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Traits of Compact Objects

Object Mass Radius MeanDensity
M) (R (gcm ?)
Sun M R 1
White Dwarf < M 10 °R < 10
NeutronStar 1 2 M 10 °R < 10
BlackHole Arbitrary 2GM=¢ M=R3
M ' 2 103g, R ' 7 10 km,

M c¢' 1:8 10%erg,
2GM =¢' 2:95km,

R ' 64 10°km.
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The Depth of Gravity' s Well

How muchwork is neededo raisea unit massof matterthroughan
In nite height?

Zl Zl
w= tar= Mg GM
R R T R

Object SurfacePotential

GM =Rc?
Sun 10 °
White Dwarf 10 4
NeutronStar 10 1
Black Hole 1

G=6.67 10 ' mkg 's ?
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The Strength of Gravity

Whatis thekinetic enegy thatcansurmounthe gravitationalenegy?

I

1mv2 ~ GMm ) = 2GM
2 R - R
Object Escapeﬁpeegin km/sec)
estimatedy 2GM=R
Moon 2.4
Earth 11.2
Jupiter 61
Sun 620
White Dwarf 5000
NeutronStar 130,000

Black Hole 3 10 (c)
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Gravitational Binding Energies

Whatis the Binding Enegy (B.E.) of our Earthif it hada uniform
densitydistribution?

L 3GM? N 5.
B:E: = e —= 2:4 10* joules
= 6:6 10 kwh
Object Binding enegy (in joules)
estimatedy 3GM ?=5R
Moon 1.2 10°°
Earth 2.4 10%
Sun 2.4 104
White Dwarf 2.4 10
NeutronStar 10%°

Our Galaxy 5 10>
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Neutron Star Curiosities

Whatis thetallestmountainthatcanbe supportedn a neutronstar?

Eig

h<hmax A 9
P

A: Molecularweightof the planetarymaterial
0. Surfacegravity
Eiq: Liquefactionenegy permolecule

For Earth,hps @ 10km
For aneutronstar hax - 1 Cm
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Neutron Star Curiosities

Whatis the heightof theatmospheref a neutronstar?

RT

h=
g

R: Gasconstant
T: Temperature

. Themeanmolecularweight
0. Surfacegravity

For Earth,h = 8 km
For aneutronstar h = 1 mm
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Where Are They?
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Measured Neutron Star Masses

01760757 (o

—e——
Vela X—=1 (b,c) b

Cyg X—2 (d) | ——e—

4U1538-52 (k) +—e—— b

SMC X-1 (k) ——i

LMC X—4 (k) ——

Cen X-3 (k) ————1 |

Her X—1 (k) ——i:

XTE J2123-058 (1) | e

2S 0921-630(0) I X=Tay
2A1822-371(n)e—— Lo .
1518+49 (e) —

1518+49 companion—e———+—

1534412 (e) o!

1534412 companion ®

1913416 (q) e

1913+16 companion io:

2127+11C (e) ! ﬂgﬂﬁ'gn star
21274+11C companion }-0-{: binaries

J0737-3039A (i)
J0737-30398 (i)
J1756-2251 (s)

J1756—2251 companion e :

B2303+46 (e)

J1012+5307 (m)
J1713+0747 (r)
B1802-07 (e)

B1855+09 (q)

J0621+1002 (f)
J0751+1807 ()
J0437-4715 (p)
J1141-6545 (j)
J1045-4509 (e)
J1804-2718 (e)
J2019+2425 (h)

e
|
|
1

—e—

|
1o
| ¢——o
! :

[..“J

1
1
T
1
1
|
|
1
[

white dwarf—
neutron star
binaries

JO045-7319 (e)

A ——

° i mai Se%#

o
()
c
=
L O
-}

0.0 0.5

1.0 1.9 2.0
Neutron star mass (Me)

Mean& weighted
meansn M

X-ray binaries:
1.62& 1.48

DoubleNS binaries:
1.33& 1.41

WD & NS binaries:
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Lattimer& Prakash,
PRL94 (2005)111101
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Who'rethey? & why sohappy?




Neutron star radius measurements

Object R (km) D (kpc) Ref

OmaaCen 135 21 5:36 6% Rutledgeetal. ('02)
Chandra

OmaaCen 136 0:3 5:36 6% Gendreetal. ('02)
(XMM)

M13 126 04 7:80 2% Gendreetal. ('02)
(XMM)

47 Tuc X7 145, 5:13 4% Rybickietal. ('05)
(Chandra) (1:4M )

M28 14573 5;5 10% Beckeretal. ('03)
(Chandra)

EXO0748-676 138 1.8 92 1.0 Ozel('06)
(Chandra) (2210 0:28M )
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Inferr ed Surface Temperatures
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Lattimer& Prakash Science304, 536(2004).
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Physics& Astrophysicsof Neutron Stars

| Coresof neutronstarsmay containhyperonsBosecondensatesyr
guarks(Exoticg

| Canobserationsof M; R & B.E (composition& structure)
& P; P; Ts & B etc.,(evolution) reveal Exotica?

| Neutronstarsimplicatedin x-ray & -ray burstersmeigerswith
otherneutronstars& blackholes,etc.

| Observatio nal Programs :

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

Connectio ns:
Atomic, Cond. Matter, Nucl. & Part., Grav. Physics
| Theory: Many-bodytheoryof stronglyinteractingsystems,
Dynamicalresponsd - & - propa@tion& emissvities)

|  Experiment h;e and - scatteringexperimentson nuclel,masses
of neutron-richnuclei,heary-ion reactionsetc.
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How Neutron Stars are Formed

\

\ v
v Ranock™~200 km ¥ . .
e occretno Q (delept mzotnon)
' black h
R~15 km
< —> T.~50 MeV
core heotmg
shocg, Rshgzﬁrﬁ?tonoff deleptonization
r 4, \ montle collapse (I) t ~ 15 s
(Dt=0s () t ~ 05 s maximum heating
standoff shock
T, ~6%10° K T, ~3%10° K
coolin R~12 km R~12 km
Q _ [leooling) T,~0.03 MeV 2 T~0.02 MoV  —
- ﬂy v cooling 7 cooling
—> cooling ”
v core R~12 km modified Urca  p112 km
cooling —> T.~0.12 MeV > T.~0.06 MeV >
(IV) t ~ 50 s T, ~2x10° K T, ~10° K
v—transparency
cold core (V) t ~ 50 — 100 yr (VI) 10% < t < 3x10° yr
warm crust star becomes observable X-ray

isothermal thermal emission

Lattimer& Prakash Science304, 536(2004).
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Equations of Stellar Structur e-|

In hydrostaticequilibrium,the structureof a sphericallysymmetric
neutronstarfrom the Tolman-Oppenheimévolkov (TOV) equations:

dM (r)

— = 4 r? (r)
e P(r) e 4 3P (r)
dP(r) _ GM (r) (r) (r) M (r)c?
dr c2r2 2GM (r)
1
C2r

G = Gravitational constant
P = Pressure
.= Enegy density
M (r) := Enclosedyravitationalmass

R, = 2GM =¢ := Schwarzschildradius
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Equations of Stellar Structur e-l|

Thegravitationalandbaryonmasse®f the star:

VA R
Mgl = dr4 r® (r)
0
yA R
n(r
MaC® = mp  dréd r? (r) —
0 2GM (r) —
1
T

m, .= Baryonicmass
n(r) := Baryonnumberdensity

Thebindingenegy of thestarB:E: = (M, Mg)c.

To determinestarstructure:
Specifyequationof stateP = P( )
Chooseacentralpressurd’. = P( o) atr = 0
Integratethe 2 DE's outto surfacer = R, whereP(r = R) = 0.
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Enegy (E) &
Pressurd¢P)
VS. scaleadensity

(U= n=np).
Nuclearmatter
equilibriumdensity

No = 0:16fm 3.
Protonfraction

X = np=(Np + Np).
Nuclearmatter: x = 1=2.

Neutronmatter: x = 0.

Stellarmatterin
equilibrium:
X = X%
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Constraints on the EOS-I

| R> Rs= 2GM=@)
M=M  R=R; :

M /MO

R, = 2GM =¢
' 2:95km.

| P.< 1
) R > (9=8)Rs
) M=M
(89)R=Rs

|  Soundspeed: :
c = (dP=d)¥*?* ¢
) R > 1:39Rg
) M=M
R:(1:3QQS ) :

| If P = aboe
Ny ' 2n0 )

R > 1:52R;)
M=M R=(1:52R; ).
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Constraints on the EOS-II

M max M obs
In PSR1913+16,
M obs — 1:44 M

In PSR1957+20,
Px = 1:56ms:
« ' 77 10°
=2 3=2

Mmax  ~ Rmax

M 10 km

Mom. of Inertial :
lmax = 0:6 10*° gcm?
2

M max Rmax

M 10 km

f (M max s Rmax)

In SN 1987A
B.[E:' (1 2

10°3 emys.

Sl
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Composition of DenseStellar Matter

CrustalSurface:
electronsnuclel,drippedneutrons, setin alattice
new phasewith lasagnasphagetti, like structures

Liquid (Solid?)Core:

n,p; ; leptonsie ; ; Js; s
K ; , condensates

u,d;s; quarks
Constraints

l.np=np+np+n + ; baryon # conseration

2.Nnp+n + + = Net+t N charge neutrality

3. i=b, g -: energy consenation

= 0 = ; = n = = n —+ e D = + = n
) K — e-— = n D
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