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LSC advancedligo
What is a Gravitational Wave!

Implies immediate
action at a distance

Sir Isaac Newton

N ..’ . ;‘ _— : ) \. : .-: \ .'. . v o ¢ ; : e \ g . :i,‘a
AR T e R T AN e - ASh A
" ' ‘ Earth - By NASA/Apollo 17 crew; taken by either Harrison Schmitt or Ron Evans
By Sir Godfrey Kneller \ ‘ - http://www.nasa.gov/im /content/115334main_im f re_32 full.]

- //lwww.newton.cam.ac.uk/art/portrait.html - apple byAbhijit_{Tembr‘le‘kar from Ml{T-bai, India /

PR TS TSR . .. 2 %W -
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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

i

4
L/
/]
|
\
A

Photograph by Orren Jack Turner,
Library of Congress digital ID cph.3b46036. G1602450 8
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What is a Gravitational VWave

EINSTEIN STMPLLFIED iy
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Sydney Harris



i

Simmulation or the event
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The LIGO concept  “
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Time =0 T = 1 Period

4km arm cavity

4km arm cavity

input light

D W

output light, containing

gravitational wave signal
G1602450 |1
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The LIGO concept  “
why it is nearly impossible

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

Our signal strain (h) = 102/,
dL = 4*10'8 meters

(that’s why it’s taken so long,
Einstein 1916,Weiss 1973)

4km arm cavity

| atom between the earth and sun

4km arm cavity

input light

D W

output light, containing

Y gravitational wave signal
G1602450 I3
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The LIGO concept

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

Our signal strain (h) = 102/,
dL = 4*10'8 meters

(I atom between the earth and sun)

4km arm cavity

How do we get from 10 meters to
LIGO sensitivity?

input light 4km arm cavity

) W

output light, containing
gravitational wave signal

G1602450 15



advancedligo
The LIGO concept

) [ —
. . ! — H1
Gravitational waves are har 1

measure because space dod 107* | .
stretch. :

< |
— |
i |
Our signal strain (h) = 102| = |
dL = 4*10°'8 meters B -2 |
o .
S :
(I atom between the earth| £
How do we get from 106~ N
LIGO sensitivity? 10-23 a
input light o 900
- Frequency (Hz)
) W

output light, containing

gravitational wave signal
G1602450 15



From | micron e

to aLIGO

From 10 meters to a signal of
(h) = 102!, dL = 4*10°'8 meters

Simple Michelson does
Much Better than | micron.

L = | meter, P = | watt,
count photons,
if you expect N,

quantum error ~ +/N

input light

——alLIGO Quantum

1e-18 3

1e-20 3

strain noise, h/vV/Hz

1e-22 |

1e-24 -

dL/L = h (noise) = le-16/+/Hz

output light, containing

gravitational wave signal
G1602450 16



From | micron .. g
to aLIGO— |

From 10 meters to a signal of
(h) = 102!, dL = 4*10°'8 meters

o
~N
&

Simple Michelson does
Much Better than | micron.

detector power/power in
o
(&)

L = | meter, P = | watt,
count photons,
if you expect N, 1,
quantum error ~ VN : ' = . .

arm length change
Freq (Hz)

input light /

, output light, containing
dL/L = h (noise) = le-16/+/Hz Y gravitational wave signal

G1602450 16
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to aLIGO

From 10 meters to a signal of
(h) = 102!, dL = 4*10°'8 meters

Simple Michelson does
Much Better than | micron.

L = | meter, P = | watt,
count photons,
if you expect N/sec,
QM error is sqrt(N)/sec

dL = h (noise) = 5e-17 (check)
input light

From | micron

1e-18 3

1e-20 3

strain noise, h/vV/Hz

1e-22 |

1e-24 -

N

output light, containing

gravitational wave signal
G1602450 17



aLIGO noise curves
From | micron fotob = = = = = - it
to aLIGO

From 10-® meters to a signal of )

(h) = 10-2!,dL = 4*10-'8 meters 2
|. Simple Michelson does ém'zog‘

Much Better than | micron. %
2. Really Long Armes. o22]

T R ""1'|(__)(rJeq(|_'|Z)' 1000

input light

7 |

output light, containing
gravitational wave signal

G1602450 18
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From 10 meters to a signal of
(h) = 102!, dL = 4*10°'8 meters

1e-18 3

1e-20 3

|. Simple Michelson does
Much Better than | micron.

strain noise, h/vV/Hz

2. Really Long Arms.

1e-22 |

3. Interesting Interferometry

1e-24 L S S
10 100 1000

4 |

output light, containing
gravitational wave signal

input light

G1602450 19
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4km arm cavity
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S C . aLIGO noise curves
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aLIGO noise curves
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. - aLIG()I noise curves - -
Interferometry ..[--C T T
3. Interesting Interferometry :' "
(measure length change accurately) o8] __
- Fabry-Perot arm cavities o
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Interferometry ..[--C T T
3. Interesting Interferometry ; "
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- Fabry-Perot arm cavities o
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aLIGO noise curves
B Interferometry .U
3. Interesting Interferometry :' "
(measure length change accurately) o8] __
- Fabry-Perot arm cavities o
- More Power T ¢
(23 W for OI, 120 W ultimate) e £ o0l
¢ ETM :g ;
T 4 km i 1e-22;
’

T=3%
- 1e-24 SR ]
PRM PR2 -
s 25w ] CP 10 100 1000
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PR3 SR2 T=1.4% ERM
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SRM SR3
G1602450 23
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Interferometry ...
3. Interesting Interferometry - |
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Interferometry .

3. Interesting Interferometry
(measure length change accurately)

- Fabry-Perot arm cavities
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Interferometry ...l

3. Interesting Interferometry |
(measure length change accurately) ol
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3. Interesting Interferometry |
(measure length change accurately) ol
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|. Simple michelson is very good. ERM

ETM

2.Long arms

3. Interesting Interferometry
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Overall Isolation of Test Masses

_ T 3xi02 m/+/Hz at 10 Hz
BSCQ '!'7/ \ ",
HEP!I R 4

" Large Optic
(business end of SUS)&&
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LIGO Mirrors:
Synthetic fused silica,
40 kg mass

34 cm diameter
20 cm thick

Suspended as a
4 stage pendulum
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LIGO Mirrors:
Synthetic fused silica,
40 kg mass

34 cm diameter
20 cm thick

Suspended as a
4 stage pendulum

Best coatings available

Motion at 10 Hz set by
thermal driven vibration

silicate bonding creates a monolithic final stage
G1602450 34
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isolation, alignment & control

Ll hmdn neutron star 1nsp11al range (DI\IT Sonsol\lon)

Angle-averaged range [Mpc]

Time [hours] from 2015-09-20 00:00:00 UTC (1126742417.0)
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isolation, alignment & control

L1 bmdn neutron star 1nsp11 al range (DM'T Sonsol\lon)

i [ LILDMT-SNSHEFFECTIVE_RANGEMPC

1 — 3 Hz seismic motion range [NMpc]

" 1 A " M L " " A 1 M " . 1 " heb———r—

.I‘l;lill\ = 1 i ) i ! N 1 N N " ' v N | T M ¥ ¥ T - - T ~ - T ~ - - T

0 2 4 § 8 10 12 14 16 18 20 22 24
Time [hours] from 2015-09-20 00:00:00 UTC (1126742417.0)

G1602450 42



LSC . advancedligo
LSC) ‘Environmental’ sensors ““"“°

10

Frequency [Hz]

0.01

1 0D [

L1 ETMY suspension point motion

[—
M4

, a : R . . . - -~ T . . . p . Pt . . "
. 2= Y D Y . g . < - : = - 5
’ v - e N8 3 Y ¥ o v~ s . 8 ’ H "t ’ - ¢ 3
. . K B N q . . e . : o N ¢ . =g
. b A8 sy PR - SrFeTTEss mL et ey~ sy 5 ey DRI seRp ey e R R T R T srarrerrsasenrand
SR . » . w . DR - - . - - .- oy oy - P . .. -
- amn 2 . ¥ s X X X . o . - - “us « dp
. - - O - » u -
. . . » “ i V v « .
" »v . 5 ~ . K . -
- w - "

Time [hours| from 2015-09-20 00:00:00 UTC (1126742417.0)

1074
107°
107%
107
10°°
107
10—10
10—11 |
10—12 |
10—13 |



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)
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Glitch monitoring

©
w

Amplitude relative to median

Time [hours] from 2015-11-28 00:00:00 UTC (1132704017.0)
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Numerical Relativity
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Numerical Relativity
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Comparison signals
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Observing run #2
started Nov. 30
runs ~ 6 months

Slightly better

performance §
VIRGO plans to join =
° ° ﬂ.‘
in ~April S
Hope to see several [
more black holes =
ay
O3 will probably start
in early 2018...
Looking for other
sources

100%

What is next!
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Theory for binary Neutron Stars

advancedligo

| | | | |
-0.18 -0.16 -0.14 -0.12 -01 -0.08 -0.06 -0.04 -0.02 0 0.02

Neutron stars

Masses: 1.5 suns

Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

magnetic field

Black hole forms
Mass: 2.9 suns
Horizon diameter: 5.6 miles (9 km)
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LSC ) Supernovas and remnan§“*“ "

Crab Nebula, supernova in 1054,
now a spinning neutron star

Feb. ‘94 Sept ‘94 Mar. ‘95 Feb ‘96

Supernova 1987A Explosion Debris
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aLIGO noise curves

http://papers.ligo.org
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new ways to see the sky

© 2000, Axel Mellinger



new ways to see the sky
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new ways to see the sky

The Deep Sky

Credit: NASA/DOE/Fermi/LAT Collaboration






Credit: NASA/DOE/Fermi/LAT Collaboration




Credit: NASA/DOE/Fermi/LAT Collaboration
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The spectrum of gravitational wave astronomy
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¢ NANOGrav

The spectrum of gravitational wave astronomy
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¢ " NANOGrav

The spectrum of gravitational wave astronomy

All three experiments measure
e changes in light travel times
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The spectrum of gravitational wave astronomy
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Time series GW 51226 =zdvancedigo
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Best fit with
Numerical Relativity
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Numerical Relativity
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Numerical Relativity
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LIGO Mirrors:
Synthetic fused silica,
40 kg mass

34 cm diameter
20 cm thick

Suspended as a
4 stage pendulum

Best coatings available

Motion at 10 Hz set by
thermal driven vibration

silicate bonding creates a monolithic final stage
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1887 experiment to measure
“luminiferous ether” with an interferometer
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Albert Michelson®

1887 experiment to measure
“luminiferous ether” with an interferometer

In the first experiment one of the principal difficulties en-
countered was that of revolving the apparatus without produ-
cing distortion ; and another was its extreme sensitiveness to
vibration. This was so great that it was impossible to see the
interference fringes except at brief intervals when working in

the city, even at two o'clock in the mn{ning.

Am. Jour. Sci. - Third Series, Vol. 34, No. 203, Nov. 1887. pg 333-345 G1602450 79



1887 experiment to measure
“luminiferous ether” with an interferometer
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1887 experiment to measure
“luminiferous ether” with an interferometer
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story outline:
prep the detector -
It goes boop

look at time
discuss par
character o
move to ast

trace of signal -
ams, firsts
" BBH vs BNS

ronomy

show time |

e

discuss second event,
show time, match filters
describe 02/ O3

other
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LSC )

notes:

>>1r1=2"G " Ms /cN2

r1 =2.9644e+03 (3 km)

>>r30=2*G * 30 * Ms /cN2

r30 = 8.8933e+04 (89 km): 2*r30 = 188 km
(SF center, santa rosa to hollister)

r’/0=2"G~*70*Ms /cN2

r70 = 2.0751e+05

monterey to fresno ~ 180 km

1.5 *reb = 290 km

SF to Reno = 295 km

monterey to lake tahoe = 310 km

1/75 Hz = 13.3 msec. (in traffic)

d =410 * 3.086e22 = 1.2653e+25 meters

1e-3/1e-21 = 1e18; 1.27e25 /1e18 =1.27e7 12,000 km

diam of earth = 13.7 K km

SF to Reno = 295 km

advancedligo
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LSC) The End/ The Beginning...
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How many black hole collisions can we see”
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‘ 10 100

how much space can we look at?
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Where was it/
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CBC template bank ~ ““"™
_I ! ! e o ! ! .‘.\....I_
1 T hal <09895, [xo| <005 7o\ | (justat the edge...)
1 5 Ixa2l <005 ]
—
= 10! -
q\| i
m ]
(D .
(O i
E -
109 -
10°

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
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Modeled search
103 <20 30 40 490 > 4.90

5 Backgfound exc;luding GW150914
10 Background including GW150914 ;
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i Search results 1
» 10Y ll ----------------------------------------------------------------------------------------- Wi
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21074 R 1
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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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support - stage 0 —
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Real impact of

L1 bnml\ neutron star mspn al range (DM'T Sonsol\lon)

o [ LI:DMT-SNSHEFFECTIVE_RANGEMPC

Time [hours] from 2015-09-20 00:00:00 UTC (1126742417.0)
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BB This is what we strive for

H1 ETMX suspension point motion

Amplitude spectral density [m/+v/Hz]
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Glitch monitoring

Amplitude relative to median
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erferometer’s Antenna Pattern™
LIGO is not an Imaging Detector

* Antenna pattern for aLIGO, for an
optimally polarized wave.

*LIGO is more like a microphone than
a telescope.

*i.e.We measure the amplitude of a
wave coming from pretty much any
direction.

*Good for first detections, but not so
good for finding the source.

From R. Adhikari, P1200121.
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