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I M � (1 � 2)M �

M� ' 2 � 1033 g.

I R � (8 � 16) km

I � > 1015 g cm� 3

I Bs = 109 � 1015 G.
I Tallestmountain?
I Atmospheric

height?

Lattimer& Prakash, Science304, 536(2004).
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Traits of CompactObjects

Object Mass Radius MeanDensity
(M� ) (R) (g cm� 3)

Sun M� R� � 1

WhiteDwarf
�
< M� � 10� 2R� �

< 107

NeutronStar 1 � 2 M� � 10� 5R� �
< 1015

BlackHole Arbitrary 2GM =c2 � M =R3

� M� ' 2 � 1033 g , R� ' 7 � 105 km ,
� M� c2 ' 1:8 � 1054 erg ,
� 2GM� =c2 ' 2:95km , R� ' 6:4 � 103 km .
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The Depth of Gravity' sWell

How muchwork is neededto raiseaunit massof matterthroughan
in�nite height?

W =
Z 1

R
f dr =

Z 1

R

GM
r 2

dr =
GM
R

Object SurfacePotential
GM =Rc2

Sun � 10� 6

WhiteDwarf � 10� 4

NeutronStar � 10� 1

BlackHole � 1

G=6.67� 10� 11 m3 kg� 1 s� 2
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The Strengthof Gravity
Whatis thekineticenergy thatcansurmountthegravitationalenergy?

1
2

mv2 =
GM m

R
) v =

r
2GM

R

Object EscapeSpeed(in km/sec)
estimatedby

p
2GM =R

Moon 2.4
Earth 11.2
Jupiter 61
Sun 620
WhiteDwarf 5000
NeutronStar 130,000
BlackHole 3 � 105 (c)
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Gravitational Binding Energies

� Whatis theBindingEnergy (B.E.)of ourEarthif it hadauniform
densitydistribution?

B:E: =
3
5

GM 2
�

R�
= 2:4 � 1032 joules

= 6:6 � 1025 kwh

Object Bindingenergy (in joules)
estimatedby 3GM 2=5R

Moon 1:2 � 1029

Earth 2:4 � 1032

Sun 2:4 � 1041

WhiteDwarf 2:4 � 1043

NeutronStar 1046

OurGalaxy 5 � 1052
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Neutron Star Curiosities

Whatis thetallestmountainthatcanbesupportedonaneutronstar?

h < hmax �
El iq

Ampg

A: Molecularweightof theplanetarymaterial
g: Surfacegravity
Eliq : Liquefactionenergy permolecule

� For Earth,hmax ' 10km
� For aneutronstar, hmax ' 1 cm
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Neutron Star Curiosities

Whatis theheightof theatmosphereof aneutronstar?

h =
RT
�g

R: Gasconstant
T: Temperature
� : Themeanmolecularweight
g: Surfacegravity

� For Earth,h = 8 km
� For aneutronstar, h = 1 mm
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WhereAr eThey?

1 pc ' 3:1 � 1016 m
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MeasuredNeutron Star Masses

I Mean& weighted
meansin M �

I X-ray binaries:
1.62& 1.48

I DoubleNSbinaries:
1.33& 1.41

I WD & NSbinaries:
1.56& 1.34

I Lattimer& Prakash,
PRL94 (2005)111101
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Who' re they? & why sohappy?
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Neutron star radius measurements

Object R (km) D (kpc) Ref
OmegaCen 13:5 � 2:1 5:36� 6% Rutledgeetal. ('02)
Chandra
OmegaCen 13:6 � 0:3 5:36� 6% Gendreetal. ('02)
(XMM)
M13 12:6 � 0:4 7:80� 2% Gendreetal. ('02)
(XMM)
47TucX7 14:5+1 :6

� 1:4 5:13� 4% Rybicki etal. ('05)
(Chandra) (1:4 M � )
M28 14:5+6 :9

� 3:8 5:5 � 10% Beckeretal. ('03)
(Chandra)
EXO 0748-676 13:8 � 1:8 9:2 � 1:0 Ozel('06)
(Chandra) (2:10� 0:28M � )
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Inferr edSurfaceTemperatures

Lattimer& Prakash, Science304, 536(2004).
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Periods& Magnetic Fields

-3 -2 -1 0 1
-22

-20

-18

-16

-14

-12

-10

2 4 6 8 10 12
7

8

9

10

11

12

13

14

Bs =
�

3c3I
8� 2R6 sin�

P _P
� 1=2

15/24



Physics& Astrophysicsof Neutron Stars
I Coresof neutronstarsmaycontainhyperons,Bosecondensates,or

quarks(Exotica)

I Canobservationsof M ; R & B.E (composition& structure)
& P; _P; TS & B etc.,(evolution) revealExotica?

I Neutronstarsimplicatedin x-ray& 
 -raybursters,mergerswith
otherneutronstars& blackholes,etc.

I Observatio nal Pro grams :

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

Connectio ns:
A to mic, Cond. Ma tter, Nucl. & Part., Gra v. Ph ysics

I Theory: Many-bodytheoryof stronglyinteractingsystems,
Dynamicalresponse(� - & 
 - propagation& emissivities)

I Experiment: h; e� and� - scatteringexperimentsonnuclei,masses
of neutron-richnuclei,heavy-ion reactions,etc.
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How Neutron StarsareFormed

Lattimer& Prakash, Science304, 536(2004).
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Equationsof Stellar Structur e-I

� In hydrostaticequilibrium,thestructureof asphericallysymmetric
neutronstarfrom theTolman-Oppenheimer-Volkov (TOV) equations:

dM (r )
dr

= 4� r 2� (r )

dP(r )
dr

= �
GM (r )� (r )

c2r 2

�
1 +

P(r )
� (r )

� �
1 +

4� r 3P(r )
M (r )c2

�

�
1 �

2GM (r )
c2r

�

� G := Gravitationalconstant
� P := Pressure
� � := Energy density
� M (r ) := Enclosedgravitationalmass

� Rs = 2GM =c2 := Schwarzschildradius
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Equationsof Stellar Structur e-II

� Thegravitationalandbaryonmassesof thestar:

MGc2 =
Z R

0
dr 4� r 2 � (r )

MA c2 = mA

Z R

0
dr 4� r 2 n(r )

�
1 �

2GM (r )
c2r

� 1=2

� mA := Baryonicmass
� n(r ) := Baryonnumberdensity

� Thebindingenergy of thestarB :E: = (M A � MG)c2.
To determinestarstructure:

� Specifyequationof state,P = P(� )
� ChooseacentralpressurePc = P(� c) at r = 0
� Integratethe2 DE's out to surfacer = R, whereP(r = R) = 0.
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NucleonicEquation of State

I Energy (E) &
Pressure(P)
vs. scaleddensity
(u = n=n0).

I Nuclearmatter
equilibriumdensity
n0 = 0:16fm� 3.

I Protonfraction
x = np=(np + nn).

I Nuclearmatter: x = 1=2.

I Neutronmatter: x = 0.
I Stellarmatterin � �

equilibrium:
x = ~x.
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Resultsof Star Structur e

I Stellarpropertiesfor
soft& stiff (by
comparison)EOS's.

I Causallimit : P = � .
I Mg : Gravitational

mass
I R : Radius
I BE : Bindingenergy

I nb : Centraldensity

I I : Momentof inertia
I � : Surfaceredshift ,

e�=c 2
=

(1 � 2GM =c2R)� 1=2 .
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Constraints on the EOS-I
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I R > Rs = 2GM =c2 )
M =M� � R=Rs� ;
Rs� = 2GM� =c2

' 2:95km .
I Pc < 1

) R > (9=8)Rs

) M =M � �
(8=9)R=Rs� .

I Soundspeedcs :
cs = (dP=d�)1=2 � c
) R > 1:39Rs
) M =M � �
R=(1:39RS� ) .

I If P = � above
nt ' 2n0 ,
R > 1:52Rs )
M =M� R=(1:52Rs� ) .
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Constraints on the EOS-II
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I Mmax � Mobs ;
In PSR1913+16,
Mobs = 1:44M� .

I In PSR1957+20,
PK = 1:56ms:

 K ' 7:7 � 103

�
M max

M �

� 1=2 �
Rmax
10 km

� � 3=2
s� 1

I Mom. of InertiaI :
I max = 0:6� 1045 g cm2
�

M max
M �

� �
Rmax
10 km

� 2

f (M max ; Rmax )

I In SN1987A
B:E: ' (1 � 2)
� 1053 ergs.
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Compositionof DenseStellar Matter
� CrustalSurface:

electrons,nuclei,drippedneutrons,� � � setin a lattice
new phaseswith lasagna,sphagetti,� � � likestructures

� Liquid (Solid?)Core:
n; p; � ; � � � leptons:e� ; � � ; � 0

es; � 0
� s

� ; � ; � ; � � �
K � ; � � ; � � � condensates
u; d;s; � � � quarks

� Constraints:
1. nb = nn + np + n� + � � � : baryon # conservation
2. np + n� + + � � � = ne + n� : charge neutrality
3. � i = bi � n � qi � ` : energy conservation

)
� � = � � 0 = � � 0 = � n � � � = � � � = � n + � e � p = � � + = � n � � e

)
� K � = � e = � � = � n � � p

)
� d = � u + � e = � s = (� n + � e)=3
� u = (� n � 2� e)=3
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