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Neutron Star



o mass	and	radius
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Neutron Star Properties
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Escape Speed

Schwarzchild radius



𝐹 =
𝐺𝑚𝑀
𝑟:

𝐹 = 𝑚𝑎

Equivalence Principle
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Einstein’s Gravity

l gravity = spacetime curvature

𝑑𝑠: = 𝑑𝑥: + 𝑑𝑦: + 𝑑𝑧:

𝑑𝑠: = 𝑑𝑟: + 𝑟:𝑑𝜃: + 𝑑𝑧:

𝑑𝑠: = 𝑑𝑟: + 𝑟:𝑑𝜃: + 𝑟: sin: 𝜃 𝑑𝜙:
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curvature mass and 
energy

– reduce to Newtonian gravity for 
small masses/low speeds

• Einstein’s (1915) equations

G =  8 π T



Matter tells spacetime how to curve

Spacetime tells matter how to move

J. A. Wheeler
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Schwarzschild Geometry
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Schwarzschild radius
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Schwarzschild Geometry

clock at rest: 𝑑𝑟 = 𝑑𝜃 = 𝑑𝜙 = 0
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time dilation
𝑑𝜏 → 0

as 𝑟 → 𝑟U



Schwarzschild Geometry

frequency: n(�)
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gravitational 
redshift
𝜈 ∞ → 0

as  𝑟 → 𝑟U
𝑟 = 𝑟U is the event horizon



Kerr Geometry

frame dragging



Planck Scales



Hawking radiation
blackbody
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X-ray source

HDE 226868



globular cluster 
G1 (in M31)



irregular 
galaxy M82







Sgr A*



Star S2





LIGO

• waves in spacetime
– “ripples” in the local 

spacetime curvature

– produce small local 
distortions in the sizes of 
objects as they pass

Gravitational Waves

• produced by rapidly accelerating masses
– how massive?  ≫ M¤, in practice

– how fast?   ~ speed of light



(Peters 1964)

neutron stars,  𝑒 = 0.62,
𝑀,𝑚 = 1.44, 1.39 𝑀⊙,
𝑎 = 2.8 𝑅⊙

(Hulse and Taylor 1975)

à tgwr =  300 Myr

Neutron Star Inspiral



Wave Properties

l strain amplitude

l in practice (merging 10 𝑀⊙
black holes at 10 Mpc),

- tiny!  

(proton = 10RPY m)



LIGO

l Laser Interferometer Gravitational-Wave Observatory

4 km











Numerical Relativity

o Einstein equations very hard to solve analytically

o generally must approach the problem numerically

o efforts underway since 1970s – many numerical difficulties

o BH problem solved in 2005







GW150914



o black hole masses 36 𝑀⊙ and  29 𝑀⊙

o 36 + 29 = 62!

o 3 𝑀⊙𝑐2 energy =  5.4 × 1047 J emitted as 
gravitational waves (Earth annual consumption 
= 4 × 1020 J )

o 400 Mpc away

GW150914
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