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Can you (“ChatGPT”) think about some interesting  
JLab physics that can be done with positrons that  

cannot be done with electrons?
★ Two Photon Exchange: Direct comparison of e- vs e+ isolates charge  puzzles  

in proton form factors and radiative corrections. 

★ GPDs & DVCS: Beam-charge asymmetry flips sign, giving clean access to the 
interference term enabling a model-independent extraction  of Compton form  
factors. 

★ Electroweak Structure:  e+/e- comparisons disentangle 𝛾-Z interference, reducing 
theoretical uncertainties in weak charge measurements and standard models tests.  

★ Nuclear Effects:  Positrons provide new sensitivity to Coulomb distortions and meson 
exchange currents, offering a complementary window on nuclear structure observables. 

★ BSM Physics:  Combining e+ and e- beams greatly reduces systematic errors in 
searches for dark bosons, lepton universality violations, and other rare signals. 



Heaven and Earth: Nuclear EOS Density Ladder 
No single method can constrain the EOS over the entire density 

domain. Instead, each rung on the ladder provides information that 
can be used to determine the EOS at neighboring rungs
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How were the heavy  
elements from iron  
to uranium made? 

Are there new states  
of matter at ultrahigh  

temperatures and  
densities?

The Nuclear Physics  
of Neutron Stars

Cosmic Ladder

Nuclear Physics and Neutron Stars



Neutron Stars: The Role of Nuclear Science
Neutron stars are the remnants of massive stellar explosions (CCSN) 
 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!

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!

Micro-macro connection
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Neutron Stars and The Equation of  
State of Neutron-Rich Matter
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3
L⇢0 (Pressure of PNM)

“Stiff”           L large
“Soft”           L small

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

PREX constrains L!

Micro-Macro

Connection



Neutron Skins
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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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Rskin → Rn ↑Rp



Heaven and Earth 
Laboratory Constraints on the EOS
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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 pressure of pure neutron matter (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!

The nuclear interaction is responsible for describing finite nuclei and neutron stars!



Parity Violating e-Nucleus Scattering
Searching fo our most accurate picture of 

the nuclear weak-charge distribution!

The Modern Approach: PV in Elastic Electron-Nucleus Scattering
Donnelly, Dubach, Sick, NPA 503, 589 (1989); Abrahamyan et al., PRL 108, (2012) 112502

Charge (proton) densities known with enormous 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
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Charge (proton) density known with enormous precision 
• Probed via parity-conserving elastic e-scattering 
Weak-charge (neutron) density known very poorly known 
• Probed via parity-violating asymmetry in elastic e-scattering 
• Z0 couples preferentially to neutrons in the target
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Electroweak experiments will provide 
fundamental anchors for future campaigns 
at FRIB and other exotic beam facilities 

Organizing Committee

Chuck Horowitz (Indiana)

Kees de Jager (JLAB)

Jim Lattimer (Stony Brook)

Witold Nazarewicz (UTK, ORNL)

Jorge Piekarewicz (FSU

Sponsors: Jefferson Lab, JSA

PREX is a fascinating experiment that uses parity

violation to accurately  determine the neutron

radius in 208Pb. This has broad applications to

astrophysics, nuclear structure, atomic parity non-

conservation and tests of the standard model.  The

conference will begin with introductory lectures

and we encourage new comers to attend.

For more information contact horowit@indiana.edu

Topics

Parity Violation

Theoretical descriptions of neutron-rich nuclei and

bulk matter

Laboratory measurements of neutron-rich nuclei

and bulk matter

Neutron-rich matter in Compact Stars / Astrophysics

Website: http://conferences.jlab.org/PREX
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R208
skin=(0.283± 0.071) fm

PREX-2021: L is BIG! 



PVES provides the cleanest  
constraint on the EOS of 

neutron-rich matter  in the 
vicinity of saturation density

Neutron Skins
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Adhikari et al., PRL 126, 172502 (2021)
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violation to accurately  determine the neutron

radius in 208Pb. This has broad applications to

astrophysics, nuclear structure, atomic parity non-
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conference will begin with introductory lectures
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🌐 Relevance for Nuclear Physics, 
Astrophysics, and for You 

Given your own strong interest in neutron skins, 
equation-of-state, and nuclear models, MREX is 
directly relevant — it offers a path to a higher-
precision, low-model-dependence neutron-skin 

measurement for Pb-208. 
<latexit sha1_base64="8G3PCb8n7V4/4YE4wBKTWmpvUZM="></latexit>

P (ω0) = (5.23± 1.83)MeV/fm3

PREX-Informed Value:

Experiment has determined that  208 Pb has a thick neutron skin.  

The EOS is  stiff at the densities probed in terrestrial  experiments!



Among the Open Questions:  
Who Ordered That?

PREX-2
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R 48
skin⇡0.10 fm

Isidor Isaac Rabi

No theoretical model 
that I know of can  

reproduce both!



The PREX-CREX-SREX Dilemma
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R208
skin = (0.283± 0.071) fm

R48
skin = (0.121± 0.035) fm

R132
skin = (0.178± 0.024) fm

JLAB+RIKEN

“FRIB offers an unprecedented opportunity to investigate the 
structure of neutron‑rich nuclei, including the thickness of their 
neutron skins—key to understanding nuclear forces and the 
behavior of matter under extreme conditions”



Electroweak Probes  
of Nuclear Densities
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Cite as: D. Akimov et al., Science 
10.1126/science.aao0990 (2017). 

The characteristic most often associated with neutrinos is a 
very small probability of interaction with other forms of 
matter, allowing them to traverse astronomical objects 
while undergoing no energy loss. As a result, large targets 
(tons to tens of kilotons) are used for their detection. The 
discovery of a weak neutral current in neutrino interactions 
(1) implied that neutrinos were capable of coupling to 

quarks through the exchange of neutral Z bosons. Soon 
thereafter it was suggested that this mechanism should also 
lead to coherent interactions between neutrinos and all nu-
cleons present in an atomic nucleus (2). This possibility 
would exist only as long as the momentum exchanged re-
mained significantly smaller than the inverse of the nuclear 
size (Fig. 1A), effectively restricting the process to neutrino 

Observation of coherent elastic neutrino-nucleus scattering 
D. Akimov,1,2 J. B. Albert,3 P. An,4 C. Awe,4,5 P. S. Barbeau,4,5 B. Becker,6 V. Belov,1,2 A. Brown,4,7 A. 
Bolozdynya,2 B. Cabrera-Palmer,8 M. Cervantes,5 J. I. Collar,9* R. J. Cooper,10 R. L. Cooper,11,12 C. 
Cuesta,13† D. J. Dean,14 J. A. Detwiler,13 A. Eberhardt,13 Y. Efremenko,6,14 S. R. Elliott,12 E. M. Erkela,13 
L. Fabris,14 M. Febbraro,14 N. E. Fields,9‡ W. Fox,3 Z. Fu,13 A. Galindo-Uribarri,14 M. P. Green,4,14,15 M. 
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Ki,4,5 S. R. Klein,10 A. Khromov,2 A. Konovalov,1,2,17 M. Kremer,4 A. Kumpan,2 C. Leadbetter,4 L. Li,4,5 
W. Lu,14 K. Mann,4,15 D. M. Markoff,4,7 K. Miller,4,5 H. Moreno,11 P. E. Mueller,14 J. Newby,14 J. L. 
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Physics, University of Chicago, Chicago, IL 60637, USA. 10Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA. 11Department of Physics, New Mexico State 
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*Corresponding author. Email: collar@uchicago.edu 
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The coherent elastic scattering of neutrinos off nuclei has eluded detection for four decades, even though 
its predicted cross-section is the largest by far of all low-energy neutrino couplings. This mode of 
interaction provides new opportunities to study neutrino properties, and leads to a miniaturization of 
detector size, with potential technological applications. We observe this process at a 6.7-sigma 
confidence level, using a low-background, 14.6-kg CsI[Na] scintillator exposed to the neutrino emissions 
from the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Characteristic signatures in 
energy and time, predicted by the Standard Model for this process, are observed in high signal-to-
background conditions. Improved constraints on non-standard neutrino interactions with quarks are 
derived from this initial dataset. 
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 CEvNS

From Dark Matter to Neutron Stars
Coherent elastic ⌫-Nucleus scattering has never been observed!
Predicted shortly after the discovery of weak neutral currents
Enormously challenging; must detect exceedingly slow recoils
CEvNS (pronounced “7s” ) are backgrounds for DM searches
CEvNS is coherent (“large”) as it scales ⇠N2

“Piggybacking” on the enormous progress in dark-matter searches

Z0
A

Coherent Elastic ⌫-Nucleus
Scattering at the Spallation
Neutron Source (ORNL) may
become possible in the
“not-so-distant” future

J. Piekarewicz (FSU) Nuclear Physics of Neutron Stars APS – April 11-14, 2015 12 / 16

FRIB



Electric Dipole Response

IVGDR: The quintessential  
nuclear excitation

Out-of-phase oscillation of neutrons vs protons 
      Symmetry energy acts as restoring force 
Pygmy dipole resonance a soft mode with neutron 
  rich skin oscillating against the symmetric core 
High quality data from RCNP, GSI, HIGS, … 

On a variety of nuclei such as Pb, Sn,  
Ni, Ca, … hopefully in the future along 
isotopic chains at FRIB, RIKEN, FAIR, 
and MAGIX@MESA      

Journal of Physics G: Nuclear and Particle Physics

TOPICAL REVIEW

Neutron skins of atomic nuclei: per aspera ad astra
To cite this article: M Thiel et al 2019 J. Phys. G: Nucl. Part. Phys. 46 093003

 

View the article online for updates and enhancements.
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Electric Dipole Polarizability aD

A powerful electroweak complement to Rskin (g-absorption experiments) 
Correlation to symmetry energy almost as strong as in the case of Rskin 
Energy weighted sum rule largely model independent 
Inverse energy weighted sum strongly correlated to L 
 
      Important contribution from PDR  
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The Isovector Giant Dipole Resonance in 208Pb
JP et al., PRC85, 041302 (2012); Roca-Maza et al., PRC88, 024316 (2013)

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

Energy weighted sum rule largely model independent ⇠NZ/A

Electric dipole polarizability (IEWSR) sensitive to L: ↵DJ⇠a+bL

Electric dipole polarizability a powerful complement to neutron skin

5 10 15 20 25
t (MeV)

0

0.5

1

1.5

2

t
<
1 R

(t
;E

1)
(f

m
2 /M

eV
2 )

208Pb

52MeV
61MeV
72MeV
87MeV

109MeV

0 10 20 30
t(MeV)

2

4

6
FSUGold

m-1(t)

0 20 40 60 80 100 120 140
L (MeV)

5

6

7

8

9

10

10
-2
_
D20
8
J
(M
eV
fm

3 )

(b)r=0.96
FSU
NL3
DD-ME
Skyrme
SV
SAMi
TF

J. Piekarewicz (FSU) How Does Subatomic Matter Organize Itself? MSU – October 1, 2014 19 / 20

GDR

PDR



Implication of PREX on aD

A large and representative set of EDFs validate the strong correlation between JaD and L  
 For a representative set of covariant EDFs one determine the “PREX-informed” probability distribution of aD 
The PREX-informed probability distribution is in tension with the experimental determination from RCNP 
The PREX-informed extraction systematically overestimates the experimental results (208Pb, 48Ca, 68Ni)
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IVGDR: Coherent oscillations of protons against neutrons
Nuclear symmetry energy acts as
restoring force for this mode

Energy weighted sum rule largely model independent ⇠NZ/A

Electric dipole polarizability (IEWSR) sensitive to L: ↵DJ⇠a+bL

Electric dipole polarizability a powerful complement to neutron skin
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Electric Dipole Polarizability of  
Unstable Neutron-Rich Nuclei

Most stringent constraint on EOS of neutron-rich matter from nuclei  
with huge skins — preferably along long isotopic chains (e.g., tin)

0 5 10 15 20 25
� (MeV)

0

0.1

0.2

0.3

�
�

1 R
(�

) 
[f

m
2 /M

eV
2 ]

0.18 fm
0.21 fm
0.24 fm
0.26 fm
0.29 fm

0 10 20 300

0.5

1
68Ni(FSU)m-1(�)

relativistic Coulomb excitation code and adopting parame-
ters of their strength distribution from data systematics [1],
were subtracted from the Coulomb cross sections prior to
converting into photo-neutron cross sections. In the top
right panel, a photo-neutron spectrum of the heaviest stable
tin isotope, 124Sn, measured in a real-photon absorption
experiment [17] is shown for comparison. The differences
between stable and radioactive tin isotopes at excitation
energies around 10 MeV are evident.

In order to extract quantitative information, a Lorentzian
distribution of photo-neutron cross section was tentatively
adopted to account for the GDR and a Gaussian (or alter-
natively a Lorentzian) distribution for the apparent low-
lying component; below, for convenience, the latter is
denoted as PDR. The two distributions are then trans-
formed back to the energy-differential Coulomb cross
section, folded with the detector response, and their pa-
rameters are found by !2 minimization against the experi-
mental data. In this way, positions, widths, and integrated
cross sections of both the PDR and GDR peaks are found.
The results of this procedure are shown in Fig. 2. The low-
energy shoulder of the GDR distribution in part arises be-
cause of the rapidly increasing flux of virtual photons to-
wards lower energies, but in part is also of an instrumental
nature due to the limited reconstruction efficiency (see
above) for the two-neutron decay channel; the latter effect

forms about 15% of the cross section observed around the
PDR.

A summary of the deduced PDR and GDR parameters is
given in Table I; data for the most neutron-rich stable tin
isotope, 124Sn, taken from [18] are added for comparison.
Deduced parameters for the PDR and GDR peaks are
quoted, i.e., peak energy !Emax", width (FWHM) and the
integral over the photo-neutron cross section !R"#". The
parameters for the PDR did not change significantly if
adopting either a Gaussian or a Lorentzian distribution.
Because of the finite energy resolution, only an upper limit
for the PDR width could be deduced. The errors as quoted
in Table I include the correlations among all fitted parame-
ters. As far as the giant dipole resonance parameters are
concerned, within error bars no significant deviations from
those known for the stable tin isotopes or stable isotopes in
the same mass region [1,18] are observed. The essential
difference compared to the dipole strength distribution of
the stable isotopes is manifested in the appearance of a
low-lying component as already noticed. The integrated
PDR cross section corresponds to 7(3)% and 4(3)% of the
value of the Thomas-Reiche-Kuhn energy-weighted sum
rule (EWSR) for 130Sn and 132Sn, respectively. The respec-
tive B!E1" " values amount to 3.2 and 1:9 e2 fm2 or to 4.3
and 2.7 Weisskopf units (W.u.), the latter calculated for a
neutron transition (for the definition of W.u. adopted here
see [1]). Having in mind the well-known strong suppres-
sion, compared to the Weisskopf estimate, of E1 single-
particle transitions, such large B!E1" values indicate that
the observed low-lying strength is either composed out of a
large number of single-particle transitions in a rather nar-
row energy interval or involves a coherent superposition of
transitions forming a new collective mode.

It should be remembered that the dipole strength is
measured only above the one-neutron separation threshold,
and thus only part of the low-lying strength may be covered
in the present experiment. In fact, recent real-photon mea-
surements on stable N # 82 isotones [10] revealed a con-
centration of E1 strength in bound states below the neutron
threshold, spread over excitation energies between 5.5 and
8 MeV. The integrated strength exhausts, however, less
than 1% of the EWSR. Real-photon scattering experiments
to bound states of the stable isotopes 116;124Sn uncovered a
concentration of E1 strength around 6.5 MeV with B!E1"
values, however, of only 0.20 and 0:35 e2 fm2, respectively
[19]. The QRPA calculations by Tsoneva et al. [4], which

TABLE I. Summary of the parameters deduced for the PDR
and GDR peaks. The parameters for 124Sn are from [18].

PDR GDR
Emax

[MeV]
FWHM
[MeV]

R
"#

[mb MeV]
Emax

[MeV]
FWHM
[MeV]

R
"#

[mb MeV]

124Sn $ $ $ $ $ $ $ $ $ 15.3 4.8 2080
130Sn 10.1(7) <3:4 130(55) 15.9(5) 4.8(1.7) 2680(410)
132Sn 9.8(7) <2:5 75(57) 16.1(7) 4.7(2.1) 2330(590)

FIG. 2 (color online). Left panels: energy differential, with
respect to excitation energy E%, electromagnetic dissociation
cross sections measured in 130Sn and 132Sn. Arrows indicate
the neutron-separation thresholds. Corresponding right panels:
deduced photo-neutron cross sections. The curves represent
fitted Gaussian (blue dashed line) and Lorentzian (green dash-
dotted line) distributions, assigned to the PDR (centroid indi-
cated by an arrow) and GDR, respectively, and their sum (red
solid line), after folding with the detector response. Top right
panel: photo-neutron cross section in the stable 124Sn isotope
measured in a real-photon absorption experiment; the solid red
line represents a Lorentzian distribution [17].
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GW170817: Tidal Polarizability (2017)

The tidal polarizability 
measures the  “fluffiness”  

(or stiffness)of a neutron star 
against deformation. Very 

sensitive to stellar radius! 

low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional to k2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.
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⇤1.4 = 390+190
�120 (90%)

GW170817  
rules out very large  
neutron star radii! 

Neutron Stars 
must be compact 

(Latest LIGO/Virgo analysis)

Soft EOS! 
Small L!

        Tidal Polarizability(Deformability): 
Tidal field induces a mass polarization
A time dependent mass quadrupole 
emits gravitational waves

Qij = ⇤Eij ⇤ = k2
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Micro-Macro

Large level arm!

Electric Polarizability:Pi = �Ei



Most massive neutron star ever  
detected strains the limits of physics 

Shapiro 
Delay

Measuring Heavy Neutron  
Stars by Shapiro Delay

<latexit sha1_base64="CA1JMgByePFWOnhK3SbwmR0/GEo="></latexit>

G(Mns +Mwd) = 4⇡2 a
3

P 2

Newtonian Gravity sensitive 
to the total mass of the binary 

Kepler’s Third Law

Shapiro delay — a purely 
General Relativistic effect 
can break the degeneracy

<latexit sha1_base64="vEsGmHlxiNBo0Yvu34M7wTNdh7k="></latexit>

�t =
GMwd

c3
ln

✓
4r1r2
d2

◆
⇡ 10µs

Cromartie/Fonseca et al. (2020)
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M = 2.08± 0.07M�

J.M. Lattimer & M. Prakash; Physics Reports 442 (2007)

Stiff EOS! 
Large L!



Neutron-star Interior Composition Explorer (NICER) 
Simultaneous Mass and Radius Measurements (2019-2021)
NICER was launched  from Kennedy’s 
Space Center on June 3, 2017 aboard 

SpaceX Falcon 9 Rocket and docked at the 
International Space Station two days later. 

NICER measures the compactness  
of the Neutron Star by looking at  

back of the star! 

Pulse Profile: The stellar 
compactness controls the light 

profile from the hot spot 
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Neutron 
Star

NICER

Simultaneous mass–radius measurements

PSR J0740+6620 (2021)2PSR J0030+0451 (2019)1

observer

neutron
star

gravitational lensing Emissions from neutron stars with 
hot spots probe the surrounding 
space-time geometry
X-ray pulse profiling and ray tracing 
allow inferring the neutron star 
properties such as mass & radius
Analyses are compatible with 
GW170817 but have large 
uncertainties and favors larger radii

NICER

Riley et al. (2019)
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M = 1.34+0.15
�0.16 M�

R1.4 = 12.71+1.14
�1.19 km

Miller et al. (2019)
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M = 1.44+0.15
�0.14 M�

R1.4 = 13.02+1.24
�1.06 km

Shapiro delay: Cromartie et al. (2020)

Miller et al. (2021)

Riley et al. (2021)
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M = 2.08± 0.07M�

R2.0 = 12.39+1.30
�0.98 km

R2.0 = 13.7+2.6
�1.5 km

Stiff EOS! 
Large L!Micro-Macro
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The Dawn of a Golden Era in Neutron-Star Physics 

       What have we learned since GW170817 
PREX suggest a stiff EOS around saturation density 
        although CREX has muddled the waters! 
LIGO-Virgo favor a soft EOS at around 2n0 
 although see Gamba et al., PRD 103, 124015 (2021) 
NICER/Pulsar Timing suggest a stiff EOS at ~4n0

Phase  
Transition?



Multi-messenger Astronomy with 
Gravitational Waves 

X-rays/Gamma-rays	

Gravita.onal	Waves	

Binary	Neutron	Star	Merger	

Visible/Infrared	Light	

Radio	Waves	

Neutrinos	
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208Pb

TRK/EWSR

Some Limitations of the DFT Approach

 RPA treats the continuum (escape) width correctly 
 Not so the spreading width — emerging from coupling     
to more complicated (2p-2h, …) configurations!

GDRPDR

Cross sections for !S ¼ 0 and 1 from the MDA and PT
analysis for Ex < 9 MeV are compared in Fig. 2. Within
uncertainties the correspondence between the two com-
pletely independent decomposition methods is excellent.
This puts confidence in the MDA results discussed in the
following, which provide much better resolution because
of the superior statistics compared to a double scattering
measurement of PT. In the GDR region no direct compari-
son is possible because of the unknown !S content of the
phenomenological background. However, both methods
agree that !S ¼ 1 contributions are very small.

Next we show that reliable BðE1Þ strengths can be
extracted from the ðp; p0Þ data. While the angular depen-
dence of E1 transitions is generally state dependent
because of the Coulomb-nuclear interference, cross
sections at very small angles ("lab < 1$) arise purely
from Coulomb excitation. Thus the conversion from cross
section to strength is straightforward using semiclassical
theory [28]. The BðE1Þ distribution up to 8.2 MeV is
compared in Fig. 3(a) with an average over all available
208Pbð!;!0Þ and 207Pbðn;!Þ data (Refs. [26,29–31] and
references therein). Excellent agreement is obtained up to
Sn. The excess strength in the ðp; p0Þ data above the
neutron threshold can be attributed to previously unknown
neutron decay widths of the excited 1% states, which
modify the branching ratios in the !-decay experiments
and thus the extracted BðE1Þ values. Figure 3(b) shows the
photoabsorption cross sections in the GDR region together
with results from a ð!; xnÞ [32] and a total photoabsorption

[33] experiment. Again, very satisfactory agreement of all
three measurements is observed.
Figure 4(a) displays the experimental BðE1Þ distribu-

tion. From the numerous computations of the E1 response
in 208Pb we show in Fig. 4(b) recent results from the QPM
[26], and in Fig. 4(c) the relativistic time-blocking approxi-
mation (RTBA) [34]. The QPM calculations contain up to
3-phonon configurations for Ex & 8:2 MeV and 2-phonon
configurations in the GDR region. Although the RTBA has
recently been extended to include the full set of 2-phonon
states [35], the results shown are based on a particle-hole '
phonon model space [34]. In the low-energy region, the
QPM provides a realistic description of the fragmentation,
but the overall strength is somewhat too small, while the
RTBA model space is not yet sufficient to reproduce
the fine structure, and the strength is somewhat too large.
The width of the GDR is roughly reproduced by both
models. Within the QPM the effective isovector interaction
strength is adjusted to the experimental GDR centroid at
13.4 MeV. The RTBA calculations are fully self-consistent
and the GDR centroid determined by the covariant EDF
parametrization amounts to 12.9 MeV for the NL3 parame-
ter set used [36]. Such a comparison between high-
precision data and the 3-phonon version of the QPM guides
the next generation of self-consistent extensions of the
covariant EDF. Taking into account higher-order configu-
rations, ground state correlations, and pairing vibrations
should improve agreement with the data.
Finally, as discussed above, an important quantity is

the electric dipole polarizability. We find "D ¼
18:9ð13Þ fm3=e2 for the E1 strength up to 20 MeV. By
taking an average of all available data including excitation

FIG. 3 (color online). (a) BðE1Þ strengths in 208Pb in the
region Ex ’ 4:8–8:2 MeV as deduced from the present work in
comparison with ð!;!0Þ and ðn;!Þ experiments [26,29–31].
(b) Photoabsorption cross sections in the GDR region from the
present work compared to ð!; xnÞ [32] and total photoabsorption
[33] measurements.

FIG. 4. Experimental BðE1Þ strength distribution in (a) 208Pb
in comparison to (b) QPM and (c) RTBA calculations described
in the text. Note the different scales below and above 8.2 MeV.
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Cross sections for !S ¼ 0 and 1 from the MDA and PT
analysis for Ex < 9 MeV are compared in Fig. 2. Within
uncertainties the correspondence between the two com-
pletely independent decomposition methods is excellent.
This puts confidence in the MDA results discussed in the
following, which provide much better resolution because
of the superior statistics compared to a double scattering
measurement of PT. In the GDR region no direct compari-
son is possible because of the unknown !S content of the
phenomenological background. However, both methods
agree that !S ¼ 1 contributions are very small.

Next we show that reliable BðE1Þ strengths can be
extracted from the ðp; p0Þ data. While the angular depen-
dence of E1 transitions is generally state dependent
because of the Coulomb-nuclear interference, cross
sections at very small angles ("lab < 1$) arise purely
from Coulomb excitation. Thus the conversion from cross
section to strength is straightforward using semiclassical
theory [28]. The BðE1Þ distribution up to 8.2 MeV is
compared in Fig. 3(a) with an average over all available
208Pbð!;!0Þ and 207Pbðn;!Þ data (Refs. [26,29–31] and
references therein). Excellent agreement is obtained up to
Sn. The excess strength in the ðp; p0Þ data above the
neutron threshold can be attributed to previously unknown
neutron decay widths of the excited 1% states, which
modify the branching ratios in the !-decay experiments
and thus the extracted BðE1Þ values. Figure 3(b) shows the
photoabsorption cross sections in the GDR region together
with results from a ð!; xnÞ [32] and a total photoabsorption

[33] experiment. Again, very satisfactory agreement of all
three measurements is observed.
Figure 4(a) displays the experimental BðE1Þ distribu-

tion. From the numerous computations of the E1 response
in 208Pb we show in Fig. 4(b) recent results from the QPM
[26], and in Fig. 4(c) the relativistic time-blocking approxi-
mation (RTBA) [34]. The QPM calculations contain up to
3-phonon configurations for Ex & 8:2 MeV and 2-phonon
configurations in the GDR region. Although the RTBA has
recently been extended to include the full set of 2-phonon
states [35], the results shown are based on a particle-hole '
phonon model space [34]. In the low-energy region, the
QPM provides a realistic description of the fragmentation,
but the overall strength is somewhat too small, while the
RTBA model space is not yet sufficient to reproduce
the fine structure, and the strength is somewhat too large.
The width of the GDR is roughly reproduced by both
models. Within the QPM the effective isovector interaction
strength is adjusted to the experimental GDR centroid at
13.4 MeV. The RTBA calculations are fully self-consistent
and the GDR centroid determined by the covariant EDF
parametrization amounts to 12.9 MeV for the NL3 parame-
ter set used [36]. Such a comparison between high-
precision data and the 3-phonon version of the QPM guides
the next generation of self-consistent extensions of the
covariant EDF. Taking into account higher-order configu-
rations, ground state correlations, and pairing vibrations
should improve agreement with the data.
Finally, as discussed above, an important quantity is

the electric dipole polarizability. We find "D ¼
18:9ð13Þ fm3=e2 for the E1 strength up to 20 MeV. By
taking an average of all available data including excitation

FIG. 3 (color online). (a) BðE1Þ strengths in 208Pb in the
region Ex ’ 4:8–8:2 MeV as deduced from the present work in
comparison with ð!;!0Þ and ðn;!Þ experiments [26,29–31].
(b) Photoabsorption cross sections in the GDR region from the
present work compared to ð!; xnÞ [32] and total photoabsorption
[33] measurements.

FIG. 4. Experimental BðE1Þ strength distribution in (a) 208Pb
in comparison to (b) QPM and (c) RTBA calculations described
in the text. Note the different scales below and above 8.2 MeV.
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Quasiparticle Phonon Model 



The PREX-CREX Dilemma 
(No theoretical model can reproduce both!)
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PRL2022
“We conclude that the simultaneous accurate description of the PV 

asymmetry in calcium and lead cannot be achieved by our models that 
accommodate a pool of global nuclear properties …”

Density Functional Theory in all its  
flavors predicts a strong correlation  

34 “non-implausible” chiral interactions 
also display a similar correlation  

Modifications to existent DFT models  
can “break” the strong correlation — but  
at the expense of generating unphysical 
behavior in other observables


