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HGOo Outline

e Why Make Bigger and Better Detectors?

® Improving Advanced LIGO: A+

® Exploiting the Existing LIGO Facility Limits: Voyager
® Future 3G’ Facilities: Cosmic Explorer and Einstein

Telescope
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LIGO

Some of the Questions That

Gravitational Waves Can Answer

Outstanding Questions in Fundamental Physics

»

»

»

Is General Relativity the correct theory of gravity?
How does matter behave under extreme conditions?
No Hair Theorem: Are black holes truly bald?

Outstanding Questions in Astrophysics,
Astronomy, Cosmology

»

»

»

»

»

»

»

»

»

Do compact binary mergers cause GRBs?

What is the supernova mechanism in core-collapse of massive
stars?

How many low mass black holes are there in the universe?

Do intermediate mass black holes exist?

How bumpy are neutron stars?

Can we observe populations of weak gravitational wave
sources?

Can binary inspirals be used as “standard sirens” to measure
the local Hubble parameter?

Are LIGO/Virgo’s binary black holes a component of Dark
Matter?

Do Cosmic Strings EXxist?
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Black Hole Merger and Ringdown

Image credit: W. Benger
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LIGO Observing Plans for the Coming 5 Years
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Abbott, et al., “Prospects for Observing and Localizing Gravitational-Wave Transients
with Advanced LIGO, Advanced Virgo and KAGRA?, hiips://arxiv.org/abs/1304.0670 S
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LIGO

Giravitational-wave Science is

Sensitivity Driven

1) We want more

Binary Neutron Stars events
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GGravitational-wave Science is

LIGO

Sensitivity Driven

Binary Neutron Stars

2) Many sources
require higher SNR
to uncover new
astrophysics:

I I | 1
_— . 3| |~ — running at O2 sensitivity |
5 10°F |- — running at O3 sensitivity 825X
— — — running at aLIGO O4 sensitivity no A+ upgrade ]
o A+ u d
o pgrade 2302{
= g
c By~ —
Z 10%F e =
g0 AEEETET20X
GE, LT = =]
-
= - L—=7 45X
X ] _ 7
Q -~ -~ -
= 10 g e ;
2 Z
o
>
10() 1 1 1 1
2016 2018 2020 2022 2024

Calendar year

LIGO-G1800292

- tidal disruption in BNS
mergers

- tests of alternative
theories of gravity

- Black hole ringdowns

- Stochastic background

- Isolated neutron stars

Galactic supernova



Example: Probing the Neutron

Z o Star Equation of State
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LIGO-G1800292



LIGO

Improving LIGO: A+
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A+: a Mid-Life Enhancement for

s Advanced LIGO

Comoving Ranges NSNS 1. 4/1 4 M@ and BHBH 30/30 M,

® Near term: ‘A+’, W ——02 data: NSNS 96 Mpc, BHBH 983 Mpc ;
. I —aLIlGO design: NSNS 173 Mpc, BHBH 1606 Mpc|
a mid-scale —Aplus design: NSNS 325 Mpc, BHBH 2563 Mpc |1
upgrade of ~
T
Advanced LIGO % 102}
» Improvements =
across all bands o
® Projected time £ N
scale for A+ s 10
. &
operation: 2023 -
2025
10724

10’ 10° 10°
Frequency (Hz)
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LIGO

The Rationale for A+7?

A+ is an incremental upgrade to aLIGO that can happen in
the next 5-7 years

A+ leverages existing technology and infrastructure, with
minimal new investment, and moderate risk

Target improvement: factor of 1.75" increase in range over
aLIGO

> A factor of ~ 5 greater CBC event rate
A+ is a stepping stone to 3G detector technology
Can be observing within 5 years (possibly late 2022)
“Scientific breakeven” within 1/2 year of operation
Incremental cost: a small increment of the aLIGO cost
*BBH 30/30 My: 1.87x

Slide inspiration: Mike Zucker, LIGO Laboratory *BNS 1.4/1 4M@' 1.7x
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YGOo Key A+ Upgrades

Aplus design curve - NSNS (1.4/1.4 M) 325 Mpc and BHBH

(30/30 M) 2563 Mpc
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LIGO

Squeezing: Reducing Quantum Noise

* Electromagnetic fields are
quantized:

A

E =X, coswt +iX, sinwt

® Quantum fluctuations exist in the
vacuum state:

(AKX (AX)?) > 1

Coherent State

LIGO-G1800292

Strain Sensitivity [1 /v Hz]

3.5 dB squeezing
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The Best of Both Worlds: Frequency

LIGO Dependent Squeezing

squeezing angle (deg)
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Oelker, et al., “Audio-band Frequency-dependent

Squeezing”, Phys. Rev. Lett. 116, 041102 (2016).

14
LIGO-G1800292



HGO  Thermal Noise in Optical Coatings

— ‘
2 L l, ‘l
10 ! ! Y. Levin Phys. Rev.
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® Simple picture: kT of energy per mechanical mode, viscous damping
@ For coating dominated noise and structural damping:

coating thickness j‘ating elastic loss ¢Ti02 Ta,0, = 7 x 10—4
Slide Credit: S (f.T) = Zka 621’ ¢(£+£) o, = 4x107
Marty Fejer, Stanford af wY \Y Y

beam radius

Compare: Bulk Silica ¢ ~ 106-10-8
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Low-frequency losses In

Z amorphous dielectrics

® Loss mechanism: conventionally associated with low energy
excitations (LEES)

» conceptualized as two-level systems (TLS); Distribution of TLSs arising from
disordered structure

» Simple physical mechanism: bond flopping in amorphous materials, e.g. SiO,

E
E v i
1
A A\ / 4 (®=5i,0=0)
Single TLS Distribution of TLSs

2 2
S 14 wT (A a_ Y wT o A
R T (ﬁ) > O~y oeseh (kT)g(V)f(A)dVdA

Figures: B.S. Lunin
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LIGO

Routes to Improved Coatings with
Low Thermal Noise

e Goal: 2X — 4X reduction in coating thermal noise

e Ultrastable glasses

»  Glasses prepared by physical vapor deposition show
extraordinary stability

slower cooling liquid reaches lower energy states

»  simulations suggest surface liquid layer has orders of
magnitude higher mobility than caged particles in solids

liquid

Fast cooling

IAY

Fast
cooling

glass Slow cooling

o
in

Slow /

cooling /
/
)

Energy

glass /

-
“ " Infinitesimally slow
cooling

Ultrastable vapour

deposited?

T
Temperature

Configuration space

S. Singh, et al. Nature Mater. 12, 139 (2013);
Parisi, Nature Mater. 12, 94 (2013)
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very different from film annealed at same

X. Liu, F. Hellman, et
al, Phys. Rev. Lett.
113, 025503 (2014)

Challenge:
extendable to
amorphous
oxides?
Scalable to
commercial
coating
methods?
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Routes to Improved Coatings with

GO Low Thermal Noise

@ Goal: 2X — 4X reduction in coating thermal noise
® Crystalline coatings
» molecular beam epitaxy to generate crystalline GaAs/AlGaAs multilayer
» mirror disc lithography and etch, substrate removal, and direct bonding on

substrate
Challenge: i) Scalability
Current state-of-the-art: 75 mm aperture. LIGO needs: > 300 mm (Cost!)
0
22.CMS ii) Coating uniformity: 104 (IBS) vs 102 (crystalline)

N
Qe

Si0,/Ta,0, coating:
Brownian + thermo-optic

N
©
3

N
)
o

GaAs/AlGaAs coating:
Brownian + thermo-optic

power spectral density (Hz’/Hz)

-
o
IS

E  Brownian

1 16 160
frequency (Hz)
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Yeo Preliminary A+ Schedule

® Possible project start date in early 2020 (paced by funding)
e Installation start date early 2022

Task Ew“m} StartDate | Finish Date FY17 Fr 18 FY 19 Y20 Fr2t 2 o =
LIGO LAB OPERATIONS LRN | wane
FY19-23 0&M CA 130500 | 10718
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LIGO

Exploiting the LIGO Qbservatory
Facility Limits:

LIGO Voyager

20
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LIGO

LIGO Voyager Concept

® Voyager Key Technologies

»

»

»

»

»

»

Silicon Mirrors: 200 kg, 45 cm
dia., mCZ process

Mirror Coatings: a-Si/SiO> (ax-Si:
~lossless thin film)

Cryogenics: 123 K (zero CTE), mS:ll;B%nkg
radiative (non-contact) cooling o= 01% T

Lasers (2000 nm): P~ 180 W,
Parm ~ 2800 kW

Wavefront Compensation:

NG

P, =150 W

Ppg =3 kW

] LASER p

thermally adjustable lenses only |t ’m TPRHQL 8% /l Py =3 MW
(no actuation of test mass) ] "sem ™%
Photodiode Quantum %"'@D
Efficiency: 80 -> 99% for 2
micron

(No change to Advanced LIGO seismic isolation system!)

LIGO Laboratory 21
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LIGO Voyager Conceptual Design

YGOo Sensitivity

'||:_ T T . e R R A | T | Ol QO ok i G 2 T I
¢ e (Quantum: P, = 138 W: ¢, = 10 dB
s Seismic: aLIGO
wee Newtonian Gravity: 10x subtraction
s SUSp Thermal: 123 K Si blades and ribbons
me C0at Brown: «-Si:Si0s @ ¢ = 5.5e-05
Coating ThermoOptic: wyeam = 5.9 8.4 cm
Sub Brown: Si mirror (T = 123 K, mj0r = 200 kg)
== Residual Gas: 3 nTorr of H,
Sub Thermo-Refractive
Carrier Density: 10" /cm?®
Total

L1 111l

Adv LIGO

1

by rana on Coal2000.local

created using gwinc.m on 28-Oct-2017

10 100 1000
Frequency [Hz] 2
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Voyager Reach for Compact Binary
Mergers

Redshift v. Black Hole mass
LI I 1 I 1 1 1 1

10 F
C ——alLIGO
A+
Bt
= \
S 1E | =
Q
~
NG
0.1 Lol | i1l
1 10 100 1000

Total Mass (M)
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Y¥eo Technology: 2 Micron Lasers

. EU Funded 2 | t d
@2 um Tm:YAG, Ho:YAG commercial e y |
lasers exist

» low power/low noise, or high power/ high noise

e Challenge is to make high power/low
noise

h‘"-"'"

@ Development programs underway by
several gravitational wave groups

» Decade long program envisioned

"J'!

b S

-
1
{ M B
w

Eam

BY RIT

E‘_ A
planer’
7 i S

T
N

http://isla-project.eu/

[ Bl FY2 FY3 FY4 FYS FY6 FY7 FY8 FY9 FY 10 [ FY 11

Conceptual |Mmedium Noise,
proposals/ power | long term
requirements | demos stability

Slide inspiration: Rana

Operation Adhikari, LIGO Laboratory

Downselect
Procurement
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LIGO

Technology: 200 kg Silicon Mirror

e

® Main challenges are i) mirror
size, ii) absorption
» @Goal: absorbed Power <3 W;
» 3 ppm/cm (FZ): max diameter ~ 20 cm
» mQCZ from SEH can get

» samples acquired, absorption
measurements done (< 4 ppm)

»  SEH Japan will make 45 cm diameter
mCZ

» how to sequence all of the annealing?
Different processes for substrates,
coatings.

Slide inspiration: Rana
Adhikari, LIGO Laboratory

LIGO Laboratory
LIGO-G1800292



GO0 Technology: Cryogenics (Not Really...)

Cooling needed to (only!)123 K

@ Non-contact, radiative cooling

@ No cryogens in vacuum

® Only cooling lower 2 stages of
mirror suspension

e ~5 W cooling required

® An engineering effort

» Designs being looked at by several LSC
groups

LIGO Laboratory
LIGO-G1800292



LIGO

Future 3G Facilities:

Einstein Telescope and Cosmic
Explorer

27
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B. Sathyaprakash, Dawn Il Workshop,
https://wiki.ligo.org/LSC/LIGOworkshop2017/WebHome

Making the 3G Science Case

LIGO

EXTREME GRAVITY, DYNAMICAL
SPACETIMES
EQUATION OF STATE OF DENSE ¢ Deformed black holes emit quasi

NUCLEAR AND OTHER EXTREME ormal modes
MATTER

PRECISION COSMOLOGY

¢ complex frequencies depend Compact binaries are standard

sirens; GW observations can

measure the luminosity distance

Measuring two or modes would
provide a smoking gun evidence
of black holes Butc measure distance
and redshift both from GW

ObSEI‘.“aI ons alone?

only on the mass and spin
Neutron Stor Strange Quark Stor J r

Dreyer+ 2004, Berti+ 2006, Berti+ 2007,
Kamaretsos+ 2012, Gossan+2012 talks by Vitale and Campanelli 4

neuTRONs "\

B
©

The 3G Gravitational Wave
Ground-based Network

ASTROPHYSICS OF STELLAR
COLLAPSE AND SUPERNOVAE .
< Energy reservoir ¢ Time frame for explosion MULTI-MESSENGER ASTROPHYSICS: B TR _:: ApaL 2016
¢ few x 10” erg ¢ 300 - 1500 ms after bounce SYNERGY BETWEEN GW-EM . !

% Explosion energy + Formation of black hole

¢ 10%" erg ¢ At baryonic mass > 1.8-25M

. SN Explosion

LIGO-G1800292



(Very) Conceptual Timeline For New

LIGo Observatories

Next Gen R&D + Design osmic Explorer — New Facility

Si, Cryo, 1.5 -2um R&D

I —— — _— —

Coating, Suspension R&D

— m— p—

>azR&D Iy Color Code:

Advanceo “Bperment
-
oday
2030
]

LIGO-G1800292

Voyager — Current Facility




LGO Einstein Telescope (Europe)

« Third-generation GW
observatory

« Target sensitivity for
Einstein telescope is a
factor of ten better in
comparison to current
advanced detectors

« 10 km long. Underground

« Xylophone configuration,
6 interferometers

Formal Design Study completed in 2011: hitp://www.et-gw.eu/etdsdocument

LIGO-G1800292



EIN ST;E;I N _ . '
E Tl; 1 ET Configuration .

. . ,so
Start with a single Xylophone Eeinstein Telescope { s
Xylophone option (ET-C v N :
detector. viophons optlon (ET) 5t ooy by et
Each detector (red, green and blue) #u  J\Grn-LF of which 12 are crogenic.
consists of two Michelson inter- ,' s Y
ferometers. The HF detectors need ,,," e Number of ‘normal’ suspensions
one filtercavity each, while the LF R B A T
detectors require 2 filter cavities X ; .
Add Second Xylophone each due to the use of detuned friangularfifter cavities
signal recycling. Beams per tunnel =7
detector to fully resolve
polarisation.

Add third Xylophone detector
for redundancy and null-

streams. / ’
O )
< \Q
N w\ th
N 2 N < L b i a't *§*§
Allows upgrading one Red-LF® %4, Iy e L
H . In d . ~
detector while keeping full S lllmu.u X%

functionality of observatory
and minimize down time
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LicoLtinstein Telescope Conceptual Design
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LGO  cosmic Explorer (US)

« Third-generation GW observatory

. Target sensitivity a factor of > 10 improvement in comparison to current
advanced detectors
« Above ground, 40 km arm length, L configuration

Formal Design Study: not yet, but proposal under development (M.
Evans, MIT, PI







LIGO

Cosmic Explorer Conceptual

Design Sensitivity

LIGO-G1800292
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LIGO
ET and CE Have Cosmological Reach

Horizon and 10, 50 and 75 % conﬁdence levels

| 1 T rrrl ' T

_ Cost~10°8/1 09€

Redshift [7]

1 00 1 O 1 0 LIGO Documents

T1600140;T1500491;
Total mass [MCD] P1400147;

ETD ¢t ET-0106C-1036
LIGO-G1800292 ocumen



Gravitational Wave International Committee

5 GWIC

How to Get To A 3" Generation Observatory?

GWIC (Gravitational Wave International Committee)

Body formed in 1997 to facilitate international collaboration and
cooperation in the construction, operation and use of the major
gravitational wave detection facilities world-wide

e Affiliated with the International Union of Pure and Applied Physics
»  From 1999 until 2011, GWIC was recognized as a subpanel of PaNAGIC

(IUPAP WG.4).
» In 2011, GWIC was accepted by IUPAP as a separate Working Group

(WG.11).

Links to the:
International Astronomical Union (IAU)
International Society for General Relativity and Gravitation (ISGRG)
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Gravitational Wave International Committee

" & GWIC

GWIC’s role in coordinating 3G detector
development

GWIC Subcommittee on Third Generation Ground-
based Detectors

GWIC subcommittee purpose and charge:

With the recent first detections of gravitational waves by LIGO and Virgo, it is
both timely and appropriate to begin seriously planning for a network of future
gravitational-wave observatories, capable of extending the reach of detections
well beyond that currently achievable with second generation instruments.

The GWIC Subcommittee on Third Generation Ground-based Detectors is
tasked with examining the path to a future network of observatories/facilities

Web Site https://gwic.ligo.org/3Gsubcomm/
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Summary: The Future for Gravitational-wave .
Astronomy is Bright

 Ground-based GW detectors
will continue to advance in
sensitivity in the coming
decades

« Near term: A+, an Advanced
LIGO upgrade

* Medium term: Voyager, uses
existing facilities but with new
technologies

* Long term: Einstein Telescope
and Cosmic Explorer, new
facilities



