Rainer Weiss and Michael E. Zucker, LIGO Laboratory
Massachusetts Institute of Technology
~ and California Institute of Technology

-\\\“ Dlscove "-jbf Grawtatlonal Wa\(es

. . \‘. \‘-. y : ° ".’ /

\ \ /
A\ \ NN T /
S \\\\\ e wr \\
\
B\ . )

AVS "6‘ b lnternatlonal Symposmm and Exhibition : al
Tampa, Flonda : > : | Caltech

31 Octobe\ S - '
\ .
\ N\ R e : = !
L|GO-Gl70i259 \ N N s Image Credit: Aurore Simmonet/SSU I
. Nl - . =



Today’s Topics

® About Gravitational Waves
® Precision Measurement
® Focus onVacuum

® Discoveries




General Relativity and Gravitational Waves

2016 was the centenary of Einstein’s General
Relativity

A geometric theory:

Gravitation arises from curvature of space-time

Curvature arises from matter, energy... and curvature!

Bizarre, but so far completely successful, predictions:

Perihelion shift, bending of light, frame dragging,

gravitational redshift, gravitational lensing, black holes, ...

One key prediction remained elusive until
September 14 2015;:

Gravitational Waves

AVS 64 Tampa, 31 October 2017 K]

Niherungsweise Integration der Feldgleichungey
der Gravitation.

Von A. Einsreix

A. Einstein, Ndherungsweise Integration der
Feldgleichungen der Gravitation, 1916
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Gravity & Curved Space-time
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Gravitational Waves

Credit: LIGO/Tim Pyle
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Detecting the effects

GW'’s produce time-varying transverse strain in space
- Monitor separations of free test particles

AN
NV

In a galaxy far far away... S A

NGC4993

- ¢
European Southern Observatory
- Very Large Telescope



Michelson interferometer

Inertial test body

‘ Inertial test body



A “small” problem...

A wave's strength is measured by the strain induced in the detector,

We can calculate expected strain at Earth;

2
|h| ~ 47‘E2GMR2f(jbir/C4r ~ 10—22 ( M (IOOMPC)
20km ) \ M,, |\ 400Hz r

If we make our interferometer arms 4,000 meters long,

AL=hxL=~10"x4,000m=4-10"m

A ten-thousandth the size of an atomic nucleus

LIGO-G1701259 AVS 64 Tampa, 31 October 2017 8



The Enemies: NOISE

—
Seismic Noise |

test body (mirror)

Quantum Uncertainty

Residual gas scattering

Radiation
pressure
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For the gre ost beneﬁt to mankind”
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" 2017 NOBEL PRIZE IN PHYSICS
- Rainer Weiss
. Barry C. Barish
Kip S. Thoxne
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Vacuum Requirements

* Brownian noise due to gas impact

Exacerbated by small gaps
P(H,) <108 Torr

* Contamination of optics
Mirror absorption budget: < 0.1 ppm change over operating life
Hydrocarbons: < 1 monolayer/10 years
Particles: < one 10 ym particle on any mirror




Vessel Vacuum: Gas damping (Brownian motion)

aLlGO Residual Gas Force Noise

—TM Alone
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P(H,) <108Torr
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Residual Gas Scattering

* p(z) exp[=2m fuw(z) /v




Residual Gas Scattering

5 Lo
2 / w (l:

w(z)

Q = gas number density (~ pressure)
a = optical polarizability (~ index)
w = beam radius

v, = most probable thermal speed
L, = arm length

AL = arm optical path difference

Statistical model
verified by
interferometer o T

experiment ;

S. Whitcomb and MZ, Proc. 7th Marcel Grossmann Meeting on GR, R.
Jantzen and G. Keiser, eds. World Scientific, Singapore (1996).
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Depleting Hydrogen from raw SS before tube fabrication:
An economical alternative to high T vacuum bakeout

SS sheet from mill is baked in air
36 hours at 455 °C

(Hotter treatment deemed
inadvisable due to carbide

formation)

Total dissolved hydrogen is

reduced ~ 3x

Remaining H is tightly bound,
high activationT

Care is required in welding to

avoid re-introduction of H

AVS 64 Tampa, 31 October 2017

0.00e+0

A. Marraud

After
Airbake

‘m

0
C. Bradaschia INFN, Pisa

CNRS, Orsay

500

Q

TQ 2.5ppm weight
0SS 0.68ppm after 440C for 36h
OSS+PUL 0.50ppm OSS+electropplisk

1500

data courtesy of Virgo
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Beam Tubes

e 304LSS
* 3.2 mm thick with external stiffeners
*  Rawstock

*  coil spiral-welded into 1.2m tube 16m long
*  method adapted from sewer pipe industry
* 16m sections cleaned, leak checked

*  FTIR analysis to confirm HC-free

*  sections field butt-welded together in
travelling clean room

Over 5o linear km of weld—

P



Beamtube Field Assembly

transport




I’R Bakeout to Desorb Water

—— 467m _T_ a76m _T— 515m 4+—— 507m
34.6 m2 353 mQ 382 mQ 37.5m

T 10.6 mi2

vy

101 m2 S e
~DC return cables -~
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14 September, 2015

_LIGO Hanford Data (shifted)
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GW150914

29Mg and 36Mg black holes 1.3 billion light years away inspiral and merge, emitting
3Mg of gravitational wave energy and briefly “outshining” the entire universe

Hanford, Washington (H1) Livingston, Louisiana (L1)
T T T T T T I I I

Inspiral Merger Ring-
down

-1.0F — L1 observed ) O ‘

H1 observed (shifted, inverted)
T T

T T T

Strain (1072%)

H — Numerical relativity H — Numerical relativity
Reconstructed (wavelet) Reconstructed (wavelet)

B Reconstructed (template) B Reconstructed (template)
T T T T

-1. < . \\
. F T T T = Y
N . WW/WWNM\A//\WW WWMWWM "+ [ — Numerical relativity

| | | I Reconstructed (template)
I I

|| — Black hole separation
=== Black hole relative velocity

Frequency (Hz)

I I
0.30 0.35 0.40 0.45
Time (s)
Abbott et al Phys. Rev. Lett. 116 (2016) 061102

o N SN (o)) (o]
Normalized amplitude
Separation (Rs)

LIGO-G1701259 AVS 64 Tampa, 31 October 2017




Solar Masses

Black Holes of Known Mass

With Virgo!
GW150914 /
70 ¢
60 GW170814
50 o O
LVT151012
40

o o O S GW170104

10 =
0000000000

30 ‘ o
20 Q-; @?. O

o000 GW151226

0]
X-Ray Studies

LIGO/VIRGO
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August 17t 2017

Event rate (counts/s

Fermi Gamma Ray Observatory

Event rate (counts/s

i, Lightcurve from INTEGRAL/SPI-ACS
| v (> 100 keV)

| .LL. U0 L e .H L
MN LT

—4
Time from merger (s)

7" |
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August 17t 2017

LIGO/

IPN Fermi /
INTEGRAL

Abbott et al. Ap. J. Lett., 848:2 (2017)
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FIRST CosmIC EVENT OBSERVED IN
GRAVITATIONAL WAVES AND LIGHT

GW170817

BLIGO ~whEk. &



Observations
Across the
Electromagnetic
Spectrum

N. Tanvir, U. Leicester

Abboitt et al. Astrophys. J. Lett., 848:L12, (2017)
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A ‘Kilonova’- Foundry for the Universe’s Heavy Elements

LIGO-G1701259 AVS 64 Tampa, 31 October 2017 35
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What next?

_, _._@Id we've just scratched the surface. We
have plans for Increasing sensitivity to sample 100x \
greater volume of space. -

Beyond that, we are developlng concepts for blgger
|nstrument\§ up to 4/km in size, that can map the entire
. Universe in gravitational waves

-

N
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LIGO: a quick history

1980’s- Lab-scale R&D prototypes (MIT, Caltech, UK, Germany; up to 4om long) explored interferometer
technology

1989- Proposed twin 4km instruments to U.S. National Science Foundation

1993- Funded for construction

— Initial phase to use existing (1990's) technology; "Advanced” detector R&D to proceed concurrently with construction

and first observations

—  Chances for detection at initial design sensitivity “plausible,” but not assured
1997- LIGO Scientific Collaboration formed to share LIGO science and develop community of gravitational
wave researchers (now over goo members, 88 institutions, 14 nations)
2000- Finished construction; at design sensitivity 2005; collected data through 2010

—  NO confirmed astrophysical detections; only upper limits so far
—  Data are open, publicly available to other researchers
2008- "Advanced LIGO"” upgrade approved, installation 2010, completed 2015
—  Total redesign; everything but the buildings & the vacuum system is new
— Installation begun in 2010
2015- Hanford and Livingston advanced instruments reached initial target performance

—  Juststarted shaking down for the first observing run and...

BANG! GW150914!!!

AVS 64 Tampa, 31 October 2017 39 LIGO-G1701259



Advanced LIGO

Complete redesign and rebuild of the LIGO

interferometers

A discovery machine — expect 10's of BNS
detections per year at design sensitivity (BBH?

Supernovae? Other?)

An astrophysical observatory — high SNR
gravitational waveforms encode information about
the dynamics of cataclysmic events

O(200) galaxies in initial LIGO BNS range

Virgo Supercluster

Milky Way Galaxy

10x more sensitive than initial instruments in h
-> 1,000x greater volume at design sensitivity

O(200,000) galaxies in Advanced LIGO BNSrange

Local Superclusters
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The World Advanced GW Detector Network

GEOG6o00 (HF)

BOperationghe. -

o 2

Advanced LIGO

Operational Advanced ¥

Virgo
_Operational

o, -
..

LIGO-India
2024




Network Aperture Synthesis
and EM Source Follow-up

BAT

Image: W. Benger / ;///
N\
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.{// XRT Swift
. 4 Satellite
X-ray, y-ra
Sky map / - ﬁ" y-ray

omnidirectional

LIGO
Hanford

Arrival time

. . Optical
triangulation \ follow-up

Palomar Transient
Factory

.
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Ple Virgo GW Detectorm

Located in Cascina, near Pisa
Advanced Virgo (AdV): upgrade of the Virgo Detector

Joint collaboration among Italy, France, The Netherland

A"~

Poland and Hungary
Fundlng approued in Dec &'3._€23 SV T e sl . -
L y - ..;. T P"-‘.'.J : .‘ » _"l
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KAGRA (»<5) |
Large-scale Cryogenic Gravitational-wave Telescope

2nd generation GW detector in Japan

. o S A e B — " . 3 .

y
Large-scale Detector - -
Baseline length: 3km
High-power Interferometer

Cryogenic interferometer
Mirror temperature: 20K

Underground.sité
Kamioka mine,
1000m underground




Multi-messenger Astronomy with Gravitational
Waves

Binary Neutron Star Merger

- 1 A R

Gravitational Waves
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GW landscape

Many sources, many frequencies, many detectors, many collaborations

h, 4 Cosmic Microwave
Background

Pulsar Timing
Arrays
= . (2JINVIRGD

*Primordial gravitational = P
waves - Space-based RALRA
Inteferometers

—

Ground-based

*Supermassive black Interferometers
hole binaries and S 06 .

mergers
*Primordial gravitational

waves
e Stellar mass compact

binaries
e Supermassive black hole
mergers

*Neutron star mergers
*Black hole mergers

10°% 1074 102

Frequency [Hz]
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The GW Spectrum

107° H 10 Hz

Inflation Probe

s AU o C L TR N [ BHand NS Binaries
~Cosmic Sirtggs ] B
Relic radiation N 4 ( Y -

.‘;\ ‘.ﬂ;‘: i ‘A'_._:. : »

e U .

Big Bl:lﬂ .‘}ﬁ r -se"
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Supermassive BH Binaries "
' Binary coalescences

Sp}é’ﬁin

gN

VVVVVVVUVTY

104 Hz

Pulsar timing
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Space detectors
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GW energy loss from binary pulsar system
PSR1913+16

Exact calculation
of orbital decay

due to GW
emission

Hulse, Taylor
Nobel Prize 1993

~~
w
N’
=
=
175]
he)
@)
i
Q
oW
Q
>
=
L
=
g
=
Q

1975 1980 1985 1990 1995 2000 2005

Year

Weisberg, Nice & Taylor, 2010
(Courtesy Joel Weisberg)
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More discoveries

Frequency SNR

14 T h=+1x102*
‘1’ 30-250 Hz 24

W

r GW1509
|
GW151226 A * 3X107*
WNW/WWWMVWWAWVWANVVVNMNVWVWWWWVMWWWW* v 35-400 Hz 13

GW170104 1\ + 5X10722

MN"WWVVM ‘1, 30-200 Hz 13
GW170814 T + 6X10°22

WWVWW\W ‘1' 30-200 Hz 18

LVT151012

0 slec. | 1 slec. | 2 slec.
time observable by LIGO-Virgo




August 17t 2017

Normalized amplitude
2 4 6

—j

LIGO-Hanford

GW150914
T151012 5 ‘
B
GW151226 g 100
250
GW170104
European Southern Observatory
Very Large Telescope
GW170814‘

Over ~100 se( SNR = 32

GW170817 - -20 -10 a—

Time (seconds)

0 10 20 30 40 0
time observable (seconds)

LIGO/Virgo/University of Oregon/Ben Farr
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Battle Front:
Fundamental Noise Sources

Graphics: J.G. Rollins, Caltech

LIGO Straln Amphtude Spectral Density

=== 1LIGO “S6” measured (~20Mpc)
= aLIGO “O1” measured (~70Mpc) |}
aLIGO design (~200 Mpc)
seismic noise
thermal noise

—_
-
|
[S—
=1

quantum noise

quantum radlatlon
pressure noise

—_
o
|
—_
co

=
Displacement [m /v Hz}

—_

-

|
o

LIGO-G1701259

Frequency [H7|
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Core Optics and Low-Loss Coatings

Main mirrors: 40 kg high quality silica, mechanical dissipation ~ 108
Polished to < 1.5 nm figure error with < A microroughness

Coated with alternating silica and titania-doped tantala by IBS; optical

absorption < 0.5 ppm




Controlling Brownian Noise

*  Quadruple pendulum suspensions for the 40 kg main test masses; parallel
‘reaction’ masses for electrostatic control forces

*  Quasi-monolithic pendulums using welded
fused silica fibers to suspend 40 kg test mass

VERY Low thermal noise!

Support Interface
(Seismic Isolation System)

Damping Controls

Hierarchical Global ‘ ‘( {(

Controls

| Final elements
" All Fused silica
Electrostatic

Actuation

s
S —rT ‘g
il

i T [y
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Blocking Earth’s Vibrations

two-stage active

Ground motion at 10 Hz: 1e-9 m/Hz'2 isolation platform
>10 orders of magnitude supression required
Test masses suspended from 7 stages of active and passive seismic isolation:

I—

—

0; ol |
[« o[- -

I
¥ external hydraulic
: pre-isolation

four-stag_e
suspension

] D!
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Monolithic silica suspensions

Vertical
Isolation:
3 Stages of
Maraging
Steel Blade

Springs
~ Steel suspension wires
leading to upper metal

suspension stages

Fused Silica
Penultimate — | & . Silica fibers
Mass [40 kg] ~ ' between the

/Ring Heater — \

Fused Silica
= Input Test

. ‘ Mass (ITM)
S § [40 kg] / N
Metal
\Compensation “Catcher”

. Plate (CP) Structure
Electrostatic

Actuator
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Beam Tube Properties

module length
25 cm diameter pump ports/module 9
radius of beam tube 62 cm

volume of module 4.831 x 108 liters

area of module 1.55 x 108 cm?

initial pumping speed/surface area 1.94 x 107 liters/sec/cm?
length/short section 1.90 x 103 cm

wall thickness 323x 107! cm

stiffener ring spacing 76 cm

stiffening ring width 476 x 107! cm

stiffening ring height 445 cm

expansion joint wall thickness 267 x 107! cm

expansion joint convolutions 9

expansion joint longitudinal spring rate 1.5 x 10° dynes/cm

AVS 64 Tampa, 31 October 2017 57 LIGO-G1701259



Residual Gas Pressure Limits in Beam Tubes

h(f) = 48x10 ~ R{—o'<P torr)),

AVS 64 Tampa, 31 October 2017

Table 1: Residual gas phase noise factor and average pressure

Gas Species R(x/H5) Requirement (torr) | Goal (torr)

H, : ' 1107
H,0 1x1071°
Ny

CO

CO,

CHy

AMU 100 hydrocarbon

AMU 200 hydrocarbon

AMU 300 hydrocarbon

AMU 400 hydrocarbon

AMU 500 hydrocarbon

AMU 600 hydrocarbon

58 LIGO-G1701259



Leak Test “Coffin”
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Postbake measurements of module X1 at Hanford

March 11-12, 1999

Table 1: Results from gas model solution of 16.9 hour postbake accumulation ending March
12,1999 at 10:00AM .

molccule

Outgassing rate @ 10

~

pressurc@ 10C

outgassing rate @ 23C

pressure@ 23C

torr liters/sec/cm*

torr

toer liters/sec/cm®

toer

16x107

10x 107

s2xio™

34x 107

-
<2x10

<34x 107

<88x 107

<15x1077

.

- )
<3x 10"

<Gx 1077 e

<52x10%

<15x 1077

<13x10°®

.

<23x 10

<13x107%

<17x107

<57x107%

<7x 1073

0,

<l12x10%

<23x10%

A

-2
<2.5x 10~

<36x 10

CO,

<65x 107

<l12x 1013

<29x 1077

<s2x 10

<15x10"

<16x10°

<6.6x 1017

<72x 10"

H,C,0,

2 amudl 435557

<l2x10"

<22x 1077

2 amudl 43,5557

<53x 10"

<97x107"?

Volume = 2.4 x 10° liters and Arca =78 x 10" cm?

The equivalent air leak into the module Q < 3.5x 10" torr liters/sec from amu 28.

Correction from [0C to 23C uses a binding temperature of 8000K for hydrogen and 10000K for
all other molecules

The data shows the outgassing rates of the tube are acceptable. The higher temperature bake at 168C for a shorter

AVS 64 Tampa,

v Nk woccanplished a better result than the longer bakes @ 150C.




LIGO is Really Two Vacuum
Systems (at each site)

“Vacuum Equipment:”
Chambers, pumps, instruments
» Houses detector apparatus
* Isolation (valves), access (doors)
« Electrical, mechanical, optical
penetrations/interfaces
* Pumping & instrumentation
« Somewhat “conventional”
* F:A~102Is'cm-2

Beam tubes
* Just a long hole in the air;

* Highly “unconventional”
* 10 million liters (per site)
* 300 million cm? (per site)
« 200 I/s char. conductance

LIGO-G1701259 AVS 64




BSC chamber

(Basic Symmetric Chamber)

«2.8m 3 x5.5mh

*Upper third removable dome

* Thin (10-15mm) 304L SS shell with welded
stiffeners, F&D heads

« Combination of GTAW and plasma welding

* Ports < 35cm @: ConFlat™
» Ports > 35cm @:
* Treated Viton elastomer
* Isolated pumped annulus
between inner and outer seal
* Permeation and damage tolerant ¢

LIGO-G1701259 AVS ¢



* House complex
input/output
optics

e 21Mm@@ x2mw

* More than 70%
of area is
removable
access doors

HAM chamber

(Horizontal Access Module)







End Station Pressure

LLO EX PT810B

100 1000 10000 100000
t (h from 7/31/2001 19:00 UT)




InE e Bl Unbaked Water Outgassing aaamzrrias ] smum
_ I---I (norm. to 1000 hours) T

log10(pressure in torr)

—6.4 1 ATETEP
ok mmMMIM'WIM“ =
i —_ [ L Wile
I Y o 2oy 23002y
£ E
; e
-6.6 & 11
—~— _
p1-4.2 6x10’\8xt4| @ (=}
g <
o 2
o
£ 10° o
7]
8 4
o
g 1010 Eﬁ
O 2
=]
101 ©
time in hours 108
WeISS et al’ T97O1 1 1 Fig. 4.5 Outgassing measurements for different HO exposures during venting of a 304
LHO b eamtub e stainless steel chamber of inner surface area 0.4747 m®. o Ambient air exposed, 7.8 ml
absorbed; A 600 ml exposed, 16.8 ml absorbed; + 400 ml exposed, 9.2 ml absorbed; x 200
~ -12 -1 -2 mi exposed, 7.2 ml absorbed; ¢ 100 ml exposed, 3.6 ml absorbed; % 10 ml exposed, 2.3 mi
"J ( HZO) 8 X 1 O T | S cm X (1 000 h )/t absorbed; @ N, gas with <10 ppm H,O exposed, 0.7 ml absorbed; ® dry N, gas exposed,

0.017 ml absorbed; Reprinted with permission from J. Vac. Sci. Technol. 4, 11, p. 1702, M.

Liand H. F. Dylla. Copyright 1993, AVS-The Science and Technology Society.

Li and Dylla (1993)
Electropolished 304L
10 ppm water content air re-exposure

Saito et al (KAGRA, 2011)

J(H2O) ~4x 10_12T [ S_'] Cm_z X (1000 h)/t ECB 304'., 200C Condltlonlng bake
-40C dewpoint (127 ppm) re-exposure

J(H,0) ~2x 1018 T I s*'cm=2 x (1000 h)/t

log10 ( J(amu18) ) torr liters/sec cm~2

« Tolerable pressure for H,O ~ 1/10 that for H,
« Passive 1/t desorption with time too weak

Low-temperature bakeout was required

1600 2000

time in hours e LIGO used 1-shot bakeout to save cost

Weiss et al, T940090 « Tubes cannot be re-exposed to atmosphere
BTD at CB&
J(H,0) ~3x102T I s cm2 x (1000 h)/t
(~10% T | s' cm2 post-bake)



“Dubinin-Radeschevich Isotherm”
desorption model

‘btdpumpdwn7b.txt T0=1.0e4 sigma0=150.0 r=0.7 : Thu Aug 8 19:04:00 1901

TO = 10000K

R=0.7

a=0.5

00 = 250 monolayers
amu =18
10=1013sec

log10(H20 outgassing rate) torr lit/sec cm~2
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time in hours

Site activation temperature in K

Weiss et al, LIGO-T970111

AVS 64 Tampa, 31 October 2017 67



