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Observable Quantities
• Pulsar Rotation Periods

• Rotation rate limited by Keplerian velocity (mass-shedding limit):

νK ∝

√

GM

R3

• Limits R for a given M , independently of EOS (Lattimer & Prakash 2004).

νK ≃ 1045 ± 30

√

M

M⊙

(

10 km

Ro

)3/2

Hz
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• Pulsar Glitches
• Global transfer of angular momentum.
• Possible weak coupling between crustal n superfluid and star.
• Vela implies Icrust/Istar > 0.014

Icrust

Istar
∝

PtR4

GM2

where Pt is pressure at the core-crust interface (Link, Epstein & Lattimer
1999).

• Limits R for a given M .
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EXO 0748-676:

Cottam, Paerels
& Mendez 2002
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RX J1856-3754
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RX J1856-3754:

Walter & Lattimer 2002
Braje & Romani 2002
Truemper 2005
D=117 pc
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X7 in 47 Tucanae:

Rybicki, Heinke,
Narayan & Grindlay
2005
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Terzan 5 I & J:

Ransom et al. 2005
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Terzan 5 I & J:

Ransom et al. 2005
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Structural Constraints

n = d ln P/d ln ρ − 1 ∼ 1

R ∝ Kn/(3−n)M (1−n)/(3−n)

R ∝ P
1/2
0 ρ−1

0 M 0

(1 < ρ0/ρs < 2)

⇑

⇓

Wide variation:
1 < P (ns)

MeVfm−3 < 6

GR phenomenological
result (L & Prakash 01)

R ∝ P 1/4ρ−1/2
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GR Phenomenology

R ∝ P 1/4
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The Pressure of Neutron Star Matter
Expansion of cold nucleonic matter near ns and isospin symmetry x = 1.2:

E(n, x) ≃ E(n, 1/2) + Esym(n)(1 − 2x)2 +
3~c

4
x(3π2nx)1/3 ,

P (n, x) ≃ n2

[

dE(n, 1/2)

dn

∣

∣

ns

+
dEsym(n)

dn

∣

∣

ns

(1 − 2x)2
]

+
~c

4
x(3π2nx)1/3 ,

µe = ~c(3π2nx)1/3 = µn − µp = −

(

∂E

∂x

)

n

,
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(

∂E

∂x

)

n

,

In β equilibrium:
Ps = ns(1 − 2xs)

[

ns
dEsym

dn

∣

∣

ns

(1 − 2xs) + Esym(ns)xs

]

,

xs ≃ (3π2ns)
−1

(

4Esym(ns)

~c

)3

≃ 0.04 ,

Thus, P ∝ dEsym/dn for n ∼ ns.
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≃ 0.04 ,

Thus, P ∝ dEsym/dn for n ∼ ns. Surface and volume symmetry coefficients are

highly correlated from nuclear mass measurements.

Sv ≡ Esym(ns) ,
Ss

Sv
=

Esurf

2

ns
∫

0

√

n
E(n)−E(ns)

[

Sv

Esym(n)
− 1

]

dn

ns
∫

0

√

n(E(n) − E(ns))dn
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Fits to Nuclear Masses

Blue: ∆E < 0.01 MeV/b
Green: ∆E < 0.02 MeV/b
Gray: ∆E < 0.03 MeV/b

Circle: Moeller et al. (1995)
Plus: Best fits
Dashes: Danielewicz (2004)
Solid: Steiner et al. (2004)

Rn − Rp contours
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Interacting Fermi Gas
• Non-relativistic Potential Model

Et(p) =
~
2

2m∗
t

p2 + Vt, ft =

[

exp

(

Et − µt

T

)

+ 1

]−1

nt =
1

2π3~2

∫

ftd
3p, τt =

1

2π3~2

∫

ftp
2d3p

ǫ−nmc2 =
∑

t

~2τt

2m∗
t

+U, Vt =
∑

t

~2τt

2

(

∂m∗
t

∂nt

)

+
∂U

∂nt
, P =

∑

t

(

ntVt +
~2τt

3m∗
t

)

−U
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• Relativistic Field-Theoretical Model
Et =

√

p2 + M∗2 + gωω + (δt,p − 1/2)gρρ

n = nn + np =
1

π3~3

∑

t

∫

ftd
3p =

∂U1

∂gωω
, np − nn =

∂U1

∂gρρ

ns =
1

4π3~3

∑

t

∫

ft
M∗

Et
d3p =

∂Uσ

gσσ
, M∗ = M − gσσ

U1 =

(

mω

gω

)2 (gωω)2

2
+

(

mρ

gρ

)2 (gρρ)2

2
, Uσ =

(

mσ

gσ

)2 (gσσ)2

2
+

κ

6
(gσσ)3+

λ

24
(gσσ)4
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1
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∑
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Etftd
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Phase Coexistence
Schematic energy density

ǫ = n

[

B +
K

18

(

1 −
n

n0

)2

+ Sv
n

n0
(1 − 2x)2 + a

(n0

n

)2/3
T 2

]

P =
n2

n0

[

K

9

(

n

n0
− 1

)

+ Sv(1 − 2x)2
]

−
2an

3

(n0

n

)2/3
T 2

µn = B +
K

18

(

1 −
n

no

) (

1 − 3
n

no

)

+ 2Sv
n

no
(1 − 4x2) −

a

3

(n0

n

)2/3
T 2

µ̂ = µn − µp = 4Sv
n

n0
(1 − 2x) , s = 2a

(n0

n

)2/3
T

Two-Phase Free Energy Minimization
F = uFI + (1 − u)FII , n − unI + (1 − u)nII ,

∂F

∂nI
= 0 ,

∂F

∂u
= 0

µI = µII , PI = PII

Critical Point (

∂P

∂n

)

T

=

(

∂2P

∂n2

)

T

= 0

nc =
5

12
n0 , Tc =

(

5

12

)1/3 ( 5K

32a

)1/2

, sc =

(

12

5

)1/3 ( 5Ka

8

)1/2
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Nuclei in Dense Matter
Liquid Droplet Model

F = u(FI + fLD/VN ) + (1 − u)FII , fLD = fS + fC + fT

fC =
3

5

Z2e2

RN

(

1 −
3

2
u1/3 +

u

2

)

=
3

5

Z2e2

RN
D(u)

fT = T ln

(

u

nQVN A3/2

)

− T = µT − T , nQ =

(

mT

2π~2

)3/2

fS = 4πR2
N σ(µs)

n = unI + (1 − u)nII , nYe = unIxI + (1 − u)nIIxII + u
Ns

VN

Free Energy Minimization

∂F

∂zi
= 0 , zi = (nI , xI , RN , u, νs, µs)

µn,II = µn,I +
µT

A
, µ̂II = µ̂I −

3σ

RN nIxi
= −µs , Ns = −4πR2

N

∂σ

∂µs

PII = PI +
3σ

2RN

(

1 +
uD′

D

)

, RN =

(

15σ

8πn2
Ix2

Ie2D

)1/3
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Beta Equilibrium

µ̂ = µe = ~c(3π2nYe)
1/3
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