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A Grand Challenge: How does subatomic matter organize itself?
“Nuclear Physics: Exploring the Heart of Matter” (2010 Committee on the Assessment and Outlook for Nuclear Physics)

Consider A nucleons and Z leptons in a fixed volume V at T ≡0
... cold fully catalyzed matter in thermal and chemical equilibrium
Enforce charge neutrality protons = electrons + muons
Enforce chemical (i.e., beta) equilibrium: n→p+e−+ν̄; p+e−→n+ν

Impossible to answer such a question under normal laboratory
conditions — as such a system is in general unbound!
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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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12. Özel, F., Psaltis, D., Ransom, S., Demorest, P. & Alford, M. The massive pulsar PSR
J161422230: linking quantum chromodynamics, gamma-ray bursts, and
gravitational wave astronomy. Astrophys. J. (in the press).

13. Hobbs, G. B., Edwards, R. T. & Manchester, R. N. TEMPO2, a new pulsar-timing
package - I. An overview.Mon. Not. R. Astron. Soc. 369, 655–672 (2006).

14. Damour, T. & Deruelle, N. General relativistic celestial mechanics of binary
systems. II. The post-Newtonian timing formula. Ann. Inst. Henri Poincaré Phys.
Théor. 44, 263–292 (1986).

15. Freire, P.C.C.&Wex,N.Theorthometricparameterisationof theShapirodelay and
an improved test of general relativity with binary pulsars.Mon. Not. R. Astron. Soc.
(in the press).

16. Iben, I. Jr & Tutukov, A. V. On the evolution of close binaries with components of
initial mass between 3 solar masses and 12 solar masses. Astrophys. J Suppl. Ser.
58, 661–710 (1985).

17. Özel, F. Soft equations of state for neutron-star matter ruled out by EXO 0748 -
676. Nature 441, 1115–1117 (2006).

18. Ransom, S. M. et al. Twenty-one millisecond pulsars in Terzan 5 using the Green
Bank Telescope. Science 307, 892–896 (2005).

19. Freire, P. C. C. et al. Eight new millisecond pulsars in NGC 6440 and NGC 6441.
Astrophys. J. 675, 670–682 (2008).

20. Freire, P. C. C.,Wolszczan, A., vandenBerg,M.&Hessels, J.W. T. Amassiveneutron
star in the globular cluster M5. Astrophys. J. 679, 1433–1442 (2008).

21. Alford,M.etal.Astrophysics:quarkmatterincompactstars?Nature445,E7–E8(2007).
22. Lattimer, J. M. & Prakash, M. Ultimate energy density of observable cold baryonic

matter. Phys. Rev. Lett. 94, 111101 (2005).
23. Podsiadlowski, P., Rappaport, S. & Pfahl, E. D. Evolutionary sequences for low- and

intermediate-mass X-ray binaries. Astrophys. J. 565, 1107–1133 (2002).
24. Podsiadlowski, P. & Rappaport, S. CygnusX-2: the descendant of an intermediate-

mass X-Ray binary. Astrophys. J. 529, 946–951 (2000).
25. Hotan, A.W., van Straten,W. &Manchester, R. N. PSRCHIVE andPSRFITS: an open

approach to radio pulsar data storage and analysis. Publ. Astron. Soc. Aust. 21,
302–309 (2004).

26. Cordes, J.M. & Lazio, T. J.W.NE2001.I. A newmodel for theGalactic distribution of
free electrons and its fluctuations. Preprint at Æhttp://arxiv.org/abs/astro-ph/
0207156æ (2002).

27. Lattimer, J. M. & Prakash, M. Neutron star structure and the equation of state.
Astrophys. J. 550, 426–442 (2001).

28. Champion, D. J. et al. An eccentric binary millisecond pulsar in the Galactic plane.
Science 320, 1309–1312 (2008).

29. Berti, E., White, F., Maniopoulou, A. & Bruni, M. Rotating neutron stars: an invariant
comparison of approximate and numerical space-time models.Mon. Not. R.
Astron. Soc. 358, 923–938 (2005).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements P.B.D. is a Jansky Fellow of the National Radio Astronomy
Observatory. J.W.T.H. is a Veni Fellow of The Netherlands Organisation for Scientific
Research.We thankJ. Lattimer for providing theEOSdataplotted inFig. 3, andP. Freire,
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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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Where do the extra neutrons go?

The EOS of asymmetric matter
[
α≡(N−Z )/A, x≡(ρ−ρ0 )/3ρ0

]
E(ρ, α) ≈ E0(ρ) + α2S(ρ) ≈

(
ε0 +

1
2

K0x2
)

+

(
J + L x +

1
2

Ksymx2
)
α2

In 208Pb, 82 protons/neutrons form an isospin symmetric spherical core
Where do the extra 44 neutrons go?

Competition between surface tension and density dependence of S(ρ)
Surface tension favors placing them in the core where S(ρ0 ) is large
Symm. energy favors pushing them to the surface where S(ρsurf ) is small

If difference S(ρ0 )−S(ρsurf )∝L is large, then neutrons move to the surface
The larger the value of L the thicker the neutron skin of 208Pb
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Heaven and Earth: Nuclear Physics Informing Neutron Stars
Neutron-star radii sensitive to one fundamental parameter of the EOS
The slope of the symmetry energy at saturation density L∝PPNM

Symmetry energy approximately equal to S'EPNM−ESNM

Heavy nuclei — such as 208Pb — develop a neutron-rich skin
Thickness of the neutron skin (Rn−Rp) is also sensitive to L

Same pressure creates neutron-rich skin and NStar radius
Correlation among observables differing by 18 orders of magnitude!

PREX-II places a significant constraint on neutron-star radii!
R208

skin = (0.207±0.037) fm; R0.8
NS =(13.509±1.060) km; R1.4

NS =(12.655±0.470) km

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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parameters, withMCMC error estimates, are given in Table 1. Owing to
the high significance of this detection, our MCMC procedure and a
standard x2 fit produce similar uncertainties.
From the detected Shapiro delay, we measure a companion mass of

(0.50060.006)M[, which implies that the companion is a helium–
carbon–oxygenwhite dwarf16. The Shapiro delay also shows the binary

system to be remarkably edge-on, with an inclination of 89.17u6 0.02u.
This is the most inclined pulsar binary system known at present. The
amplitude and sharpness of the Shapiro delay increase rapidly with
increasing binary inclination and the overall scaling of the signal is
linearly proportional to the mass of the companion star. Thus, the
unique combination of the high orbital inclination and massive white
dwarf companion in J1614-2230 cause a Shapiro delay amplitude
orders of magnitude larger than for most other millisecond pulsars.
In addition, the excellent timing precision achievable from the pulsar
with the GBT and GUPPI provide a very high signal-to-noise ratio
measurement of both Shapiro delay parameters within a single orbit.
The standardKeplerian orbital parameters, combinedwith the known

companionmass and orbital inclination, fully describe the dynamics of a
‘clean’ binary system—one comprising two stable compact objects—
under general relativity and therefore also determine the pulsar’s mass.
Wemeasure a pulsar mass of (1.976 0.04)M[, which is by far the high-
est preciselymeasured neutron star mass determined to date. In contrast
with X-ray-based mass/radius measurements17, the Shapiro delay pro-
videsno informationabout theneutron star’s radius.However, unlike the
X-ray methods, our result is nearly model independent, as it depends
only on general relativity being an adequate description of gravity.
In addition, unlike statistical pulsar mass determinations based on
measurement of the advance of periastron18–20, pure Shapiro delay mass
measurements involve no assumptions about classical contributions to
periastron advance or the distribution of orbital inclinations.
The mass measurement alone of a 1.97M[ neutron star signifi-

cantly constrains the nuclear matter equation of state (EOS), as shown
in Fig. 3. Any proposed EOS whose mass–radius track does not inter-
sect the J1614-2230 mass line is ruled out by this measurement. The
EOSs that produce the lowestmaximummasses tend to be thosewhich
predict significant softening past a certain central density. This is a
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In this case, some of the Shapiro delay signal is
absorbed by covariant non-relativistic model
parameters. That these residuals deviate
significantly from a random, Gaussian distribution
of zero mean shows that the Shapiro delay must be
included to model the pulse arrival times properly,
especially at conjunction. In addition to the red
GBT–GUPPI points, the 454 grey points show the
previous ‘long-term’ data set. The drastic
improvement in data quality is apparent. c, Post-fit
residuals for the fully relativistic timing model
(including Shapiro delay), which have a root mean
squared residual of 1.1ms and a reduced x2 value of
1.4 with 2,165 degrees of freedom. Error bars, 1s.
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Figure 2 | Results of theMCMCerror analysis. a, Grey-scale image shows the
two-dimensional posterior probability density function (PDF) in theM2–i
plane, computed from a histogram ofMCMC trial values. The ellipses show 1s
and 3s contours based on a Gaussian approximation to the MCMC results.
b, PDF for pulsar mass derived from the MCMC trials. The vertical lines show
the 1s and 3s limits on the pulsar mass. In both cases, the results are very well
described by normal distributions owing to the extremely high signal-to-noise
ratio of our Shapiro delay detection. Unlike secular orbital effects (for example
precession of periastron), the Shapiro delay does not accumulate over time, so
the measurement uncertainty scales simply as T21/2, where T is the total
observing time. Therefore, we are unlikely to see a significant improvement on
these results with currently available telescopes and instrumentation.
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The Enormous Reach of the Neutron Skin: Covariance Analysis

Neutron skin as proxy for neutron-star radii . . . and more!
Calibration of nuclear functional from optimization of a quality measure
Predictions accompanied by meaningful theoretical errors
Covariance analysis least biased approach to uncover correlations
Neutron skin strongly correlated to a myriad of neutron star properties:

Radii, Enhanced Cooling, Moment of Inertia, . . .
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Parity Violation in Elastic e-Nucleus Scattering (JLab and Mainz)
Charge (proton) densities known with exquisite precision

charge density probed via parity-conserving eA scattering
Weak-charge (neutron) densities very poorly known

weak-charge density probed via parity-violating eA scattering

APV =
GF Q2

2
√

2πα

1− 4 sin2 θW︸ ︷︷ ︸
≈0

− Fn(Q2)

Fp(Q2)



Use parity violation as Z0 couples preferentially to neutrons
PV provides a clean measurement of neutron densities (R208

n )

up-quark down-quark proton neutron
γ-coupling +2/3 −1/3 +1 0
Z0-coupling ≈ +1/3 ≈ −2/3 ≈ 0 −1

gv =2tz − 4Q sin2 θW≈2tz−Q
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PREX: The Lead Radius EXperiment Abrahamyan et al., PRL 108, (2012) 112502

Ran for 2 months: April-June 2010
First electroweak observation of a neutron-rich skin in 208Pb
Promised a 0.06 fm measurement of R208

n ; error 3 times as large!
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A Physics case for PREX-II, CREX, and ...
Coherent ν-nucleus scattering
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The Isovector Giant Dipole Resonance in 208Pb
(RCNP, GSI/FAIR, S-DALINAC)

IVGDR: Coherent oscillations of protons against neutrons
Nuclear symmetry energy acts as
the restoring force for this mode

Oldest Nuclear Giant Resonance; γ-absorption (1937)
Electric dipole polarizability sensitive to slope of symmetry energy L
Ongoing campaigns to measure dipole polarizability in exotic nuclei
Pygmy resonance as an exotic mode in exotic nuclei
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Electric Dipole Polarizability as a Fundamental
Complement to Neutron Skins!
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PREX-II, CREX, and ν-Coherent as Anchors for FRIB Physics
“One of the main science drivers of FRIB is the study of nuclei with neutron skins 3-4 times
thicker than is currently possible. JLab uses parity violation to measure the neutron radius of
stable isotopes. Studies of neutron skins at JLab and FRIB will help pin down the behavior of
nuclear matter at densities below twice typical nuclear density” Exploring the Heart of Matter

The Traditional Approach: Proton-Nucleus Scattering
Large and uncontrolled uncertainties in the reaction mechanism
Enormous ambiguities yield an energy dependent neutron skin
FRIB will scatter protons from radioactive nuclei in inverse kinematics
FRIB must use PREX-II, CREX, and ν-Coherent as calibrating anchors!
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Food for thought: A few open questions ...

Studies of Neutron Skins at JLab and FRIB will help pin down the behavior of nuclear matter ...
Can PREX-II and CREX play the role of calibrating anchors?
How does one reliably separate the nuclear structure from the reaction mechanism?
What are the most serious challenges facing reaction theory?
How does one validate models and quantify theoretical uncertainties?

Use your model to quantify statistical uncertainties
Use many models to quantify sytematic uncertainties
“Neutron densities of 204,206,208Pb via proton elastic scattering at Ep =295MeV”

How does one impress upon the community the importance of reaction theory?
How does one attract young talent to the field?
What have we learned from TORUS?
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