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LSC advancedligo
What is a Gravitational Wave!

Implies immediate -«
action at a distance

Sir Isaac Newton

Earth By NASA/ApoIIo 17 creW taken‘by either Harrlson Schmltt or Ron Evans

if - http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg
&) apple by Abhijit Tembhekar from Mumba| Ind|a 6

o eSSl T A SN L. S

By Sir Godfrey Kneller
- //www.newton.cam.ac.uk/ar rtrait.html

v

LSS, TSR L. . ¥ O »


http://www.newton.cam.ac.uk/art/portrait.html
http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg
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What is a Gravitational VWave

Predicted by Einstein in 1916 as part of GR.

“Spacetime tells matter how to move,
matter tells spacetime how to curve”

- J. A. Wheeler
There are traveling wave solutions, the
waves propagate at the speed of light
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Photograph by Orren Jack Turner,
Library of Congress's Prints and Photographs digital ID cph.3b46036. Gl60l121 7
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What is a Gravitational VWave

EINSTEIN SIMPLIFIED
Y ‘q_;‘

>l

1

Assert an analogy: =

A stationary electron has an electric field, and
accelerating the electron creates waves.

A stationary mass has a gravitational field, and
accelerating the mass creates waves.

But, gravitational forces are relatively weak, or space is very

stiff.

Gléoli2l 8



Simulation of the event
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The LIGO concept  “

~
~~~~~. 0
~ i

Time =0 T = 1 Period

4km arm cavity

4km arm cavity

input light

D W

output light, containing

gravitational wave signal
Gl1601121 10




The LIGO concept  “
why it is nearly impossible

Gravitational waves are hard to
measure because space doesn’t like to
stretch.

(that’s why it’s taken so long,

Einstein 1916, Weiss 1973) 3 Classes of Technical

Approach:
Earth-to-Sun ~ |50 million kilometers

| 5ell m * le-21strain
= |.5e-10 meters

4km arm cavity

|) Really long armes.

4km arm cavity

input light

D W

output light, containing

Y gravitational wave signal
Glé601 121 11




LSC . advancedligo
-Layout of the interferometér™ ™

Goal 2: Measure distance —_
change of arms very accurately
4 km i
T Input i
Mode :
Cleaner !
J
o3 ™
PRM PR2 T |-
Laser H>—{dp, %@125 Wﬁ/ﬂ % CP\w IT™ ETM
52 KW BS | 750 kW |
PR3 SR2 T=1.4% ERM
'SAM = SR3
PD
; N -> @ »» GW readout

Output
Mode
Cleaner

=N & 12



Fabry-Perot arms weveneedioe

ERM
ETM
Dual recycled Michelson with !
Fabry-Perot arm cavities ;
4 km i
T Input :
Mode :
Cleaner !
{
™
T=3%
! | PRM PR2
L r _>_¢m = 125 W \
) M 0 100 kW now ™
5.2 kW | | |

PR3 SR2 T=1.4%

Fabry-Perot cavities store
light, maximize phase per h

750 kW O3

SRM [ SR3

~—=p> 0 »» GW readout

Output
Mode
Cleaner
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Power

ERM

ETM
A
|
|
|
|
|
|
|
|
4 km |
|
i Input :
Mode :
Cleaner !
|
v

™

T=3%

z-

PRM PR2 T <. .
125 W [ ] P
>—{Pm QS 2] B IT™ ETM
5 2 KW BS | 750 kW |
PR3

Laser SR2 T=1.4% ERM
- currently 23 W
- designed for 125 W TEMoo to IFO
- use common mode arm length,
frequency noise < le-7 Hz/+/Hz at 10 Hz.
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Laser -
- currently 23 W
- designed for 125 W TEMoqo to IFO
- use common mode arm length,

frequency noise < le-7 Hz/+/Hz at 10 Hz.




Dual recycled Michelson with
Fabry-Perot arm cavities A

i Input
Mode

Cleaner

800 WV in PRC now=— ‘

Laser —>—{$n

. advancedligo
Power recycling

ERM
ETM

ETM

15 W
5.2 kW

PR3

5.2 kW in PRC

Power Recycling Cavity ...
increases stored light to improve
shot noise

ERM

~—=p> 0 »» GW readout




aLIGO Laser (by L.Z.H.) s

O. Puncken, GI1301316

b

j TPM1
g \ pa—
TPM2
High power PMC
r
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| | [ ] B B —
// E L= - E o n_
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WL 0 I s, IL-PD
— .r OC T s
I S2— 177
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High power oscillator

A

PMC

s
_—
=

====
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-

Commercial NPRO, 2 W, Nd:YAG crystal pumped by laser diodes at 808 nm
Medium power amp, 35 W, 4 Nd:Y VO, crystals pumped tiber-coupled LD at 808 nm

Ring oscillator, 220 W, 4 Nd: YAG crystals each pumped by 7 LD at 808 nm

Gléoll21 16
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-Layout of the mterferomet S

goal 3 - keep the mirrors /"
from moving i
4 km ;
T Input :
Mode :
Cleaner !
’
. - IT™
Laser H>—%n W125W6M/HZ %$ CP\ IT™
— BS
5.2 kW
PR3 SR2 T=1.4%

pp» GW readout
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mhe LIGO vacuum equipment,

drawing courtesy of Oddvar Spjeld 1121 18
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m)verall Isolation of Test Masses

" 3x10"12 m/+/Hz at 10 Hz

sut®
““‘
*
“
R - e
L} "‘
* -
*
G
*
L4
\..
. i "

HEPI

" Large Optic
(business end of SUS)&&

Gl601121 19



In-vacuum
Seismic Isolation
platform

Suspensions material from N. Robertson, GEO600, and the SUS team

LSC . advancedligo
LSC)) Pendulum Suspension  ° g

Hydraulic External
Pre-lIsolator

Multiple-pendulums
for control flexibility &
seismic attenuation

Each stage gives ~ | /f2
isolation above the
natural frequency.

More that le6 at 10 Hz.

Quadruple pendulum
test mass suspension

Drawings courtesy of Calum Torrie and GEO600

Gléoll21 20



In-vacuum
Seismic Isolation
platform

LSC . advancedligo
LSC)) Pendulum Suspension  ° g

Suspensions material from N. Robertson, GEO600, and the SUS team

Multiple-pendulums
for control flexibility &
seismic attenuation

Each stage gives ~ | /f2
isolation above the
natural frequency.

More that le6 at 10 Hz.

Quadruple pendulum
test mass suspension

Test masses:
Synthetic fused silica,
40 kg, 34 cm dia.
» Q= le7
» low optical absorption

Final suspensions are fused silica,
joined to form monolithic final stages.

Thermal vibrations at the optical surface set the
performance limit of the suspension.

Drawings courtesy of Calum Torrie and GEO600

Gléoll21 20
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In-vacuum
Seismic Isolation
platform

Multiple-pendulums
for control flexibility &
seismic attenuation

Each stage gives ~1/f2
isolation above the
natural frequency.

More that le6 at |10 Hz.

Quadruple pendulum
test mass suspension

Drawings courtesy of Calum Torrie and GEO600 silicate bonding creates a monolithic final stage
Gleol121 21



Drawings courtesy of Calum Torrie and GEO600
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BSC-ISI

optics table - stage 2
stage |
support - stage 0 —

Gléol121 24
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“Typical’ performance

[1132704017-1132790417. state: ISI ODC]|

104 H1 ETMX (BSC9) chamber motion
~ 5j\ R ' SRR S
= 1075
—6
= i -
= 10 |
g 1 -
Z 107°1 _
< i
(-
i o [ —-— Ground (X)
+~ —
& 10 - Ground (Z)
7 10—11 | wmm HEPI (X) |
"% —192 mmm [SI Stage 1 (X) o
E 10 i [ST Stage 2 (X)
e 10_13 _| EEm Suspension point (L)
%‘: 10_14 B R BSC ISI requirements

A A L wd A A L '} L A 1 A L L 1 A 1 L A A 1 A L A A Lo

Frequency [Hz]

Nov 28th (Sat. after Thanksgiving)

Gléol121 25
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Signals for processing

Use active and passive technigues
to get good performance

(a) (b)

IR ey
=1l = e
.

—
==

[

Suspended _
- test mass
— "
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Signals for processm

Use active and passive technigues
to get good performance

i

(a)

Suspended _
- test mass
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Signals for processm

Use active and passive technigues
to get good performance

i

(a)

Suspended _
- test mass
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Signals for processm

Use active and passive technigues
to get good performance

i

(a)

Suspended _
- test mass
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Signals for processm

Use active and passive technigues
to get good performance

i

(a)

Suspended _
- test mass
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Signals for processm

Use active and passive technigues
to get good performance

i

(a)

Suspended _
- test mass
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Signals for processing

Suspended _
- test mass
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Signals for processing

Suspended _
- test mass
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Signals for processing

Suspended _
- test mass
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Signals for processing

Blended Feedback

(a) (b)

o

_____ BSC-ISI~. _

Suspended _
- test mass
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Signals for processing

Blended Feedback

(a) (b)

o

_____ BSC-ISI~. _

Suspended _
- test mass
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Signals for processing

Blended Feedback
Global commands

(a) (b)

] [ _____ BSC-ISI~. _

Suspended _
- test mass



. . advancedligo
Signals for processing

Blended Feedback
Global commands
Sensor correction

(a) (b)
w0 H H n BSCSI . g
= [a= | S
GOQ’.\.‘_Q\. ........

.
.
“

SUSpended—
- test mass



. . advancedligo
Signals for processing

Blended Feedback
Global commands
Sensor correction

(a) (b)
w0 H H n BSCSI . g
= [a= | S
GOQ’.\.‘_Q\. ........

.
.
“

SUSpended—
- test mass
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Si -
ignals for processing

Blended Feedback

Global commands

Sensor correction

Feedforward (b)

e e
=1 = | e

.
.
“

Suspended _
- test mass
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Si -
ignals for processing

Blended Feedback

Global commands

Sensor correction

Feedforward (b)

] [ _____ BSC-ISI .. _

Suspended _
- test mass
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Si -
ignals for processing

Blended Feedback

Global commands

Sensor correction

Feedforward (b)

] [ _____ BSC-ISI .. _

Suspended _
- test mass
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LSC) Blending sensors g

90 mHz Blend for Stage 1 Y

——CPS | |
——T240| |

Sl601121 30
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Blending sensors

compares Blends for Stage 1 Y

— CPS - 90mHz
Inertial - 90mHz
- = CPS -45mHz
— = |nertial - 45 mHz

1 1 L1
quite90 on 18-May-2016

1
t_45_vs_

1
created by plo

Slé0l121 3l
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LSC) Real impact of e
isolation, alignment & control

Ll blnan neutron star 1115p11al range (DI\IT Sensel\[on)
mmm L1:DV\T-SNSHEFFECTIVE_RANGEMPC

100

0
-

o))
-

-,

Angle-averaged range [Mpc]

Gléol121 32



LSC . advancedligo
BB | ¢ there was a train,., “ds

.........................................................................................................................................................................

..............................................................................................................................................................................................

e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
e c qe ccpeaguscpeaqueepeaqecapaaqecapasqesapaanens pPeenesa FPeeqgecspraguesepeagys cepeesgesaensayens trecgaca oo ny =l csqeacprecpeas procpeacis il ccqesnpgaanecapasspesapacges epoemasnpa -
..................................................... kecdocokocsdocscshoscdonckhoadenclocadocaloccaboscloccdocateccdocillccdccctecctonctccctonaste e

A i S e e e e T e A T S S | ; . T T I I T

...................................................................................................................................................................................

UL b b ow il R NIRRT Bt Mo
100 Pty glbiids M-»:::sw:éw qu TR RS 5105 S 16 SIS SHEM ST 3510 o5 Sis e HEAAL

..........................................................................................................................................................................................

1 — 3 Hz seismic motion [nm/s]

..........................................................................................................................................................................................

Tainsl———— T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24
7




LSC o advancedligo
LSC) Real impact of e
isolation, alignment & control

Ll blnan neutron star mspnal range (DMT Sensel\[on)
BEREREEREERE R D [ L1:DMT_SNSH.EFFECTIVE.RANGEMPC

100

0
-

@)
-

[
<
(WS

100 ¢

1 — 3 Hz seismic motion| range [Mpc]

Tainsl———— T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24
7
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LSC . advancedligo
LSC) ‘Environmental’ sensors ““"“°

L1 ETMY suspension point motion
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LSC ) Power of the monitors "

If GS150914 was linearly coupled seismic motion
| Equivalent sus point motion vs GW‘! 50914

10°

= GW150914
=== Equivalent sus point motion

1072

104 -

Mirror displacement (m/vHz)
OL C)_IL C)_IL CD_IL 5 8
o IS N o o >
[ I
I I

=
o
"
(0]
I
|

1077 -

N
OI

—
ol

N N N
~ \V) (@)
/

|

102

Frequency (Hz)

Gléoll21 36



If GS I 509 I 4 Was advancedligo

Equivalent suspension point motion for GW150914
[ I I [ [ I I [ I

\)
[
l

==
|
|

1
—t
[

]

Suspension point displacement (meters)
N o
' |
|

43 1 | | L 1 |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time (seconds)

Gléoll21 37



LSC . . . advancedligo
BB This is what we strive for

H1 ETMX suspension point motion

Amplitude spectral density [m/+v Hz|

Time [hours] from 2015-11-28 00:00:00 UTC (1132704017.0)

Gléoll21 38
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©

>
T
©

H1 ETMX (B5C9) longitudinal motion

URIPOW 03 dAIFR[OI opnjidury

h“.u..“.L

ZH] £ouenboiy

11 0D |

12 14 16 18 20 22 24
00 UTC (1132704017.0)

10
Time [hours] from 2015-11-28 00

00:
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Frequency (Hz)

The sound of black holes colliding

512

256 |

128 [

()
H
T

w
N
T

LIGO Hanford

%)
)
N

N
n
(o))

128 [

64

32

LIGO Livingston

0.5

0.6

0.7

Time (sec)

0.8



First signal - Sept 14,205

Hanford, Washington (H1) Livingston, Louisiana (L1)
| | | | | |
1.0} -
0.5F i
0.0 k
-0.5 + -
: -10 — - — L1 observed | IR | —
rl\‘ | — H1 observed | | | H1 observed (shifted, inverted) | |
|C_|> T T T T T T T T
Z 10} 1k .
c
‘s 0.5 - i
| -
& 0.0 =
-0.5 . .
-1.0 H — Numerical relativity | — H — Numerical relativity N —
Reconstructed (wavelet) Reconstructed (wavelet)
Il Reconstructed (template) Il Reconstructed (template)
I I | | I I | |
O05F T T I = F T T T —
0.0 WW/WWWW\WWWW” M«/WWW\\/W\/\’W\\/WW
-05 L Jdb _
—_— Re5|dual —_— Re5|dual
)
©
— >
N 8 =
L 256 3
> 6 ©
)
c 128 o
) 4 o
=] N
D o4 ) ®
- :
0O o
0.35 : 0.35 <

Time (s) Time (s) 01121 42



Initial Masses:
29 (+4/-4) & 36 (+5/-4) Msun
Final Mass:
62 (+4/-4) Msun
Energy radiated
3 (+0.5/-0.5) Mqun c?
Distance
410 (+160/-180) MPc

S 0.6

2054

LSC o o advancedligo
LSC ) Best fit with numerical "™
Relatlwty

Merger Ring-
down

fj()@‘

[| — Numerical relativity V
I Reconstructed (template)
| |

Insp|ral

— Black hole separation
=== Black hole relative velocity

O N WM
Separation (Rg)

0.35
Time (s)

0.40 0.45

Gléoll21 43



LSC
LSC) The End/ The Beginning...

advancedligo

How many black hole collisions can we see”

?

p—t
-
\V)

—
)
o

how many events might we observe
= —
| )

10° =

02 O3 |

‘ 10 100

how much space can we look at?

Glé0l121 44
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CBC template bank ~ ““"™

) /I“ i .
1 T Ixal <0.9895, [x2 <0.05 75\ | (justat the edge...)
1 2577 Ixa,2] < 0.05 A _\\ '
| 0233 bl <0905 7

—

= 10! -

Q| Z

" _

m .

O i

E -

100 -

109

Mass 1 [M]

FIG. 1. The four-dimensional search parameter space covered by
the template bank shown projected into the component-mass plane,
using the convention m; > m,. The lines bound mass regions with
different limits on the dimensionless aligned-spin parameters )| and
X>. Each point indicates the position of a template in the bank. The
circle highlights the template that best matches GW150914. This

Glé0l121 46



Detection statistic

Modeled search

> 4.90

10 490

- Background excluding GW150914
Background including GW150914 |7
GW150914 '
Search results

Number of events

...............................................................................................................

.............................................................................................................

i

8

Detection— statistic, p.

advancedligo
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Detection statistic, p.
Event Time (UTC)  FAR (yr ) F M (M) m; (Mo) my (Mo) Xeft Dy (Mpc)
14 September _7
GW150914 2015 <5x10°6 <2x10 2812 3612 29+4 —0.061017 4101160
09:50.45 (>5.10) 2 4 4 0.18 180
12 October 0.02
LVTI151012 2015 0.44 ' 15+ 23138 1314 0.0103 1100135
09:54:43 (2.10) |
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