Gamma-Ray Bursts (GRBs): The Long and Short of It
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Neutron Star

o supported by neutron degeneracy pressure
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Neutron Star Properties
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Equivalence Principle
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. . . ds? = dx? + dy? + dz*
Einstein’s Gravity ds? = dr? + r2d§? + dz?
ds? = dr? +r*d6? + r?sin® 0 d¢?
gravity = spacetime curvature

ds* =_gq,, de*dz”
I
2.

* Einstein’s (1915) equations

G=8nT
curvature mass and
energy

— reduce to Newtonian gravity for
small masses/low speeds




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 Geometry
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Schwarzschild Geometry
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Kerr Geometry
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Planck Scales
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The Galactic Center at 2.2 microns

Adaptive Optics
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Gravitational Waves
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Neutron Star Inspiral
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(Peters 1964)
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neutron stars, e = 0.62,
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(Hulse and Taylor 1975)
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Wave Properties |
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LIGO

Laser Interferometer Gravitational-Wave Observatory
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Numerical Relativity
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Einstein equations very hard to solve analytically
generally must approach the problem numerically

efforts underway since 1970s — many numerical difficulties

BH problem solved in 2005
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GW150914

o black hole masses 36 M and 29 M,
o 36+29=62!

o 3 Mgyc?energy = 5.4 X 10" ] emitted as
gravitational waves (Earth annual consumption
=4 X 10°°])

o 400 Mpc away



512 | T T T T
| GW150914 GW151012 o0 o
N 7
N ’\’VWV\NV\A”\W" 40.0 ©
, z
E 4.90°%
)
9128 1 1 1
5
o -20 g
<t N 3
= 0.0 z
32 4-2.0
1 1 1
512 | T T T T T
| GW151226 ] GW170104 | doo o
—_ AA “ B WA'VMMAAI i .g
) W\N\/\/WWWVM'# lLV 0.0 2
= L 4 | 4-2.08
)
©'128 1 1 1 1 1 1
3
g T 8
£ =]
& - 0.0 z
32 4-2.0
1 1 1
512 | T T I T T
| GW170608 ] GW170729 120 o
— mmn I 3
s [N - eI & W’” 100 3
= L - 42,08
)
9128 1 1 1 1
3
& - 4 120 g
' | =}
& MWNWW“%—— ————“NWP——OO z
32 r g +-2.0
1 1 1 1 1 1
812 | GW170809 GW170814 130 o
n
S MMM\)MM Aea\AM/\/\ M‘0.0 °
= || z
= 4-2.08
9128
]
& L 4 420 ¢
——-—‘«WMWMAN*-—-— 0.0 3
= , S
32 r . 4208
1 1 1 1 1 1
512 I I I
| GW170818 ' GW170823 2.0
- I— 173
= - W\/\MMM -0.0 3
o %’ l z
= - - 4-2.0€
)
g 128 1 1 1 1| 1
g
g L - -20 o
g %
= { (=]
= ———-——owm’-—— ~——~W\I\Mo-—0.0 tz
32 r T ™
1 1 1

1 1 1
-0.2 -0.1 0.0 -0.2 -0.1 0.0 -0.2 -0.1 0.0 -0.2 -0.1 0.0
Time from merger [s] Time from merger [s] Time from merger [s] Time from merger [s]

Normalized energy

1 | 1
10 15 20 25







14
12
10

SNR

O N = Oy o

— [N
[\ [$24
o v] (o))

Frequency [Hz]

w2
[\

M
o o™

=
o

&
in

Whitened Strain [10-21]
|

2
o

Livingston

i i i i
0.46 0.48 0.50 0.52
Time [s]

0.54

i
0.56

i
0.46

i i i i
0.48 0.50 052 0.54
Time [s]

i
0.56

i v il
0.46 0.48 0.50 0.52
Time [s]

i
0.54

i
0.56




FIRST COsMIC EVENT OBSERVED IN

GRAVITATIONAL WAVES AND LIGHT

FLIGO °%|



80

40

20

10

Masses in the Stellar Graveyard

in Solar Masses

.i}jg,

LIGO-

. . - P .

.
‘e '..0’.0...°.o eoe e
° | LIGO-Virgo Neutron Stars .

Updated 2018-12-01
LIGO-Virgo | Frank Elavsky | Northwestern

* o [o] o .
.
. . . é .tQ . °

Virgo Black Holes

JoJ

® EM Black Holes



