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Existing/ Planned Ground Based GW Detectors

Operational
Planned




Gravitational wave signal
of 14 September 2015

Hanford, Washington (H1) Livingston, Louisiana (L1)
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Swope +10.9 h

A  IPN Fermi /
INTEGRAL

Artist’s illustration of two merging Discovery of the optical image by the Swope Telescope.
Neutron stars. Host galaxy NGC 4993.

Top: 10.9 hr after the merger.

Bottom: 20.5 days before.
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Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

LIGO-Virgo | Frank Elavsky | Northwestern

LIGO-Virgo events in Ol and O2: 10 BH events + 1 NS-NS event




* O3 started on 1 April 2019 and lasted
t1ll 27 March 2020.

* Some 56 alerts of candidate gravitational

wave events were 1ssued by LIGO-Virgo.

e KAGRA started the observation run
on 25 February 2020.



GW190412 FACTSHEET K¢

FIRST DETECTED EVENT WITH STRONG EVIDENCE FOR AN UNEQUAL
MASS RATIO AND HIGHER GRAVITATIONAL WAVE MODES PRESENT

Ooserved by LIGO Hanford and Livingston, Mazs of final BH 331t M,
Mirgo

Source type Binary black hola merger Spin magnitude of final BH 0.60 10 0.72

Event time 5:30:44 UTC, April 12, 2019 Initial astronomer alert latency &0 minutes

(referenced to time of merger)

Unequal
mass ratio
event.

Metwork signal 1o noise 191 Sky area of 9307 credible ragion 156 deg?
ratio

MNormalized energy
Distance 1.83 1o 2.84 billion light years 0. L a0 7.5 g 125 150

Riedshift 012w 018
Primary BH mass 24410347 M
Secondary BH mass T4 101M, AL
Ratio of secondary to 0.21 1o 0.1 1Ky

primary BH mass

Frogquency (Hzx)

Effective inspiral spin 01410 0.34
paramelear R0
Effective precession spin 0.15 10 0.49
paramelar 11}
T I /_,.:—\ 1 all
/ e N
LA . S — —— —.7h —(.50 -2 (AMk 020
LA — Phenum PHM Time {seconds)
o ECENT PHM
I Images: Mass ratio and spin (left) — from the properties of the signal, it was
1 o % paseible to estimate the mass ratio (g) and the effective spin [y of the
. o ] binary BHs. The blue and orange contouwrs represent 80% credible estimates
=25 LY on the values of these quantities from two different modeals.
. GW spectrograms ({above) — time-frequency representation of the GW
b \\_ signal data from all three defectors.
- . |
I i i | GW = gravitational wave, BH = black hale, M_=1 solar mass=2x1030 kg
10
I

Iy 15 ol 5 o Parameler ranges are 90% credible intervals from combining twe models




GW190814 Factsheet /

Lowest mass ratio event to date

Strongest evidence of higher order modes

Observed by: LICO Hanford,
LIGO Livingston and
Virgo detectors

Source type: BH and compact

object
Date: August 14" 2019
Time of merger: 21:10:39 UTC
MNetwork SNR: 25
Distance: 196 - 282 Mpc
Redshift: 0.05
Chirp Mass: 6.1 ME}
Primary Mass: 23.2 Mg
Secondary Mass: 2.6 Mg
Mass ratio: 0.1
Final Mass: 25.6 Mg

Spin Perpendicular to
Orbital Plane:

Spin Parallel to
Orbital Plane:

Spin of Final BH:

SMR in Octupole Mode:

# GW cycles (above 20Hz)
Sky Area:

Merger Rate:

Initial Public Alert
Delay:

0.0

0.0

0.28
5.2-7.9
300 cycles
18 deg®

1-23Gpc?
yr

20 min

Secondary of
2.6 Solar masses
might either be a

neutron star or a black
hole.



GW190425 FACTSHEET o

date

time of merger
Livingston signal-to-
noise ratio

:ﬂ%’ signal-to-noise

false alarm rate

most likely a binary
neutron star merger

25 April 2019

08:18:05 UTC

129

25

1in 69 000 years

| N
\

T
E 1.4
=
12
1.0
1.50 1.6 3 13 56 F 3] EA )
my (M)
core density of primary M5 70 to 140 trillion
times density of lead
inferred # of GW cycles ~ 3%00
from 19.4 Hz to 2048 Hz*
initial astronomer alert =43 min
latency™*
sky areat 8284 deg?

NS-NS
event.



GW190521 Factsheet

’ Observation of intermediate mass black hole formation
Most massive binary detected to date
Primary companion in the pair instability supernovae mass gap

Detectors LIGO Hanford,
observed: LIGO Livingston,
and Virgo

Source Type: Binary Black Holes _

Date: May 21t 2019 ,_

Merger Time: 03:02:29 UTC ; -

Metwork SNR: 15 "J

FAR: 1in 4900 years 0.2

Distance: 2.7-7.7 Gpc

Redshift: 0.48 —1.1

Primary Mass: 85 Mg

Secondary Mass: 66 Mg Mass ratio: 0.8
Remnant IMBH's 142 Mg,
Mass:
Spin of Remnant 0.7
IMBH:
# GW cycles: 4 cycles
Peak Signal 60 Hz
Frequency:
Eignal Duration: 100 milliseconds

LIG

VIRGS K. Ewing. K. Huxfard, D. Singh

Most massive
BH event.



The Gravitational Wave Spectrum

Quantum fluctuations in early universe

F 3

Binary Supermassive Black
Holes in galactic nuclei
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GRAVITATIONAL WAVE DETECTION IN SPACE: LISA

- LISA will be the first gravitational wave observatory in space
- selected in 2017 as the third large class mission in ESA's Science Programme

- to be launched in 2034 (likely earlier)
- The LISA Consortium has been joined by more than 1000 scientists worldwide
- Jetzer’s group: active member of the LIGO Scientific collaboration and the LISA Consortium

- development of gravitational-wave templates for the identification
and interpretation of gravitational-wave events in detector data

- dynamics and gravitational radiation of merging black holes and
neutron stars within the framework of General Relativity

- methods developed for ground-based detectors will be applied
for future LISA data analysis




1- In all the cases where the inner core of a galaxy has been resolved (i.e.
In nearby galaxies), a massive compact object (which I'll call Massive Black
Hole, MBH for convenience) has been found in the centre.

2- MBHs must be the central engines of Quasars: the only viable model to
explain this cosmological objects is by means of gas accretion onto a
MBH.

3- Quasars have been discovered at z~7,
their inferred masses are ~10° solar masses!

THERE WERE 10° SOLAR MASS BHs
WHEN THE UNIVERSE WAS <1Gyr OLD!!!

MBH formation and
evolution have profound
consequences for GW
astronomy




Galactic Background
] MBHBs at z = 3
% Verification Binaries
EMRI Harmonics
LIGO-type BHBs
GW150914
Gal. Bin. (SNR > 7)
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Possible other sources (hot shown): cosmic strings (kink, cusps)
cosmological backgrounds (non-standard inflation, phase transitions)




Extreme Mass Ratio Inspirals (EMRIs)

A smaller black hole orbits around a supermassive black hole




LISA sensitivity: EMRI , ultra-compact binaries in the Milky Way
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The Laws of Nature

Confronting general relativity with high-precision measurements of
strong gravity:

- Does gravity travel at the speed of light?
- Does the graviton have mass?
- Are there more than two transverse modes of propagation?

- Does gravity couple to other dynamical fields, e.g., massless or
massive scalars?

- What 1s the structure of spacetime just outside astrophysical
black holes?

- Do black holes have an horizon?

- Are astrophysical black holes described by the Kerr metric,
As predicted by GR?



Outlook 2030’s

Underground infrastructures for > 10km arms:

Einstein Telescope: 3 arms

each about 10 km in length

9
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Extend the sensitivity band to larger mass BHs at low frequency and to

NS at high frequency

o L O S B N L\\\P:\_\,\,L\\O

LETENTS e AR el b T . N B[4 e e s R

WS SFREDOZCZpon LriaTa_- 7

Hg T O B == = Hidi+4 + 4 — -

HO A AF BHFI— == = HH o = |4+ o —

I N A T I O s O A g 1

kmeH IR IR

0 A Y A VW A I

(v IR IR

j vt NI T

v IR L1

S e € el o s B

N 1. et P

I S s e o I Y o A B

[N I N U R S S B [ ==

TR IR

NMmTr T - MO T M1 -

RN O FE RS (AN

IR IR IR

IR LIS IR

IR N ™~y IR

HH I+ Fi— F — HIH F - — I ~S— g —— —

e e o e i o [ e e B

HA I+ - = = — B = = — N+ —— —

I I e T

NI T - MmT T T Mar1ve

HF I = e = HH = 1 = [ 2

IR IR NI e AN

AR R et R R e et Rl Rl el i = s ITIT T 71—

IR NN Lii, I

IR HEEEE T e T AR -

et T R ©

TP = T | — [~ — [H -+ — = It + 4 — o T

OO CC-hwllCpoolg lmni111-7]

H I b b = R E R

T+ - - — o = — —[H I+ + 4 —

I o Y s e e

TR IR LT

D b b T R VN W I R B NN NI N R .

I‘lll\\f:,,, IR I

IR IR IR I o

[ | [ | I | I I | o
§ q 3 § T
o o o o
- - -

Frequency [Hz]



Black hole coalescence sensitivity for ET and LISA

cosmic relonization

cosmic high noon

M(M.,)



Adv-Virgo to Adv-Virgo+ to ET

Upgrading the detectors leads
to larger time volume visibility,
hence higher detection rates

Advanced Virgo will operate at —— ,
design sensitivity till 2025 BN " 1 Ovsorvatory & Detecor funding

N —
ET site construction - detector installation & commissioning

Advanced Virgo+ is proposed as B e EROR RO - ..c.ccicix nsataion
an intermittent detector between
Advanced Virgo and ET, which

~ R&D M Installation | Commissioning [ Data taking [l Other

v

R o S - R - TR = MU, T B - RO el T T T S IR . TR - TR . TR sl
o o Sy S DELd-E T N NG S T N - R R
can also serve as an R&D for ET 8 &8 8 §8 8 8 S 88 &8 S8 S S8KSNS

Figure 5: Roadmap of the GW detectors in the next 15 years. The first two lines
In the flrst appr0X|mat|0n the represent the evolution of the Advanced Virgo and Advanced LIGO detectors in

the current infrastructures. The last two lines represent the evolution of the 3G

COSt for Advan Ced Vlrgo + Can level infrastructures, ET and LIGO 3G. The color code is specified in the figure.
be 80M Euros
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ET could observe BNS up to z ~ 2 (Advanced LIGO only up to ~ 200 Mpc)

Will improve substantially our knowledge on the matter equation of state
in Neutron stars.



GRAVITATIONAL WAVE RESEARCH
IN SWITZERLAND

At present both groups are working on Phase A of LISA

(D. Giardini 1s the PI and P. Jetzer the co-PI of the Swiss Prodex
Contribution).

Roles in LISA:

- D. Giardini: LISA board and executive board member

- P. Jetzer: LISA board and ESA Science Study Team member
- L. Ferraioli: co-lead of the Simulation management group

- L. Mayer: co-lead of the Astrophysics Working group

- P. Jetzer: co-lead of the Fundamental Physics Working group

Since 2017 the group of P. Jetzer 1s member of the LIGO Scientific
Collaboration (LVC). Maria Haney is the LIGO council delegate of the
Group.



GRAVITATIONAL WAVE RESEARCH
IN SWITZERLAND

- Michele Maggiore 1s member of the ET steering committee and
leads the science working team

- Several swiss scientists in Geneva and Zurich are members of
various LISA Working groups. In particular Prof. S. Paltani
and his group is involved in the project of a data center for LISA

to be set up 1n the Geneva Observatory (in the Integral Data Center
ISDC)

From the industry (besides RUAG) there 1s CSEM (Neuchatel)
with the group of S. Lecomte who 1s involved (with an ESA contract)
in the laser metrology for LISA.



Outlook
GW 1s a tool for astrophysics but also for
investigating topics in fundamental physics:

from dark matter to quantum gravity, stochastic
background produced in the big bang, equation of
state of neutron stars and thus QCD at ultra-high
density.

Many technologies developed for particle physics
are needed for building GW detectors:
cryogenics, optics, data acquisition etc.

This 1s truly a topic at the interface between
CHIPP and CHAPS.
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