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1. Introduction

One of the outstanding problems in nuclear astrophysiceazos the equation of state (EOS)
of dense matter, especially above the nuclear saturatiositge Recently, substantial progress
has been achieved in two directions: an improved theotaticderstanding of the properties of
pure neutron matter and accumulating observations of mewwiar masses and radii. A detailed
discussion of possible links between observables, nestarstructure and the EOS is contained
in a recent review [1]. This contribution summarizes theseetbpments, the details of which can
be found in Refs. [2] and [3].

2. General Theoretical Constraints

It is worthwhile to summarize global constraints on neutstar structure from the fundamen-
tal theoretical perspectives of general relativity andsedity. Assuming the pressugeis causally
constrained above an energy densityi.e., p< ps + & — &), one findMax < 4.2(gs/£1)Y2 M, [4],
where g is the nuclear saturation energy density. Also, the conmeast is limited taR/M >
2.9G/c? [5]. It can be also shown that the largest well-measured setssan absolute upper limit
to the density possible @ny neutron starp. < 4.5 x 10'%(M., /M)? g cm 2 [7]. The highest possi-
ble spin frequency i$ < 1.08(Mgspn/M )2 (10 km/Rspn)®/? kHz [6]. The most rapidly rotating
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Figure 1: Mass-radius diagram with regions excluded by generalivéladnd causality in upper left corner.
Baryonic (solid black) and strange quark (solid gren)- R curves, as labelled in Ref. [8], are displayed.
Lighter curves (solid orange) aR, = R//1—2GM/Rc? contours. The 716 Hz pulsar [9] mass-shedding
limit is indicated by the gray-green boundary through whielid EOSs should enter. The red dashed line
is a corresponding limit if the unconfirmed 1122 Hz spin fregey of XTE J1739-285 is valid [10].

millisecond pulsar is the object PSR J1748-2446ad, witrequency of 716 Hz[9]. This object
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spins rapidly enough to effectively constrain neutron sddii, especially if the star’s mass (which
is unknown) is in the typical pulsar range 1.2-1.4 Mis shown in Fig. 1. A recent claim[10] of
an even higher spin frequency, 1122 Hz, from six type | X-ragsts from the neutron star X-ray
transient XTE J1739-285 has not been reproduced, however.

3. Neutron Star M asses
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Figure 2: Neutron star mass measurements wittr incertainties. Uppermost (green) region is for X-ray
binaries, lowermost regions are for pulsar timing measergm Dotted lines in each region indicate simple
mass averages, dashed lines indicate weighted averages.

Our knowledge of neutron star masses is summarized in Figih2. uppermost of the four
regions contains mass estimates from X-ray binary souvdeish are characterized by relatively
large systematic errors. As Fig. 2 shows, the weighted méati ¥-ray binary masses is about
1.38 M., although a few sources, especially Vela X-1 [11], imphatigkly large masses.

The lower three regions are mass measurements from bindioypalsars, which have lower
systematic uncertainties and hence higher potential acias. Even so, the two “high-mass” pul-
sars in the globular clusters M 5 (B1516+02B) and NGC 644048312021B) do not have mea-
sured inclinations [12] and should not be considered rigialtiowever, the inclination for the
system J1903-0327 has been measured which results in a mag7da 0.01 M., [13]. More
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striking is the large Shapiro delay measurement for theeay®@SR J1614-223@] resulting in the
mass 197+ 0.04 M., which now serves as the minimum maximum neutron star mash &limit
places severe constraints on the properties and compositEuper-nuclear matter.

4. Thermal Emission From Neutron Stars

Following their birth, neutron stars cool via both neutrignod photon radiation. After about
50 seconds, the star becomes transparent to neutrinos esialpe without scattering within the
star. The high thermal conductivity of the core guarantbasit is nearly isothermal, and neutrino
emission cools it more efficiently than the crust. The staois only visible due to photon emission
from its surface. The crust eventually becomes isothermtll the core but only after tens of
years [14] corresponding to its thermal timescale. Dinamaly, the crust cooling time scales as
A’Cy(1—2GM/Rc?)~%/2 /&, whereA is the crust thicknes€y is the crustal specific heat agds
the neutrino emissivity of core material. The cooling timeossibly observable either following
neutron star birth from a supernova remnant, or followingstal reheating during accretion (as an
X-ray transient). The crust thickness is a function of tl&’'simass, radius and core-crust transition
density [1].

For the first million years after birth, neutrino emissioorfrthe neutron star dominates surface
photon fluxes but will be too small to observe. The star wilvisible as an X-ray (and, if the star is
near enough, as an optical) source. Several such coolirigpnesiars are observed. To zeroth order,
thermal emission from neutron stars is similar to a blackbsd measures of the integrated flux
and the temperature yield an estimate of the angular diarR¢f@ whereD is the star’s distance.
However, the flux is redshifted twice and the temperatureepao the inferred radius is actually

R. = R/y/1—2GM/Rc?, known as the radiation radius. Principal uncertaintiesxtmacting this
guantity include

e Distance uncertaintief®R(, 1 D)

¢ Interstellar H absorption (most hard UV and an appreciaaletibn of X-rays are absorbed
between the star and the Earth)

e Atmospheric composition and magnetic field strength
The best chances of an accurate measurement are either from

e nearby isolated neutron stars, for which parallax distarame available, but which have
unknown atmospheric compositions and magnetic field sthshgr

e quiescent X-ray binaries with reliable distances and, dugtent accretion, low magnetic
fields and, almost certainly, H-dominated atmospheres.

The best-studied isolated neutron star is RX J1856-3754\\ith a parallax distance of about 120
pc, recently confirmed by [16]. Unfortunately no adequatavigeslement, highly-magnetized at-
mospheric model exists. A two-temperature blackbody fiisoerall spectrum well, and suggests
R./D ~ 0.13+0.01 km/kpc [17]. Ref. [18] proposed a highly-magnetized, demsed hydro-
gen, atmosphere with a similar angular diameter, but tlgjaires a finely-tuned, trace, amount of
hydrogen in the atmosphere whose origin is unclear.



Nuclear EOS James M. Lattimer

220 M13 22 wCen

v L 5 "6”‘8”“” i "“‘8”‘ ‘14‘”1(‘3”18

10 12
R (km)

EXO 1745-248 4U 1608-52 /A A\ 4U 1820-30

M (Mg)
M (Mo)

5 5
R (km) R (km) R (km)

Figure 3: Mass and radius probability region®p: Thermally-emitting neutron stars. Solid curves show
99% probability extremes for M13 and Cen; the 6 curves for X7 outline 68%, 90% and 99% confidence
regions. Figure from Ref. [3]Bottom: Photospheric radius expansion burst sources. The cautsalit

R = 2.94GM/c? is the diagonal line. 68% and 95% contours are indicated byt irregular contours
encompassing the shaded regions. Also shown are linesidgrentral values of andR.

Many neutron stars are transients for which the accretiomatter proceeds intermittently,
with episodes of accretion separated by long periods ofsqaigce. When the neutron star ac-
cretes, compression of matter in the crust induces nucésations [19] that release heat. When
the accretion ceases, the heated crust cools, resulting abservable thermal luminosity [20].
Because the timescale for heavier nuclei to sink below tleégsphere is short and these systems
show no evidence, such as pulsations or cyclotron speettitfes, for a significant magnetic field,
the spectra can be fitted with well-understood unmagnetigeiogen atmosphere spectra which
can be used to reliably infer an apparent angular emittieg,aand, possibly, the surface gravity
[21]. Results [21, 22] for sources in 3 globular clusterssanmmarized in Fig. 3.

5. Photospheric Radius Expansion Bursts

Type | X-ray bursts are the result of thermally unstableumli{or in some cases, hydrogen)
ignition in the accreted envelope of a neutron star [23]. @mition generates a thermonuclear
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explosion that is observed as an X-ray burst with a rapid tiree (~ 1s) followed by cooling
decay ¢ 10-100s). If the burst is sufficiently luminous, radiatioegsure drives the photosphere
outwards to larger radii, and the flux at the photosphere cagmires (to within a few percent)
the Eddington value before decreasing. The observed tetuperinitially decreases, then also
increases before decreasing again. During this time, thealzed area
2
A _fo _oa (&) (5.1)
Tc‘(l)lor ¢ D

increases to a maximum value and then decreasg&g,asincreases. The color correction factor
fc = Tob.w/ Teolor takes into account the neutron star atmosphere which metigéeusual blackbody
relation. The point at whicHor reaches a maximum (and the normalized area typically stops
decreasing and becomes constant) is thought to be when dbhesphere “touches down” near the
stellar radiusR. The flux at this time is thought to be the Eddington flux

cGM
I:Edd = WV 1- Bph (5-2)

wherek is the opacity,B;h = 2GM/ (Rphcz) and Rpn is the effective photospheric radius. Dy-
namical models indicate th& might be considerably larger thdwhen the maximum flux is
observed. We define, with = 2GM /(Rc?),

a= %%:B\/l—zp,/l—zﬁph, (5.3)
R

AT
y = = . (5.4)
Fedak  B(1—-2B)\/1—2Bpm
Note thatay = R.. M andR can be determined i andy are known. IfR;n =R, a = 3(1—- )
which has real-valued solutionsaf< 1/8. However, ifRpn >> R, a = 31/1— 2f3 and real-valued
solutions exist ifa < 373/2 ~ 0.192.

Ozel and collaborators (see, e.g., Ref. [24]) have studiedbursters EXO 1745-248, 4U
1608-522 and 4U 1820-30 and determireed- 0.134-0.02,0.18+0.06 and 017+ 0.02 for each.
In addition, an analysis of the burster 4U 1724-307 [25] iegph valuea ~ 0.15+ 0.04. Thus,
no real-valued solutions exist for any of thenR§, = R (note that the curves of fixedand R,
in Fig. 3 do not intersect). Monte Carlo samplingFefyq, A, D, fc and k within their estimated
errors results in trial acceptance rates of only 0.13, ®0@010-2 and 0.65. Extremely small
acceptance rates generally indicate serious problemsrardel’'s consistency. It also forces the
accepted trials to have mean valuesraiear 1/8 ang near 110 km with little variance irrespective
of estimates for the observables. This results in estinfatdd andR with very small error ranges;
typically 1-o errors are less than 5% [24]. If the model is generalized,dvew to allow for the
possibility thatRy, > R, the Monte Carlo acceptance rates increase dramaticd/lipy8predicted
error ranges foM andR also increase, resulting ind-errors of order 15%, as shown in Fig. 3.
The most probable radii are approximately 1 km larger thai [24] determined.

6. Equation of State From Masses and Radii

If one assumes a parametrized form for the EOS, values ofdlameters can be obtained
from a Bayesian analysis of the mass and radius probabildyilslitions, using Markov Chain
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Monte Carlo integration techniques, as described in Réf.\i& divide the EOS into four density
regimes. The region below the transition energy dergifys~ £/2 is the crust, for which we use

a standard EOS.. Faxans < € < €1, We use a schematic expression representing chargedneutra
uniform baryonic matter in beta equilibrium that is compliwith laboratory data:

/

£ K L 3 2 2/3 y
=M+ B (U= 174 T -1+ (1-297 S +spu]+ee (6.1)

whereng is the baryon number densityg is the baryon mass) = ng/ns, andx is the proton
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Figure 4: Histograms of the probability distributions from the Baig@sanalysis for parameters of nuclear
matter, defined in Eq. (6.1). The two shaded regions corresfwthe 68% and 95% regions. Experimental
estimates are indicated by horizontal error bars [26].

(electron) fraction. The saturation number density= 0.16 fm 3, the binding energy of saturated
nuclear matterB = 16 MeV, and the kinetic part of the symmetry ener§y—= 17 MeV are held
fixed. The compressibilitK, the skewnesk’, the bulk symmetry energy parametgy= S, + S
(whereS, is the potential part of the symmetry energy), and the dgdsipendence of the potential
part of the symmetry energy, are parameters; is the electron energy per baryon. The value of
for each density is determined by the condition of beta émuim, de /dx = 0. Above the density

&1, two polytropic relations with exponenyg andy, separated ab, are used. We did not include
correlations among parameters, even though some are kmoexist, e.g., nuclear mass formula
fits [27] relateS, andy (or, equivalentlyS, andS;, the bulk and surface symmetry parameters). We
restricted parameters to satisfy causality and the maximass limit of 1.66 M.
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Figure5: Left: Probability distributions for the pressure as a functioewérgy density using the mass and
radius estimates from Fig. Right: The probability distributions for the mass-radius relatio

It is notable that the four nuclear matter parameters aermhirted to have values in complete
compatibility with experimental estimates, as shown in. Fig Moreover, relatively small values
of y are strongly indicated. This implies that both the nuclgenmmetry energy and the pressure
of neutron star matter are relatively soft, which will alsad to predicted small neutron star radii
[8]. The most probable pressures, as a function of energgityeare displayed in the top panel of
Fig. 5. Assuming that all neutron stars obey the same maligsraelation, the Bayesian analysis
permits its estimation and this is shown in the bottom pahéli@. 5. Indeed, it is seen that, for
masses of order 1.4 M predicted radii are of order 11-12 km.

Somewhat surprisingly, Fig. 5 also indicates that the &ustar maximum mass is relatively
large; the Bayesian analysis indicates it 854 0.11 M.. This result, however, is quite sensitive
to how photospheric radius expansion bursts are model@fieifassumeRp, = R, the predicted
maximum mass distribution peaks below 1.7 M

Itis important to remember that these estimates are madeedryesis of relatively poor radius-
mass information from only 7 neutron stars. These limitaukhget tighter as additional sources
become available. Nevertheless, more sophisticated ingdef photospheric radius expansion
bursts and neutron star atmospheres will also be requireztiftitional progress.

7. Compatibility with Pure Neutron Matter

Studies based on microscopic calculations of neutron magtag chiral low-momentum two-
nucleon and three-nucleon interactions allow the estonatf theoretical uncertainties due to ne-
glected many-body forces and from an incomplete many-badiyutation [28]. The largest un-
certainty comes from the couplings that determine the fgpdrder three-body forces in chiral
effective field theory. At low densities, of order 1/10 thdusation density, the results [2] are
consistent with resonant Fermi gases including effecawvsge contributions [29]. If the symmetry
energy is parametrized as in 6.1, the paramedgendy can be estimated from the enerfy and
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pressurd?y of neutron matter at the saturation density
_ Py/ns—2(En+B)/3
Sp

Fig. 6 shows that the beta equilibrium neutron star mattenfthe pure neutron matter results are
remarkably consistent with the astrophysical estimates/shn Fig. 5.

Sy=En—S+B~153+21MeV, vy ~0.28+029. (7.1)
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Figure 6: Neutron star matter pressure from neutron matter calouatf Ref. [2] (lower shaded region)
is shown in comparison to astrophysical estimates from RBéf{upper shaded region, 1- andi®eontours
shown as dashed lines). Other popular EOSs are describesf.ifiBR
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