Next-Generation,
Gravitational-Wave Detectors

Jan Harms
Universita degli Studi di Urbino
INFN Firenze

10/11/2016 Harms @ APC 1



History

« Ral Weiss of MIT taught a course in GR at the
end of the 60s, and searched for a problem to
give to students

« How to detect GWSs with laser interferometric
detectors?

« Weiss wrote the first description of a detector
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Basic Concept of LIGO/Virgo
Detectors

Amplitude h on Earth:
e h~102%'(GW150914)
e L=3km, AL~ 1018 m
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Ground-Based, Laser-
Interferometrlc GW Detectors
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Under-vatuum benc
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Dealing with seismic
disturances and high laser
power leads to complex

Instrumentation.
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Einstein Telescope: Infrastructure
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ET: Xylophone Configuration

§°
Einstein Telescope 1 >
Xylophone option (ET-C)

ws{ o
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#, || Grn-LF
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Number of 'long' suspensions = 21
(ITM, ETM, SRM, BS, PRM of LF-IFOs)
Each detector (red, green and blue) of which 12 are crogenic.
consists of two Michelson inter-
ferometers. The HF detectors need
one filtercavity each, while the LF
detectors require 2 filter cavities
each due to the use of detuned

signal recycling.

Number of 'normal' suspensions
(PRM, BS, BD and FC) = 45 for
linerar filtercavities and 54 for

triangular filter cavities

Beams per tunnel =7
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3 interferometers to gain
full profit from triangular
detector shape

Split each interferometer
into two to optimize
sensitivity and increase
observation band
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ET: Noise Budgets

= Quantum noise
= Seismic noise
= Gravity Gradients

= Suspension thermal noise
= Total mirror thermal noise

Excess Gas

Frequency [HZz]
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= = = Gravity Gradients
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Key Technology: High Power

High-power laser
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§ L7 e A Damping of parametric
instabilities

Amplitude spectral density in arbritrary units
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Frequency (Hz)

: Reduced T
Laser  Ring heater ) Blair&Jian, 2016
deformation
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Key Technology: Squeezing

| j;g' Squeezed light is produced by
Tl  parametric down-conversion in
non-linear crystals.

“|—Typical noise without squeezing
] queezing- enhanced sensnwlty

Strain Sensitivity [1/ vHZ]

Frequency (Hz)
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Key Technology: Filter Cavities

Squeezed-light rotation by filter cavity

Reflect squeezed light from
resonator before injecting it
into the interferometer

Input filter
- - 1--A]

" | Squeezer

Loss filter; excl. Tin [ppm/m]
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Key Technology: High-Q
Materials

Substrate thermal noise
e Thermo-elastic noise
e Brownian noise

Coating thermal noise
e Brownian noise
e Thermo-refractive noise

| B | ! . .
R .  Thermo-elastic noise
—-_-v—;.:..——,'m\_.""f * Photothermal noise
""\ doad™ o
| E. | | Suspension thermal noise

& ‘Lj' / * Brownian noise
- e .

Thermo-elastic noise
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Key Technology: Seismic Isolation
LIGO Concept

Seismic isolation platform
under vacuum

Internal seismic isolation

External
(hydraulic)

. ,-«\\’ '\‘
Active seismic isolation uses low-noise sensors and L w'
actuators to suppress seismic noise.
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Key Technology: Seismic Isolation
Virgo Concept Supectienuon

Filter0

Suspension wire

Standard filters

Filter 7
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Key Technology: Gravity~-Noise

Cancellation
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Key Technology: Cryogenics

1. Cool mirrors and 1. New materials
suspensions 2. Seismic shortcuts from heat
2. Noise scales with T or T/2 links and light scattered from
heat shields

Interferometer arm

Concept for LIGO
upgrade

P —— -
_‘i—-

| Test mass
(124K)

PHeat shields (80K)

Shapiro et al, 2015
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GW Spectrum
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Multiband Observations

Same BH mergers observable
by aLIGO and eLISA
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BH/BH Observatlons

* One can only observe redshifted masses
(1+z)M

* For known detector concepts, there is a highest
observable BH mass

* 3G detectors would take a BH census starting
at an age of the Universe of about 650Myr
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Binary Black Hole SNR vs. Redshift

10'
Redshift z
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BH/BH Horizon

* Redshift effect causes detection horizons to peak at relatively
low BH/BH masses.
Horizons for observed masses peak at similar values

Redshift effect is stronger for 3G detectors so that 3G horizons
peak at lower intrinsic masses

HORIZON REDSHIFT
VS.S%)BSERVED MASS
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NS Equation of State

Tidal deformation parameterized
by NS polarizability p,, which is
proportional to Love number k.

NS equation of state Rosswog, 2012
Single adv detector (assuming Adv LIGO/Virgo network)
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TeStlng GR Yunes et al, 2016
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Observing BH mergers, we g 10°
access a completely new o’

regime of gravity (strong field). ) ‘ o
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Black-~Hole Spectroscopy

Observe quasi-normal modes at
ringdown. SNR dominated by
mode |,m=22’ then 33 and 21. Bulk [ 3x10%® 1x10° 5x102% 6x10%8 -
Energy has different distribution 00 0 a0 w0
for other objects. |

SNR in all modes SNR in 22 mode

GW150914 BH Boson star NS (n) NS (B)

Shear 7 4x10%  1x10° 7x10% 2x 10" 1x10%

Limit on amplitude of
potential additional
QNM.
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Cosmology/Cosmography

Dark energy EOS

Awy
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2
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Li, 2014

Measure tidal effects in BNS mergers
Estimate intrinsic mass of NS
(knowing NS EQOS)

Infer redshift of source

(if exists, use EM counterpart instead)
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1.
2.

Detection unlikely
Interesting physics:
inflaton decay

Black-hole survey

1.
2.

4.

Black hole evolution
Intermediate-mass
black holes

Stellar environment
as function of redshift
Possible primordial
BH detection
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Electromagnetic Follow-Up

“Fast” and “smart”
software to select a

sample of candidate
counterparts

Larger telescope to
characterize ,j
the candidate nature

F The EM §
y w Counterpart! i
=

o O h Al

Credit: M Branchesi
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Source Localization

EM follow-up of GW150914

,,,,,

B . e ew

If Adv Virgo™~ P sacain
: X-ray [

had been online : -y RILERY)
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Localization Near Detection Range

SKY INC. 51T CHIRP EPOCH
(1.38+1.42)BNS SNR AQ Al AD/D MASS AT
DEG2 DEG (PPM)  (MS)

12 43 23 75% 50 0.47

BB = Adv LIGO/Virgo upgrade

12.85 55 23 78% 60 0.52
(3 GPC)

10 26 27 62% 30 0.52

Sathya, 2015
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Localization Depending on
Detector

(1.38+1.42)BNS

at 800Mpc SKY INC. DIST CHIRP EPOCH
SNR AQ Al AD/D MASS AT
DEG? DEG (PPM) (MS)

37 41 22 71% 5.6 0.41

39 5.7 7.6 25% 5.2 0.16

12 43 23 75% 52 0.47

Sathya, 2015
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