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Fermi Theory of the Weak Interactions  
The very “first” effective field theory

Krishna S. Kumar NSKIN2016: The PREX-I Result

Weak Interactions

5

Fermi Theory for weak interactions

“Effective” low energy theory that explains many 
observed properties of radioactive nuclear decays

Universal strength: coupling constant GF

Weak decay of 
60Co Nucleus

60Co

60Ni
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PREX-2 (Oct 29, 2020) 
Ciprian Gal - DNP Meeting  

Adhikari et al., PRL 126, 172502 (2021)

Conservation of difficulty: 
PVES provides the cleanest  

constraint on the EOS of 
neutron-rich matter  in the 

vicinity of saturation density

Heroic effort from our 
experimental colleagues
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PREX: L is BIG! 
Experiment has determined that  208 Pb has a thick neutron skin.  

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





Use PREX/CREX/MREX 
to calibrate future 

hadronic experiments 
at FRIB that will aim to 

extract the neutron skin 
of very exotic 

neutron-rich nuclei such 
as 60Ca, 78Ni, 132Sn
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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

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

PREX@JLAB: First electroweak 
(clean!) evidence in favor of Rskin in Pb 
Precision hindered by radiation issues
Excellent control of systematic uncertainties
Statistical uncertainties 3 times larger than  
promised: Rskin=0.33(16)fm

PREX-II and CREX to run in 2018
Original goal of 1% in neutron radius

Neutron Radii via PV Electron Scattering Donnelly, Dubach, Sick, NPA 503, 589 (1989)

Charge (proton) densities known with enormous precision
Charge density probed via parity-conserving eA scattering

Weak-charge (neutron) densities poorly known
Large and uncontrolled hadronic uncertainties
Weak-charge density probed via parity-violating eA scattering
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Neutral weak-vector boson Z0 couples preferentially to neutrons
PV provides a clean measurement of neutron densities (and Rn)

up-quark down-quark proton neutron
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FRIB will: 
Provide the most stringent  

tests for nuclear models through  
 producing unusual nuclei with  

large halos and skins
FRIB-it



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     

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.

This content was downloaded from IP address 128.186.236.209 on 13/08/2019 at 19:09



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
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Lectures will attempt to 
provide an overall (personal) 

picture of the field 



Heaven and Earth 
Laboratory Constraints on the EOS

3

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)

Neutrons

Protons
+

Neutrons

v090
M
Sk7

HFB-8
SkP

HFB-17
SkM

*
DD-M

E2
DD-M

E1
FSUG

old
DD-PC1
Ska

PK1.s24 Sk-Rs
NL3.s25
Sk-T4
G
2

NL-SV2
PK1
NL3

NL3*
NL2

NL1

0 30 60 90 120 150
L(MeV)

0.12

0.16

0.2

0.24

0.28

0.32
R
sk
in

20
8
(fm
)

PREX-2
MREXD1S

D1N
SG
II

Sk-T6
SkX SLy5

SLy4

M
SkA

M
SL0

SIV
SkSM

*
SkM

P

SkI2SV

G
1

TM
1

NL-SH
NL-RA1

PC-F1

BCP

RHF-PKO
3

Sk-G
s

RHF-PKA1
PC-PK1

SkI5

ρ=0.98

0.15 0.2 0.25 0.3 0.35
Rskin(fm)

20

40

60

80

100

120

140

L(
ρ)
[M
eV
]

ρ=ρ
0

ρ=(2/3)ρ0

0.9
99

0.9
78

0

0

50

50

100

100

150

150

200

200

250

250

L(MeV)

χEFT(2020)
χEFT(2013)
Ab-initio(CC)
Skins(Sn)
QMC
αD(RPA)

M
ES
A

(106±37)MeV

18 orders 
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The slope of the symmetry energy L controls both the neutron skin of heavy nuclei as well as 
the radius of (low mass) neutron stars — objects that differ in size by 18 orders of magnitude!

Nuclear interaction is responsible for describing finite nuclei and neutron stars!



“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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APS April Meeting - January 31, 2017

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!



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.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-7
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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
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Micro-Macro

Large level arm!

Electric Polarizability:Pi = �Ei



Oppenheimer-Volkoff

Gravitational Waves: Past, Present and Future

Thursday Afternoon Session: Anna Puecher



canonical 
neutron star

Credit: V. Krishnan

relativistic
Shapiro delay

Mass distributions of neutron stars in binary pulsar systems

Demorest (2010)

What is the maximum 
neutron star mass?
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M = 2.08± 0.07M�
J0740+6620

(heaviest precisely known)

radii are difficult 
to measure

J0348+0432: Antoniadis et al. (2013)
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M = 1.908(16)M�

M = 2.01(4)M�

J1614-2230: Demorest et al. (2010)

Accurate measurements of neutron star masses

Credit: V. Krishnan

Antoniadis
Demorest

Cromartie

canonical 
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Credit: V. Krishnan
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Mass distributions of neutron stars in binary pulsar systems

Demorest (2010)

What is the maximum 
neutron star mass?
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M = 1.908(16)M�
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J1614-2230: Demorest et al. (2010)

Accurate measurements of neutron star masses

Progress in the determination of massive 
neutron stars — constraining the EOS at 

the highest densities 
Mass-vs-Radius profile  

is the Holy Grail 
of Neutron-Star Structure



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

Cromartie/Fonseca et al. (2020)

<latexit sha1_base64="KaDcctSzFsQTZz4mQzyLzDV0c64=">AAACAHicbZBNS8MwHMbT+TbnW9WDBy/BIXgq2RhuF2HoxctggnuBtZQ0TbewtClJKozSi1/FiwdFvPoxvPlt7F4Qp3sg8PB7/n+SPF7MmdIIfRmFtfWNza3idmlnd2//wDw86iqRSEI7RHAh+x5WlLOIdjTTnPZjSXHocdrzxjfTvPdApWIiuteTmDohHkYsYATrHLnmSeuqaqGGHYfIQnXYclNb+EJnrlmuWGgm+GOQVVsmZbBQ2zU/bV+QJKSRJhwrNaigWDsplpoRTrOSnSgaYzLGQzrIbYRDqpx09oEMnufEh4GQ+Yk0nNHfGykOlZqEXj4ZYj1Sf7MpXJUNEh00nJRFcaJpROYXBQmHWsBpG9BnkhLNJ7nBRLL8rZCMsMRE552VVpbwz3SrVuXSqt3Vys3rRR1FcArOwAWogDpoglvQBh1AQAaewAt4NR6NZ+PNeJ+PFozFzjFYkvHxDfyRlMY=</latexit>

M = 2.08± 0.07M�

<latexit sha1_base64="q+iX5HAEkvfJcs3hBs9gqzSOV/g="></latexit>

�t =
2GMWD

c3
ln

✓
4R?R�

d 2

◆
⇡ 10µs

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 
<latexit sha1_base64="vdYIcNeFvEdDTNuqesV6qlJa0v4=">AAACE3icdVDJSgNBEO1xjXGLevTSGATxMMwEtxyEoAe9CDGaBTJj6On0JE16Frp7xNDMP3jxV7x4UMSrF2/+jZ1FcH1Q8Hiviqp6XsyokJb1bkxMTk3PzGbmsvMLi0vLuZXVmogSjkkVRyziDQ8JwmhIqpJKRhoxJyjwGKl7veOBX78mXNAovJT9mLgB6oTUpxhJLbVy284NPXR8jrAqnJylCl+pQlpJx1KlpRwewIs0VZW0lctbZtGyi3s2/E1s0xoiD8Yot3JvTjvCSUBCiRkSomlbsXQV4pJiRtKskwgSI9xDHdLUNEQBEa4a/pTCTa20oR9xXaGEQ/XrhEKBEP3A050Bkl3x0xuIf3nNRPoHrqJhnEgS4tEiP2FQRnAQEGxTTrBkfU0Q5lTfCnEX6TSkjjGrQ/j8FP5PagXT3jWt85186WgcRwasgw2wBWywD0rgFJRBFWBwC+7BI3gy7owH49l4GbVOGOOZNfANxusH4oqe1A==</latexit>
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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)

<latexit sha1_base64="h7wicOAVNwXpUDj1+h4rtbBYxG8="></latexit>

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



PREX-2 (Oct 29, 2020) 
Ciprian Gal - DNP Meeting  

Adhikari et al., PRL 126, 172502 (2021)

Conservation of difficulty: 
PVES provides the cleanest  

constraint on the EOS of 
neutron-rich matter  in the 

vicinity of saturation density

Heroic effort from our 
experimental colleagues
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PREX: L is BIG! 
Experiment has determined that  208 Pb has a thick neutron skin.  

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



Lectures will attempt to 
provide an overall (personal) 

picture of the field 



The Dawn of a Golden Era in Neutron-Star Physics 
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Neutron Stars as Nuclear Physics Gold Mines
Neutron Stars are the remnants of massive stellar explosions

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

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

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

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

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

Received 7 July; accepted 1 September 2010.
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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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       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



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 Dawn of a Golden Era in Neutron-Star Physics 
How to bring it all together
Speed of sound vs density plot
https://arxiv.org/abs/2102.10074 and https://arxiv.org/pdf/2107.05528.pdf

How do we combine temperature? How does post-merger fit in the plot?
—> could make this a 3d plot with temperature as a different dimension (Radice)

=dP/de
Speed of sound



GW Landscape
2020

Next-
generation 
(~2035)

CE Horizon Study , arXiv:2109.09882

GW signal  
of post-
merger

Chinese-European project
Zhang et al. 2019

New telescopes will be needed –
larger area, wider X–ray band than NICER

LARGE AREA X-RAY SPECTRAL-TIMING

NASA probe-class proposal
Ray et al. 2019, @strobexastro

Analysis pipelines being developed and tested using 
simulated and real (RXTE/NICER) data

eXTP

Third-generation GW observatories 
with unprecedented sensitivity will 
detect  gravitational-wave sources 

across the entire universe. with up to 
millions of detections per year!

New x-ray observatories with 
exceptional capabilities optimized for 
the study of the ultra dense matter 
EOS will  measure the mass-radius 

relation for more than 20 pulsars over 
an extended mass range!

Neutron-Rich Matter in Heaven



Mainz Energy-recovery Superconducting Accelerator (MESA)

Neutron-Rich Matter on Earth

The MESA Facility 
will provide the most precise 

measurement of the neutron skin 
thickness of 208Pb

The Facility for Rare Isotope Beams 
will produce exotic nuclei at the 

limits of stability that will inform 
the EOS at the densities of relevance 

to atomic nuclei


