Geophysical Noise in the Virgo Gravitational Wave Antenna

“Be not afeard; the world is full of noises, sounds, and sweet airs, that give delight and hurt not.”

Irene Fiori — EGO

Workshop on Observatory Synergies for Astroparticle physics and
Geoscience. Paris, Feb 11-12, 2019

irene.fiori@ego-gw.it
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M Introduce Virgo
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Gravitational Waves

[ Effect of GWs:

Squeeze and stretch the space in
perpendicular directions:
Strainh=4L/L

 What is the plausible
“strain”?

Even for the most tremendous
events in Universe, h~101-21
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The Virgo interferometer
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Advanced Detector Network, ~2015 and Later

::‘! e—' 7
Advanced uéb

LIGO-India
(proposed) &
L

1




Virgo noise curve
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The Superattenuator

Seismic isolation: each Mirror is suspended to a
cascade of 6 pendulums capable of providing more
than 10 order of magnitude of passive seismic
isolation in all six degrees of freedom above a few
Hz

Active control: mechanical modes below 2Hz are
damped with multiple Feedback control system
using inertial (accelerometers) and position (LVDT)
sensors and coil-magnet pairs actuators located at
the TOP table

Transfer function
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Virgo is also a Geophysical sensor

Horizontal deformation N-arm (18101-21613), drift=0.00/nstr/min,
sc.f.=1.14, delay=10 min, shiftVirgoDeform=-14 nstr

Feedback actuation force

. —— predict hor.def
to keep the 3km optical VIRGO — VIRGO
cavity on resonance 10 — fitting residuds |

Residuas

Theor def. -
nstr

-10°

* Atvery low frequency (£10mHz) Virgo’s two 3km
resonating optical cavities work as extremely 20 500 T000 00 2000 2500 3000 3500
accurate sensors of Earth crust deformations ~ min

(1pm over 3 km).
. . . . . A.V. Gusev, V.Rudenko, E.Majorana, P.Ruggi et al,
Deviations from tidal deformation can evidence Geophysical noise in the virgo gravitational antenna

Geodynamics effects (e.g. Earth nucleus motion)  https:/flink.springer.com/article/10.1007/s11018-009-9245-7
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Wind affects superattenuator control
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During strong wind (>40km/h) the Superattenuators
are less stable and Virgo sensitivitx worsens
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Wind affects superattenuator control
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O Wind - tilt of ground (below 10mHz): accelerometers on top
stage wrongly interpret it as acceleration and fail to apply the
right Feedback force!

(b)

irene fiori - astrop and geoscience, paris

U Solution:

accelerometer

add tilt-meters to the SA control
(=nanorad/vHz at 10mHz)

O Openissues:
* what is actually tilting? Building walls, or

soil itself ??
* importance of characterizing soil tilt of
future GW detectors site

G.Losurdo, Passuello, Ruggi, VIR-NOT-FIR-1390-318
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Earthquakes

Low frequency ground motion
causes Superattenuator’s control
to fail and interferometer to
“unlock”. It can take long time to
damp the excited SA modes and
recover.

Mostly sensitive to shear S-wave
and Surface waves (lower
frequency content)

| O Low Latency Earthquake Early

Warning- knowing at least few
seconds in advance about the arrival
of EQ would permits to put the
interferometer in a “more robust” and
safe state and keep it operational
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O EEWS design study, ongoing
project of INGV-Pisa and EGO-Virgo
Marco Olivieri et al. POSTER session
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Noise from Magnetic fields

O 4 tiny magnets are glued on Virgo mirrors surface and
used for position control (coil-magnet actuation)

U External magnetic fields can exert a force on the magnets
—> mirror displacement noise

F=/-VB
7 =jixB

irene fiori - astrop and geoscience, paris Test mass:
35 cm @, 20 cm thick, 42 kg
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Geomagnetic pulses

O Very energetic electric discharges in atmosphere can
produce “coincident” (light-speed separated) noise
transients in word-wide detectors

U This can FAKE a real GW signal!!
O Solution? (not easy) Measure it and VETO.

2/11/2019 irene fiori - astrop an

Gigantic-jet of December 12 2009, near Corsica
Detected by magnetometers at LIGO and Virgo
and by the Virgo detector

I.Kowalska, et al., https://arxiv.org/abs/1612.01102
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lesonance

M.Coughlin, https://arxiv.org/abs/1406.2367

Geomagnetic fields

U Search for SGWB: background of GW from the early universe shows up as
correlated noise among distant interferometers.

U Global magnetic fields (such as Schumann resonances) can produce a false correlated signal

U Solution? Measure it and subtract from data.

O External magnetometers @Virgo

Projected correlated noise
between Ligo and Virgo+, VSR4

data exchanged with similar sensors installed at
LIGO and other geomagnetic sensor networks:
www.vlf.it
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http://www.vlf.it/

Cosmic rays

“burst-like”
can mimic
GW event

| nteractions CcO0S mitestmiassey S

= Elastic interaction: direct momentum transfer
= Inelastic interaction: heating = distortion of mirror surface

! . . .
» Muons are charged = charge deposit on mirror = Coulomb force fluctuations

Braginsky et al. Notes about noise in GW antennas created by cosmic rays,
2006 Phys. Lett. A 350,1 arXiv:gr-qc/0509058

s
10000 m

Diaptgﬁne Detector at EGO

U Some effect can be observed for > 2TeV showers . o «
h 1en-22 (just a few / year)

U Certainly of relevance for future GW detectors
Acquiring experience now helps!

U One muon detector installed at EGO, during O3 science run
(courtesy of Jacques Marteau — IPN Lyon )
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Newtonian Noise

Infrasound waves 1-2.3

O Fluctuations of gravity field
at the test mass

= soil density fluctuations Temperature fluctuations 2.3
= air density fluctuations s
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Seismic waves 1 2

2/11/2019 Saulson Phys. Rev. D 30, 732, J. Harms Terrestrial Gravity Fluctuations,

Creighton CQG. 25 (2008) 125011, C.Cafaro, S. A. Ali arXiv:0906.4844 [gr-qc]



Strain [1/ V' Hz]

Newtonian Noise — projections

Present Virgo: noise is close to limit between 10 and 30Hz

[ seismic NN

Main contribution: Rayleigh waves in

Building floor (from infrastructure devices:

air conditioners, vacuum pumps)

AdV Noise Curve: P, =125.0 W

= Quantum noise
Seismic noise
Il Newtonian noise

Coating thermal noise
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O infrasound NN

Main contribution: sound inside
experimental buildings
(infrastructure)

\ —AdV infrasound NN
\ — -AdV sensitivity

0° 10’
Frequency[Hz]

D.Fiorucci et al. Impact of infrasound atmospheric noise...
Phy.Rev.D 97 (2018) arXiv:1801.04564

J How do we face NN?

= NN cannot be shielded.
= Less noisy infrastructure!

= Subtraction:

+» Array of sensors around test
masses and Wiener filtering

+* First tests with seismic arrays

and tiltmeter, at LIGO and Virgo
J.Harms et al arXiv:1807.07427

*»*Project: mobile array using
machine learning to optimize
sensors location


https://arxiv.org/abs/1807.07427
https://arxiv.org/abs/1801.04564

* Einstein-Telescope, CosmlcEprorer 10 times better sensitivity, extended down to 1Hz.
* Torsion bar antennae (TOBA), atomic interferometers: sub-Hz detectors
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Challenges for future GW detectors

U Need improved monitoring: earthquakes, cosmic-rays, geomagnetism, density fluctuations
0 Newtonian noise, both seismic and atmospheric is a major concern (it cannot be shielded!)
* Selection of low noise detector sites (little anthropic and geophysical disturbances)

* Thorough study of candidate sites:

— Characterization of noise sources (Virgo site experience: noise from wind farms, noise from traffic on
viaducts, agricultural noise)

— Characterization of geological setting near the antenna — sub-surface density variations, possible presence of

local seismic amplifiers Soumen Koley, et al https://doi.org/10.1190/segam2017-17681951.1
G.Saccorotti, et al, https://doi.org/10.1785/0120100203 | e m°“°”""‘lv‘” Q) 9, el L=
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Concluding remarks

« GW interferometers and Geo-science share many topics: geodynamics, Earth
seismicity, meteorology, geomagnetism, cosmic rays

* These are becoming more and more relevant for next generation of GW detectors
aiming at increase sensitivity and sub-Hz sensitivity (AdV+, A+, Einstein Telescope,
Cosmic explorer, TOBA, atomic interferometers, ...)

* Several issues (ground tilt motion, EEW, density fluctuations of soil and
atmosphere) need to be addressed in the studies for the choice of detectors site
and design of new detectors.

* Need for improving measuring and monitoring of geo-physical quantities.
 Thereis ground for a fruitful synergy!
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Additional slides

Virgo site seismicity, with percentiles
Wind site statistics

Environmental monitoring sys

Virgo fundamental noises

SA control scheme

Noise study, wind farm

Noise study, trucks on viaducts



GW detectors - Noise

Limiting noise at different frequency ranges

Low-Freq: newtonian noise,
seismic noise, residual
technical noises
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Strain [1VHz]

Quantum noise

Gravity Gradients
Suspension thermal noise
Coating Brownian noise
Coating Thermo—optic noise
Substrate Brownian noise
Seismic noise

| = = = Excess Gas

OMC thermo—refractive
Alignment noise
Magnetic noise

= = = 5um of the plotted noises

Reference AdV curve

m shot noise

10°
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\/l RG:) Local control

requirements I
Tidal stramn over 3 km OL = 103 m

Interferometer operation requires oL ~ 10-2m

Required dynamic range > /0° ===>> hierarchical control

N [i] N U’andﬂlhrl)
_ control |

3 actuation points

+— I H

Fulvio Ricci
Les Arcs 22 -29/03/2003 25



Environmental monitoring

Network of probes in experimental halls

e 200 fast sensors 75148
0 Accelerometer

1000 slow sensor 0 Episensor
O Velocimeter
@ Thermometer

TYPE and LOCATION is such £ ©om®. (temp-+press.+hum)
Microphone

that ENV prObeS senses A infrasound microphone l Wesharm

disturbances with much E\f\/ﬂalgnetomebter I\
oltage probe

larger SNR than ITF

B Current probe
B Radio frequency antenna

Lightning sensor
Weather station
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Wind @Virgo site

LOW wind IQI) to 5 km/h) MODERATE wind (5 to 15 km/h)
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T T 1.0
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Wind turbines

* Seismic wave-field at Virgo G.Saccorotti et al, https://doi.org/10.1785/0120100203
Soil vibration at 1.7Hz
Detected at 6km distance
Propagation model

MNE, displ vector modulus, data 7 hMarzo 2010

ﬁ VIRGO

7 Q_=20 v =200

800 m

Q =40 v =400

Q_=120'v,=1200




Heavy traffic on viaduct East of Virgo produce 2-3Hz peaked pulsed wave field (see results of
circular array studies, Soumen Koley https://doi.org/10.1190/segam2017-17681951.1)

1187112684.00 : Aug 18 2017 17:31:06 UTC dt: 10.00s
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h/sqrt(Hz)

*  During 02 (August 2017) these seismic glitches were correlated with transient excess noise in Hrec

the 10-30Hz frequency.
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FIG. 13. Contributions to the infrasound NN of a TOBA
detector located 300 m beneath the earth surface. The blue
line corresponds to the contribution due to the space inside
the underground cavity housing the detector and the green
line represents the contribution of the space above the earth
surface.

D.Fiorucci et al. Impact of infrasound atmospheric noise...
Phy.Rev.D 97 (2018) arXiv:1801.04564
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