
I

E
F

C
O

DRI

L

A
I

N

R

D
N

X
A

E
A

ESI
I

C

M

L
M

V
A

AI

A
D

R

E

L
G

E

4–28

Neutron Stars 1

Neutron Stars

During SN explosion:

Core of exploding star above Chandrasekhar limit =⇒ core collapses

Densities get so high that neutronization sets in:

p + e− −→ n + νe

General properties:

• Pressure mainly through degenerate neutrons (similar to degenerate

electrons for WD!).

• Typical density: ρ ∼ 1014 g cm−3 (nuclear densities)

• Typical radius: 10. . . 15 km (Nuremberg!)

• surface gravity ∼1011× Earth

• Detailed structure not yet fully understood,
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Neutron Stars: Structure, I

4.3x10    g cm
11 −3

9.
7k

m

0.
6k

m
0.

3k
m

Outer crust: nuclei & e−

2x10    g cm
14 −3

Superfluid neutrons
Inner crust: nuclei & e−

Superfluid n
Superfluid p
Normal e−

1.3x10    g cm
15 −3

unknown
(pion condensate?)

(quark matter?)

Crust: perhaps crystallized?
Atoms become elongated along B-field line
on surface

Internal structure unclear:

• Supraconducting matter

• Suprafluidity (i.e., fluid with

no viscosity)

• central composition unknown

(after Shapiro & Teukolsky, 1983)
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Neutron Stars 3

Neutron Stars: Structure, II

(Lattimer & Prakash, 2001)

The structure and size of neutron stars depends strongly on the unknown properties of matter at

very high densities.
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Neutron Stars 6

Neutron Stars: Rotation, III

During SN collapse, angular momentum is conserved (Explosion: symmetric)

Total angular momentum of homogeneous sphere:

J = Iω where I =
2

5
MR2

Angular momentum conservation (Jbefore = JNS):

2

5
MbeforeR

2
beforeωbefore =

2

5
MNSR

2
NSωNS

or (assume MNS = Mbefore):

ωNS =

(

Rbefore

RNS

)2

ωbefore or PNS =

(

RNS

Rbefore

)2

Pbefore

(where P : rotation period)

Example: Rbefore = 700000 km (sun), RNS = 15 km, PSun = 27 d =⇒ PNS = 0.001 s

Neutron Stars are extremely fast rotators.

close to break-up speed!
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Neutron Stars 7

Neutron Stars: Pulsars

Axis of
Rotation

Radiation
beam

Radiation
beam

“Lighthouse model” for pulsars

Another conserved observable:

magnetic flux: Φ = BR2

magnetic field after SN:

BNS =

(

Rbefore

RNS

)2

Bbefore

=⇒neutron stars have strong magnetic

fields (typical: B ∼ 106 . . . 108 T)

Radio pulsars are fast rotating

(isolated) neutron stars with strong

magnetic fields.
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Neutron Stars 8

The sounds of pulsars

• PSR 0329 – a normal pulsar (P = 0.714519 s)

• PSR 0833 – the Vela pulsar, a faster, younger pulsar in the Vela supernova

remnant (P = 89 msec)

• Crab pulsar – the youngest pulsar (P = 33 ms)

• B1937 – one of the fastest pulsars (P = 0.00155780644887275s)

See/hearhttp://www.jb.man.a.uk/~pulsar/Eduation/Sounds/sounds.html
for more examples.
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Black Holes 1

Black Holes, I

Neutron stars also have upper mass limit: Oppenheimer Volkoff limit.

Detailed mass limit unknown, causality considerations give M ∼ 3 M⊙ (for “stiff

equation of state” the sound speed becomes greater than speed of light at this

mass)

Compact objects with mass above Oppenheimer Volkoff limit: Black Holes

More conservative astronomers: “Black Hole Candidates”.
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Black Holes 2

Black Holes, II

Rev. John Michell: Phil. Trans. R. Soc. London, 74, 35–57 (1784):

http://www.jb.man.ac.uk/~pulsar/Education/Sounds/sounds.html
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Black Holes 3

Black Holes, III

Rev. John Michell: Phil. Trans. R. Soc. London, 74, 35–57 (1784):
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Black Holes 4

Black Holes, IV

In more modern usage (but still Newtonian!):

Total energy of a mass m:

E = Epot + Ekin = −
GMm

R
+

1

2
mv2

Mass m is unbound if E > 0, i.e., for

v ≥ vescape =

√

2GM

R

Black Hole: Body of mass M and radius R for which vescape > c, where c

is the speed of light.

This is the case if

R ≤ RS =
2GM

c2
∼ 3 km

M

M⊙

the Schwarzschild Radius.
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Black Holes 5

Einstein, I

Albert Einstein (1879–1955)

Special Relativity (1905):

• Speed of light has the same value in all

frames of reference

• Observer with constant velocity measure

the same physical laws

From these axioms follows:

=⇒Space and time are relative

(“4D-space-time”)

=⇒E = mc2

(“Mass and Energy are equivalent”)
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Black Holes 7

Einstein, III

Albert Einstein (1879–1955)

General relativity (1916):

• Mass curves space (“Metric”)

• Light moves through curved space
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Black Holes 8

post-Einstein, I

Karl Schwarzschild (1873–1916)

Directly after publication of GRT:

ds2 =

(

1 −
2GM

c2r

)

c2dt2
−

(

1 −
2GM

c2r

)−1

dr2

(Schwarzschild Metric).

Describes “shape of space” in vicinity of mass M .
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Black Holes 9

post-Einstein, II

R > RS R ∼ RS R < RS

Behavior of light is determined from location of emission, in dependence from

the Schwarzschild Radius:

RS =
2GM

c2
∼ 3 km

M

M⊙

Same value as in Newtonian derivation!

J.N. Imamura

Black holes are very simple

physical objects, determined

by

• Mass

• (Charge)

• Angular momentum
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Black Holes 15

Black Holes: Accretion, III

Astrophysical energy sources:

1. Nuclear fusion

Reactions à la

4p −→
4He + ∆Enuc

Energy released:

Fusion produces ∼6 × 1011 J g−1

(i.e., ∆Enuc ∼ 0.007mpc
2)

2. Gravitation

Accretion of mass m from ∞ to RS on

black hole with mass M gives

∆Eacc =
GMm

RS
where RS =

2GM

c2

Accretion produces ∼1013 J g−1

(i.e., ∆Eacc ∼ 0.1 mpc
2)

=⇒Accretion of material is the most efficient astrophysical energy

source.

. . . thus accreting objects are the most luminous in the whole universe.

Note: energy gets radiated away from outside the Schwarzschild radius!



Material accretes from normal star over inner

Lagrange point, L1, onto compact object

=⇒Formation of an accretion disk, with temperature

∼ 107 K

=⇒ X-rays.

INTEGRAL
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Black Holes 19

Black Holes: Accretion, VII
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Mass determination, II

 17 Aug 1998

 18 Aug 1998

4840.0 4850.0 4860.0

Wavelength [A]

4870.0 4880.0

0.8

1.0
1.2
0.8

1.0
1.2
0.8

1.0
1.2

N
or

m
al

iz
ed

 F
lu

x

0.8

1.0
1.2
0.8

1.0

1.2
1.0

0.8
1.2

 19 Aug 1998

 20 Aug 1998

 21 Aug 1998

 22 Aug 1998

Motion of Hβ linie in HDE 226868/Cyg X-1
(Pottschmidt, Wilms)

Reminder: In binary systems: Mass

of compact object from 3rd Kepler:

a3

P 2
=

G(M1 + M2)

4π2

(a: semi-major axis, P : orbital

period, M1,2: Mass).

Derive from this: Mass function

MF =
M3

2 sin3 i

(1 + (M1/M2))2
=

K2
1P

2πG

MF is lower limit for M2.

(K2 : velocity amplitude,
P : period)
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Mass determination, III

LMC X−3

XN Mus 91

V4641 Sgr

B1913+16
B1913+16c
B2127+11C

J1518+4904c
B1855+09

J1012+5307
B1802−07

Vela X−1

4U 1543−47
GS 2000+25

GRO J1655−40

A0620−00

XTE J1859+226
XTE J1118+480

XTE J1550−564
GRS 1915+105

LMC X−1
Cyg X−1

V404 Cyg

GRO J0422+32
XN Oph77

GRS 1009−45

B2303+46c

J0045−7319
J1713+0747

J1518+4904

B2303+46
B2127+11Cc

B1534+12c
B1534+12

Cyg X−2

10 15 20
Masse (Sonnenmassen)

5

???

???

Orosz, 2003, priv. comm.

I

E
F

C
O

DRI

L

A
I

N

R

D
N

X
A

E
A

ESI
I

C

M

L
M

V
A

AI

A
D

R

E

L
G

E

4–49

Black Holes 23

Relativistic Lines

���
���
���
���

Thin Accretion DiskBH

R
S

90km

Hot Corona

10 100
Energy [keV]

1

10

Fe K

Fe K

100

F
lu

x 
[a

rb
itr

ar
y 

un
its

]

Γ=1.9

α

β

Black Hole X-Ray Spectrum:

• Comptonization of soft X-rays from

accretion disk in hot corona (T ∼ 108 K):

power law continuum.

• Thomson scattering of power law photons in

disk: Compton Reflection Hump

• Photoabsorption of power law photons in

disk: fluorescent Fe Kα Line at ∼6.4 keV
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Relativistic Lines

∆Φ

0

2

4

6

8

I ν
o [

ar
bi

tr
ar

y 
un

its
]

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Energy [keV]

−0.15−0.05 −0.100.000.100.200.30
z=(E e/Eo) − 1

Total observed line profile affected by

• grav. Redshift
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Relativistic Lines

0

2

4

6

8

I ν
o [
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]

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Energy [keV]

−0.15−0.05 −0.100.000.100.200.30
z=(E e/Eo) − 1

  5o

 10o

 20o

 30o

 40o

 50o

 60o

 70o

 80o

Total observed line profile affected by

• grav. Redshift

• Light bending

• rel. Doppler shift
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Relativistic Lines

Li
ne

 E
m

is
si

vi
ty constant

power 
        law

0.0

0.2

0.4

0.6

0.8

1.0

I ν
o [

ar
bi

tr
ar
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un

its
]

4.5 5.0 5.5 6.0 6.5 7.0 7.5
Energy [keV]

−0.15−0.05 −0.100.000.100.200.30
z=(E e/Eo) − 1

 0.0
 0.5
 1.0
 1.5
 2.0
 2.5
 3.0

io= 40 o

Total observed line profile affected by

• grav. Redshift

• Light bending

• rel. Doppler shift

• emissivity profile
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Relativistic Lines

rotating Black Hole

ve
lo

ci
ty

ve
lo

ci
ty

nonrotating Black Hole

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

I ν
o [

ar
bi

tr
ar

y 
un

its
]

4.5 5.0 5.5 6.0 6.5 7.0 7.5
Energy [keV]

−0.15−0.05 −0.100.000.100.200.30
z=(E e/Eo) − 1

 0.00
 0.25
 0.50
 0.75
 0.9981

io= 40 o

Total observed line profile affected by

• grav. Redshift

• Light bending

• rel. Doppler shift

• emissivity profile

• spin of black hole

XMM-Newton
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Relativistic Lines

10 1

Cyg X−1

−10
−5

0
5

10

4 6 9
Energy [keV]

no
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nt

s cm
−

2 
s−

1 
ke

V
−

1
χ

Wilms et al. (2006)

XMM-Newton Observation of

Cyg X-1: Power-law fit to

E ≤ 5 keV and E ≥ 8 keV:

strong residuals in Fe Kα region

I

E
F

C
O

DRI

L

A
I

N

R

D
N

X
A

E
A

ESI
I

C

M

L
M

V
A

AI

A
D

R

E

L
G

E

4–53

Black Holes 30

Relativistic Lines

10 1

Cyg X−1

−10
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Energy [keV]
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−
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χ

Wilms et al. (2006)

4–9 keV spectrum: well

explained (χ2
red = 1.3) with:

• Power law
Γ = 1.90 ± 0.01

• narrow line
E = 6.52 ± 0.02 keV,
σ = 80 ± 35 eV,
EW=14 eV

• relativistic line (Kerr)
E = 6.76 ± 0.1 keV,
emissivity ∝ r−4.3±0.1 (strongly
centrally peaked!).

Parameters similar (but not equal) to

Chandra intermediate state

observations (Miller et al., 2002)
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Compact Objects: Summary 3

Summary

Stars end their lifes as one of three kinds of compact objects:

White Dwarf: R ∼ REarth, ρ ∼ 105...6 g cm−3

M < 1.44 M⊙ (Chandrasekhar Limit)

Equilibrium between gravitation and pressure of degenerate electrons

Neutron Star: R ∼ 10 km, ρ ∼ 1013 . . . 1016 g cm−3

1.44 M⊙ < M . 3 . . . 4 M⊙ (Oppenheimer-Volkoff Limit)

Density implies inv. β-decay (p + e− → n), i.e., star has high neutron content

Black Hole: Above OV-Limit no stable configuration known

=⇒ star collapses

=⇒ Black Hole

M & 4 M⊙

Event horizon at RS = 2GM/c2 = 3(M/M⊙) km (Schwarzschild radius)

4–54

Filippenko, A. V., 1997, Ann. Rev. Astron. Astrophys., 35, 309

Jha, S., et al., 1999, ApJS, 125, 73

Lattimer, J. M., & Prakash, M., 2001, ApJ, 550, 426

Shapiro, S. L., & Teukolsky, S. A., 1983, Black Holes, White Dwarfs, and Neutron Stars, (New York: Wiley)


