Compact Objects
--- Neutron Stars and Black Holes

Credit: Casey Reed/Penn State University http://Mmww.wwu.edu/depts/skywise/img/blackhole_42.jpg
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An electron follows

a curved path in a
magnetic field.

)

Magnetic
field line

path, the electron
emits radiation.

\L{')\ As a result of
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The spectrum of synchrotron
radiation shows a steady decline
with increasing frequency.

A blackbody spectrum
(similar to the spectrum
of a star) always has a
peak or hump.
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Synchrotron radiation differs from
blackbody radiation in spectral shapes.



Angular Momentum Conservation
J=m o r

* Consider how fast the Sun (rotation period of ~30 days,
radius about 700,000 km) would rotate if it were to shrink to
r ~ 15 km, If angular momentum Is conserved.

 Period =2t/w

— — 2
° I:)after/ I:)before i (Dbefore/ (Dafter — (rafter/ rbefore)

o P =30 days x 86400 s/day (15/7x10°)?
~0.001 s, 1.e., milliseconds

cf The break-up speed > P >3.8x 10 45, so OK

after



PSR 0329+54 P ~ 0.714s

Pulsar PSR 0329+54
Interval between pulses: 0.714 second
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The Crab pulsar

The Crab pulsar by HST (in red)
and Chandra (in blue)

A slow-motion movie of the Crab Pulsar taken at 800
nm using a Lucky Imaging camera from Cambridge U,
showing the bright pulse and fainter interpulse ...
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http://upload.wikimedia.org/wikipedia/commons/3/30/Crab_Lucky_video2.gif

* A neutron star consists mostly of neutrons
Assuming 1.5 M , r = 10 km, the density is p~4.8x10* g cm ™3
- nuclear density~10% g cm ™3

* A neutron star Is very hot, supported by the Pauli exclusion force
between neutrons.

e Structure of a neutron star Is understood currently only by
mathematical models.
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Gravitational Red Shift

my GM
y — mOC (1 + ’I"CZ)

/

Total mass-energy € = mc? = myc? +

... conversion of potential
to kinetic energy

A photon loses energy, so its frequency is red shifted)

v = [1—GM/(rc?)]
Av v Vg  GM

vy | Wy rc?



Crust

Supertluid
ncutrons
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Exotic states
of matter?
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I\
\A Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

Solid crust
~1 mile thick

Heavy liquid interior
Mostly neutrons,
with other particles

http://upload.wikimedia.org/wikipedia/commons/e/ed/Neutron_star_cross_section.jpg
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http://www.esa.int/esaCP/SEMWSAASQCE index 3.html
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http://www.esa.int/esaCP/SEMWSAA5QCE_index_3.html

Orbit of neutron star
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A pulsating X-ray Source
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http://www.esa.int/export/esaCP/ESA336G18ZC_Life_1.html

A% 28 % & (escape velocity)
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1. A supergiant star has 2. As the star collapses into a
relatively weak gravity, so neutron star, the surface gravity
emitted photons travel in becomes stronger and photons
essentially straight lines. follow curved paths.

< Neutron star D

(b)
3. Continued collapse intensifies 4. When the star shrinks past a critical
the surface gravity, and so photons  size, it becomes a black hole: Photons

follow paths more sharply curved. follow paths that curve back into the
black hole so no light escapes.
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Space and Time

Special Theory of Relativity --- how motion affects
our measurements of distance and time (special,
because gravity Is not included)
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spacetime as a 4-dimensional entity



As seen by the outfielder, the ball is approaching
her at (30 m/s) + (10 m/s) = 40 m/s.

Ball

_>

30 m/s




Incorrect Newtonian description:
As seen by the astronaut in the spaceship, the light is
approaching her at (3 x 108 m/s) + (1 x 108 m/s) = 4 x 108 m/s.
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3 x 108 m/s 1 x 108 m/s

Correct Einsteinian description:
As seen by the astronaut in the spaceship,
the light is approaching her at 3 x 108 m/s.
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Ihe same train is now moving relative to vou

(@) Length contraction (b) Time dilation



This compartment is atrestin ® This compartment is moving
the Earth’s gravitational field. = In a gravity-free environment.

(a) The apple hits the floor of the (b) The apple hits the floor of the
compartment because Earth’s gravity compartment because the
accelerates the apple downward. compartment accelerates upward.




Testing General Relativity |

Actual
position
of star

.5 arcsec

2. Because of the
deflection, the star
appears to be here.

1. A ray of starlight
IS deflected by the
Sun’s gravity.

Confirmed during a solar eclipse in 1919.



Testing General Relativity 11

The long axis of
- .\’IL'I‘CUI‘_\'\ orbit
slowly changes

orientation
(shown greatly

exaggerated).

e Mercury

Precession caused by pull of planets -
531”/century, but 574”/century observed



Testing General Relativity 111

As a light wave
Compared to a clock climbs in a

on the top floor, a clock ) gravitational field,
on the ground floor is = its frequency
deeper in the Earth’s : decreases and
gravitational field and its wavelength

so ticks more slowly. INCreases.

Light

source

(@) The gravitational slowing of time The gravitational redshift
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e Schwarzchild black holes
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e Kerr black holes
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Non-rotating Rotating
Uncharged Schwarzschild Kerr

Charged Reissner—Nordstrom Kerr—Newman
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Traveling to a black hole

Which kind of a black hole? A supermassive black
hole is drastically different from a stellar black hole.

The experience/view is very different for the traveler
from that for a distant observer.

€ Strong gravitation force/tidal disruption

€ Special Relativity: Length contraction, Time %
dilation, Relativistic mass

@ Gravitational redshift P—

http://en.wikipedia.org/wiki/Gravitational_redshi
ft#/media/File:Gravitational_red-shifting2.png
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i from black hole Probe -\1‘1‘?'“.1\‘]111"" black hole

For a distant observer:
Gravitational redshift
Tidal force = stretching, stripping apart
Time dilation = Probe slowing down
For a passenger on the probe toward the BH:
No slowing down
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Black Hale

> 7 Msun

BO supergiant 30 Msun




Environment of an
accretion black hole

BH rotates = electric and
magnetic fields

Channeling accreted material
and accelerating as jets along
rotation axis



Main-sequence mass (M
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Main-sequence stars

| ~

Criants

Y

Supergiants

Helium
flash

Y

AGE stars
Y Y

Planetary nebulac

Y Y

White dwarfs

\ 4

WEFRTHRINE &

1
tellar corpse mass (M) —»




— & E RWZAOT R
B KHEZ B (supermassive black holes)

Core of Galaxy NGC 426l

Hubble Space Telescope
Wide Field / Planetary Camera

Ground-Based Optical’Rado Image HST mage of a Gas ang Dust Disk

380 Arc Seconds - .errchonds'

88000 UGHTYEARS 400 UGHTYEARS



1. Pairs of virtual particles spontancously appear A 1010 kg BH WI ” take
15 billion years to
2. If a pair appears just outside a black hole’s evaporate

event horizon, tidal forces can pull the pair apart,
preventing them from annihilating each other.

and annihilate everywhere in the universe.

A5 M, BH will take
10°2 years.

\ A supermassive (5
Event horizon mIIIIOn M @) BH Wl”
take 1080 years.

3. If one member of the pair crosses the event
horizon, the other can escape into space, carrying
energy away from the black hole.

EHe TEB, o &% (Hawking process)



Gamma-ray Burst

Incredibly intensive gamma-ray flashes
> gamma-ray bursters #eak¢21% & (GBRS)

Gamma-ray bursters are found
in all parts of the sky...

(@) Map of the entire sky
showing the positions of
gamma-ray bursters




... and are not concentrated in the

+90° plane of the Milky Wayv Galaxy.

(b) Map of the entire sky
at visible wavelengths

This means GRBs are of #
extragalactic origin ew
- formation of BHs?

Hosting galaxies have been
Identified In some cases.
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e strange matter = a strange star




Dawn spacecraft zooms 1n to Ceres ...

Hubble (2004) Dawn (2015)




