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Lectures will attempt to provide an 
overall personal  picture of the emergent 
field of multi-messenger astronomy from 

a nuclear physics perspective 

Please ask questions!



Heaven and Earth 
Laboratory Constraints on the EOS
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From nuclear physics to astrophysicsFrom nuclear physics to astrophysics
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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!



The Tools of the Trade
Chiral Effective Field Theory

A theory of nucleons, pions, and unresolved  
contact interactions 
Systematic, Improvable, and quantifiable 
Breaks down at ~1.5 normal nuclear density

117/13/22

Chiral Effective Field Theory

Weinberg, van Kolck, Kaplan, Savage, Wise, 
Epelbaum, Kaiser, Machleidt, Meißner, Hammer ...

(2 LECs)

(7 LECs)

(12 LECs)

(2 LECs: 3N)

Holt et al., PPNP 73 (2013)
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Quantum chromodynamics,
familiarly called QCD, is

the modern theory of the
strong interaction.1 Historic-
ally its roots are in nuclear
physics and the description of
ordinary matter—understand-
ing what protons and neu-
trons are and how they inter-
act. Nowadays QCD is used to
describe most of what goes on at high-energy accelerators.

Twenty or even fifteen years ago, this activity was
commonly called “testing QCD.” Such is the success of the
theory, that we now speak instead of “calculating QCD
backgrounds” for the investigation of more speculative
phenomena. For example, discovery of the heavy W and Z
bosons that mediate the weak interaction, or of the top
quark, would have been a much more difficult and uncer-
tain affair if one did not have a precise, reliable under-
standing of the more common processes governed by
QCD. With regard to things still to be found, search
strategies for the Higgs particle and for manifestations of
supersymmetry depend on detailed understanding of pro-
duction mechanisms and backgrounds calculated by
means of QCD.

Quantum chromodynamics is a precise and beautiful
theory. One reflection of this elegance is that the essence
of QCD can be portrayed, without severe distortion, in the
few simple pictures at the bottom of the box on the next
page. But first, for comparison, let me remind you that the
essence of quantum electrodynamics (QED), which is a
generation older than QCD, can be portrayed by the sin-
gle picture at the top of the box, which represents the
interaction vertex at which a photon responds to the pres-
ence or motion of electric charge.2 This is not just a
metaphor. Quite definite and precise algorithms for calcu-
lating physical processes are attached to the Feynman
graphs of QED, constructed by connecting just such inter-
action vertices.

In the same pictorial language, QCD appears as an
expanded version of QED. Whereas in QED there is just
one kind of charge, QCD has three different kinds of
charge, labeled by “color.” Avoiding chauvinism, we might
choose red, green, and blue. But, of course, the color
charges of QCD have nothing to do with physical colors.
Rather, they have properties analogous to electric charge.
In particular, the color charges are conserved in all phys-
ical processes, and there are photon-like massless parti-
cles, called color gluons, that respond in appropriate ways

to the presence or motion of
color charge, very similar to
the way photons respond to
electric charge.

Quarks and gluons
One class of particles that
carry color charge are the
quarks. We know of six differ-
ent kinds, or “flavors,” of

quarks—denoted u, d, s, c, b, and t, for:  up, down,
strange, charmed, bottom, and top. Of these, only u and d
quarks play a significant role in the structure of ordinary
matter. The other, much heavier quarks are all unstable.
A quark of any one of the six flavors can also carry a unit
of any of the three color charges. Although the different
quark flavors all have different masses, the theory is per-
fectly symmetrical with respect to the three colors. This
color symmetry is described by the Lie group SU(3). 

Quarks are spin-1/2 point particles, very much like
electrons. But instead of electric charge, they carry color
charge. To be more precise, quarks carry fractional elec-
tric charge (+ 2e/3 for the u, c, and t quarks, and – e/3 for
the d, s, and b quarks) in addition to their color charge.

For all their similarities, however, there are a few
crucial differences between QCD and QED. First of all,
the response of gluons to color charge, as measured by the
QCD coupling constant, is much more vigorous than the
response of photons to electric charge. Second, as shown
in the box, in addition to just responding to color charge,
gluons can also change one color charge into another. All
possible changes of this kind are allowed, and yet color
charge is conserved. So the gluons themselves must be
able to carry unbalanced color charges. For example, if
absorption of a gluon changes a blue quark into a red
quark, then the gluon itself must have carried one unit of
red charge and minus one unit of blue charge.

All this would seem to require 3 × 3 = 9 different
color gluons. But one particular combination of gluons—
the color-SU(3) singlet—which responds equally to all
charges, is different from the rest. We must remove it if
we are to have a perfectly color-symmetric theory. Then
we are left with only 8 physical gluon states (forming a
color-SU(3) octet). Fortunately, this conclusion is vindicat-
ed by experiment!

The third difference between QCD and QED, which is
the most profound, follows from the second. Because glu-
ons respond to the presence and motion of color charge
and they carry unbalanced color charge, it follows that
gluons, quite unlike photons, respond directly to one
another. Photons, of course, are electrically neutral.
Therefore the laser sword fights you’ve seen in Star Wars
wouldn’t work. But it’s a movie about the future, so maybe
they’re using color gluon lasers.

We can display QCD even more compactly, in terms of

FRANKWILCZEK is the J. Robert Oppenheimer Professor of Physics at
the Institute for Advanced Study in Princeton, New Jersey. Next month
he moves to Cambridge, Massachusetts, to take up the Herman Feshbach
Chair of Physics at the Massachusetts Institute of Technology.

QCD MADE SIMPLE
Quantum chromodynamics is

conceptually simple. Its realization
in nature, however, is usually
very complex. But not always.

Frank Wilczek
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are compared with their measured values. The agreement
is encouraging.

Such calculations clearly demonstrate that confine-
ment and chiral-symmetry breaking are consequences of
solving the equations of QCD. The calculations show us no
massless gluons, nor any fractionally charged particles,
nor the enlarged multiplets that would indicate unbroken
chiral symmetry. Just the observed particles, with the
right properties—neither more nor less.

While these and other massive numerical calcula-
tions give impressive and useful results, they are not the
end of all desire. There are many physically interesting
questions about QCD for which the known numerical
techniques become impractical. Also, it is not entirely sat-
isfying to have our computers acting as oracles, delivering
answers without explanations.
! The second approach is to give up on solving QCD
itself, and to focus instead on models that are simpler to
deal with, but still bear some significant resemblance to
the real thing. Theorists have studied, for example, QCD-
like models in fewer dimensions, or models incorporating
supersymmetry or different gauge groups, and several
other simplified variants. Many edifying insights have
been obtained in this way. By their nature, however, such
modelistic insights are not suited to hard-nosed con-
frontation with physical reality.
! The third approach, which is the subject of the rest of
this article, is to consider physical circumstances in which
the equations somehow become simpler.

Extreme virtuality
The most fundamental simplification of QCD is illustrat-
ed in figure 3. There we see, on the left, the jet-like
appearance of  collision events in which strongly interact-
ing particles (hadrons) are produced in electron–positron
annihilations at high energy. One finds many particles in
the final state, but most of them are clearly organized into
a few collimated “jets” of particles that share a common

direction.6 In about 90% of these hardron-producing
events, there are just two jets, emerging in opposite direc-
tions. Occasionally—in about 9% of the hadronic final
states—one sees three jets.

Compare those multiparticle hadronic events to colli-
sions in which leptons, say muons, are produced. In that
case, about 99% of the time one observes simply a muon
and an antimuon, emerging in opposite directions. But
occasionally—in about 1% of the muonic final states—a
photon is emitted as well.

If history had happened in a different order, the
observation of jet-like hadronic final states would surely
have led physicists to propose that they manifest under-
lying phenomena like those displayed on the right-hand
side of figure 3. Their resemblance to leptonic scattering
and QED would be too striking to ignore.

Eventually, by studying the details of how energy was
apportioned among the jets, and the relative probabilities
of different angles between them, the physicists would
have deduced directly from experimental data that there
are light spin-1/2 and massless spin-1 objects lurking
beneath the appearances, and how these covert objects
couple to one another. By studying the rare 4-jet events,
they could even have learned about the coupling of the
spin-1 particles to each other. So all the basic couplings we
know in QCD might have been inferred, more or less
directly, from experiment. But there would still be one big
puzzle: Why are there jets, rather than simply particles?

The answer is profound, and rich in consequences. It
is that the strength with which gluons couple depends
radically on their energy and momentum. “Hard’’ gluons,
which carry a lot of energy and momentum, couple weak-
ly; whereas the less energetic “soft’’ gluons, couple strong-
ly. Thus, only rarely will a fast-moving colored quark or
gluon emit “radiation” (a gluon) that significantly redi-
rects the flow of energy and momentum. That explains the
collimated flows one sees in jets. On the other hand, there
can be a great deal of soft radiation, which explains the

.

FIGURE 1. THE QCD LAGRANGIAN ⇒ displayed here is, in principle, a complete description of the strong interaction. But, in
practice, it leads to equations that are notoriously hard to solve. Here m

j
and q

j
are the mass and quantum field of the quark of jth

flavor, and A is the gluon field, with spacetime indices m and n and color indices a, b, c. The numerical coefficients f and t guaran-
tee SU(3) color symmetry. Aside from the quark masses, the one coupling constant g is the only free parameter of the theory.
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The equation of state

Credit: N. Wex

Large number of neutron-star equations of state 
available in the literature, but which ones are “good”?

• They do not provide any theoretical uncertainty 
estimates.

• They are not constructed based on some 
fundamental guiding principle; hence, it is not 
clear how to improve them systematically.

?
Sketch! Constraints:

• At low densities from nuclear theory and 
experiment.

• At very high density from pQCD.

• No robust constraints at intermediate densities 
from nuclear physics!

see, e.g., Kurkela, Vuorinen et al.
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    How to link cEFT to pQCD  
 
Lattice QCD at finite density (               )  
Covariant Density Functional Theory 
(Relativistic MFT with a slight twist) 
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   Covariant Density Functional Theory
Empirical parameters calibrated to physical observables
Ground state properties emerge from functional minimization

Walter Kohn 
Nobel Laureate 
Chemistry 1998
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Neutron Stars meet Bayesian Inference I 
Model Building for the understanding of atomic nuclei and neutron stars

Although the basic equations can be written in a coffee 
cup, their exact solution in the region of interest to 
atomic nuclei and neutron stars are unknown 
One must then resort to models that (hopefully!) 
embody the properties of QCD 
One such model is Density Functional Theory

Quantum Chromodynamics (QCD) IS 
the fundamental theory of the strong interactions
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Neutron Stars meet Bayesian Inference II 
Model Building for the understanding of atomic nuclei and neutron stars
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Neutron skins and stellar radii 
differ by 18 orders of magnitude — 

yet all observables calculated under 
the same theoretical framework!

P (M |D) =
P (D|M)P (M)

P (D)

Prior
Posterior

Likelihood
Marginal 

Likelihood
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The Dawn of a Golden Era in Neutron-Star Physics 

G
W
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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

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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F. Özel and D. Psaltis for discussions. The National Radio Astronomy Observatory is a
facility of the USNational Science Foundation, operated under cooperative agreement
by Associated Universities, Inc.

Author Contributions All authors contributed to collecting data, discussed the results
and edited themanuscript. In addition, P.B.D. developed theMCMCcode, reduced and
analysed data, and wrote the manuscript. T.P. wrote the observing proposal and
created Fig. 3. J.W.T.H. originally discovered thepulsar.M.S.E.R. initiated the survey that
found the pulsar. S.M.R. initiated the high-precision timing proposal.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of this article at
www.nature.com/nature. Correspondence and requests for materials should be
addressed to P.B.D. (pdemores@nrao.edu).

0.0
7 8 9 10 11

Radius (km)
12 13 14 15

0.5

1.0

1.5

2.0

AP4

J1903+0327

J1909-3744

systemsDouble neutron sDouble neutron star sysy

J1614-2230

AP3

ENG

MPA1

GM3

GS1

PAL6

FSU
SQM3

SQM1

PAL1

MS0

MS2

MS1

2.5 GR

Causality

Rotation

P <
 ∞

M
a
s
s
 (
M

(
)

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

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

workwomanPR
EX

GW

pQCDHeavy
PulsarsNICER

P(e)

e

VW-Beetle Equation of State

+

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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Questions, Challenges, and 
Opportunities



Who Ordered That?
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No theoretical model 
that I know of can  

reproduce both!



A statistical fluke or interesting Physics?

#MakeHumansSmartAgain
… per aspera ad astra …

Stable beam conditions by July 2026 
First run to reach PREX sensitivity (DRskin~0.07 fm) 250 hours beam time 
 Result announced around mid 2027 (likely to combine PREX-MREX data) 
Final MREX result (DRskin~0.03 fm) likely by the end of 2028
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Exciting possibility: If all confirmed, this tension may be  
evidence of a softening/stiffening of the EOS (phase transition?)
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STROBE-X/EXTP PROSPECTS

Three different classes of neutron star: rotation-powered millisecond pulsars 
(more with mass priors), accretion-powered pulsars, thermonuclear burst 

oscillation sources.

Initial survey at +/-5%, run cross-checks to address any systematics.
Deep observations to hit +/-2% for most promising sources.

95% credible regions shown

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



protons

skin

The EOS Density Ladder

ultimate determination of the neutron-skin 
thickness of 208Pb 

(some people call it „P2“)

P2:
measurement of the weak mixing angle:
10000 hours (= 417 days)
measurement of the weak charge of 12C
2500 hours (= 105 days)

PVES; IVGDR

HIC; Pulse Pro!le 
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Pulsar Timing; GW
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Each rung on the ladder relies on 
other methods for measuring the 
EOS that are often piggybacking 

on a neighboring one.

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

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

at the next higher rung. 

The Cosmic Distance Ladder



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	
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Genaro Toledo-Sanchez
Karim Hasnaoui
Bonnie Todd-Rutel
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Jutri Taruna
Farrukh Fattoyev
Wei-Chia Chen
Raditya Utama

My Outside Collaborators
B. Agrawal (Saha Inst.)
M. Centelles (U. Barcelona)
G. Colò (U. Milano)
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           The “Old” Generation
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The New Generation
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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 

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. 
Hai,9§ M. R. Heath,3 S. Hedges,4,5 D. Hornback,14 T. W. Hossbach,16 E. B. Iverson,14 L. J. Kaufman,3|| S. 
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. 
Orrell,16 C. T. Overman,16 D. S. Parno,13¶ S. Penttila,14 G. Perumpilly,9 H. Ray,18 J. Raybern,5 D. Reyna,8 
G. C. Rich,4,14,19 D. Rimal,18 D. Rudik,1,2 K. Scholberg,5 B. J. Scholz,9 G. Sinev,5 W. M. Snow,3 V. 
Sosnovtsev,2 A. Shakirov,2 S. Suchyta,10 B. Suh,4,5,14 R. Tayloe,3 R. T. Thornton,3 I. Tolstukhin,3 J. 
Vanderwerp,3 R. L. Varner,14 C. J. Virtue,20 Z. Wan,4 J. Yoo,21 C.-H. Yu,14 A. Zawada,4 J. Zettlemoyer,3 
A. M. Zderic,13 COHERENT Collaboration# 
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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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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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Train with AME2012 
then predict AME2016



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



“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!


