dDmVGkxtw=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiKCbgpVEVxWsA9oQplMJu3QyUyYmQgl5BPc+CtuXCji1qU7/8ZpG0RbD1w4nHMv994TJIwq7Thf1sLi0vLKammtvL6xubVt7+y2lEglJk0smJCdACnCKCdNTTUjnUQSFAeMtIPh1dhv3xOpqOB3epQQP0Z9TiOKkTZSzz7ySKIoE7zmRRLh7DrPWnmNezgUGv5IF3nPrjhVZwI4T9yCVECBRs/+9EKB05hwjRlSqus6ifYzJDXFjORlL1UkQXiI+qRrKEcxUX42eSiHh0YJYSSkKa7hRP09kaFYqVEcmM4Y6YGa9cbif1431dG5n1GepJpwPF0UpQxqAcfpwJBKgjUbGYKwpOZWiAfIpKBNhmUTgjv78jxpnVRdp+renlbql0UcJbAPDsAxcMEZqIMb0ABNgMEDeAIv4NV6tJ6tN+t92rpgFTN74A+sj2+NcJ2G</latexit>

E

A
(n, x)

<latexit sha1_base64="e4eO6nAHlEwDhc0AA1bd20kVQIs=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCBSmJCHqsiuCxgv2AtpTNdtMu3WzC7kYtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yLOlHacbyu3tLyyupZfL2xsbm3v2MXdhgpjSWidhDyULQ8rypmgdc00p61IUhx4nDa90dXEb95TqVgo7vQ4ot0ADwTzGcHaSD27iDq+xCS5TpOLtCyOH496dsmpOFOgReJmpAQZaj37q9MPSRxQoQnHSrVdJ9LdBEvNCKdpoRMrGmEywgPaNlTggKpuMj09RYdG6SM/lKaERlP190SCA6XGgWc6A6yHat6biP957Vj7592EiSjWVJDZIj/mSIdokgPqM0mJ5mNDMJHM3IrIEJsotEmrYEJw519eJI2TiutU3NvTUvUyiyMP+3AAZXDhDKpwAzWoA4EHeIZXeLOerBfr3fqYteasbGYP/sD6/AEqNJNG</latexit><latexit sha1_base64="e4eO6nAHlEwDhc0AA1bd20kVQIs=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCBSmJCHqsiuCxgv2AtpTNdtMu3WzC7kYtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yLOlHacbyu3tLyyupZfL2xsbm3v2MXdhgpjSWidhDyULQ8rypmgdc00p61IUhx4nDa90dXEb95TqVgo7vQ4ot0ADwTzGcHaSD27iDq+xCS5TpOLtCyOH496dsmpOFOgReJmpAQZaj37q9MPSRxQoQnHSrVdJ9LdBEvNCKdpoRMrGmEywgPaNlTggKpuMj09RYdG6SM/lKaERlP190SCA6XGgWc6A6yHat6biP957Vj7592EiSjWVJDZIj/mSIdokgPqM0mJ5mNDMJHM3IrIEJsotEmrYEJw519eJI2TiutU3NvTUvUyiyMP+3AAZXDhDKpwAzWoA4EHeIZXeLOerBfr3fqYteasbGYP/sD6/AEqNJNG</latexit><latexit sha1_base64="e4eO6nAHlEwDhc0AA1bd20kVQIs=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCBSmJCHqsiuCxgv2AtpTNdtMu3WzC7kYtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yLOlHacbyu3tLyyupZfL2xsbm3v2MXdhgpjSWidhDyULQ8rypmgdc00p61IUhx4nDa90dXEb95TqVgo7vQ4ot0ADwTzGcHaSD27iDq+xCS5TpOLtCyOH496dsmpOFOgReJmpAQZaj37q9MPSRxQoQnHSrVdJ9LdBEvNCKdpoRMrGmEywgPaNlTggKpuMj09RYdG6SM/lKaERlP190SCA6XGgWc6A6yHat6biP957Vj7592EiSjWVJDZIj/mSIdokgPqM0mJ5mNDMJHM3IrIEJsotEmrYEJw519eJI2TiutU3NvTUvUyiyMP+3AAZXDhDKpwAzWoA4EHeIZXeLOerBfr3fqYteasbGYP/sD6/AEqNJNG</latexit><latexit sha1_base64="e4eO6nAHlEwDhc0AA1bd20kVQIs=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCBSmJCHqsiuCxgv2AtpTNdtMu3WzC7kYtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yLOlHacbyu3tLyyupZfL2xsbm3v2MXdhgpjSWidhDyULQ8rypmgdc00p61IUhx4nDa90dXEb95TqVgo7vQ4ot0ADwTzGcHaSD27iDq+xCS5TpOLtCyOH496dsmpOFOgReJmpAQZaj37q9MPSRxQoQnHSrVdJ9LdBEvNCKdpoRMrGmEywgPaNlTggKpuMj09RYdG6SM/lKaERlP190SCA6XGgWc6A6yHat6biP957Vj7592EiSjWVJDZIj/mSIdokgPqM0mJ5mNDMJHM3IrIEJsotEmrYEJw519eJI2TiutU3NvTUvUyiyMP+3AAZXDhDKpwAzWoA4EHeIZXeLOerBfr3fqYteasbGYP/sD6/AEqNJNG</latexit>

x = np/n
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Neutron stars

• x = 0.5: Symmetric nuclear matter: Connection to laboratory experiments.
• x = 0.0: Pure neutron matter: Connection to astrophysical observations.
• Difference is called symmetry energy: Connection to heavy-ion collisions, neutron skins, …

Symmetry energy
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The equation of state n

n

n

n

n

n

n n

Many different approaches to calculate               but I will
focus on microscopic calculations. We need:

q A theory for the strong interactions among nucleons

q A computational method to solve the many-body 
Schrödinger equation.

E

A
(n, x)

<latexit sha1_base64="e4eO6nAHlEwDhc0AA1bd20kVQIs=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCBSmJCHqsiuCxgv2AtpTNdtMu3WzC7kYtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yLOlHacbyu3tLyyupZfL2xsbm3v2MXdhgpjSWidhDyULQ8rypmgdc00p61IUhx4nDa90dXEb95TqVgo7vQ4ot0ADwTzGcHaSD27iDq+xCS5TpOLtCyOH496dsmpOFOgReJmpAQZaj37q9MPSRxQoQnHSrVdJ9LdBEvNCKdpoRMrGmEywgPaNlTggKpuMj09RYdG6SM/lKaERlP190SCA6XGgWc6A6yHat6biP957Vj7592EiSjWVJDZIj/mSIdokgPqM0mJ5mNDMJHM3IrIEJsotEmrYEJw519eJI2TiutU3NvTUvUyiyMP+3AAZXDhDKpwAzWoA4EHeIZXeLOerBfr3fqYteasbGYP/sD6/AEqNJNG</latexit><latexit sha1_base64="e4eO6nAHlEwDhc0AA1bd20kVQIs=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCBSmJCHqsiuCxgv2AtpTNdtMu3WzC7kYtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yLOlHacbyu3tLyyupZfL2xsbm3v2MXdhgpjSWidhDyULQ8rypmgdc00p61IUhx4nDa90dXEb95TqVgo7vQ4ot0ADwTzGcHaSD27iDq+xCS5TpOLtCyOH496dsmpOFOgReJmpAQZaj37q9MPSRxQoQnHSrVdJ9LdBEvNCKdpoRMrGmEywgPaNlTggKpuMj09RYdG6SM/lKaERlP190SCA6XGgWc6A6yHat6biP957Vj7592EiSjWVJDZIj/mSIdokgPqM0mJ5mNDMJHM3IrIEJsotEmrYEJw519eJI2TiutU3NvTUvUyiyMP+3AAZXDhDKpwAzWoA4EHeIZXeLOerBfr3fqYteasbGYP/sD6/AEqNJNG</latexit><latexit sha1_base64="e4eO6nAHlEwDhc0AA1bd20kVQIs=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCBSmJCHqsiuCxgv2AtpTNdtMu3WzC7kYtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yLOlHacbyu3tLyyupZfL2xsbm3v2MXdhgpjSWidhDyULQ8rypmgdc00p61IUhx4nDa90dXEb95TqVgo7vQ4ot0ADwTzGcHaSD27iDq+xCS5TpOLtCyOH496dsmpOFOgReJmpAQZaj37q9MPSRxQoQnHSrVdJ9LdBEvNCKdpoRMrGmEywgPaNlTggKpuMj09RYdG6SM/lKaERlP190SCA6XGgWc6A6yHat6biP957Vj7592EiSjWVJDZIj/mSIdokgPqM0mJ5mNDMJHM3IrIEJsotEmrYEJw519eJI2TiutU3NvTUvUyiyMP+3AAZXDhDKpwAzWoA4EHeIZXeLOerBfr3fqYteasbGYP/sD6/AEqNJNG</latexit><latexit sha1_base64="e4eO6nAHlEwDhc0AA1bd20kVQIs=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCBSmJCHqsiuCxgv2AtpTNdtMu3WzC7kYtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yLOlHacbyu3tLyyupZfL2xsbm3v2MXdhgpjSWidhDyULQ8rypmgdc00p61IUhx4nDa90dXEb95TqVgo7vQ4ot0ADwTzGcHaSD27iDq+xCS5TpOLtCyOH496dsmpOFOgReJmpAQZaj37q9MPSRxQoQnHSrVdJ9LdBEvNCKdpoRMrGmEywgPaNlTggKpuMj09RYdG6SM/lKaERlP190SCA6XGgWc6A6yHat6biP957Vj7592EiSjWVJDZIj/mSIdokgPqM0mJ5mNDMJHM3IrIEJsotEmrYEJw519eJI2TiutU3NvTUvUyiyMP+3AAZXDhDKpwAzWoA4EHeIZXeLOerBfr3fqYteasbGYP/sD6/AEqNJNG</latexit>

Chiral Effective Field Theory

e.g., many-body perturbation theory, 
quantum Monte Carlo, coupled 
cluster, self-consistent Green’s 
function, …
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Chiral Effective Field Theory

• Atomic nucleus consists of strongly interacting 
matter.

• Made up by quarks and gluons (Quantum 
Chromodynamics).

• Extremely complicated to solve! 

Example: 4He
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Chiral Effective Field Theory

• Atomic nucleus consists of strongly interacting 
matter.

• Made up by quarks and gluons (Quantum 
Chromodynamics).

• Extremely complicated to solve! 

• Probing a nucleus at low energies does not 
resolve quark substructure of nucleons! 

• We can describe the nucleus in terms of 
neutrons (udd)  and protons (uud).

Example: 4He
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Chiral Effective Field Theory

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

(2 LECs)

(7 LECs)

(15 LECs)

(2 LECs: 3N)

Holt et al., PPNP 73 (2013)
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Chiral Effective Field Theory

(2 LECs)

(7 LECs)

(15 LECs)

(2 LECs: 3N)

Systematic expansion of nuclear forces in momentum
Q over breakdown scale Λb :

• Based on symmetries of QCD
• Pions and nucleons as explicit degrees of freedom
• Power counting scheme results in systematic

expansion, enables uncertainty estimates!
• Natural hierarchy of nuclear forces
• Consistent interactions: Same couplings for two-

nucleon and many-body sector
• Fitting: NN forces in NN system (NN phase shifts), 

3N forces in 3N/4N system (Binding energies, radii)
Weinberg, van Kolck, Kaplan, Savage, Wise, 

Epelbaum, Kaiser, Machleidt, Meißner, Hammer ...
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Neutron-proton scattering phase shifts

Can work to desired accuracy with error estimates!

Q =
max(p,m⇡)

⇤b<latexit sha1_base64="qY2USfmpDsBVhahCNtZN50oWIDs=">AAACDHicbVBPS8MwHE3nvzn/TT16KQ5hgox2CnoRhl48eNjA/YG1lDRNt7CkDUkqjtIP4MWv4sWDIl79AN78NmZbD7r5IPB47/2S/J7PKZHKsr6NwtLyyupacb20sbm1vVPe3evIOBEIt1FMY9HzocSURLitiKK4xwWGzKe464+uJ373HgtJ4uhOjTl2GRxEJCQIKi155Urr0gkFRKnD4EOVnzAvdTjJjrPUudW3BNDzM52yatYU5iKxc1IBOZpe+csJYpQwHClEoZR92+LKTaFQBFGclZxEYg7RCA5wX9MIMizddLpMZh5pJTDDWOgTKXOq/p5IIZNyzHydZFAN5bw3Ef/z+okKL9yURDxROEKzh8KEmio2J82YAREYKTrWBCJB9F9NNIS6G6X7K+kS7PmVF0mnXrNPa/XWWaVxlddRBAfgEFSBDc5BA9yAJmgDBB7BM3gFb8aT8WK8Gx+zaMHIZ/bBHxifP7Xym2k=</latexit>

Epelbaum et al., PRL (2015)
See also Carlsson et al. PRX (2016)
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Uncertainty

Present theoretical predictions for nuclear systems are limited by:
• our incomplete understanding of nuclear interactions, 
• and our ability to reliably calculate these strongly interacting systems.

Simonis et al., PRC (2016) Drischler et al.,PRC (2016) Krueger, IT et al.,PRC (2013)
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For nucleonic matter and nuclei, we need a consistent approach with: 
• a systematic theory for strong interactions
• advanced many-body methods
• controlled theoretical uncertainty estimates.

Microscopic studies of 
nucleonic matter and nuclei 
using chiral EFT.
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Chiral Effective Field Theory

(2 LECs)

(7 LECs)

(15 LECs)

(2 LECs: 3N)

BUT: There are still many open questions and 
problems!
• What is the breakdown scale? Does it change in 

the many-body system?

Drischler et al., 
PRC (2020)

Weinberg, van Kolck, Kaplan, Savage, Wise, 
Epelbaum, Kaiser, Machleidt, Meißner, Hammer ...
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Chiral Effective Field Theory

(2 LECs)

(7 LECs)

(15 LECs)

(2 LECs: 3N)

BUT: There are still many open questions and 
problems!
• What is the breakdown scale? Does it change in 

the many-body system?
• How do results depend on the regularization 

scheme (explicit form of the interaction) and scale 
(cutoff necessary in many-body methods)?

• Does this series converge in the many-body 
system?

• How to best determine all unknown coefficients?

Weinberg, van Kolck, Kaplan, Savage, Wise, 
Epelbaum, Kaiser, Machleidt, Meißner, Hammer ...
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Chiral Effective Field Theory
Results for chiral EFT calculations of nuclei:

Hebeler et al., ARNPS (2015)

Excellent description of properties of nuclei up to the 
medium-mass region.

Oxygen

Lonardoni et al., PRL and PRC (2018)
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Chiral EFT and neutron stars

TOV eqs.

Neutron matter

𝝆sat

• Selection of a few EOS models that are used in astrophysics.
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Chiral EFT and neutron stars

TOV eqs.

Neutron matter

𝝆sat

• Selection of a few EOS models that are used in astrophysics.

• Chiral EFT puts constraints on the EOS of neutron matter.
• Provides systematic and reliable uncertainty estimates!

How to extend to 
higher densities?
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Chiral EFT and neutron stars

• Chiral interactions are limited in range of applicability due to breakdown of the
theory, rapid increase of theoretical uncertainty.

• Extend results to neutron-star densities using general approach without strong
model assumptions (e.g., polytropes, speed-of-sound extension, meta-EOS,
nonparametric inference)!

UG constraint: IT, Lattimer, Ohnishi, Kolomeitsev, APJ (2017) 

Neutron matter
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Chiral EFT and neutron stars

IT, Carlson, Gandolfi, Reddy, ApJ (2018)

sketch

ntr

lim
n!1

c2S =
1

3

Speed of sound:

c2S =
@p(✏)

@✏

• Extend results to beta equilibrium (small Ye,p) 
and include crust EOS.

• Extend to higher densities using general 
extension schemes, e.g., in the speed of sound.

• Assume some general form for speed of sound 
above transition density, e.g., linear segments, etc.

• Sample many different curves in allowed region 
(gray band) and reconstruct EOS.

• Can easily include phase transitions and 
additional information on cS.

• Extend systematic uncertainties to higher 
densities!
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Chiral EFT and neutron stars

TOV eqs.

Neutron matter

𝝆sat

• Selection of a few EOS models that are used in astrophysics.

• Chiral EFT puts constraints on the EOS of neutron matter.
• Provides systematic and reliable uncertainty estimates!
• Uncertainty band can be extended to higher densities using general extension schemes.
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Neutron-star masses

Heaviest observed neutron-stars provide 
constraints, because all EOS have to be able to 
reproduce observation.
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Pulsar mass observations
Since 2010, three pulsar-timing observations of heavy 
pulsars with masses close to 2 Msol:

• PSR 1614-2230: 1.908(16) Msol

• PSR J0348+0432: 2.01(4) Msol

• MSP J0740+6620: 2.08(7) Msol

Demorest et al., Nature (2010), Arzoumanian et al., ApJS (2018)

Antoniadis et al., Science (2013)

Cromartie et al., Nat. Astron (2020), Fonseca et al., arXiv:2104.00880

Cromartie et al., Nat. Astron (2020)
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Neutron-star masses

Heaviest observed neutron-stars provide 
constraints, because all EOS have to be able to 
reproduce observation.

(2019)
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NS (multimessenger) observations
First neutron-star merger 
observed on Aug 17, 2017 :

(Gamma-ray)
(EM)

LIGO/VIRGO collaboration, ApJL 848, L12 (2017)

NICER

Miller et al., ApJL (2019)
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Neutron-star mergers

Credit: Tim Dietrich

Gravitational waves from neutron-star merger offer possibility to “measure” the neutron-star radius!
LIGO/VIRGO: 

• During merger, neutron stars deform under gravitational field of partner.
• This deformation is measured as “tidal deformability” from gravitational waveform during 

inspiral phase of neutron-star merger, and probes radius.

Illustration: (Top) NASA; (Bottom), Alan Stonebreaker
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Neutron-star mergers
Gravitational waves from neutron-star merger offer possibility to “measure” the neutron-star radius!
LIGO/VIRGO: 

• During merger, neutron stars deform under gravitational field of partner.
• This deformation is measured as “tidal deformability” from gravitational waveform during 

inspiral phase of neutron-star merger, and probes radius.

Illustration: (Top) NASA; (Bottom), Alan Stonebreaker

Annala et al., PRL (2018)
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Neutron-star mergers
Gravitational waves from neutron-star merger offer possibility to “measure” the neutron-star radius!
LIGO/VIRGO: 

• During merger, neutron stars deform under gravitational field of partner.
• This deformation is measured as “tidal deformability” from gravitational waveform during 

inspiral phase of neutron-star merger, and probes radius.

LIGO Hanford
Credit: LIGO/T. Pyle 
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Neutron-star mergers: Mass limits

Margalit and Metzger, ApJ (2017)

Ø Constraints from the EM signal determined by Mmax:
• Mmax too small: prompt collapse
• Mmax too large: remnant deposits too much energy into ejecta
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Ø Constraints from the EM signal determined by Mmax:
• Mmax too small: prompt collapse
• Mmax too large: remnant deposits too much energy into ejecta

Neutron-star mergers: Mass limits

Margalit and Metzger, ApJ (2017)
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Multi-step analysis of NS observations

(A) Starting point: 
EOS samples derived within the chiral 
EFT framework

(B) Maximum-mass constraints:
Add information from pulsar mass 
measurements and GW170817 
remnant classification

Dietrich, Coughlin, Pang, Bulla, Heinzel, Issa, IT, Antier Science (2020)
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Joint constraint

Consistently combine constraints from low-energy nuclear theory, gravitational-wave 
observations and electromagnetic observations using Bayesian methods.
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Multi-step analysis of NS observations

(A) Starting point: 
EOS samples derived within the chiral 
EFT framework

(B) Maximum-mass constraints:
Add information from pulsar mass 
measurements and GW170817 
remnant classification

Consistently combine constraints from low-energy nuclear theory, gravitational-wave 
observations and electromagnetic observations using Bayesian methods.

Dietrich, Coughlin, Pang, Bulla, Heinzel, Issa, IT, Antier Science (2020)
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NICER: Mass-radius measurement

Miller et al., ApJL (2019)

Recent mass-radius measurement of pulsar PSR J0030+0451 by Neutron star Interior 
Composition Explorer (NICER) X-ray telescope:

Still large uncertainties because of unknown number and properties of hot spots, 
unknown pulsar mass, and statistics -> new observations expected soon!

R = 12.71+1.14
�1.19km, M = 1.34+0.15

�0.16M�

R = 13.02+1.24
�1.06km, M = 1.44+0.15

�0.14M�
<latexit sha1_base64="8gvC9rcddwNPosLlQ+AeUIDgqCo="></latexit>

[Miller et al., ApJL (2019)]

[Riley et al., ApJL (2019)]
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Multi-step analysis of NS observations

(A) Starting point: 
EOS samples derived within the chiral 
EFT framework

(B) Maximum-mass constraints:
Add information from pulsar mass 
measurements and GW170817 
remnant classification

(C) NICER constraints:
Add information from pulsar 
mass-radius measurement

Consistently combine constraints from low-energy nuclear theory, gravitational-wave 
observations and electromagnetic observations using Bayesian methods.

Dietrich, Coughlin, Pang, Bulla, Heinzel, Issa, IT, Antier Science (2020)
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Multi-step analysis of NS observations

(C) NICER constraints:
Add information from pulsar 
mass-radius measurement

(D) GW constraints:
Add information from GW170817 
(IMRPhenomPv2_NRTidalv2)

(E) Kilonova constraints:
Add information extracted from 
modeling the observed lightcurves of 
associated kilonova AT2017gfo

Consistently combine constraints from low-energy nuclear theory, gravitational-wave 
observations and electromagnetic observations using Bayesian methods.

Dietrich, Coughlin, Pang, Bulla, Heinzel, Issa, IT, Antier Science (2020)
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Multi-step analysis of NS observations

(E) Kilonova constraints:
Add information extracted from 
modeling the observed lightcurves of 
associated kilonova AT2017gfo

(F) GW constraints:
Add information from GW190425 
(IMRPhenomPv2_NRTidalv2)

Consistently combine constraints from low-energy nuclear theory, gravitational-wave 
observations and electromagnetic observations using Bayesian methods.

Dietrich, Coughlin, Pang, Bulla, Heinzel, Issa, IT, Antier Science (2020)
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Multi-step analysis of NS observations
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Analysis of gravitational-wave and electromagnetic signals constrains radius of NS and orientation and 
distance to the source, constraining Hubble constant
• Stringent constraints on NS radii:

• Constraints on the Hubble constant:

R1.4 = 11.75+0.86
�0.81 km

<latexit sha1_base64="0bf3mUadULcS0JrzQYW/yWzpOvE="></latexit>
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H0 = 66.2+4.4
�4.2 km Mpc�1s�1

<latexit sha1_base64="GsPfgyAAF/sgBEHv/PRk4FfheDU="></latexit>

Hubble tension: competing determinations of H0 from supernovae and from Cosmic Microwave 
Background (CMB). Our approach in agreement with CMB measurement.

Dietrich, Coughlin, Pang, Bulla, Heinzel, Issa, IT, Antier Science (2020)
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Summary
Multimessenger detections of neutron-star mergers will provide important constraints for nuclear 
physics:

What are the fundamental interactions that 
govern strongly interacting matter? 

Credit: Robin Dienel/
The Carnegie Institution for 

Science 

How does subatomic matter organize itself and 
what phenomena emerge?

How can we understand and what can we learn 
from astrophysical phenomena?

To tackle these different questions precision studies of neutron-rich systems (matter and nuclei) 
are very important.
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Summary
Ø Neutron stars represent ideal laboratories for nuclear physics 
and help to improve our understanding of nuclear interactions!

Ø Uncertainty in neutron-star EOS can be reduced by
• Nuclear-physics constraints at low densities.
• Multimessenger observations of NS and NS mergers.

Ø Multimessenger constraints and nuclear theory find 
R1.4 = 11.8 ± 0.8 km (90% confidence),
H0 = 66 ±4 km Mpc-1 s-1

Ø GW observations favor soft, EM observations (kilonova and 
NICER) favor stiff EOS, but have large uncertainties, also 
systematic (depend on information from simulations with 
limited number of EOS, more EOS need to be explored).

Ø Even if can obtain EOS, we need to understand it (exotic 
matter?).
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Outlook
Observing run O3 complete: 50-60 
events!

400 Mpc

300 Mpc

200 Mpc

Jan
Feb

Mar

Apr

May

Jun
Jul

Aug

Sep

Oct

Nov

Dec

GW170817

Additional Observations:
GW190910d: NS-BH (632 ± 186 Mpc)
GW190923ly: NS-BH (438 ± 133 Mpc)

O2

O3 NS-NS

O3 NS-BH

O4 scheduled in 2022 after LIGO upgrades.
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