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Traits of Compact Objects

Object Mass Radius  Mean Density
(Mo) () (g cm™)
Sun M@ R@ = 1
White Dwarf <M, ~ 1072Rg < 107

Neutron Star 1 —2M, ~ 107°R4 < 10%

Black Hole  Arbitrary 2GM/c? ~ M/R?

o M, ~2x10%g, R ~ 7 x 10° km,
o Myc? ~ 1.8 x 10°* erg,
o 2GMy/c* ~2.95km, Re ~ 6.4 x 10° km .

4/24




The Depth of Gravity’'s Well

How much work is needed to raise a unit mass of matter through an

Infinite height?

W:/:fdr:/

R

OOGMd GM
T = —
R

702

Object Surface Potential
GM/Rc?
Sun ~ 1079
White Dwarf ~ 104
Neutron Star ~ 101
Black Hole ~1

G=6.67 x 107"t m? kg=! s7*
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The Strength of Gravity

What is the kinetic energy that can surmount the gravitational energy?

lmv2 = —GMm = UV = QG—M
R -V R

Object Escape Speed (in km/sec)
estimated by \/2GM /R

Moon 2.4

Earth 11.2

Jupiter 61

sSun 620

White Dwarf 5000

Neutron Star 130,000

Black Hole 3 x 10° (c)
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Gravitational Binding Energies

e What is the Binding Energy (B.E.) of our Earth if it had a uniform
density distribution?

2
B.E. = 3GMg _ 2.4 x 10°* joules
= 6.6 x 10* kwh
Object Binding energy (in joules)
estimated by 3GM?/5R

Moon 1.2 x 10%°

Earth 2.4 x 1032

Sun 2.4 x 104

White Dwarf 2.4 x 1043
Neutron Star 104¢

Our Galaxy 5 x 10%?
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Neutron Star Curiosities

What Is the tallest mountain that can be supported on a neutron star?

Eliq
Am,g

h < hmaac ~

A: Molecular weight of the planetary material
g. Surface gravity
Ey;,: Liquefaction energy per molecule

e For Earth, h,,,, >~ 10 km
e [or aneutron star, h,,,, >~ 1 cm
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Neutron Star Curiosities

What is the height of the atmosphere of a neutron star?

_RT
1

h

R: Gas constant
1. Temperature

1 The mean molecular weight
g. Surface gravity

e For Earth, h = 8 km
e FoOraneutronstar, h =1 mm
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M easured Neutron Star M asses
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means in M

X-ray binaries:
1.62 & 1.48

Double NS binaries:
1.33&1.41

WD & NS binaries:
1.56 & 1.34

Lattimer & Prakash,
PRL 94 (2005) 111101
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Who'rethey? & why so happy?
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Neutron star radius measur ements

Object R (km) D (kpc) Ref

Omega Cen 13.5 £ 2.1 5.36 £ 6% Rutledge et al. (’02)
Chandra

Omega Cen 13.6 0.3 5.36 £ 6% Gendre et al. (’02)
(XMM)

M13 12.6 £ 0.4 7.80 &£ 2% Gendre et al. (’02)
(XMM)

47 Tuc X7 1457 5.13 +£4% Rybicki et al. (’05)
(Chandra) (1.4 M)

M28 14.51573 5.5+ 10% Becker etal. ("03)
(Chandra)

EXO 0748-676 13.8 + 1.8 92+1.0 Ozel (C06)

(Chandra)

(2.10 &£ 0.28 M)
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Lattimer & Prakash , Science 304, 536 (2004).
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Physics & Astrophysics of Neutron Stars

» Cores of neutron stars may contain hyperons, Bose condensates, or
quarks (Exotica)

» Canobservations of M, R & B.E (composition & structure)
& P, P, Ts & B etc., (evolution) reveal Exotica ?

» Neutron stars implicated in x-ray & ~-ray bursters, mergers with
other neutron stars & black holes, etc.

» Observational Programs :

SK, SNO, LVD’s, AMANDA ... (v’s)
HST, CHANDRA, XMM, ASTROE ... (7’s)
LIGO, VIRGO, GEO600, TAMA ... (Gravity Waves)

Connections:
Atomic, Cond. Matter, Nucl. & Part., Grav. Physics

» Theory : Many-body theory of strongly interacting systems,
Dynamical response (- & - propagation & emissivities)

» EXperiment . h, e and v- scattering experiments on nuclei, masses
of neutron-rich nuclel, heavy-ion reactions, etc.
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How Neutron Stars are Formed

Yoy

Y
v Ranock™~200 km ¥ . .

ﬂ %occretnon Q. (delepgﬁmzotnon)
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r 4, \ montle collapse (I) t ~ 15 s
(Dt=0s () t ~ 05 s maximum heating
standoff shock
Te~6x10° K T, ~3x10° K
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2 _ [cooling) T.~0.03 MeV 2 T~0.02 MoV  —
- ﬂy v cooling 7 cooling
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Lattimer & Prakash , Science 304, 536 (2004).
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Equations of Stellar Structure-|

e In hydrostatic equilibrium, the structure of a spherically symmetric
neutron star from the Tolman-Oppenheimer-\Volkov (TOV) equations:

dM (r)

— = Amrre(r)
IP(r)  GM()e(r) [“Z(:))] l“ﬂi’ii?]
dr c2r2 [1 ) 2G]\24 (r)]

e (7 := Gravitational constant
e P := Pressure
e ¢ .= Energy density

e VM (r) := Enclosed gravitational mass
e R, = 2G'M/c* := Schwarzschild radius
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Equations of Stellar Structure-|

e The gravitational and baryon masses of the star:

R
Maoc? = / dr 4mr® €(r)
0

R
Mic? = mA/ dr 47mr? ) 7
0 [1 B QGM(T)]

c2r

e m 4 .= Baryonic mass
e n(r) := Baryon number density

e The binding energy of the star B.E. = (M4 — Mg)c.

To determine star structure :
e Specify equation of state, P = P(e)
e Choose a central pressure P, = P(e.) atr =0
e Integrate the 2 DE’s out to surface r = R, where P(r = R) = 0.
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Stellar properties for
soft & stiff (by
comparison) EOS’s.

Causal limit: P = €.

M, : Gravitational
mass

R : Radius
BE : Binding energy
ng . Central density

I : Moment of Inertia
¢ . Surface red shift

€¢/02 _

(1—-2GM/2R)~1/2,
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Constraintson the EOS-I
» R> R, =2GM/c* =

M/Mg > R/Rys ;
R, = 2G M, /c?
~ 2.95 km .

P. < o0

= R > (9/8)R,
= M/Mg >
(8/9)R/Rso -
Sound speed c; :

cs = (dP/de)'/? < ¢
= R > 1.39R,

= M/Mg >
R/(1.39Rss) .

If P = ¢ above

ng >~ 2ng ,

R > 152R, =
M/MyR/(1.52R,s) .
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Congtraintson the EOS-1 |

> Mmaa: Z Mobs :
In PSR 1913+16,

Mobs — 144 M@ .

» In PSR 1957+20,
P =1.56ms:

Qp ~ 7.7 x 10°

1/2 B
(Mpe ) (fop) ™7 57

» Mom. of Inertia [ :
Lew = 0.6x10% g cm?

(ML) (my
Me 10 km
f(Mmaaza Rmaaz)

» In SN 1987A
B.E.~(1-2)

x 10°3 ergs.
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Composition of Dense Stellar M atter

e Crustal Surface :
electrons, nuclel, dripped neutrons, - - - set in a lattice

new phases with lasagna, sphagetti, - - - like structures
e Liquid (Solid?) Core :

n,p, A\, - - leptons: e=, u*, /s, VS

A E -

K—, 7, --- condensates

u,d, s, --- quarks
e Constraints :

lL.ng=n,+n,+np+---: baryon # conservation

2. My + Mg+ + - =N+ 1y, - charge neutrality

3. t; = by, — qipe energy conservation
—

A = fxo = HE0 = [n  fn- = fg= = fn T fe  Hp = Pst+ = fn — [e

=

HE— = te = Hp = Hn — Hp
=

fa = fou + pe = fts = (fin + pe)/3
py = (o — 241¢)/3
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