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Breakthrough Prize Ron Drever, Kip Thorne, Authors of Paper
Rainer Weiss (LVSC)

Gruber Prize for Ron Drever, Kip Thorne, LIGO Discovery

Cosmology Rainer Weiss Team

Shaw Prize for Ron Drever, Kip Thorne,

Astronomy Rainer Weiss

Kavli Prize for Ron Drever, Kip Thorne,

Astronomy Rainer Weiss

www.phys.ufl.edu/darkcosmos
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Big Deal?

www.phys.ufl.edu/darkcosmos
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14,

Sir Isaac Newton
Theory of Gravity
(1686)
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... has a fundamental problem

www.phys.ufl.edu/darkcosmos
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... has a fundamental problem

- Earth and Sun move relative to each other
- Light needs 8 minutes to travel from Sun to Earth
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... has a fundamental problem

- Earth and Sun move relative to each other
- Light needs 8 minutes to travel from Sun to Earth

Does the gravitational force point
where the sun is or where it was 8 minutes ago?
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FLORTDA | DARKCOSMOS Newtonian Gravity

How do changes in the gravitational field change over large
distances?

Newton’s Theory:
Gravity changes everywhere immediately!

Gravity has no speed limit!

Newton knew that his
Theory had a problem ...

www.phys.ufl.edu/darkcosmos



FLoRIA | DARKCOSMOS The speed limit in Nature

All other physical effects
generate waves ...

Increased Atmospheric
Pressure Decreased Pressure

Pressure
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Motion of air molecules Propagation of
associated with sound. sound
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250 years later:

Gravity is not a
force!

Gravity is curved

spacetime!

Albert Einstein (1879-1955)

www.phys.ufl.edu/darkcosmos
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Spacetime tells matter how to move;
matter tells spacetime how to curve.
John A. Wheeler

www.phys.ufl.edu/darkcosmos
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Curvature at the extreme: Black Holes
- Nothing escapes, not even light
- Schwarzschild radius = event horizon
- Bends spacetime around it as well

www.phys.ufl.edu/darkcosmos
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Curvature at the extreme: Black Holes

Gargantus from Interstellar

www.phys.ufl.edu/darkcosmos 15
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wikipedia (before LIGO):

Name

A0620-00/V616 Mon

GRO J1655-40/
V1033 Sco

XTE J1118+480/KV
UMa

Cyg X-1

GRO J0422+32/V518
Per

GRO J1719-24
GS 2000+25/QZ Vul
V404 Cyg

GX 339-4/V821 Ara

GRS 1124-683/GU
Mus

XTE J1550-564/V381
Nor

4U 1543-475/IL Lupi

XTE J1819-254/
V4641 Sgr

GRS 1915+105/
V1487 Aqg|

XTE J1650-500

DARKCOSMOS

BHC Mass (solar
masses)

11 +2

94 +1.0
7.1+£0.3
14 +4.0

9.7 £ 1.6 118

www.phys.ufl.edu/darkcosmos

Companion Mass (solar

masses)

2.6-2.8

2.6-2.8

6-6.5

~0.33
6.0-7.5

0.25

Known stellar mass black holes

Orbital period
(days)

0.33
2.8
0.17
5.6
0.21
possibly 0.6113
0.35
6.5
1.75
0.43
1.5
1.1
2.82
33.5

0.320

Distance from Earth (light

years)

about 3500
5000-11000
about 6200
6000-8000
about 8500
about 8500
about 8800
7800+46011!
about 15000
about 17000
about 17000
about 24000
24000 — 400007

about 40000

Location (14

06:22:44
-00:20:45
16:54:00
-39:50:45

11:18:11
+48:02:13

19:58:22
+35:12:06

04:21:43
+32:54:27

17:19:37
-25:01:03
20:02:50
+25:14:11

20:24:04
+33:52:03

17:02:50
-48:47:23
11:26:27
-68:40:32
15:50:59
-56:28:36
15:47:09
-47:40:10
18:19:22
-25:24:25
19:15;12
+10:56:44

16:50:01
-49:57:45
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FLORIDA | DARKCOSMOS Black Holes

How can we ‘see’ Black Holes?

Indirectly: .
1. Through their influence on the motion of other stars. Betelgeuse’

Historical Example from 1844:

Sirius A motion Sirius A ...
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Friedrich Wilhelm Bessel (1784-1846)
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FLORIDA | DARKCOSMOS Black Holes

How can we ‘see’ Black Holes? Sirius A:

Indirectly:
1. Through their influence on the motion of other stars.

Historical Example from 1844:

Sirius A motion Sirius B
explained by 2nd star: Sirius B (White dwarf) 1862 discovered
_50 } \‘F _— E« ] E
§ -100[ e :
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Friedrich Wilhelm Bessel (1784-1846)
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FLORIDA | DARKCOSMOS Black Holes

How can we ‘see’ Black Holes?

Indirectly:
1. Through their influence on the motion of other stars.
2. Through the emission of X-ray radiation from their accretion disc.

Not a picture, just an illustration!

www.phys.ufl.edu/darkcosmos



FLORIDA | DARKCOSMOS Black Holes

How can we ‘see’ Black Holes?

Indirectly:
1. Through their influence on the motion of other stars.
2. Through the emission of X-ray radiation from their accretion disc.

Directly:
1. In binary systems through their emission of gravitational waves

www.phys.ufl.edu/darkcosmos
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_ ) Max Planck Inadsduie
. for Oravidational Phyaica

www.phys.ufl.edu/darkcosmos 21
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What are GWs?

1. Strains of space time 1 A
- G0 OO0

- Change distances

> Time

2. Propagate with c

3. Transversal h, GO Q Q Q

4. Two polarizations

www.phys.ufl.edu/darkcosmos
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THE FIRST DETECTION

www.phys.ufl.edu/darkcosmos LIGOCROUP
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FORIBA | DARKCOSMOS Gravitational Waves

What are GWs?

1. Strains of space time : A
G0 000

- Change distances

> Time

2. Propagate with c

3. Transversal i é’O Q Q Q

4. Two polarizations

Problem:
Over 4km by

~ —21
h ~ 10 0.000000000000000004m

www.phys.ufl.edu/darkcosmos



FLORA | DARKCOSMOS Advanced LIGO Design

. 1 9
Interferometry on steroids! e
! Test Masses:
4 km ! fused silica, :
e : 34 cm diam x 20 cm thick,
T Input : 40 kg
Moce |
Cleaner !
y _
_— " bis zu
815kW

m™

‘ ETM
T 815 KW [
| [

‘ T:I..d% 4 k m

« ; 125w [ |
Laser [=—®n =" P il ey o

5.7 kKW

GW readout

Qutput
Mode
Cleaner

Dual-recycled, cavity-enhanced |
Michelson interferometer N

www.phys.ufl.edu/darkcosmos
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LHO, Hanford, WA

LLO, Livingston, LA

www.phys.ufl.edu/darkcosmos 28
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FLORIDA | DARKCOSMOS

Gravitational Waves

Suspension system:

Combination of masses,
pendula, and springs!

Isolates mirrors from
ground-motion!

www.phys.ufl.edu/darkcosmos

Metal masses LT ’
(15t & 2" pendulums) -

“Main Chain”
Side

“Reaction Chain”
Side

Penultimate mass
(3" pendulum) Y,

Reaction

/ mass

0.4 mm fused
silica fibers

Test mass
(4*" pendulum)
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Details how all of this works:

www.phys.ufl.edu/darkcosmos
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Advanced LIGO
Input Optics:

- Just to prepare
the laser field

w.nhvs.ufl.edu/darkcosmos
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Sensitivity in Autumn 2015: Better than expected!
+ 4x10-20m//Hz between 60 and 600Hz
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FioRia | DARKCOSMOS 1. Signal: 14 September 2015

GW150914:

N h|gh amp'itude Hanford, Washington (H1) Livingston, Louisiana (L1)
- 300ms long 1.0
0.5
* 30-300Hz 0.0
] ] '0-5
° VISIbIe by eye a0 -1.0 H = L1 observed -
N [— H1 observed ! ! ! H1 observed (shifted, inverted) i !
S ; T T T ; : T T
P 1.0 | - .
© 0.5 - Y
& 0.0 (\Aw«r
-0.5 = \ | il
-1.0 H Numerical relativity ‘ - H = Numerical relativity -
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05F T T T raF T T T =
0.0 MWJW\[’\/AM/‘«AM[\(\ MWWWM\\/\MWN
-0 5 —— Resndua 1 _— Residual I
L
©
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L 256 3
> ® s
c 128 o)
] 4 o
- N
e -
0 o
3 0.35 0.4 0.3 0.35 0.4 =
Time (s) Time (s)
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FioRisA | DARKCOSMOS 2. Signal: 26 Dezember 2015

GW151226:
- lower amplitude 1slong -+35-700Hz - Template search

Hanford Livingston

| | | | | | 1 ! I |

p— -

meﬁWWWWWWV ;UW.. 'LW& 'M l)‘* il

©Sooo0oo
mwowm

Strain (10°%%)

— el
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HORIBA | DARKCOSMOS First Science Run: 2.98 Signals 3

September 14,2015  October 12, 2015557 ir : %y December 26, 2015
CONFIRMED - CANDIDATE A B8 SRR CONFIRMED

N

)

.
. L------
. ) oy .
- - : .
2

od <
A el

LIGO s Tirst observing run
Septemberi2; 2015 = January 19,2016

September 2015 October 2015 November 2015 December 2015 January 2016
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FORTA | DARKCOSMOS First Science Run: 2.98 Signals

-21
10 .= I | | 'l 1.0
IN il GW150914 10.5
|§ W - 0.0
I ol {-0.5
é [ ! | | 41-1.0
2 1077} : ' ' | 110 5
> i i LVT151012 105 o
= il 0.0 ~
= c
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=] - , 1 1 {1-1.0 &
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Little Black Holes

wikipedia + LIGO:

Name

A0620-00/V616 Mon
GRO J1655-40/V1033

Sen

XTE J1118+480/KV
LIMa

Cyg X-1

GRO J0422+32/V518
Per

GRO J1719-24
GS 2000+25/QZ Vul
V404 Cyg

GX 339-4/V821 Ara

GRS 1124-683/GU
Miic

XTE J1550-564/V381
Nor

4U 1543-475/IL Lupi

XTE J1819-254/V4641
Qnr

GRS 1915+105/V1487
Anl

XTE J1650-500
GW150914 (62 = 4) Mo
GW151226 (21 = 4)Mo

LVT151012 (~35)Mo

BHC Mass (solar

maceec)

112

6.3+0.3

6.8+0.4

11+2

4 +1

>4.9

7.5+0.3

12+ 2

7.0+0.6

96+1.2

94+1.0

7.1 +0.3

14 +£4.0

9.7 £ 1.6 118

36 4

14x6

~23

www.phys.ufl.edu/darkcosmos

Companion Mass (solar

maccec)

2.6-2.8

2.6-2.8

~1.6

4.9-5.1

6.0

5—6

6.0-7.5

0.25

5-8

Orbital period
(dave)

0.33
2.8
0.17
5.6
0.21
possibly 0.6
0.35
6.5
1.75
0.43
1.5
1.1
2.82
33.5
0.3209]
Merger
Merger

Merger

Distance from Earth (light

veare)

about 3500
5000-11000
about 6200
6000-8000
about 8500
about 8500
about 8800
7800+460116!
about 15000
about 17000
about 17000
about 24000
24000 — 40000u7

about 40000

1.3 billion light years
1.3 billion light years

3.5 billion light years

Location (14

06:22:44
-0N-2N-4”
16:54:00
-29-5N-45”
11:18:11
148:N2:11
19:58:22
125-12-NA
04:21:43
139:54-97
17:19:37
25010
20:02:50
10R-14-11
20:24:04
1122-52:N
17:02:50
AR-A7-9
11:26:27
-AR-4AN-RD
15:50:59
-RAR28:3A
15:47:09
A7-4A0-10
18:19:22
_.DR-DA-0RK
19:15;12
11N-5R-44
16:50:01
-40-R7-4R”
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The new catalogue:

Black Holes of Known Mass

X-Ray Studies
y Q GW150914

LVT151012
GW151226
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> ESA mission
> NASA: Junior partner
> Laser interferometry
> Mergers between 10.000 - 100.000.000 SM

black holes

-~
Spacecraft #3
Spacecraft #2

> ~100.000 compact binary systems in
5 Milkyway
b > Launch: ~2033/34

Spacecraft #1

Lny

www.phys.ufl.edu/darkcosmos



FLORTDA | DARKCOSMOS Summary

- GW
* expected to exist since Newton

‘Wrap-Up’

* predicted by Einstein

e finally measured

e Black Holes

* Known since Einstein/Schwarzschild (1917)

* Controversial at least until the 1960s

* Discovered first small black holes outside MW
* Heaviest of solar mass type BHs

* First observed merger between BHs

* Largest energy release ever measured

* New observational method, new window to the universe

www.phys.ufl.edu/darkcosmos



