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Schematic Energy Density

n. number density; x: proton fraction; 7. temperature
ns ~ 0.16 & 0.01 fm~—?: nuclear saturation density

B ~ —16 £ 1 MeV: saturation binding energy

K ~ 220 £+ 15 MeV: incompressibility parameter

S, >~ 30 £ 6 MeV: bulk symmetry parameter
a ~ 0.065 & 0.010 MeV~!: bulk level density parameter
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Phase Coexistence
Schematic energy density
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The Pressure of Neutron Star Matter

Expansion of cold nucleonic matter energy near ns and isospin symmetry x = 1/2:
3hc

—z(37%nx)t/3,

E(n,z) ~ E(n,1/2) 4 Esym(n)(1 —2x)% +

dE(n,1/2 dEsym
(1,1/2) _ dBy,

P(n,z) =~ n? [ (1-— 23@)2} + %nw(3W2nx)1/3 :

dn dn
K 2
pe = he(3w2nz)t/?, E(n,1/2) ~ —B+ — (1 - i) :
18 Mg
Beta Equilibrium: oF
O = Kp — Hn T He =
AE 3
~ 372n) L sym ,
T3 (37°n) ( - )
Kn? n dFE
P; = —1 21 — 225)2 —Y"™ 4 Foum 1—2
p 9o (ns )—I—n( wﬁ) dn + Bay nacg( xﬁ)

Esym(ns) = Sy >~ 30 MeV, hc >~ 200 MeV/fm, n— ng —

rg — 0.04, P — n?2—Y
B /8 S dn

Nns
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The Uncertairt,,, (n)
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Neutron Star Matter Pressure
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The Uncertain Nuclear Force
The density dependence of E;,,,,(n) is crucial but poorly
constrained. Although the second density derivative, the
Incompressibility K, for symmetric matter is known well,
the third densitv derivative. the skewness. is not.
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Estimating Symmetry Parameters Fror
Neutron Matter

E, = E(n,,0) ~ 16.342.1 MeV, P, ~ 2.54+0.7 MeV fm™*

S = P,/ns =15.6 + 4.4 MeV

v

Simple Model
Egym(n) = Sy(n/ng)?
S, = E,4B ~ 323421 MeV, p=S5'/S, ~0.48+0.14
More Accurate Model
Esym(n) = Sp(n/ns)* + (S, = Si)(n/ns)”

)
Sk >~ 17 MeV, v = S'”S %/3
v~ Mk
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Pressure of Neutron Star Matter
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Heavy lon Flow Data

Danielewicz, Lacey & Lynch 2002
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Nuclear Mass Formula

Bethe-Weizsacker (neglecting pairing and shell effects)
E(A,Z) = —avA+ asA%3 4 ac 22 JAY3 + S, AI2.

Myers & Swiatecki introduced the surface asymmetry term:
E(A,Z) = —avA+ as A3 + ac 2% /A3 + S, AI? — So(N— Z)?/A%/3,

Droplet extension: consider the neutron/proton asymmetry of the nuclear surface.
E(A,Z) = (—ay 4+ Su6%)(A — Ns) 4+ asA%? + ac 2% JAY* + u, No.

Ny is the number of excess neutrons associated
with the surface, I = (N — 2) /(N + Z),
0=1—2x=(A— Ns—27)/(A— Ng)isthe
asymmetry of the nuclear bulk fluid, and

Wrn, IS the neutron chemical potential.

From thermodynamics,

2/3 _
st_aasA :SS ) AI )

Biin Syl—06 ~1-05

S, -1
o= (H SUA1/3) ’

S —1
L 2/3 2/ 41/3 2 s
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Nuclear Structure Considerations

Information about £, can be extracted from nuclear binding energies and models for
nuclei. For example, consider the schematic liquid droplet model (Myers & Swiatecki):

Sy
1+ (Ss/Sy)A—1/3
Fitting binding energies results in a strong correlation between S, and' S, but not
definite values. NN . . /S
Lo Method

E(A,Z)E—CLUA—I—Q,SA2/3_|_ A—l—CLCZ2A_1/3

un method /

Blue: AE < 0.01 MeV/b
Green: AE < 0.02 MeV/b
Gray: AE < 0.03 MeV/b

Circle: Moeller et al. (1995)
Crosses: Best fits

Dashed: Danielewicz (2004)
Solid: Steiner et al. (2005)

OR = 0.595 5 fm ’

1—52 | | | | | | | | | | | | | | | | | | | | | | | | | |
20 25 30 35 20 25 30 35
S, (MeV) S, (MeV)
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Schematic Models

Nuclear Hamiltonian: )
g B (1 i )
18 N

H=Hg+ %nQ, Hp ~n + Esym (1 — 2z)?
Lagrangian minimization of energy with respect to n (sg/mmetric matter):

Q /2 K n
Hp — _ — _ — 1 — — , - —
B RO =T T RT e KO = gt
Liquid Droplet surface parameters: as = 47rioo, Ss = 4nrios
+ 00 Ns
oo = / [H — pon]dz = / (Hg — ,u()n)n— \/QKn3
0.9m dn Qns du Qns
tao—10 = =3 ~ 9
0.1n4 0.1 \/6(1 — ) K
Ng S
o5 = Sv\/Q/ n( - —1) (Hg — pon) " Y2dn
2 0 sym
Svt9o—107s ! \/a S

2

Esym

n \P
s, ([ :>/—>0.61, 0.93, 2.0 (p=

Ns

1 2
_7_71)
23

n \ 2/3 n \7
Esym =~ S (—) + (Sy —Sk) (—) :>/—>0.30, 0.57, 0.86 (v =.0, .3, .6)

ns nS
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Schematic Models

Ss t90—10

—_— Y

Sv To

/22.05/ —  1.26,1.90, 4.1 (p=1/2, 2/3, 1)

—  0.62, 1.17, 1.76 (v =00, 0.3, 0.6),

For Ph208:

32 Ss 4
5R:\/—— —  0.13, 0.18, 0.31 f — 172, 2/3, 1

—  0.07, 0.13, 0.17 fm (v = 0.0, 0.3, 0.6),

PREX experiment (E06002) at Jefferson Lab to measure
the neutron radius of lead to about 1% accuracy (current
accuracy Is about 5%) using the parity violating asymmetry
In elastic scattering due to the weak neutral interaction.
Requires corrections for Coulomb distortions (Horowitz).
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Nuclei in Dense Matter
Liquid Droplet Model, Simplified

F=uw(Fr+ fp/Vn) + (1 —uw)Frr, frp = fs+ fc + fr

3 Z2%e? 3 3 Z2e?
fo = ZZ2° (1——u1/3+3>:— ~ D(u)
5 Rn 2 2 5 Rn
U mT \ 3/2
S —T=pr—T, —
Jr n(nQVNA3/2> T "Q (27Th2)
fs = 47TR?VU(,UJ8)
Ns
n=uny+ (1 —u)nyy, nYe =unyxy + (1 —u)nyrxrp+u
N
Free Energy Minimization
OF
:07 Zi:(nfaxfaRN7u7V87/'Ls)
821'
KT N . 3o 5 Oo
n = nJd + —, = - —— = —lUs, Ns = —47R
Hn, 11 Hn, 1 1 KIT = K1 Ramas M T Nf?us
3 D’ 15 Y
o) u o
P = Pr+— (1 . Ry =
H 1 2R N ( + D ) N (87T7’L%$%62D>
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T (MeV)

Cold Catalyzed Matter
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T (MeV)
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T (MeV)

Supernova Matter

SKM#, K=217 MeV, Sy=31.4 MeV, f—equilibrium, Y =0.4GKMx, K=217 MeV, Sy=31.4 MeV, f—equilibrium, Y =0.4
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A NEUTRON STAR: SURFACE and INTERIOR
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Neutron Star Structure

Tolman-Oppenheimer-Volkov equations

dp G (m+drpr’)(e +p)
dr 2 r(r—2Gm/c?)
dm €
— = Adr—r?
dr c?
4 / - +maximummass )
3 z / |
: ] o 1.5 -
4 = i ,
= 1.0 —— .
o
: i P
0.0
0 5 10 15 20 25 0 10 20 3
n/ng R (km)
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Mass-Radius Diagram and Theoretical Constraints
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Mass Measurements In X-Ray Binaries

Mass function

v sini)3
f(Ml) — & 227TG )
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vy sin )3
f(MQ) — K 217TG )

(Ms sini)3

(M1+4M2)?
> M,

X-ray timing

In an X-ray binary, v, has the

largest uncertainties. In some cases

sint ~ 1 If eclipses are observed.
If eclipses are not observed, limits
to » can be made based on the
estimated radius of the optical star.
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Pulsar Mass Measurements
Mass function for pulsar precisely obtained.
It is also possible in some cases to
obtain the rate of periastron advance
and the Einstein gravitational redshift
+ time dilation term:

w =32 /P> (GM/c*)?3 /(1 — e?)

v = (P/2m)Y3eMy(2My + M,)(G/M?c?)?/3
Gravitational radiation leads to orbit
decay:

p— _1;962; (27]2@)5/3 (1-— 62)—7/2 (1 4 5_262 4 %64) %
In some cases, can constrain Shapiro time delay,

r IS magnitude and s = sin ¢ IS shape parameter.
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Roche Model for Maximal Rotation

(c.f., Shapiro & Teukolsky 1983)

p VP =Vh=-V(dg+ ®.), dg ~ —-GM/r, . = —102r2sin? 6
Bernoulliintegral: H =h + &g + ®. = —-GM/R,

Enthalpy h = [ p~ dp = pn(p) — 1n(0) in beta equilibrium

Evaluate at equator: . es — fea _
valuale at equator: Haar = Ry, Percentage increase in equatorial radius
Mass-shedding limit Q2, = %‘j : %pq =3 30 | / | | )
GR: Cook, Shapiro & Teukolsky (1994): 1.43-1.51 .| =401 Hz /
B 6\ |

M (Mo)

Numerical calculations show R, is nearly I “ kS KON
constant for arbitrary rotation 20k : Y

3/2 i |
Qshed: (%) / %—]}f 15,
Piheq = 1.0 (R/10 km)3/2 (Mg /M)*/? ms :
GR: Lattimer & Prakash (2005): 0.96 + 3% 1.0

L Q) R 66
0

S
N
. Q2R(0)%sin® 6 __ R(9) -0
Shape: e =R - 1 (5P
Bp 1 2 L o Qsin 6 6
R(Z) =3T3 cos[§ CcoS 1(1 — 2(%)2)]
Limit: 75 = 4 + % cosl} cos? (1 = 2si020)) = 220

J M. Lattimer WE-Heraeus School on Nuclear Astroohvsics in the Cosmos. GS| 13/07/10 — p. 33/6



Extreme Properties of Neutron Stars

* The most compact configurations occur when the
low-density equation of state Is "soft" and the
high-density equation of state is "stiff".

8 [ L I

€o IS the only
EOS parametel

The TOV
solutions scale
with €0

Pressure

0, Density
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Maximally Compact Equation of State

Koranda, Stergioulas & Friedman (1997)

p(e) = 0, €
p(€> — € — €o,

€o

M
AVARVAN

€o

This EOS has a parameter ¢,, which corresponds to the surface energy density. The
structure equations then contain only this one parameter, and can be rendered into
dimensionless form using

y=me'?,  w=re/?,  g=pe .
d
A Az (1 + q)
dx
dg  (y+4mqz®)(1+29)
de x(x — 2y)

The solution with the maximum central pressure and mass and the minimum radius:

dmazx = 2.026, Ymaz = 0.0851, a:mm/ymax = 2.825
1/2 G M
Pmaz = 307 (6—0) MeV fm=3, Mpas = 4.1 (6—) Mo, Rmin = 2.825— 292,
€s €o C

Moreover, the scaling extends to the axially-symmetric case, yielding

M 1/2 B e\ 1/2 R 3/2 s [\ 1/2
Prin o< ( ngw) X €, 1/2, Ppin = 0.82 (i) ms = 0.76 (10 km) (W@) 1

main
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Maximum Possible Density in Stars

The scaling from the maximally compact EOS yields

4.1 Mg\ 2 M 2
€c.maz = 3.026 (—Q) €s ~ 13.7 x 1015 (M—®> e
X

max ma

A virtually identical result arises from combining the maximum compactness constraint
(Ronin ~ 2.9GM /c?) with the Tolman VII relation

15 M 15 c?
€c,VII = —
- 8t R~ 8m \ 2.9G M2
Approximate Central Baryon Density ne/ng
o123 4 5 6 7 8 910 11 12 13 14
IO T T T \ \ \ \ \ \ \ \
Maximum possible density: ! o \\ ® \R Potentia f
2 2 M i A AN ¢ R Field=Theoretical
‘ @ j ) 25 l:a \\\ A Exotica _
15 _3 \E/ . = lU‘ ¢ \\ .
Emar < 2.8 X 1077g cm -1 LTINS
n ! \ ,
O U <o NS
L2 N g=————————————— === == ——— |
= o P |
€ \ 'y .
E 207 A ey . \\7\0/07 -
< | \\ A ° \‘9/7 I b
g i | 8<>A A 7~O/,77 Sh 7
L \ A 0/7 ~ _
\\ S A o [ V// -
[ \ [ Se o
sl \ Ao A .
\ Y A
- \\ A -
Ly L | TR | I |
0 1 2 S 4 5 6

Central Mass Density p. (10" g ecm~3)
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Maximum Mass, Minimum Period

Theoretical limits from GR and causality
¢ Mmaw — 4.2(65/€f)1/2 M@ Rhoades & Ruffini (1974), Hartle (1978)
® Roin = 2.9GM/c* = 4.3(M /M) km

Lindblom (1984), Glendenning (1992), Koranda, Stergioula s & Friedman (1997)

¢ €c < 45 >< 1015(M®/Mlargest)2 g Cm_3 Lattimer & Prakash (2005)
* Pin =~ 0.74(Mg /M) Y?(Repn /10 km)3/2 ms

Koranda, Stergioulas & Friedman (1997)

* Pin ~ 0.96 4+ 0.03(Mg /Mpn)Y?(Repn /10 km)?/2 ms

(empirical) Lattimer & Prakash (2004)
°* ¢.> 091 x 1015(1 mS/Pmm)2 g cm 3 (empirical)
© CJ/GM2 ,S .5 (empirical, neutron star)
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Constraints from Pulsar Spins

N

XTE J1739-285
v = 1122 Hz
Kaaret et al. 2006

A
]

2.9

Not confirmed to
be a rotation rate

[} X-\|
\\\Mapa
60
ALV

-~

PSR J1748-2446ac
v = T16 Hz
Hessels et al. 2006

Mass (Mg)
Sy

1.0F
0.5¢
0.0
3 10 12 14 16
Radius (km)

J M. Lattimer WE-Heraeus School on Nuclear Astroohvsics in the Cosmos. GS| 13/07/10 — p. 38/6



General Relativity

Static spherically symmetric metric (c = G = 1):
ds? = e MM dr? 4 2 (d92 + sin? 9dq§2) — ¥ qt?

Einstein’s equations:

_ L A N ()
8me(r) = — (1 e )—I—e m—
1 /
8wp(r) = —— (1 — e_A(T)> + e M7 v (T),
r r
p/ (’I“) — _p(,r) —2|_ G(T) V/ (’I“)
Mass: m(r) = 477/ e(r)r'2dr, e M) =1 — 2m(ryir
0
Boundary conditions:
r=20 m(0) = p’(0) = €'(0) = 0,
r=R m(R) =M, p(R)=0,e"P) = MR =1 _oM/R

Total baryon number: R
g N :/ 4r2eMT) 2 (r)dr:
0

Binding energy: BE = Nmy — M
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Lattimer & Prakash (2001)

BE(M, R)

] WFF]
- WFF MS 1 FAP4 -
- WFF2 GM3 % .
- WFF3 ENG .
0.20 ~ aApa PALG
- AP3 GS1 .
- MSO GS2 .
= 0.10+ -
< ! l
(|
m — —]
0.10 - _

BE =~ (0.60 + 0.05)GM [1 — M1~ ©

> L0 2Re |

0.15 0.20 0.25 0.30 0.35
GM /Rc®
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Moment of Inertia

8 [ 4 (A(r)—v (1) /2
I = 3t |, r* [e(r) + p(r)] e w(r)dr
2c¢2 (R dj(r
= g ), e
where
i) = e (mHum)/2,
d dw(r dj(r
o [r 3 (r) i)] = —4r’w(r) 3( ).
, 2G1 dw(0)
j( ) ) (.U( ) R362 Y d’]”
Combining these: 7 — c? g W(R)
6G dr

With ¢ = dInw/dInr, ¢(0) =
dp _? dlnj
— = ——B+e) -+ —

2 3.2 3 2
I = PRC R3wR:¢R (RC _21): R°¢Rrc .
6G 6 G G(6 + 2¢R)
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I(M, R)

Lattimer & Prakash (2001)

- WFF1I———ENG /-

- WFF2————PAL6 ]

- WFF3F——(C51 _|

0.90 ppa™— (52 i

- AP3 —PCL2 7

- MSO ————SOM -

. MS1 — _

0491 cu3 i

. 040~ -
v B i
=> i _
< i ]
0.35 ]
0.30 ~
0.25F | | N

B 0.00 0.02 0.04

- M/RI (Mo/km) :

0.00 0.05 0.10 0.15 0.20

M/R (Mg/krm)

4
T~ (0.237 + 0.008) M R? |1 + 4.2 M km +9o(j‘_{l\§g)}
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Polytropes

Polytropic Equation of State: p = Kn"”
n 1S number density, - is polytropic exponent.
Hydrostatic Equilibrium in Newtonian Gravity:

dp(r) Gm(r)n(r)my dm(r)

o = 2 , o = 4dmnmyr

Dimensional analysis:

2

M nCRS, p X %7 R Kl/(3’y—4)M(’y—2)/(3fy—4)

When v ~ 2: RocKl/QMoocp}/QanlMO

General Relativistic analysis using Buchdahl’s solution € = /pp« — 5p:

R:(l—ﬂ)\/ T dln R :1(1—5)(2—5)1—10\/1%
2p«(1—28)" dlnp |, 21 —=38+306%) 14+2/p/ps

For M = 1.4Mg, R = 14 km, n = 1.5ns, € = 1.5mpns ~ 3 x 10~% km—2;
B =0.148, p. = 0.00826, p/ps« = 0.00221.

dln R
dinp |,
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The Radius — Pressure Correlation
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Possible Kinds of Observations

* Maximum and Minimum Mass (binary pulsars)

* Minimum Rotational Period*
* Radiation Radii or Redshifts from X-ray Thermal

Emission®
* Crustal Cooling Timescale from X-ray Transients*
e X-ray Bursts from Accreting Neutron Stars®
* Seismology from Giant Flares in SGR’s*
* Neutron Star Thermal Evolution (URCA ornot)*
* Moments of Inertia from Spin-Orbit Coupling*

* Neutrinos from Proto-Neutron Stars (Binding Energies,
Neutrino Opacities, Radii)*

* Pulse Shape Modulations*

* Gravitational Radiation from Neutron Star Mergers*
(Masses, Radii from tidal Love numbers)

* Significant dependence on symmetry energy
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Potentially Observable Quantities

@ Apparent angular diameter from flux and temperature measurements

= GM/Rc?
6=GM/ e n

B _\/Foo 1
D Dyi=28 V o f272

2= (1-28)""2-1

¢ Redshift

¢ Eddington flux GMe

Kkc2 D?

Fgpp = (1—283)Y/2

@ Crust thickness

my, 2 Pt d
b IHHEht:/ =& :Nn,t_ﬂn,t(pzo)
2 0 n

A R-R H—1)(1—-2 1
— = t:( ) 6)2(7'(—1)(——1).
R R H+ 23 — 1 20
¢ Moment of Inertia
I ~ (0.237 4 0.008) M R?(1 + 2.848 + 18.98%) Mg km?

@ Crustal Moment of Inertia
AT 87 RGpt
I 3 IMc?

¢ Binding Energy

B.E. ~ (0.60 + 0.05) ; & /2
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Radiation Radius

Combination of flux and temperature measurements
yields apparent angular diameter (pseudo-BB):

R R 1
d  d\/T—2GM/Rc
Observational uncertainties include distance,
Interstellar H absorption (hard UV and X-rays),
atmospheric composition

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

Quiescent X-ray binaries in globular clusters

(reliable distances, low B H-atmosperes)
X-ray pulsars in systems of known distance

CXOU J010043.1-721134 in the SMC: R, > 10.8
km (Esposito & Mereghetti 2008)
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RX J1856-3754

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




Astrometry of RXJ 1856-3754

® Walter & Lattimer (2002) determined D = 117 4 12 pc and v ~ 190 km/s from
1996-1999 HST Planetary Camera observations

® Star’s age is probably 0.5 million years
® Kaplan, van Kerkwijk & Anderson (2002): D = 140 &+ 40 pc using same data

® van Kerkwijk & Kaplan (2007, conference proceeding) revised this to
D = 161 £ 16 pc based on 2002-2004 High-Resolution Camera of the Advanced
Camera for Surveys HST observations (double the resolution)

® Walter, Eisenbeigs, Lattimer, Kim, 15} ————— 1T ——— T —— ]
Hambaryan & Neuhauser (2010) - ]
: . 10 F 1265 pc ]
determined D ~ 115 =+ 8 pc with : 1996-1699 HST |
2002-2004 HST data 5 5 ) ]
) o 7
%) i ]
5 ]
~ . ) i
v O parallactic ellipse B
£ 5[ :
— 10 |4 pixel size >

B e e e S S B
-15  —10 -5 0 5 10 15

milli—arc sec
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RX J1856-3754

2.0

Walter & Lattimer (2002)
oo | N E—— |
N = N:
Fe @O\ AP4 “Si—ash N
O ]
2.0 3 A3\ _
AN
[N |

O\
N\

1.5]

Mass (Mg)
).

1.0t 1

05|
A D=1N/+12 \pC D=1TN/£12\pC
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Radiation Radius: Globular Cluster Sources
3.0

Webb & Barret 2007

2.9

2.0

1.5

Mass

1.0l

““‘“‘

AN
10 14 16 18 20
Rodms (km)

J M. Lattimer WE-Heraeus School on Nuclear Astroohvsics in the Cosmos. GS| 13/07/10 — p. 51/6

0.5

0.0L




Za 3

)
oo

R

1
L
=

o
Flux {107 erg s
L

1 Lri

Fleat™
= T

|
Lhpo s
P o
3 Ln i

L]
=

MOrranzZation :LHI-EIT*-"'. L5
n

FPnotospneric Kaadius

Ray Bursts

expansion (lype 1) X

&
C 2 £ BE ;
= - ) -
- =="“<: FEdd 3 iBF e FEdd
N e il . - q
i 'l"*ﬂ- = : s m’"-m_
2 -H."m 45 5 ;35 = iy
- e, —tpry '_: e = TeE o
J 1I —é 0 'II:J
Time {5 Time= J:-:_:l
EXO 1745-248
HEE
3 & 3 _sof :
= g, E P T T
F T o 3 Lt G
= SRR, - PO hEE o
. O E i
3 10 k=] 1 14
Time (=) Time (=)

Galloway Muno, Hartman Psaltls & Chakrabarty (2006)

AL/ D)

2] [
i b

-—

J M Lattimer WE-Heraeus School on Nuclear Astroohvsics in the Cosmos. GS| 13/07/10 — n. 52/6

15

Norrmalization :lzﬁ,,_;“u
I

...-'..lr.-.l __

i
I
=L
IIIIIII
H
v

L L1
— F
R L

*Af(

L
=y I
[ S

'm”hi.m&yﬂ rrrr g g, g, B

o 10
k]

-



Systematics withi,, = R

GMc GM GMc
FEdd/@DQ\/12R —KDQ\/l—Zﬁ

k~02(1+X)cm?g’

200 7 T T
I3 »_\2? | Realsolutionstequire a <1/8
o oo p—4 o0 -
A=ors — e (?)
Fraqa kD ~ 1.5
= Jxep -
= 1.0~
_ A f! _ R : y=98 km R =148 ki
" Frar B(1—28)32  os > 1/8
I y=1231 km
g=tyl iTga ool * < /8
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P ~ o R (km)
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Mass (M_)

Mass (M)

EXO 1745-248 4U 1820-30
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Systematics witlR,;, >> R

I ~ GMc . 2G]W _GMc
Edd — K D2 RphC2 kD2
k~02(1+X)cm*g!
o N A L B A
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FEdd kD 15
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R Probability Distributions
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A Al

Inferred Model EOS Parameters
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Maximum Mass Probabillity Distributions

Steiner, Lattimer & Brown 2010
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Neutron Star Cooling

Gamow & Schonberg proposed the direct Urca process: nucleons at the top of the Fermi
sea beta decay. c

n—p+e + e, p—>n—|—e+—|—17€

- A <n, > TR - S
Energy conservation guaranteed by beta equilibrium k ———
Hn — Hp = He | i
Momentum conservation requires |kr,| < |krp| + |kre|. : | T=0K
Charge neutrality requires kr, = kpe,
therefore |kp,| > 2|kpn|. YR |
Degeneracy implies n; o k%.., thus z > zpy = 1/9. B s s
With muons (n > 2n.), 2 pu = 557575 = 0.148
If £ < xprr, bystander nucleons needed: |
modified Urca process is then dominant. 0 &

(n,p) +n — (n,p) +p+e +ve, (n,p) +p — (n,p) + n+et + e

Neutrino emissivities: -

2
EMURCA = (—) EDURCA -

Hn

Beta equilibrium composition:

4ES . 3 0.5—2
v5 ~ (3m2n)"? (79) ~ 0.04 (ﬁ) .

Ns
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Klahn et al., Phys. Rev. C74 (2006) 035802

Direct Urca Threshold
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Minimal Cooling Paradigm

* Minimal Cooling Paradigm: Neutron star cooling
Including effects of superfluidity, such as Cooper-Pair
breaking and formation, but no “rapid” neutrino cooling
processes such as direct Urca involving ngcleons or
exotica. (Page et al. 2004)

* |f some observations are inconsistent with-.the MCP,
then according to Sherlock Holmes, rapid cooling must
occur for these exceptions.
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Minimal Cooling Paradigm

* |f some observations are inconsistent with the MCP,
then according to Sherlock Holmes, rapid cooling must
occur for these exceptions.

* All sources are consistent with the MCP only IF

* tight conditions are placed on the magnitude and
density dependence of the neutron *Py-gap, AND

* some neutron stars have heavy Z envelopes and
others have light Z envelopes, AND

* ALL core-collapse supernova remnants with no
observable thermal emission contain black holes.

* Highly suggestive that rapid cooling occurs in some
neutron stars (of higher masses?)

* A possible constraint on E,,,,(n) OF Neentral-
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