
Heaven and Earth: Nuclear Astrophysics  
in the Multimessenger Era
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Lectures will attempt to provide an 
overall personal  picture of the emergent 
field of multi-messenger astronomy from 

a nuclear physics perspective 

Please ask questions!



Neutron Stars: The Role of Nuclear Science
Neutron stars are the remnants of massive stellar explosions (CCSN) 
Bound by gravity — NOT by the strong force!  
Satisfy the TOV equations: Transition from Newtonian Gravity to Einstein Gravity


Only Physics that the TOV equation is sensitive to: Equation of State 


Increase from 0.7 to 2 Msun transfers ownership to Nuclear Physics!

Status before GW170817 
 

Many nuclear models that account for 
the properties of finite nuclei yield 

enormous variations in the prediction of 
neutron-star radii and maximum mass 

Only observational constraint in the 
form of two neutron stars with a mass  

in the vicinity of 2Msun


Neutron Stars as Nuclear Physics Gold Mines
Neutron Stars are the remnants of massive stellar explosions

Are bound by gravity NOT by the strong force
Satisfy the Tolman-Oppenheimer-Volkoff equation (vesc/c⇠1/2)

Only Physics sensitive to: Equation of state of neutron-rich matter
EOS must span about 11 orders of magnitude in baryon density

Increase from 0.7!2M� must be explained by Nuclear Physics!

common feature of models that include the appearance of ‘exotic’
hadronic matter such as hyperons4,5 or kaon condensates3 at densities
of a few times the nuclear saturation density (ns), for example models
GS1 and GM3 in Fig. 3. Almost all such EOSs are ruled out by our
results. Our mass measurement does not rule out condensed quark
matter as a component of the neutron star interior6,21, but it strongly
constrains quark matter model parameters12. For the range of allowed
EOS lines presented in Fig. 3, typical values for the physical parameters
of J1614-2230 are a central baryondensity of between 2ns and 5ns and a
radius of between 11 and 15 km, which is only 2–3 times the
Schwarzschild radius for a 1.97M[ star. It has been proposed that
the Tolman VII EOS-independent analytic solution of Einstein’s
equations marks an upper limit on the ultimate density of observable
cold matter22. If this argument is correct, it follows that our mass mea-
surement sets an upper limit on this maximum density of
(3.746 0.15)3 1015 g cm23, or ,10ns.
Evolutionary models resulting in companion masses.0.4M[ gen-

erally predict that the neutron star accretes only a few hundredths of a
solar mass of material, and result in a mildly recycled pulsar23, that is
one with a spin period.8ms. A few models resulting in orbital para-
meters similar to those of J1614-223023,24 predict that the neutron star
could accrete up to 0.2M[, which is still significantly less than the
>0.6M[ needed to bring a neutron star formed at 1.4M[ up to the
observed mass of J1614-2230. A possible explanation is that some
neutron stars are formed massive (,1.9M[). Alternatively, the trans-
fer of mass from the companion may be more efficient than current
models predict. This suggests that systems with shorter initial orbital
periods and lower companion masses—those that produce the vast
majority of the fully recycled millisecond pulsar population23—may
experience even greater amounts of mass transfer. In either case, our
mass measurement for J1614-2230 suggests that many other milli-
second pulsars may also have masses much greater than 1.4M[.

Received 7 July; accepted 1 September 2010.

1. Lattimer, J. M. & Prakash, M. The physics of neutron stars. Science 304, 536–542
(2004).

2. Lattimer, J. M. & Prakash, M. Neutron star observations: prognosis for equation of
state constraints. Phys. Rep. 442, 109–165 (2007).

3. Glendenning, N. K. & Schaffner-Bielich, J. Kaon condensation and dynamical
nucleons in neutron stars. Phys. Rev. Lett. 81, 4564–4567 (1998).

4. Lackey, B. D., Nayyar, M. & Owen, B. J. Observational constraints on hyperons in
neutron stars. Phys. Rev. D 73, 024021 (2006).

5. Schulze, H., Polls, A., Ramos, A. & Vidaña, I. Maximummass of neutron stars. Phys.
Rev. C 73, 058801 (2006).

6. Kurkela, A., Romatschke, P. & Vuorinen, A. Cold quark matter. Phys. Rev. D 81,
105021 (2010).

7. Shapiro, I. I. Fourth test of general relativity. Phys. Rev. Lett. 13, 789–791 (1964).
8. Jacoby, B.A., Hotan, A., Bailes,M., Ord, S. &Kulkarni, S.R. Themassof amillisecond

pulsar. Astrophys. J. 629, L113–L116 (2005).
9. Verbiest, J. P. W. et al. Precision timing of PSR J0437–4715: an accurate pulsar

distance, a high pulsarmass, and a limit on the variation of Newton’s gravitational
constant. Astrophys. J. 679, 675–680 (2008).

10. Hessels, J.et al. inBinaryRadio Pulsars (edsRasio, F. A.&Stairs, I. H.)395 (ASPConf.
Ser. 328, Astronomical Society of the Pacific, 2005).

11. Crawford, F. et al. A survey of 56midlatitude EGRET error boxes for radio pulsars.
Astrophys. J. 652, 1499–1507 (2006).
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Figure 3 | Neutron star mass–radius diagram. The plot shows non-rotating
mass versus physical radius for several typical EOSs27: blue, nucleons; pink,
nucleons plus exoticmatter; green, strange quarkmatter. The horizontal bands
show the observational constraint from our J1614-2230 mass measurement of
(1.976 0.04)M[, similar measurements for two other millisecond pulsars8,28

and the range of observed masses for double neutron star binaries2. Any EOS
line that does not intersect the J1614-2230 band is ruled out by this
measurement. In particular, most EOS curves involving exotic matter, such as
kaon condensates or hyperons, tend to predict maximum masses well below
2.0M[ and are therefore ruled out. Including the effect of neutron star rotation
increases themaximum possiblemass for each EOS. For a 3.15-ms spin period,
this is a=2% correction29 and does not significantly alter our conclusions. The
grey regions show parameter space that is ruled out by other theoretical or
observational constraints2. GR, general relativity; P, spin period.
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Enormous spread in stellar radii!

Micro-macro connection



Gravity vs Degeneracy Pressure

Why are not all death stars black holes? 
What supports death stars  

against gravitational collapse?

Sirius A and B



Scaling the equations: dealing  
with astronomical numbers
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A Toy Model for Newtonian Stars 
(A star of uniform density)

Gravitational Energy: 

NR free Fermi Gas:

<latexit sha1_base64="WXI8XEOObXAtcT44ZPNZVq1ozuE="></latexit>

EG(M,R)

Mc2
= � 3

10

✓
M

R

◆

<latexit sha1_base64="mIw3m3ZajuIv0cmyV/mARC0ubbY="></latexit>

E(NR)
FG (M,R)

Mc2
= 1 +KNR

✓
M2/3

R2

◆

Equilibrium configuration:
<latexit sha1_base64="zFbTvWAxRSrMUVOs2PjqTopoi/s="></latexit>

R(M)

R0
= 1.04

✓
M

M0

◆�1/3

UR free Fermi Gas:
<latexit sha1_base64="q7ZWJKgc34rFrFBXMpCfkfB2zSg="></latexit>

E(UR)
FG (M,R)

Mc2
= KUR

✓
M1/3

R

◆

Chandrasekhar Mass:
<latexit sha1_base64="HqKe+1lcPR+AdNwP8Bg2Kpn19q0="></latexit>

Mch = 6.88M� = 4(1.72M�)



Transition from Newtonian Gravity to Einstein Gravity is essential! 

Neutron stars also collapse (black holes) but by a very different mechanism than WDs 
The hydrostatic configuration becomes unstable against small oscillations … 

Neutron Stars are NOT Newtonian Stars! 

Neutron Stars as Nuclear Physics Gold Mines
Neutron Stars are the remnants of massive stellar explosions

Are bound by gravity NOT by the strong force
Satisfy the Tolman-Oppenheimer-Volkoff equation (vesc/c⇠1/2)

Only Physics sensitive to: Equation of state of neutron-rich matter
EOS must span about 11 orders of magnitude in baryon density

Increase from 0.7!2M� must be explained by Nuclear Physics!

common feature of models that include the appearance of ‘exotic’
hadronic matter such as hyperons4,5 or kaon condensates3 at densities
of a few times the nuclear saturation density (ns), for example models
GS1 and GM3 in Fig. 3. Almost all such EOSs are ruled out by our
results. Our mass measurement does not rule out condensed quark
matter as a component of the neutron star interior6,21, but it strongly
constrains quark matter model parameters12. For the range of allowed
EOS lines presented in Fig. 3, typical values for the physical parameters
of J1614-2230 are a central baryondensity of between 2ns and 5ns and a
radius of between 11 and 15 km, which is only 2–3 times the
Schwarzschild radius for a 1.97M[ star. It has been proposed that
the Tolman VII EOS-independent analytic solution of Einstein’s
equations marks an upper limit on the ultimate density of observable
cold matter22. If this argument is correct, it follows that our mass mea-
surement sets an upper limit on this maximum density of
(3.746 0.15)3 1015 g cm23, or ,10ns.
Evolutionary models resulting in companion masses.0.4M[ gen-

erally predict that the neutron star accretes only a few hundredths of a
solar mass of material, and result in a mildly recycled pulsar23, that is
one with a spin period.8ms. A few models resulting in orbital para-
meters similar to those of J1614-223023,24 predict that the neutron star
could accrete up to 0.2M[, which is still significantly less than the
>0.6M[ needed to bring a neutron star formed at 1.4M[ up to the
observed mass of J1614-2230. A possible explanation is that some
neutron stars are formed massive (,1.9M[). Alternatively, the trans-
fer of mass from the companion may be more efficient than current
models predict. This suggests that systems with shorter initial orbital
periods and lower companion masses—those that produce the vast
majority of the fully recycled millisecond pulsar population23—may
experience even greater amounts of mass transfer. In either case, our
mass measurement for J1614-2230 suggests that many other milli-
second pulsars may also have masses much greater than 1.4M[.
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Figure 3 | Neutron star mass–radius diagram. The plot shows non-rotating
mass versus physical radius for several typical EOSs27: blue, nucleons; pink,
nucleons plus exoticmatter; green, strange quarkmatter. The horizontal bands
show the observational constraint from our J1614-2230 mass measurement of
(1.976 0.04)M[, similar measurements for two other millisecond pulsars8,28

and the range of observed masses for double neutron star binaries2. Any EOS
line that does not intersect the J1614-2230 band is ruled out by this
measurement. In particular, most EOS curves involving exotic matter, such as
kaon condensates or hyperons, tend to predict maximum masses well below
2.0M[ and are therefore ruled out. Including the effect of neutron star rotation
increases themaximum possiblemass for each EOS. For a 3.15-ms spin period,
this is a=2% correction29 and does not significantly alter our conclusions. The
grey regions show parameter space that is ruled out by other theoretical or
observational constraints2. GR, general relativity; P, spin period.
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Enormous spread in stellar radii!
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The Liquid Drop Model
Bethe-Weizsäcker Mass Formula (circa 1935-36)
Bethe-Weizsäcker Mass Formula (circa 1935-36)

Nuclear forces saturate ) equilibrium density
Nuclei penalized for developing a surface
Nuclei penalized by Coulomb repulsion
Nuclei penalized if N 6=Z

B(Z , N) = �avA + asA
2/3 + acZ

2/A1/3 + aa(N�Z )2/A + . . .
+ shell corrections (2, 8, 20, 28, 50, 82, 126, ...)

av'16.0, as'17.2, ac'0.7, aa'23.3 (in MeV)
Neutron stars are gravitationally bound!
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Bethe-Weizsäcker Mass Formula (circa 1935-36)
Nuclear forces saturate ) equilibrium density
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Nuclear forces saturate           equilibrium density
Nuclei penalized for developing a surface
Nuclei penalized by Coulomb repulsion
Nuclei penalized for isospin imbalance (N≠Z)

R = r0A
1/3
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Why is there a neutron drip line?



The Equation of State of Neutron-Rich Matter
The EOS of asymmetric matter: a=(N-Z)/A; x=(r-r0)/3r0; T=0


r0  x0.15 fm-3 — saturation density 4 nuclear density

Symmetric nuclear matter saturates:  
e0  x-16 MeV — binding energy per nucleon 4 nuclear masses
K0x230 MeV — nuclear incompressibility 4 nuclear “breathing” mode

Density dependence of symmetry poorly constrained:  
J  x30 MeV — symmetry energy 4 masses of neutron-rich nuclei
Lx? — symmetry slope 4 neutron skin (Rn-Rp) of heavy nuclei ?
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“Stiff”           L large
“Soft”           L small



e-Scattering at Stanford
Our most accurate picture of the nuclear charge distribution

Uniform interior 
density is a clear  
manifestation of 

nuclear saturation



“Symmetrized Fermi” Form Factor

⇢F(r) =
⇢0

1 + e(r�c)/a

⇢SF(r) = ⇢F(r) +
⇥
⇢F(�r)� ⇢0

i

FSF(q) !
cos(qc+ �)

qc
e�⇡qa

Diffractive Oscillations (“c”) 
modulated by an exponential 

falloff (“pa”)

Conventional Fermi function

“Symmetrized Fermi” function

Nuclear saturation — the existence of  
an equilibrium density — is a hallmark  

of the nuclear dynamics!
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Experimental Form Factor is the 
Fourier transform of the Density

Uniform interior is a clear manifestation of 
nuclear saturation, namely, the existence of 


an equilibrium density



Parity Violating Electron Scattering

Laboratory Constraints on the EOS

Laboratory experiments constrain the EOS of pure  
neutron matter around saturation density: PPNM=L

Although a fundamental parameter of the EOS, L is not 
a physical observable — yet is strongly correlated to one: 
   the neutron-rich skin of a heavy nucleus such as 208Pb

Parity-violating elastic electron scattering is the cleanest 
experimental tool to measure the neutron radius of lead 
(PREX, PREX-II, and MREX)

protons
skin

The Quest for L=PPNM
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3) Symmetry Energy
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Heroic effort from our

experimental colleagues
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From nuclear physics to astrophysicsFrom nuclear physics to astrophysics

3) Symmetry Energy

Yang, J., & Piekarewicz, J. (2017).Utama, R., Chen, W. C., & Piekarewicz, J. (2016)
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The neutron skin thickness

of 208Pb (Z=82, N=126)



Heaven and Earth

Laboratory Constraints on the EOS
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3) Symmetry Energy
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18 orders
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The slope of the symmetry energy L controls both the

neutron skin of heavy nuclei as well as the radius of (low mass)  

neutron stars — objects that differ in size by 18 orders of magnitude!



protons

skin

The EOS Density Ladder

ultimate determination of the neutron-skin 
thickness of 208Pb 

(some people call it „P2“)

P2:
measurement of the weak mixing angle:
10000 hours (= 417 days)
measurement of the weak charge of 12C
2500 hours (= 105 days)
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Each rung on the ladder relies on 
other methods for measuring the 
EOS that are often piggybacking 

on a neighboring one.

Succession of methods to determine the 
distances to celestial objects. Each rung 

of the ladder provides information that 
can be used to determine the distances 

at the next higher rung. 

The Cosmic Distance Ladder


