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Observable Quantities (1)

Mass
Limits softening from “exotica' (hyperons, Bose condensates, quarks).

Limits highest possible density in stars: < 1:4 10%M =M)? gcm 3.
New evidence for M nax > 1.5M .
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Firm lower mass limit?

M> 1.6M

, 95% con dence

M > 1:68M

95% con dence
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Maximum Possible Density in Stars

Causality limit for compactness: R 3GM=c?
(Lattimer, Masak, Prakash & Yahil 1990; Glendenning 1992)
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Maximum Possible Density in Stars

Causality limit for compactness: R 3GM=c?
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Observable Quantities (1)

Mass
Limits softening from “exotica' (hyperons, Bose condensates, quarks).

Limits highest possible density in stars.
New evidence for M max > 1:5 M

Radius
Limits isospin dependence of EOS (Lattimer & Prakash 2001)
1<n=nog< 2;x' 0: P(n)/ [dEsym (n)=dn]/ R} 1.5\
P (ng) currently uncertain to factor 6

Proposed neutron skin (R, Rp) measurements of 2°8 Pb could constrain
Esym (n <n 0)
Involves different physics than M max



GR:
R > 2GM=c?

P<1:
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Neutron Star Matter Pressure
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The Role of the Symmetry Energy

 Isospin Dependence of Strong Interactions




Observable Quantities (1)

Mass
Limits softening from “exotica' (hyperons, Bose condensates, quarks).
Limits highest possible density in stars.
New evidence for M max > 1:5 M

Radius
Limits isospin dependence of EOS (Lattimer & Prakash 2001)
1<n=nog< 2;x' 0: P(n)/ [dEsym (n)=dn]/ R} 1.5\
P (ng) currently uncertain to factor 6

Proposed neutron skin (R,  Rp) measurements in %8 Pb could constrain
Esym (n <n 0)
Involves different physics than M max .

Spin Frequency
Naive Newtonian Roche model (Shapiro & Teukolsky) suggests

R 3=2 M 1=2
pRoche -1 -0 o e ms

Axisymmetric GR calculations (Lattimer & Prakash 2004) yield

R 3=2 M 1=2
. ms
10 km M

where M and R refer to non-rotating values (EOS-independent relation).

Pmin =0:96 0:03




Mass (Moe)

[\3
o

No
-

0.0L

o o

O
n

Raeo/km=10

Radius (km)



Observable Quantities (2)

Radiation Radius
Combination of ux and temperatureqmeasurements yield

Ri1 = R= 1 2GM=Rc?

Uncertainties include distance (R1 / d), interstellar H absorption (hard UV
and X-rays), atmospheric composition

Best chances are from
Nearby isolated neutron stars (parallax measurable)
Quiescent X-ray binaries in globular clusters (reliable distances, low B
H-atmosperes)



Isolated Neutron Star RX J185635-3754
Hubble Space Telescope « WFPC2

PRC97-32 « ST Scl OPO « September 25, 1997
F. Walter (State University of New York at Stony Brook) and NASA
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Observable Quantities (2)

Radiation Radius
Combination of ux and temperatureqmeasurements yield

Ri1 = R= 1 2GM=Rc?

Uncertainties include distance (R1 / d), interstellar H absorption (hard UV
and X-rays), atmospheric composition

Best chances are from
Nearby isolated neutron stars (parallax measurable)

Quiescent X-ray binaries in globular clusters (reliable distances, low B
H-atmosperes)

Redshiftz=(1 26M=Rrc?) =2 1
Possible lines from active X-ray bursters XTE J1814-338 z < 0:38, 4U1820-30
0:20<z < 0:30, EXO 0748-676 z"' 0:35 (Cottam, Paerels & Mendez 2002)

R=R;y 1+2) 1, M =Ry 21+2) 1 @+ 2) 2]=2G

Pulsar Glitches

Global transfer of angular momentum, possibly from weak coupling between
crustal n super uid and star.

lcrust =lstar > 0:014/ P{R*M 2

P: < 0:65MeV fn 2 core-crust interface pressure
Establishes lower limit to R?=M (Link, Epstein & Lattimer 1999)
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Observable Quantities (3)

QPOs

Possible association of observed frequency with inner radius of accretion disk
Ra > 6GM=c? and Ry, >R (Lamb & Miller 2000)
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Observable Quantities (3)

QPOs

Possible association of observed frequency with inner radius of accretion disk
Ra > 6GM=c? and Ry >R (Lamb & Miller 2000)

Burst sources limited by Eddington luminosity
Fedd/ |\/|d2:

Moment of Inertia

Spin-orbit coupling of same magnitude as post-post-Newtonian effects
(Barker & O'Connell 1975, Damour & Schaeffer 1988)

Precession alters inclination angle and periastron advance

More EOS sensitive than R: | / MR 2
Double pulsar PSR J0737-3037 is candidate



Moments of Inertia and Precession

Spin-orbit coupling: Sp = E= S@MaBMe)p g,

2M 5 asc?



Moments of Inertia and Precession

~_ G@AMApA+3Mp)
E= 2M p asc? L Sa

Spin-orbit coupling: Sa =
Precession Period:

2(Mp + I\/IB)a02

P, = P(1 e%)' 74:9years
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Moments of Inertia and Precession

Spin-orbit coupling: Sa = E = G“‘ngigﬁa Jr Sa
Precession Period:
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Observable Quantities (3)

QPOs

Possible association of observed frequency with inner radius of accretion disk
Ra > 6GM=c? and Ry >R (Lamb & Miller 2000)

Burst sources limited by Eddington luminosity
Fedd/ |\/|d2:

Moment of Inertia

Spin-orbit coupling of same magnitude as post-post-Newtonian effects
(Barker & O'Connell 1975, Damour & Schaeffer 1988)

Precession alters inclination angle and periastron advance

More EOS sensitive than R: | / MR 2
Double pulsar PSR J0737-3037 is candidate

Temperature and Age
Growing database of cooling neutron stars.

Atmosphere composition, magnetic eld strength, distance are major
uncertainties.

Hints that some neutron stars may exhibit ‘rapid’ (i.e., direct Urca) cooling:
Vela (Pavlov et al. 2001), supernova remnants 3C58 (Slane et al. 2004),
G084.2-0.8, G093.3+6.9, G127.1+0.5 & G315.4-2.3 (Kaplan et al. 2004)

Probes super uid properties of neutron star interior
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Conclusions

Masses may have a wide range.
Mnmax Might be > 1:7 M , limits EOS at high density.

Radii remain elusive, but some R; measurements
Imply relatively large values.

R measurement gives direct information about the
EOS near the saturation density for extremely
asymmetric matter, i.e., the density derivative of the
symmetry energy.

Other observables (redshifts, QPOs, Eddington-limited
uxes from accreting sources, moments of inertia)
could yield mass/radius measurements in near future.

Neutron star cooling is rich source of information about
Interior composition, hints that rapid cooling necessary
In a few cases.
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