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Neutron star mass and radius measurements are becomingiesffi accurate as to offer

astrophysical constraints on the properties of neutroh-matter near the nuclear saturation
density. Current observations, which imply that the radifiss 1.4 solar mass neutron star
lies between 10.4 and 12.9 km (95% confidence), also imply4Ba: L < 67 MeV, whereL

is a parameter describing the slope of the nuclear symmeteygg and that the neutron skin
thickness in lead is relatively small.

These advances in our understanding of dense matter aldg thgt some equation of state
(EOS) tables commonly employed in simulations of coreagase supernovae are likely incorrect
because they generate neutron star radii outside the ramgested by observations. Two new
supernova EOS tables (SFHo and SFHx) have been construotadriteractions which repro-
duce the binding energies and charge radii of heavy nucttbdso match the constraints on the
EOS provided by neutron star mass and radius observations.
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1. Introduction

To a good approximation, all neutron star mass and radiusuneaents should lie on one
universal mass-versus-radius {NR) curve. Unlike planets, which have varying compositiond a
thus varying radii for a fixed mass [1], neutron stars aredveldl to be nearly compositionally
uniform because neutron star matter is driven to its grouateq42]. Rotation [3] and magnetic
fields [4] modify this basic picture by about 10%, but this erainty is well within our current
ability to measure neutron star properties.

The Schwarzchild metric, which describes the structurestéaic, non-rotating, non-magnetic,
self-gravitating object provides the form of Einstein’ddiequations which are relevant for neutron
stars, the Tolman-Oppenheimer-Volkov equation. This ggaanaturally provides a one-to-one
correspondence between the-MR curve and the pressure as a function of the total energyitdens
P(¢), i.e. the (zero-temperature) EOS of dense matter.

The pressure of dense matter is determined principally &athount of attraction or repulsion
between the relevant degrees of freedom. For matter neanutlear saturation density of 2.7
x 10 g/en?, the EOS is determined by the amount of attraction or repalpresent in two- and
three-nucleon forces (higher-body forces are likely ntgvant until higher densities).

The current challenge is to use astronomical observatibnsudron stars to constrain the EOS
of dense matter, and to deduce the nature of three-body anuclecleon forces near the nuclear
saturation density, and to extract information on the syitnyrenergy.

2. Progressin Radius M easurements

As recently as 2007 [2], theoretical models ofMR curves covered a large parameter space,
with radii anywhere between 8 and 15 km. This large range als@sand radii, in turn, corresponds
to a large range of acceptable equations of state. The sthtadius measurements has improved
significantly over the past five years, in part because ofreieprovements in observations and
their interpretation. Low-mass X-ray binaries (LMXBs) areutron stars which are periodically
accreting matter from a low-mass main-sequence compagigar time, accretion creates a layer
of hydrogen and helium which is unstable to a nuclear burnimyis instability resolves itself
through an X-ray burst, a thermonuclear explosion on thdropistar surface resulting in a 10-
100 second long burst of X-rays. There are two types of LMXBscWw have proven important
for neutron star mass and radius measurements: (i) quiesb&XBs, i.e. LMXBs which are not
currently accreting [5—-7] and (ii) LMXBs which exhibit busswhich are sufficiently strong as to
propel the photosphere outwards, so-called photosphaditis expansion (PRE) bursts [8-11].
When these objects happen to have distance measurementsavhiavailable, either because the
LMXB is in a globular cluster or because of some other assiociathese two types of LMXBs
can be used to infer the neutron star radius (and sometireesta mass).

Another important step in constraining theoretical mod&B, is the observation that deter-
mining the EOS from mass and radius observationssimtstical problem in addition to a nuclear
astrophysics problem. Mass and radius observations withyd have some uncertainty, and in
order to delineate the EOS of dense matter one must unddrstanthat observational uncertainty
translates into an uncertainty in the corresponding caimgs on the EOS.
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The data analysis is complicated by the fact that this is afergonstrained problem and it
is thus difficult to apply the traditional analysis based orappropriately-definegt®. The M—R
curve and the EOS both contain an infinite number of degredseeetiom, and the number of
mass and radius observations will always be finite. Furtberglicating the problem: the analysis
requires some sort of assumption of the neutron star imtids function in order to know how to
associate the observation of any one object to a theoréfleaR curve. Nevertheless, Bayesian
analysis is well-suited to these kinds of underconstraimeiblems and can naturally incorporate
assumptions about the neutron star initial mass function.

One of the critical difficulties of the Bayesian formalisnth& presence of the prior probabili-
ties, and one must at least ensure that final results holchfoset of reasonable prior distributions.
In an overconstrained system, the frequentist method wiypidally give results almost indepen-
dent of the parametrization of the EOS. This independenddstio the Bayesian formalism as
well when the likelihood function is strongly peaked andpsiwhich vary only weakly are unim-
portant by comparison. In an underconstrained systemnbesgendence fails for both frequentist
and Bayesian methods. The EOS parametrization itself igiadlal prior information which we
must vary to ensure our results are robust. In spite of thé@&eutties, after having sampled a
large enough set of prior distributions, one finds txagn though there are many EOSs which are
possible, there are many which are very improbabieother words, some theoretical models are
very finely-tuned and thus unlikely to be correct.

3. Connection to Nuclear Physics near Saturation

Two- and three-body nucleon-nucleon forces play impontalgs in determining the physics
of nuclei and nuclear matter near the saturation densityilé/tte two-body nucleon-nucleon inter-
action is well-understood, because of the clear connetbisoattering phase shifts and the amount
of experimental data, the three-nucleon force is not wedlenstood. Very accurate calculations are
restricted to light nuclei up t& = 12 [13], where thd = 1/2 channel dominates over tiie=3/2
channel, and as a result the three-neutron force is paatiguincertain. Quantum Monte Carlo has
proven to be an indispensable tool to consistently studyiyiclei and neutron matter within the
same framework. This technique allows one to constrairethrecleon forces from the structure
of light-nuclei and the properties of nuclear matter. Réagork [14] has demonstrated a clear
correlation, driven by the form of microscopic three-bodyces, between the magnitud® énd
the derivative of the nuclear symmetry energy. (

Neutron star masses and radii probe matter over a range sftigsn potentially from 1815
g/cn?, and thus one important question is to what extent obsenaitonstrain the properties of
the nucleon-nucleon interaction near the nuclear saturatensity. There is a clear correlation
between neutron star radii and the pressure of neutronanetter above the saturation density, this
correlation begins to degrade at lower densities [15].

4. Connection to Core-Collapse Supernovae

The supernova explosion mechanism is intimately connewfigid the equation of state of
dense matter. When the progenitor runs out of fuel, the loss@ctron pressure from electron
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captures on heavy nuclei causes the core to collapse. A shaol forms and the collapse halts
when the core reaches the nuclear saturation density, dihe farge pressure provided by strong
nuclear interactions at high densities. The collapsing ¢bounces” back, propelling the shock
wave outwards. It eventually stalls, having lost energyh® dissociation of nuclei and neutrino
emission associated with the shock propagation acrossaheimospheres. The shock must be
revived in order for the explosion to proceed. Although selgcenarios have been explored, recent
works point to the success of the neutrino-heating mechaimsnultidimensional simulations [16—
19].

The details of the shock revival are weakly connected to thuaton of state of dense matter,
since neutrino heating is mostly important at the lower dessbehind the bounce shock. Nev-
ertheless, an indirect impact of the high-density equatibetate can be related to several other
aspects of core-collapse supernovae [20] including: &)dbmpactness of the newly-born proto-
neutron star, (ii) the nature of neutrino spectra at dedoggbrm matter, and (iii) the time between
bounce and collapse for progenitors large enough to créat& holes [21-24].

5. Results

In order to ensure that the EOS constraints from neutrorofiservations were robust, several
variations were made on the baseline model of the mass ang re@hstraints from [12]. Four dif-
ferent EOS parameterizations were used, including onehwihidluded explicit quark degrees of
freedom and one which favored the appearance of phasetimassiThe objects with the smallest
and largest radius were removed. The largest systematiertairtty in the interpretation of radii
from PRE X-ray bursts is the color correction factor whiclschibes the deviation of the spectrum
of the cooling tail from a black body. Different values of tb@or correction factor were also ex-
plored. The final results, from [25], were obtained by chogghe smallest region which enclosed
all of the aforementioned variations and are presentedgargil. At lower densites, the results
are consistent with those obtained from other methods. tatethese constraints now ensure that
the maximum mass for all models is large enough to reprocheesicent measurement of a 2 solar
mass neutron star [26].

Several oft-used theoretical models are ruled out becdnasegive radii which are larger than
the data suggests. From the list of Skyrme models from [23],0L the models are are ruled out
for describing high-density matter [25] (though they maill be appropriate for matter near the
nuclear saturation density).

The mass and radius observations also constrain the piegeftneutron-rich matter near the
saturation density. The first work [29] to clearly conneatart neutron star mass and radius mea-
surements to the symmetry energy at the nuclear saturag¢insity obtained rather low values for
the derivative of the nuclear symmetry energy, e.g. 43 Me\L < 52 MeV in [29] (see Figure
2). This constraint comes, in large part, due to the smail cdxerved in gLMXBs, especially the
neutron stars in M13 ang Cen. One way around this constraint is to assume a strong pitzersi-
tion which decreases the pressure in the EOS just above tteansaturation density, which raises
the constraint td. < 67 MeV [25]. Even this latter weaker constraint rules out sdimeoretical
models which havé ~ 100 MeV. These constraints on L are tighter than most cangsrérom
individual nuclear experiments [30], including those frémom nuclear masses (“Masses”) [31],
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Figure 1: The constraints on the pressure of neutron star matter ascida of baryon number density.
The inner and outer regions labeled “Neutron Stars” are 8% &nd 95% confidence limits from [25]. The
region labeled “Heavy-lons” is the neutron-matter corigtrcom [28], corrected for a small number of
protons, and the region labeled “Quantum MC” is from [14].

heavy ion collisions (“HIC”) [32], pygmy dipole resonanc€®DR") [33], isobaric analog states
in nuclei (“IAS”) [34], and antiprotonic atoms (“Pb(p,p)[$5].

The aforementioned mass and radius observations havergisoved constraints on the radius
of a 1.4 solar mass neutron star (Figure 3). Efforts to cairds on neutron star radii have been
frustrated by a large number of systematic uncertaintiest all of these systematic uncertainties
are under control. Nevertheless, some of these systensatitsas the presence of phase transitions
and uncertainties in the spectral shape at in the coolifgydBPRE bursts, can be taken into account
by using alternative prior distributions in the Bayesiampm@ach used to analyze the data [25].
Even after having taken these uncertainties into accoeutyon star radii more likely lie between
10.4 and 12.9 km (to 95% confidence), a significantly smadlege than the 8 to 15 km suggested
earlier. This range of neutron star radii is also consistétit earlier indications from intermediate-
energy heavy-ion collisions [36].

The root-mean-square neutron radius in heavy nuclei isglyocorrelated withL and also
with neutron star radii [37]. The neutron skin thicknes® tlifference between RMS neutron and
proton radii, is thus also constrained by the neutron stessn@end radius data. We find that as-
trophysical data suggest that the neutron skin thicknedsad is relatively small, less than 0.2
fm. This limit is consistent with the current experimentalue as obtained in the PREX experi-
ment [38] of 0.33515 fm.
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Figure 2: Constraints on the derivative of the symmetry energy endrgyeprinted from [25] with per-
mission). The top four constraints are from the neutronstass and radius measurements given different
EOS parametrization and assumptions about the symmetrgyemeéhile the five bottom constraints are from
analyses of nuclear experiments as described in the text.

The astrophysical observations are also beginning to @nstuclear three-body forces, in
particular the three-neutron force. [14] demonstrated khante Carlo simulations using modern
nucleon-nucleon interactions were well parametrized byrgke two power-law EOS. A weaker
power-law modeling the two-body part of the EOS, and a stompwer-law for the three-body
part. [29] showed that the coefficient and exponent of the E@fing from three-body forces was
constrained by the neutron star observations, so long & Wees not a strong phase transition just
above the nuclear saturation density. In the future, motteee-body forces which would have
otherwise been viewed as acceptable, may be ruled out mpagsical observations.

To construct a supernova EOS table one requires a realissicrigtion of nuclei and nuclear
matter over a wide range of densities, temperatures, actt@hefractions. Matter below the satura-
tion density at finite temperature consists of a large digtion of nuclei embedded in a background
fluid of neutrons, protons, and electrons. However, thegythsrmodynamics is well reproduced
by a simplified model replacing the nuclear distributionhnalpha particles and a single represen-



Radii, Supernovae, and the EOS Andrew W. Steiner

LRI RRRRERNXIXRIRXNXNK;
S e e e S e S et S e O 8
e e e e e e e e e S et S et b
NIt oeTotetoratorotesotesorasoratese

e e S S R O S 00
e e e e e e N et e e e
RIBRBRERRRXX,

SOHAHAHALL,
KARLARLRALLY
K EAAILLILLALEE
KALASAHAKALALHIALL,

X
QXX
Q8
NN
XN,
QX
Q5
XN
QXX
Q5
XN,
QXX
Q8
NN
XX
S
5
XX
XX,
N
N
X
e
o
X

G Y A O I A IS I NI I NI IS

0
X
X
0
X
X
0
0
X
0
0
X
X
0
X
X
0
0
X
0
0
X
0
0
X
X
0
0
X
|

0t A I A I OIS IS I I I IIIIIII NI IS

XXX,
QR
85
St
QR
R
St
R
R
XXX,
QR
Q85
St
QR
R
St
R
R
XXX
QR
Q5
S
QR
R
St
QR
R
St
XXX
R
Q385
et

S I IS IS I IS IIIIIIIIIIIIIIIIIIIIS
LRI AL IR LA ALK ALK AR A R LRI LKA LALL

XX
K,
2,
XX
2K,
Q5
XX
2K,
Q53
28
XX
K,
2
XX
2K,
Q%
XX
2K,
Q54
25
XX
5,
Q5
XX
2K,
Q%
XX
2K,
QS
XX
XX
5,
Q¢
XX

KRR AL IR A LA A IKAIKARIARLIAR I LA A LALLE

X
e e te e e e e e Sttt Sttt
e e e e e e S e S O e 0 0
R e S e S 0
O S S e e e et Lo 0 0 8 S b -
St e e e e e e e e e et b
e e e O O O S O e 8 0
o e e S S S e e e e O O 0 0 0
e e e e e e e e e e e e et b
l e e e e S S S O R 0 0
o o e S S et R R O O O 0 0
o o St e e e et Pttt b
e e e e e e e o e e e 0 80
B O e O S 0
O e S S e e e et S 0 0 8 8 b -
e e e e e e e e e e e e e e
R XXX X XXX XXX XXX XX
R
‘ I | ‘ \\ i k iR N N Nats | ‘ I | ‘ | ‘ 111

0' I |

9 10 11 12 13 14 15 1

Figure 3: The 68% (green) and 95% (red) confidence limits on radii oftregustars of a given mass as
determined in [25]. Because no observational data is @laif@r larger mass neutron stars, no constraints
are obtained foM > 2.1 M.

tative heavy nucleus [39]. Itis this approximation whichswesed to create the first supernova EOS
tables [40, 41]. Recent works include a larger nuclearibistion and also light nuclei, which are
important for describing matter at the neutrinosphere.. R&f] has presented several supernova
EOS tables with different nuclear interactions and a futtlear distribution.

Some of these EOS tables, however, are not based on interaethich accurately reproduce
the mass versus radius (MR) curve implied by currently available mass and radius niag®ns.
In [24] two new parameterizations of the nucleon interawiovere developed by fitting to prop-
erties of finite nuclei and the constraints from mass andusadbservations. Two new supernova
EOS tables, SHFo and SHFx, were then developed from theseadtibns, by using the model
from [43] for the description of nuclei. A summary is given in Figure 4, where severa-HR
curves from EOS tables are plotted along with the conssanggested in [12]. Note that these
EOS tables for supernovae cannot describe matter out dfileiuin, as is the case for the matter
in the crust of an accreting neutron star [44, 45].

6. Future

The most critical requirement for future progress is futoleservations and future work on
disentangling some of the associated systematic unceesift is critical to more carefully under-

Lavailable at http://phys-merger.physik.unibas<chémpel/eos.html



Radii, Supernovae, and the EOS Andrew W. Steiner

Figure 4. Neutron star mass-radius curve for modern supernova emqsatif state, adapted from [24]. The
red (green) region outlines the one (twm)confidence limits from [12]. The curves labeled with the “LS”
prefix are from [40], the curve labeled “STOS” is from [41]ethurves with the “HS” prefix are from [42]
and the curves with the “SFH” prefix are from [24].

stand features X-ray spectra: deviation from a black body. @@rough the color correction factor
fc, spherical asymmetry [46], and the presence of non-theemddsion (e.g. high-energy power-
laws [47]). For the PRE burst sources, it is assumed that tliington luminosity is achieved at
a particular moment in the X-ray burst, and that the shapdetpectrum in the tail of the burst
is not changing significantly. Ref [11] has shown that thessimptions may not be correct. It is
also still unclear if residual accretion may be playing a&nol determining the atmosphere of the
quiescent LMXBs.

The work above constrains matter near the nuclear satardéasity using astrophysical data,
and there is also a separate and large body of work utilizingear data. These analyses need
not be separate, and there is a clear opportunity for novghgges of astrophysical and nuclear
experimental data to generate novel constraints in thedutu
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