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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
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GW170817: The Beginning of 
the Multimessenger Era
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Tidal Polarizability and Neutron-Star Radii (2017)

The tidal polarizability

measures the  “fluffiness”  

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

sensitive to stellar radius! 

Electric Polarizability:
Electric field induced a polarization of charge
A time dependent electric dipole emits  
electromagnetic waves: 

        Tidal Polarizability (Deformability):
Tidal field induces a polarization of mass
A time dependent mass quadrupole emits  
gravitational waves:  Qij = ⇤Eij
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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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rules out very large  
neutron star radii!


Neutron Stars 
must be compact 



The Nuclear Equation of State Density Ladder

Cosmic Distance Ladder 

The cosmic ladder has “rungs” of objects 
with certain properties that let astronomers 

confidently measure their distance. 
Jumping to each subsequent rung relies on 

methods for measuring objects that are 
ever farther away, the next step often 
piggybacking on the previous one.

Nuclear EOS Density Ladder 

The EOS ladder has “rungs” of objects with 
certain properties that let scientists 

confidently measure the EOS. Jumping to 
each subsequent rung relies on methods 

for measuring objects that are ever denser, 
the next step often piggybacking on the 

previous one.
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Neutron Stars: Unique Cosmic Laboratories
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!

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[.
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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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The Equation of State of Neutron-Rich Matter
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Equation of state: textbook examples

Non-interacting classical gas 
high temperature, low density limit

Non-interacting (UR) quantum gas 
high density, low temperature limit
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P (n, T ) = nkBT $ P (E) = 2

3
E
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P (n, T =0) ⇡ n4/3 $ P (E) = 1

3
E

Equation of state of neutron-rich matter:  
NON-textbook example

Strongly-interacting quantum fluid  
 high density, low temperature limit
Two “quantum liquids” in m-equilibrium
Charge-neutral system (neutralizing leptons)
Density dependence and isospin asymmetry  
of the EOS poorly constrained 
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L⇢0 (Pressure of PNM)

“Stiff”           L large
“Soft”           L small



Heaven and Earth

Laboratory Constraints on the EOS
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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-II (Oct 29, 2020)

Ciprian Gal - DNP Meeting 

Conservation of difficulty: 
PVES provides the cleanest  
determination of the EOS  

(P vs E) of neutron-rich matter   
in the immediate vicinity of  

saturation density

 Coherent p0 g-production 
  PRL 112, 242502 (2014)
 Antiprotons   
  PRL 87, 082501 (2001) 
  PRC 76, 014311 (2007)
 Electric dipole polarizability  
  PRL 107, 062502 (2011)
 Elastic p-nucleus scattering 
  PRC 82, 044611 (2010)
 Dispersive optical model 
  PRL 125, 102501 (2020)
 PREX 
  PRL 108, 112502 (2012)

Heroic effort from our

experimental colleagues0
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 GW170817: first detection of Gravitational  
 Waves from a binary neutron-star merger 
    (obtained a wealth of information!)

 GW190425: second detection of BNS 
    (Hanford offline; no sky localization)

 GW190814: BNS or NSBH merger? 
    (2.6 Msun heaviest NS or lightest BH?) 

 J0740+6620: Most massive star (2019) 
    (2.14 Msun — Thankful Cromartie et al) 

 J0030+0451: NICER aboard the ISS (2019)  
   (First ever mass-radius determination) 

 PREX-II: Neutron-skin thickness of 208Pb 
   (Just announced at DNP meeting!)

GW

EM

Terrestrial experiments

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)

The Quest for the EOS: Status After GW170817

Powerful synergy 
developing  

between terrestrial 
experiments, 

electromagnetic 
observations,  

and gravitational-
wave detections:


A brand new era of  
Multimessenger 

Astronomy!

Heaven and Earth



Status After GW170817: The start of a golden era

Tantalizing Possibility
• Laboratory Experiments suggest large neutron radii for Pb

• Gravitational Waves suggest small stellar radii

• Electromagnetic Observations suggest large stellar masses


Exciting possibility: If all are confirmed, this tension may be evidence of a 
softening/stiffening of the EOS (phase transition?)
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The incompressibility of neutron rich matter: Why is tin so fluffy?
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hy is the equation of state for tin so soft?
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The distribution of isoscalar monopole strength in the neutron-even 112–124Sn isotopes has been computed using

a relativistic random-phase-approximation approach. The accurately-calibrated model used here (“FSUGold”)

has been successful in reproducing both ground-state observables as well as collective excitations—
including the

giant monopole resonance (GMR) in 90Zr, 144Sm, and 208Pb. Yet this same model significantly overestimates the

GMR
energies in the Sn isotopes. It is argued that the question of “Why is tin so soft?” becomes an important

challenge to the field and one that should be answered without sacrificing the success already achieved by several

theoretical models.

DOI: 10.1103/PhysRevC.76.031301
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The compression modulus of nuclear matter (also known as

the nuclear incompressibility) is a fundamental parameter of

the equation of state that controls small density fluctuations

around
the

saturation
point. While

existing
ground-state

observables have accurately constrained the binding energy

per nucleon
(B/A ! −16

MeV) and
the

baryon
density

(ρ !
0.15 fm −3) of symmetric nuclear matter at saturation, the

extraction of the compression modulus (K) requires to probe

the response of the nuclear system to small density fluctuations.

It is generally agreed that the nuclear compressional modes—

particularly the isoscalar giant monopole resonance (GMR)—

provide the optimal route to the determination of the nuclear

incompressibility [1]. Moreover, the field has attained a level

of maturity and sophistication that demands strict standards in

doing so. It is now demanded that the same microscopic model

that predicts a particular value for the compression modulus

of infinite
nuclear matter (an

experimentally
inaccessible

quantity) be able to accurately reproduce the experimental

distribution of monopole strength.

Earlier attempts at extracting the compression modulus of

symmetric nuclear matter relied primarily on the distribution

of isoscalar monopole strength
in 208Pb—

a heavy
nucleus

with a well developed giant resonance peak [2,3]. However,

as was pointed out recently in Refs. [4,5]—
and confirmed

since then by several other groups [6–8]—
the GMR

in 208Pb

does not provide a clean determination of the compression

modulus of symmetric nuclear matter. Rather, it constraints

the nuclear incompressibility of neutron-rich matter at the

particular value of the neutron excess found in 208Pb, namely,

b ≡
(N −

Z)/A =
0.21. As

such, the
GMR

in 208Pb
is

sensitive to the density dependence of the symmetry energy.

The symmetry energy represents a penalty levied on the system

as it departs from
the symmetric limit of equal number of

neutrons and protons. As the infinite nuclear system
becomes

neutron rich, the saturation density moves to lower densities,

the binding energy weakens, and the nuclear incompressibility

softens [9]. Thus, the compression modulus of a neutron rich

system
having the same neutron excess as 208Pb is lower than

the compression modulus of symmetric nuclear matter. We

note in passing that the symmetry energy is to an excellent

approximation equal to the difference between the energy of

pure neutron matter (with b ≡
1) and that of symmetric nuclear

matter (with b ≡
0).

The
alluded

sensitivity
of the

distribution
of isoscalar

monopole strength to the density dependence of the symmetry

energy proved instrumental in resolving a puzzle involving K:

how
can accurately calibrated models that reproduce ground

state data as well as the distribution of monopole strength in

208Pb, predict values for K
that differ by as much as 25%?

(Note that accurately-calibrated relativistic models used to

predict a compression
modulus as high

as
K ≈

270
MeV

while their nonrelativistic counterpart suggested values as low

as K ≈
215 MeV.) This discrepancy is now

attributed to the

poorly determined density dependence of the symmetry energy

[4]. Indeed, models that predict a stiffer symmetry energy (one

that increases faster with density) consistently predict higher

compression moduli than those with a softer symmetry energy.

Thus, the success of some models in reproducing the GMR in

208Pb was accidental, as it resulted from
a combination of both

a stiff equation of state for symmetric nuclear matter and a stiff

symmetry energy [5]. Since then, the large differences in the

predicted value of K
have been reconciled and a “consensus”

has been reached that places the value of the incompressibility

coefficient of symmetric nuclear matter atK =
230 ±

10 MeV

[7,8,10,11]. Note that while some Skyrme and
relativistic

mean-field models do not display a clear correlation between

K
and the density dependence of the symmetry energy [12],

we trust that once those models are further constrained to

reproduce the experimental distribution of isoscalar monopole

strength
in 208Pb, the

alluded
correlation

will reemerge

[4,5].An example of how this consensus was reached is depicted

in Fig. 1 where the distribution of isoscalar monopole strength

in 90Zr, 116Sn, 144Sm, and 208Pb
at the small momentum

transfer of q =
45.5 MeV

(or q =
0.23 fm −1) is displayed

for the relativistic FSUGold model of Ref. [10]—
a model that

predicts an incompressibility coefficient for symmetric nuclear

matter of K =
230 MeV. Note that the distribution of strength

was obtained from
a relativistic random-phase-approximation

(RPA) approach as described in detail in Ref. [13]. Further,

the inset on Fig. 1 shows a comparison of the theoretical

predictions against the experimental centroid energies reported
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microscopic model including quasiparticle-phonon coupling
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We have calculated the strength distributions of the isoscalar giant monopole resonance (ISGMR) in the even-A

tin isotopes (A =
112–124) that were recently measured in inelasticα scattering. The calculations were performed

within two microscopic models: the quasiparticle random
phase approximation (QRPA) and the quasiparticle

time blocking approximation (QTBA), which is an extension of the QRPA
including quasiparticle-phonon

coupling. We used a self-consistent calculational scheme based on the Hartree-Fock+Bardeen-Cooper-Schrieffer

approximation. Within the RPA the self-consistency is full. The single-particle continuum
is also exactly included

at the RPA level. The self-consistent mean field and the effective interaction are derived from
the Skyrme energy

functional. In the calculations, two Skyrme force parametrizations were used: T5 with a comparatively low value

of the incompressibility modulus of infinite nuclear matter (K
∞ =

202 MeV) and T6 with
K

∞ =
236 MeV.

The T5 parametrization gives theoretical results for tin isotopes in good agreement with the experimental data

including the resonance widths. The results of the ISGMR calculations in 90Zr, 144Sm, and 208Pb performed with

these Skyrme forces are discussed and compared with the experiment.

DOI: 10.1103/PhysRevC.79.034309

PACS number(s): 21.60.−n, 24.30.Cz, 25.55.Ci, 27.60.+j

I. INTRODUCTION

The investigation of the isoscalar giant monopole resonance

(ISGMR), the so-called breathing mode, is one of the funda-

mental problems of nuclear physics. The energy of the ISGMR

enables one to determine parameters characterizing the incom-

pressibility of infinite nuclear matter (INM), in particular, the

value of the incompressibility modulus
K

∞ , which in turn

is a universal characteristic of the effective nuclear forces.

These collective resonances can
be studied

experimentally

in inelastic
α

scattering at small angles (see, e.g., Ref. [1]

and
references therein). Theoretical investigations of these

states are based mainly on (i) the self-consistent microscopic

approaches (see, e.g., Refs. [2–12]), including scaling and

constrained Hartree-Fock (HF) methods and the random
phase

approximation (RPA), and (ii) the Landau-Migdal approach,

which starts with a phenomenological single-particle basis and

with the independently parametrized particle-hole zero-range

interaction (see, e.g., Refs. [13–15] and references therein).

It is important to
note that the incompressibility

modulus

K
∞

cannot be
measured

directly
but it can

be
deduced

theoretically by comparing the experimental energies of the

ISGMR
with the corresponding calculated values. The most

widely
used

approach
is based

on
the

self-consistent HF

or RPA
calculations of the mean

energies of the ISGMR

using effective Skyrme or Gogny forces. Because
K

∞
can

be calculated from
the known parameters of the given force,

its value is estimated as the one corresponding to the force

that gives the best description of the experimental data. The

nonrelativistic estimates obtained in such a way lead to the

value K
∞ =

210 ±
30 MeV (see, e.g., Refs. [2,4–10]), though

the recent results testify to the upper limit of this estimate (see

Refs. [11,12]). In the Landau-Migdal approach one obtains

K
∞

from
the scalar-isoscalar Landau-Migdal parameter f

0 .

Here K
∞ was always of the order of 240 MeV

[13].

Note that within the relativistic mean-field (RMF) theory

the
INM

incompressibility
is usually

restricted
to

the
in-

terval K
∞ =

260 ±
10 MeV

(see, e.g., Ref. [16]), which is

considerably higher than the nonrelativistic limits. However,

recently a zero-range (point-coupling) representation of the

effective nuclear interactions in
the RMF

framework
was

found
to

lead
to

the reduction
of

K
∞

up
to

the value of

230 MeV
[17].

In
the

present paper
we

investigate
theoretically

the

experimental data [18] on the strength distributions of the

ISGMR
in the even-A

tin isotopes (A =
112–124) that were

recently measured with inelastic scattering of α
particles at

RCNP (Osaka University). This is the main goal of our work.

The calculations are performed within the framework of the

recently developed microscopic model that takes into account

the effects of the quasiparticle-phonon
coupling

(QPC) in

addition to the usual correlations included in the conventional

RPA.The paper is organized as follows. In Sec. II the model is

described, with particular attention paid to dynamical pairing

effects, which are important for solving the problem
of the 0 +

spurious state in the ISGMR calculations in open-shell nuclei.

In Sec. III we describe the details of our calculational scheme

and present and discuss the results. Conclusions are drawn in

the last section. Appendices contain auxiliary formulas.
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Background: Following the 2007 precise measurements of monopole strengths in tin isotopes, there has been a
continuous theoretical effort to obtain a precise description of the experimental results. Up to now, there is no
satisfactory explanation of why the tin nuclei appear to be significantly softer than 208Pb.
Purpose: We determine the influence of finite-range and separable pairing interactions on monopole strength
functions in semimagic nuclei.
Methods: We employ self-consistently the quasiparticle random phase approximation on top of spherical Hartree-
Fock-Bogoliubov solutions. We use the Arnoldi method to solve the linear-response problem with pairing.
Results: We found that the difference between centroids of giant monopole resonances measured in lead and
tin (about 1 MeV) always turns out to be overestimated by about 100%. We also found that the volume
incompressibility, obtained by adjusting the liquid-drop expression to microscopic results, is significantly larger
than the infinite-matter incompressibility.
Conclusions: The zero-range and separable pairing forces cannot induce modifications of monopole strength
functions in tin to match experimental data.

DOI: 10.1103/PhysRevC.86.024303 PACS number(s): 24.30.Cz, 21.30.Fe, 21.60.Jz, 21.65.−f

I. INTRODUCTION

The incompressibility of infinite nuclear matter as well as
of finite nuclei has been studied in a number of theoretical
papers and reviews. In the classic review by Blaizot [1] the
connection between the finite-nucleus incompressibility and
centroid of the giant monopole resonance (GMR) was shown.
This relation allows us to study incompressibility of nuclei
through microscopic calculations of the monopole excitation
spectra. It also brings us the possibility to directly compare
theoretical results with experimental data. For examples, see
the measurements presented in Refs. [2–4].

In Ref. [5], it was shown that the self-consistent models that
succeed in reproducing the GMR energy in the doubly magic
nucleus 208Pb systematically overestimate the GMR energies
in the tin isotopes. In spite of many studies related to the
isospin [6–8], surface [9], and pairing [10–16] influence on
the nuclear incompressibility, to date there is no theoretical
explanation of the question “Why is tin so soft?” [5,17]. For
an excellent recent review of the subject matter we refer the
reader to Ref. [4].

Studies in Refs. [14,15] were restricted to the effect of
zero-range pairing interaction. In the present paper we focus
on a different kind of pairing force, namely, we implement the
finite-range, fully separable, translationally invariant pairing
interaction of the Gaussian form [18–20], together with the
general phenomenological quasilocal energy density func-

*petr.p.vesely@jyu.fi

tional in the ph-channel [21]. We have performed calculations
for all particle-bound semimagic nuclei starting from Z = 8 or
N = 8, up to Z = 82 or N = 126. The ground-state properties
were explored within the Hartree-Fock-Bogoliubov (HFB)
method, whereas the monopole excitations were calculated
by using the quasiparticle random phase approximation
(QRPA) within the Arnoldi iteration scheme [22]. For the
numerical solutions, we used an extended version of the code
HOSPHE [23].

The paper is organized as follows. In Secs. II and III, we
briefly outline the Arnoldi method to solve the QRPA equations
and present the separable pairing interaction, respectively. In
Sec. IV, we discuss the nuclear incompressibility, including its
theoretical description, definitions in finite and infinite nuclear
matter, and relations to monopole resonances. Then, our results
are shown and discussed in Sec. V and conclusions are given
in Sec. VI, whereas the Appendix presents numerical tests of
the approach.

II. QRPA METHOD

In the present study, we solve the QRPA equations by using
the iterative Arnoldi method, implemented in Ref. [22]. It
provides us with an extremely efficient and fast way to solve the
QRPA equations. The QRPA equations are well known [24,25]
and have been recently reviewed in the context of the finite
amplitude method (FAM) [26]. Therefore, here we only give a
brief resumé of basic equations, by presenting their particularly
useful and compact form.

024303-10556-2813/2012/86(2)/024303(9) ©2012 American Physical Society
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The strength distributions of the giant monopole resonance (GMR) have been measured in the even-A
Sn isotopes (A ! 112–124) with inelastic scattering of 400-MeV ! particles in the angular range 0" –8.5".
We find that the experimentally observed GMR energies of the Sn isotopes are lower than the values
predicted by theoretical calculations that reproduce the GMR energies in 208Pb and 90Zr very well. From
the GMR data, a value of K" ! #550$ 100 MeV is obtained for the asymmetry term in the nuclear
incompressibility.
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Incompressibility of nuclear matter remains a focus of
experimental and theoretical investigations because of its
fundamental importance in defining the equation of state
(EOS) for nuclear matter. The latter describes a number of
interesting phenomena from collective excitations of nu-
clei to supernova explosions and radii of neutron stars [1].
The giant monopole resonance (GMR) provides a direct
means to experimentally determine this quantity.

Experimental identification of the GMR requires inelas-
tic scattering of an isoscalar particle at extremely forward
angles, including 0", where the cross section for exciting
the GMR is maximal. Such measurements have improved
considerably over the years, and it is now possible to obtain
inelastic spectra virtually free of all instrumental back-
ground directly [2] and in coincidence with proton and
neutron decay [3]. In recent work, the GMR strength
distributions have been extracted in many nuclei from a
multipole-decomposition analysis (MDA) of such
‘‘background-free’’ inelastic !-scattering spectra [2,4–9].

The excitation energy of the GMR is expressed in the
scaling model [10] as

 EGMR ! @
!!!!!!!!!!!!
KA
mhr2i

s
; (1)

wherem is the nucleon mass, hr2i is the ground-state mean-
square radius, and KA is the incompressibility of the nu-
cleus. In order to determine the incompressibility of infi-
nite nuclear matter, K1, from the experimental GMR
energies, one builds a class of energy functionals, E%#&,
with different parameters that allow calculations for nu-

clear matter and finite nuclei in the same theoretical frame-
work. The parameter set for a given class of energy
functionals is characterized by a specific value of K1.
The GMR strength distributions are obtained for different
energy functionals in a self-consistent RPA calculation.
TheK1 associated with the interaction that best reproduces
the GMR energies is, then, considered the ‘‘correct’’ value.
This procedure, first proposed by Blaizot [11], is now
accepted as the best way to extract K1 from the GMR
data, and it has been established that both relativistic and
nonrelativistic calculations are now in general agreement
with K1 ! 240$ 10 MeV [12–14].

The determination of the asymmetry term, K", associ-
ated with the neutron excess (N # Z), remains very im-
portant because this term is crucial in obtaining the radii of
neutron stars in EOS calculations [15–18]. Indeed, the
radius of a neutron star whose mass is between about 1
and 1.5 solar masses (M') is mostly determined by the
density dependence of the symmetry-energy term [19,20].
Previous attempts to extract this term from experimental
GMR data have resulted in widely different values, from
#320$ 180 MeV in Ref. [21] to a range of #566$
1350 MeV to 139$ 1617 MeV in Ref. [22]. Measure-
ments of the GMR over a series of isotopes provide a
way to ‘‘experimentally’’ determine this asymmetry term
in a direct manner. The Sn isotopes (A ! 112–124) afford
such an opportunity since the asymmetry ratio, [%N #
Z&=A], changes by more than 80% over this mass range.

In this Letter, we report on new measurements on GMR
in the even-A Sn isotopes. The GMR has been identified
previously in some of the Sn isotopes as a compact peak in
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The isoscalar giant monopole resonance (GMR) has been investigated in a series of
Sn isotopes (A=112–124) using inelastic scattering of 400-MeV α particles at extremely
forward angles (including 0◦). The primary aim of the investigation has been to explore
the role of the “symmetry-energy” term in the expression for nuclear incompressibility.
It is found that the excitation energies of the GMR in the Sn isotopes are significantly
lower than those expected from the nuclear incompressibility previously extracted from
the available data on the compressional-mode giant resonances.

The investigation of the compressional-mode giant resonances—the Isoscalar Giant
Monopole Resonance (GMR) and the Isoscalar Giant Dipole Resonance (ISGDR), an
exotic compressional mode of nuclear oscillation—continues to remain an active area of
work and interest. The primary motivation for the investigation of these modes is that
they provide a direct experimental determination of the incompressibility of infinite nu-
clear matter, K∞, a quantity of critical importance to understanding the nuclear equation
of state.

Experimental identification of these two modes requires inelastic scattering measure-
ments at extremely-forward angles (including 0◦, where the GMR Cross sections are maxi-
mal). Recent experimental work, using inelastic scattering of α particles, has been carried
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A
self-consistent quasiparticle random-phase approximation

(QRPA) model that employs the canonical

Hartree-Fock-Bogoliubov (HFB) basis and an energy-density functional with a Skyrme mean-field part and

a density-dependent pairing is used to study the monopole collective excitations of spherical even-even nuclei.

The influence of the spurious state on the strength function of the isoscalar monopole excitations is clearly

assessed. We compare the effect of different kinds of pairing forces (volume pairing, surface pairing, and mixed

pairing) on the monopole excitation strength function. The energy of the isoscalar giant monopole resonance

(ISGMR), which is related to the nuclear incompressibility K
∞ , is calculated for tin isotopes and the results are

discussed.
DOI: 10.1103/PhysRevC.78.064304

PACS number(s): 24.30.Cz, 21.60.Jz, 21.30.Fe, 27.60.+j

I. INTRODUCTION

The nuclear structure community have made great achieve-

ments in understanding the structure of the ground state and

of the excited states of stable atomic nuclei. As radioactive

beams provide more experimental results on the nuclei far

from
the stability valley, the challenge is how

to extrapolate

the theoretical models and predict or describe in detail the

exotic properties of the nuclei with large neutron or proton

excess. Another challenge is the prediction of the properties of

nuclear matter in a broad range of densities, i.e., in connection

with neutron stars, and to understand the origin of these new

properties.
For medium-mass and heavy nuclei, the most microscopic

models that we can
use are the mean-field

models based

on the effective interactions, either in the nonrelativistic or

relativistic framework. For closed-shell nuclei, Hartree-Fock

(HF) theory has already been proven to be a powerful tool to

describe the properties of ground states [1], in particular using

the zero-range Skyrme interactions [2–6]. In the open-shell

nuclei, the effect of nuclear pairing shows up. A simple theory

for the ground-state pairing is HF+Bardeen-Cooper-Schriffer

(BCS) [7]. The nuclei close to the neutron or proton drip lines

may exhibit some very unusual features such as the neutron

or proton skin [8] and the neutron haloes [9]. In these very

neutron-rich
or proton-rich

nuclei, nuclear pairing
plays a

crucial role for the theoretical understanding of these new

phenomena [10–14]. A
more appropriate theory is the HFB

approach [1] because the pairing component can no longer

be treated as a residual interaction, i.e., a small perturbation
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important only
in

the neighborhood
of the Fermi surface,

as in
the

nuclei close
to

the
line

of
β

stability. This is

seen from
the approximate HFB relations between the Fermi

level λ, pairing gap
#, and the particle separation energy

s:

s ≈ −
λ −

#, because
s is very

small and
λ +

# ≈
0, for

drip-line nuclei. Consequently, the mean-field characterized

by
λ

and the pairing field
#

are equally important. Using

appropriate effective interactions in mean field and pairing

field, the HFB
approach is already sophisticated enough to

allow
precise analysis of ground-state properties, i.e., binding

energies, average neutron pairing gaps, etc., in most nuclei

either using the Skyrme force plus a density-dependent pairing

force [15] or the finite-range pairing force [16,17].

Studying
the

nuclear
collective

excitations
is

another

important tool to
understand

the
structure

of nuclei and

predict the
exotic

properties
of nuclei far from

stability

valley or the properties of nuclear matter. The QRPA
is a

standard method for describing these collective excitations

in open-shell superconducting nuclei with stable mean-field

solutions [1,18]. Important nuclear collective excitations are

the nuclear compressional modes—
particularly the ISGMR—

which
provide the optimal route to

determine the nuclear

incompressibility [19–21]. Both nonrelativistic RPA
[22–24]

and relativistic RPA
or QRPA

[25,26] were recently used in

studying
the nuclear collective excitations and

the nuclear

incompressibility. However, the fully self-consistent QRPA,

formulated in the HFB canonical basis, which was introduced

and accurately tested using Skyrme energy density functionals

and density-dependent pairing functionals in Ref. [27] has

not been
applied

to
extract information

about the nuclear

incompressibility. If the models are characterized by a nuclear

incompressibility
K

∞
around

230 ∼
240

MeV
[or 250 ∼

270 MeV
in the case of relativistic mean field (RMF)], they

will give the right ISGMR
centroid energies compared with

the experimental data in 208Pb [19,25]. However, with these
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Workshop on Nuclear Incompressibility

University of Notre Dame
July 14-15, 2005

 

 

The Joint Institute for Nuclear Astrophysics (JINA) will organize a
2-day Workshop focused on Nuclear Incompressibility and the
Nuclear Equation of State, to be held at the University of Notre
Dame during July 14-15, 2005.

This meeting follows a similar Workshop held at Notre Dame in
January 2001, and the Symposium on Nuclear Equation of
State used in Astrophysics Models, held at the ACS meeting in
Philadelphia last Summer.

The primary aim of the Workshop is to bring together interested
physicists from the areas of Astrophysics, Giant Resonances, and
Heavy-Ion Reactions, to discuss current status of experiments and
theoretical models related to nuclear incompressibility and the
equation of state, and to explore what experiments might be
needed to clarify some of the outstanding issues.

Most of the Workshop will be devoted to talks, with a lot of time
allowed for discussions and interactions. In that spirit, we will
follow a somewhat flexible schedule for the talks.

There is no registration fee but participants are requested to
register via the webpage (www.jinaweb.org), so that we can
make appropriate arrangements.

For further information, please contact:
Kathy Burgess (kburgess@nd.edu)
or
Umesh Garg (garg@nd.edu)

 

           

 The Joint Institute for Nuclear Astrophysics 
May 18, 2005  

Outcome: A window into L through 

systematic measurements of the GMR across a long 

isotopic chain 

Onwards and upwards to 
GMRs 


in unstable nuclei!
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Why is tin so soft?

extrapolation!

The Incompressibility of Neutron-Rich Matter
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Even a neutron-rich nucleus as 132Sn  
provides a short lever arm (a2=0.06)

FSUGold2 — consistent with PREX  
and hence with a very large value of  
L— is inconsistent with RCNP data!
RCNP seems to like an even larger L!



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!



Conclusions: We have entered the golden 
era of neutron-star physics 

Astrophysics:  What is the minimum mass of a black hole?
C.Matter Physics: Existence of Coulomb-Frustrated Nuclear Pasta?
General Relativity:  Can BNS mergers constrain stellar radii?
Nuclear Physics:  What is the EOS of neutron-rich matter?
Particle Physics:  What exotic phases inhabit the dense core?
Machine Learning: Extrapolation to where no man has gone before?

Neutron Stars are the natural meeting place for  
interdisciplinary, fundamental, and fascinating physics! 

Multi-messenger Astronomy with 
Gravitational Waves 

X-rays/Gamma-rays	

Gravita.onal	Waves	

Binary	Neutron	Star	Merger	

Visible/Infrared	Light	

Radio	Waves	

Neutrinos	

My FSU Collaborators
Genaro Toledo-Sanchez
Karim Hasnaoui
Bonnie Todd-Rutel
Brad Futch
Jutri Taruna
Farrukh Fattoyev
Wei-Chia Chen
Raditya Utama

My Outside Collaborators
B. Agrawal (Saha Inst.)
M. Centelles (U. Barcelona)
G. Colò (U. Milano)
C.J. Horowitz (Indiana U.)
W. Nazarewicz (MSU)
N. Paar (U. Zagreb)
M.A. Pérez-Garcia (U.
Salamanca)
P.G.- Reinhard (U.
Erlangen-Nürnberg)
X. Roca-Maza (U. Milano)
D. Vretenar (U. Zagreb)
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           The “Old” Generation

Pablo Giuliani
Daniel Silva 
Junjie Yang  
 
The New Generation
Amy Anderson
Marc Salinas
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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

APV =
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p
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Use parity violation as Z0 couples preferentially to neutrons
PV provides a clean measurement of neutron densities (and rn)
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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! 



How Does Matter Organize Itself?
What is the ground state of matter at a given density?

Atmosphere (10 cm):  Shapes Thermal Radiation (L=4psR2T4)
Envelope (100 m):  Huge Temperature Gradient (108K 4106K)
Outer Crust (400 m):  Coulomb Crystal (Exotic neutron-rich nuclei)
Inner Crust (1 km):  Coulomb Frustration (“Nuclear Pasta”)
Outer Core (10 km):  Uniform Neutron-Rich Matter (n,p,e,m)
Inner Core (?):  Exotic Matter (Hyperons, condensates, quark matter)

The Anatomy of a Neutron Star



Most massive neutron star ever  
detected strains the limits of physics 

Shapiro Delay

Measuring Heavy Neutron Stars (2019) 
Shapiro Delay: General Relativity to the Rescue
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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
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Cromartie et al. (2020)
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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 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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)

<latexit sha1_base64="yVhNcP4SouHDs/oD5CTogHKf9JA="></latexit>

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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Shapiro delay: Cromartie et al. (2020)

Miller et al. (2021)

Riley et al. (2021)
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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 
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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
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“Listening” to the GW Signal
LIGO-Virgo detection band

Early BNS Inspiral:
Indistinguishable from two colliding black 
holes
Analytic “Post-Newtonian-Gravity” expansion

       Orbital separation:1000 km (20 minutes)

Late BNS Inspiral:
Tidal effects become important
Sensitive to stellar compactness        EOS 
Orbital separation: 200 km (2 seconds) 

BNS Merger:
GRelativity in the strong-coupling regime
Numerical simulations with hot EOS 
Orbital separation: 50 km (0.01 seconds)

38:58 Page 2 of J. Astrophys. Astr. (2017) : 38:58

model the mechanisms that generate the radiation in the
first place, in order to facilitate template-based detec-
tion, and ii) hopefully decode observed signals to “con-
strain” current theory.

The celebrated LIGO detections of black-hole bi-
nary inspiral and merger [1, 2] demonstrate the dis-
covery potential of gravitational-wave astronomy. As
the sensitivity of the detectors improves, and a wider
network of instruments comes online (including LIGO-
India!), a broader range of sources should be detected.
Neutron star signals are anticipated with particular ex-
citement – we are eagerly waiting for whispers from the
edge of physics.

2. Binary inspiral and merger

Well before the first direct detection, we knew Einstein
had to be right. Precision radio timing of the orbital
evolution of double neutron star systems, like the cele-
brated binary pulsar PSR1913+16, showed perfect agree-
ment with the predicted energy loss due to gravitational-
wave emission (to better than 1%). Yet, this was not a
test of the strong field aspects of general relativity. The
two partners in all known binary neutron stars are so
far apart that they can, for all intents and purposes, be
treated as point particles (in a post-Newtonian analy-
sis). The internal composition is immaterial. If we want
to probe the involved matter issues we need to observe
the late stages of inspiral.

Double neutron star systems will spend their last
15 minutes or so in the sensitivity band of advanced
ground-based interferometers (above 10 Hz). The de-
tection of, and extraction of parameters from, such sys-
tems is of great importance for both astrophysics and
nuclear physics. From the astrophysics point-of-view,
observed event rates should lead to insights into the
formation channel(s) for these systems and the identi-
fication of an electromagnetic counterpart to the merger
should confirm the paradigm for short gamma-ray bursts.
Meanwhile, the nuclear physics aspects relate to the
equation of state for matter at supranuclear densities.

Neutron star binaries allow us to probe the equation
of state in unique ways, schematically illustrated in Fig-
ure 1. First of all, finite size e↵ects come into play at
some point during the system’s evolution. An important
question concerns to what extent the tidal interaction
leaves an observable imprint on the gravitational-wave
signal [3, 4]. This problem has two aspects. The tidal
deformability of each star is encoded in the so-called
Love numbers (which depend on the stellar parameters
and represent the static contribution to the tide). This
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Figure 1. A schematic illustration of the gravitational-wave
signal emitted during the late stages of binary neutron star
inspiral. The e↵ective signal strain is compared to the
sensitivity of di↵erent generations of detectors. Above
100 Hz or so the tidal compressibility is expected to leave a
secular imprint on the signal. The eventual merger involves
violent dynamics, which also encodes the matter equation of
state. The merger signal is expected at a few kHz, making it
di�cult to observe with the current generation of detectors,
but it should be within reach of third generation detectors
like the Einstein Telescope. Adapted (with permission) from
an original figure by J. Read (based on data from [5]).

e↵ect is typically expressed as

� =
2
3

k2R
5 ⇠ quadrupole deformation

tidal field
(1)

where R is the star’s radius and k2 encodes the com-
pressibility of the stellar fluid. It is di�cult to alter
the gravitational-wave phasing in an inspiralling binary
(as an example, an energy change of something like
1046 erg at 100 Hz only leads to a shift of 10�3 radi-
ans), but the tidal deformation may nevertheless lead to
a distinguishable secular e↵ect. Observing this e↵ect
will be challenging as we may need several tens of de-
tections before we begin to distinguish between equa-
tions of state [6]. However, the strategy nevertheless
promises to constrain the neutron star radius to better
than 500 m. This could lead to stronger constraints on
the equation of state than current and upcoming nuclear
physics experiments.

The star also responds dynamically to the tidal in-
teraction. As the binary sweeps through the detector’s
sensitive band a number of resonances with the star’s
oscillation modes may become relevant [7, 8]. In par-
ticular, it has recently been demonstrated that [9]– even
though it does not actually exhibit a resonance before
the stars merge – the tidal driving of the star’s funda-
mental f-mode is likely to be significant (representing
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Gravitational Waves: 
Einstein’s Messengers

I = mass quadrupole moment 
of the source

R = source distance
Dimensionless strain:

If Ï(t) ! Ma2!2
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At h=10-21 and with an arm length of 4km 
displacement is 1000 times smaller than proton!



The New Periodic Table of the Elements

The optical counterpart SSS17a 
produced at least 5% solar 

masses (1029 kg!)

of heavy elements - 

demonstrating that NS-mergers 
play a role in the r-process



The Composition of the Outer Crust 
Enormous sensitivity to nuclear masses

Composition emerges from relatively simple dynamics
Competition between electronic and symmetry energy

Mass measurements of exotic nuclei is essential
For neutron-star crusts and r-process nucleosynthesis

E/Atot = M(N,Z)/A+
3

4
Y 4/3
e kF + lattice
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ISOLTRAP casts light
on neutron stars
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Welcome to the digital edition of the April 2013 issue of CERN Courier.

Supernova explosions provide a natural laboratory for some interesting 
nuclear and particle physics, not least when they leave behind neutron 
stars, the densest known objects in the cosmos. Conversely, experiments 
in physics laboratories can cast light on the nature of neutron stars, just as 
the ISOLTRAP collaboration is doing at CERN’s ISOLDE facility, as this 
month’s cover feature describes. Elsewhere at CERN, the long shutdown of 
the accelerators has begun and a big effort on maintenance and consolidation 
has started, not only on the LHC but also at the experiments. At Point 5, work 
is underway to prepare the CMS detector for the expected improvements to 
the collider. Meanwhile, the Worldwide LHC Computing Grid continues to 
provide high-performance computing for the experiments 24 hours a day, 
while it too undergoes a continual process of improvement. 
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Nuclear Theory meets  
Machine Learning

M(N,Z) = MDFT (N,Z) + �MBNN (N,Z)

Systematic scattering greatly reduced  

Predictions supplemented by theoretical errors         

The paradigmUse DFT to predict nuclear masses  

Train BNN by focusing on residuals          

o

Re-generating Richard Feynman
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"We have detected gravitational waves; we did it" 
David Reitze, February 11, 2016

The dawn of a new era: GW Astronomy 
Initial black hole masses are 36 and 29 solar masses
Final black hole mass is 62 solar masses;  
3 solar masses radiated in Gravitational Waves!  


