A primer on LIGO and Virgo gravitational wave detectors
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Interferometric gravitational wave detectors

Tiny vibrations in space can now be observed by using the kilometer-scale laser-based
interferometers of LIGO and Virgo. This enables an entire new field in science
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Eleven detections...so far
First gravitational wave detection with GW150914 and first binary neutron star GW170817
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Event GW150914

Chirp-signal from gravitational waves from two coalescing black holes were observed with the LIGO
detectors by the LIGO-Virgo Consortium on September 14, 2015
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Event GW150914

On September 14th 2015 the gravitational waves generated by a binary black hole merger,
located about 1.4 Gly from Earth, crossed the two LIGO detectors displacing their test
masses by a small fraction of the radius of a proton
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Laser interferometer detectors



Laser interferometer detectors

LIGO Hanford

AEBRRENRLES

AR
(RERRWTHEET)

XMASS |y 545> K
&3 -

a 2—I—PEAN>F oy
cLIo " g
WIS A
1000X— R b —P
) o
7

—

LIGO L|\7|Fg5 A GEO 600




Effect of a strong gravitational wave on ITF arm
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Laser interferometer detectors

Michelson interferometer
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If we would use a single photon and only
distinguish between bright and dark fringe, then
such an ITF would not be sensitive:

A/2 0.5x10"®m
Loptical - 4000 m

Need to do 1012 times better. This would
required 1024 photons in each 0.01 s interval

s 10—10

hcrude &=

Z’TCN ~ 20 MW

Virgo uses 18 W of input power

Power required P;,, =

Michelson (Nobel Prize in 1907) could read a fringe to A/20, yielding h,, of a few times 10-°



Laser interferometer detectors

Free-falling interferometers on Earth

Earth is not an inertial reference frame
nevertheless

It's always possible to make a test mass
'free falling' in a certain frequency range
by 'suspending' it, i.e. by connecting it
to the Earth as a pendulum




Laser interferometer detectors

Simple pendulum transfer function

The equation of motion is:
mi‘-l—bi-l—%(:n—ms) =f
which is in the frequency domain is
— mw?X +iwX + %(X X)) =F
by solving it we find

¥ — wp? F/m

. 'Xs_l_ .
wg—w2+z°%ﬂ wgg—w2+z%ﬂ

wherewg:\/%a,nd@:%




Laser interferometer detectors

Simple pendulum transfer function

at low frequencies (w < wp)

X ~ X, + F/muwg?

at the natural frequency (w = wp)

X ~ Q(Xs + F/mwo?)

while at high frequency (w > wp)

X @ F/mw?

Transmissibility

p
=

10 &

10 ¢

Frequency [Hz]

At high frequency the mirrors respond to external forces only with their inertia. They
act as if the suspension is not there! In that sense they are “freely falling”

At low frequency we use feedback control to mimic rigidly mounting of our mirrors




Laser interferometer detectors

Michelson interferometer: response to a gravitational wave

Gravitational waves propagating through flat space are described by g,, = 1, + hy,

0 0 0 O
A gravitational wave propagating in the z-direction can be described by h,, = 8 Z _ba 00
0O 0 0 O

Two free parameters implies two polarizations

For light moving along the x axis, we are interested in the interval between points with non-zero dx
and dt, but with dy = dz = 0: ds? = 0 = —c?dt? + (1 + hyy)dx?

Strain h(t) can have any time dependence, but for now assume that h(t) is constant during light’s
travel through ITF. Rearrange, take square root, and replace square root with 1st two terms of
binomial expansion.

__hq4L

. 1 rx=L 1
We find [ dt = Efx=0 (1 + Ehll) dx = =2

We choose coordinates that are marked by free masses: “Transverse-traceless (TT) gauge”
Beamsplitter at x = 0 and end mirror is always at x = L

Round trip along x-arm: At = hy4L/c and for the y-arm (with h,, = —hy; = —h): At,, = —hL/c

Difference between x and y round-trip times: At = 2hL/c and ¢, — ¢, = %h



Laser interferometer detectors

Michelson interferometer: response to a gravitational wave

2L/c
Gz — oy = QU1 —Ty) = Q/O‘ h(r)dr

which for h(t) = hoe™t is

ﬁbm_‘i’y:

AnL [sinwL/c _;,1, it
T C h v
A l wL/c ¢ ] 0
for fgw < ¢/2L the response is flat with

AL
Pz — Oy = Th

Phase difference [rad]

10 10 10° 10 10 10
Frequency [Hz]

One would love to have L = 75 km but ....




Laser interferometer detectors

Fabry-Perot arm cavities (idea from Ron Drever)

Ein(t, ) = B9, 5)

for the circulating field we find

Ecirc — tlEz'n + TITZEcirce

Ecz'frc

1

E;

while for the reflected field we find

Er — _tlEin + T2t1Ecirce

—idw L/

—idwL /A

t27pe—i4mL/A

Ecirc
: E—)
E|n >
Er *

Circulating power builds up for L=n\/2



Laser interferometer detectors

Fabry-Perot arm cavities

The “sharpness” of the peaks is defined
by the finesse

F— TA/T17T2 10
1 —riry
2
The finesse is related to the number 10
of round trips the light makes inside
the cavity ’
10 |
N = 2F c
T i
" R
For Advanced Virgo &
T, = t{ = 0.014 o'l
T, = t2 = 10 ppm
L =3Kkm
F =440 .
Pcirc = 650 kW
N = 280
10°



Laser interferometer detectors

Fabry-Perot arm cavities

AnL [sinwLl/c 1/ t2ry/(1 — r179) ot
— = : h W
Qszz: Qby A { wL/c € 1— T1T28—12Lw/c 0€

which, for f;, < ¢/2L, is well approximated by

8LF hoe™? 1014::: ________
$e =Py ="+ T i = —FPMI L=3Km, F=440 |
me - —Michelson L=3Km |
1013 T
The “effective” arm length s
Increases by a factor N 210
o
D
2'3 10"
What else can we do to enhance £ L
the signal? 1010:
9 Lo : Lo P S S
107 = - — = R
10° 10 10° 10° 10" 10
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Laser interferometer detectors

Power recycling (idea from Ron Drever)

Laser 4
Laser [

?

Photodetector .

The IFO is operated very
close to the dark fringe

!

Almost the entire input
power is reflected
back towards the laser

*

<



Laser interferometer detectors

Power recycling (idea from Ron Drever)

A partially transmitting mirror (PRM) is The IFO is operated very

I
placed between Laser and beam splitter close to the dark fringe
forming a three-mirror cavity with ITMs
| (] !
Light reflected back from the IFO is Almost the entire input
summed coherently with ‘fresh’ power is reflected
photons from the laser back towards the laser

EEE—)
5 > >
Laser )
Power
recycling
mirror

Photodetector .



Laser interferometer detectors

Signal recycling (idea from Brian Meers)

By introducing a partially reflective mirror
_ between BS and PD a three-mirror resonator
oy is formed between the end mirrors and SRM

No GW signal

N

Signal recycling mirror f—



Laser interferometer detectors

Signal recycling (idea from Brian Meers)

Idea: the GW signal appears as an amplitude
[ modulation sidebands around the laser
20 N fundamental frequency

: : The SRM sends the signal back towards the
With GW signal ITMs where it gets reflected and summed
coherently with ‘fresh’ signal from the arms

Signal builds up !!

( Advanced Virgo plans
3 TSRM - 020
< F =26

Signal recycling mirror f—

Jargon: SR cavity is called tuned when it
resonates at the laser fundamental
frequency f. it is called detuned when
it resonates at a specific GW induced

. sideband f . Haw



Laser interferometer detectors

Dual recycled Fabry-Perot Michelson interferometer

]
Ay
Power
recycling
mirror
EE—)
(— >
Laser
) Sy <J
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Laser interferometer detectors

Lock acquisition in Advanced Virgo (signal recycling will be implemented after run O3)




Interferometer: noise sources

Fundamental and technical noise sources limit the sensitivity of our instruments

Seismic

Radiation
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Laser interferometer detectors

Fundamental limits: shot noise

A light beam consists of a stream of photons: a beam with power P has a photon flux (photons/sec)

_ P
N = —
hv

We know that
* nothing guarantees that N photons will arrive every second; some seconds there will arrive more,

and in other seconds fewer photons will arrive at the photodiode;
« experiments show that the behavior is regulated by a Poisson statistics;
- then, if we expect N independent events on average, the standard deviation is ¢ = VN
* then, the higher the power, the lower the relative fluctuation

In frequency domain the photon counting error appears as white noise with rms value

APyt = \/2hvPAf

The corresponding minimum GW signal observable over 1 Hz bandwidth is (close to the dark fringe)

v = 300 THz
hGW _ A2 g P, = 3.9 kW
arL.\ P, L= 840 Km




Laser interferometer detectors

Fundamental limits: radiation pressure

Photons carry momentum and exert a mechanical
pressure on the mirrors (static and dynamic)

_h
F, static — 2N _V
C

rwwe—g —2_ —2
V h V )\c

2 Ph

Tnoise =
mw? V Ae

for a simple Michelson interferometer

T 23771,

for a FP Michelson interferometer

QF fﬁﬂ, 8F ZPinh
GW =2-V2- = 2 \e

w L  wLmw

Reminder




Laser interferometer detectors

Fundamental limits: radiation pressure

[strain/rt[Hz]]

noise
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Laser interferometer detectors
Working point (why the dark fringe?)

Pout
P; A L e
Py = —2|1—cos [ ¢g+ Thep, al
2 A
2rL
APy = %Pm sin ¢oh
0 > = >
The max response to h is at ©/2 but laser power fluctuations... 21 ba-Pa

Even if the lasers used in GW detectors are the best ever made (dP/P < 10 at f > 10 Hz)

\\
AP,y = AR, (1 — cos ¢p) N Bnin = lﬂ‘sﬁ —8. 10_226600\)(}
o’\gO
... better with a little offset AP, ~ 2mLe P, doh
from the dark fringe A
homin = 103 ¢g A _g.10-%
4L,




Laser interferometer detectors

Seismic noise

Earth crust moves relentlessly in a wide frequency range from nHz
to hundreds of Hz:

Typical ground motion spectra at the Virgo site

« Tectonic movements § y
« Lunar tides (few pHz) E 107 —— day
+ Microseismic peak from ocean 2 night
waves (0.1-0:3 Hz) o é 10°S M-.J:,M
« Anthropogenic and wind induced = A Y

\
A J‘

e /\w"“
Amplitude exceeds by several s
orders of magnitude the 107! 10 102
test mass background motion

noise (f>1 Hz)

' ' -18 N
aimed for GW detection (<10-°m) % 10 bad weather
o —
At the Virgo site: Z 9?0d weather
1077 g 107 P v
atf>10 Hz Ty~ —p [ o ] E | %
f v HZ I' R 'v,\\' "M
105 & . J i AL
\}4‘-._4‘_/\_/\_/\‘\

10! I 10 102
frequency(Hz)



Laser interferometer detectors

Simple pendulum transfer function .
Pep Reminder

at low frequencies (w < wp) 10°

X ~ X, + F/muwg?

at the natural frequency (w = wp)

X ~ Q(X, + F/mwg?)

Transmissibility
—
=

while at high frequency (w > wo) e

_3::::
X @ F/mw* b
_4._

10 10 10 10 10
Frequency [Hz]

The suspension also provides attenuation of ground vibrations, ...but far from the 108-101°
seismic attenuation required in the GW detection band (10 Hz - 3 kHz)




Laser interferometer detectors

Solution: cascading mechanical filters (seismic filters) with uncoupled natural
frequencies sufficiently lower than 10 Hz

The Lagrangian of a chain of simple pendulums is:
N N N
1 g 1 = 2=y
L=T-V= §Z mg;® — §QZ 735 ! (@i — mio1)?
i=1 i=1 ¢

5 N=5, L=1m, M=100 kg
10 ———— T T T

5
T ! ! T TTT

N-stage

Ground to mirror TF

0
Frequency [Hz] 10 10 —le X



Laser interferometer detectors

Applying a force to the test-mass

10" —pendulum

Force response [m/N]

5 1 1 L1 ~ 1 1 1 L1 5
Frequency [Hz] 10

10

Above the seismic isolator cut-off the mirror responds as a single simple pendulum

N-stage



Laser interferometer detectors
... but life is hard ...

Horizontal seismic filtering is not sufficient because:

1. Non-parallelism of verticality between objects a few km apart channels vertical seismic noise
along the GW sensing axis (2*10* coupling over 3 km)

Laser Beam

2. Imperfections in the mechanical assembly may cause even larger couplings (up to 1%)

Vertical seismic isolation is necessary !!



Laser interferometer detectors

The Virgo superattenuator

Filter Zero

Wire
— Pre-Lzolator

Transfer Function

10°
102
104
106
1048
10-10
10~12
10-14
1016

— Model
=  Measurement

Would allow detecting GW above 3 Hz

P

185 em
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Fili
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seling / \ centering
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| e
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I~
: N /]
GROUND 5 4 7 N
8] 7 \
centering
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: 1 stage
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" T0cm
Payload — %

1 10 100
Frequency (Hz)
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working principle of the magnetic anti-spring system. When the magnets are displaced in the
vertical direction (right side) a vertical component of the repulsive force appears.

-

SA Magnetic anti-spring vertical filters




Laser interferometer detectors

Brownian motion

* Internal friction in the material
of the suspension wires
causes the mirrors to move

=
o O

 The effect dominates over
filtered seismic at f > 3 Hz

=
O .

Two possible choices for the
wire material:

O a ‘perfect’ crystal

O a ‘perfect’ glass

(38
L=}

Thermal noise displacement [m /rt[Hz]]
[
=)

10
@) \/ 4K gTwo2¢ 1
&I W] = - -
th mw wp? — w? + idwp?
-25 A F |
10 -1 0 1 2
10 10 10 10

Frequency [Hz]



Thermal noise

Monolithic suspensions. High Q-values, but now sensitive to parametric instabilities




Laser interferometer detectors

Advanced Virgo sensitivity curve

Strain [1~/HZ]

Quantum noise

: Gravity Gradients

| = Suspension thermal noise

Coating Brownian noise

Coating Thermo-optic noise

Substrate Brownian noise

Excess Gas
Total noise

1:_:"':
R

Frequency [Hz]



Virgo: sensitivity evolution
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Strain amplitude [ 1/VHz]
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Projected sensitivity evolution for Virgo

From the 2013 “Observing Scenario”, arXiv:1304.0670. We projected at least 60 Mpc for 2018
The average sensitivity during O2 was about 26 Mpc

Strain noise amplitude/ Hz 1?2

10—24

107 %2

[t
b
N
N

10—23 | f f =,

Advanced Virgo

ev e e e R e e % e A e ema

T e Ty (2016-17, 20—60 Mpc)

oo B Mid (2017-18, 60—85 Mpe)
oo [l Late (201820, 65—115 Mpc)
.~ | I Design (2021, 130 Mpc)

g - BNS—optumzed (145 Mpc)

2

10°
Frequency/Hz




April 1, 2019: LIGO and Virgo started Observation run O3




Virgo sensitivity: typically around 50 Mpc
Significant improvement (> 90%) with respect to the average sensitivity (26 Mpc) obtained in O2. We
see a flat noise contribution at mid-frequencies, and significant 50 Hz noise. Power amounts to 18 W

Last Sensmwty (Fri Apr 515:39:52 2019 UTC)

Virgo sensitivity (at GHS=1238514010) 51 Mpc

—— 02 Reference Sensitivjty (GPS=1189375218) BNS range=30 Mpc
O3 Observing Scenarip (60-85 Mpc)
elng43891 sensnmty ( 6 Mpc}

107"°

1/YHz

102

SO T A O RN 0 N IO

10° 10°
Start=Apr 5 15:39:52 2019 duration=300 sec Freq (Hz)
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Gravitational-Wave Observatory Status

https://www.gw-openscience.org/summary pages/detector status/

[1238284818-1238371218, state: Observing]

=10 GEO-LIGO-Virgo gravitational-wave strain
I% W GEOG00

E‘ m Hanford

ER L =

e

% 10721 4 : -

< Signal recycling

s

£ o Effect of missing signal recycling
< & (SR) in Virgo is visible at high
= g BE frequency

] Virgo will implement SR at the
= 02 | | end of O3
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https://www.gw-openscience.org/summary_pages/detector_status/

O3: Network performance

Three-fold coincidences represent a significant fraction of the data. Two- and three-detector events
represent about 70% of the data

H1-L1-V1 network: 2019-04-01 15:00:00+00:00 UTC -> 2019-04-03 14:13:02+00:00 UTC -- segments based on science segments

LIGO Hanford
.- - I I I - . - e
LIGO Livingston
. - I - . . - I. N e
Virgo
I- I -' B e

mm 0/3: 2.02% . 2/3:29.73%
N 1/3:27.05% N 3/3: 42.50%

2019/04/02 2019/04/03
UTC time




Squeezing

Virgo has a collaboration with AEI on squeezing




Squeezing results

Target of the squeezing project has been reached: Virgo is ready to take advantage of the injection
of squeezed light in AdV during O3

Squeezing results
Best present value of the high frequency sensitivity gain is about 3 dB

Maximum increase of the BNS range is achieved when the HF gain is kept to about 2.5-2.7 dB

(injecting less squeezing)
Pump Power 6.75 mW

.. 1074
Limits S
. o .
Currently optical losses about 43% : - - gans@eez !
A ot
: 20 [
Losses will decrease by about 10% O
due to newly installed high-QE PDs 5 4 ¥
— 'v:’l ]
:: I!;
<N 102 ll':)i
z \
'l \
1022} i
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1023} -
101 102 103 104

45
Frequency [HZz]



Next steps: upgrade project AdV+
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Towards a global network

Expected to join LIGO and Virgo in Observation run 3

Advanced?
LIGO
Hanford,
Livingston
2015
LIGO-India

2025




Planned observing timeline

One-year O3 planned to start in April 2019 with about twice the sensitivity in O3 (thus about 23 in rate).
In O3 LIGO and Virgo will release Open Public Alerts

Observation run O3

Three detectors and perhaps 1 event per week
KAGRA expected to join at the end of O3
Contribute to sky localization and PE

Early =s=Mid Late  =mDesign
60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc
o & EH =
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo o2 o3 .
25-40 40-140 140
Mpc Mpc Mpc

KAGRA ! L

2015 2016 2017 2018 2019 2020 2021 2022 2023

B. P. Abbott et al., Prospects for Observing and Localizing Gravitational-Wave Transients
with Advanced LIGO, Advanced Virgo and KAGRA, 2016, Living Rev. Relativity 19




AdV+ as the next incremental step forward in sensitivity

AdV+ is the plan to maximize Virgo’s sensitivity within the constrains of the EGO site. It has the
potential to increase Virgo’s detection rate by up to an order of magnitude

AdV+ features
Maximize science
Secure Virgo’s scientific relevance
Safeguard investments by scientists and funding agencies
Implement new innovative technologies
De-risk technologies needed for third generation observatories
Attractive for groups wanting to enter the field

Upgrade activities
Tuned signal recycling and HPL: 120 Mpc
Frequency dependent squeezing: 150 Mpc
Newtonian noise cancellation: 160 Mpc
Larger mirrors (105 kg): 200-230 Mpc
Improved coatings: 260-300 Mpc




FDS Project Breakdown Structure

PBS follows the hardware components (not a WBS)

Responsibilities for construction of items for AdV+ have been allocated
a) Optical design and preparations for FDS ongoing
b) Smart infrastructure (HVAC) for NNC: under discussion

Minitower
for in-vacuum
squeezer bench

Microtower
for cavity end
mirror

Microtower
for cavity input
mirror

Cavity tube
about 300 m
(not to scale)

Microtower for
beam matching and
controls

In-air squeezer
bench

Virgo squeezer from AEI Hannover



Newtonian Noise Cancellation

Improvements to the infrastructure are expected to have a large impact

Noise at Central Building is about an order of magnitude higher than the noise in the vicinity of Virgo

107
~ 107
-
>
~
é '1()'9 - —— Array measurement
- _ Sensor measurement
% « EDT V
10 x EDT H
1070 4 gprv
- ¢ EDTH
- == NHNM x
.10—11O . . “““‘1 .
10 10

Frequency [Hz]

Need for emphasis on smart infrastructure for gravitational wave observatories
« Smart infrastructure design

* Newtonian noise modeling of infrastructure noise

« HVAC modification



AdV+ upgrade and extreme mirror technology

Laboratoire des Matériaux Avancés LMA at Lyon produced the coatings used on the main mirrors of
the two working gravitational wave detectors: Advanced LIGO and Virgo. These coatings feature low
losses, low absorption, and low scattering properties '

Features

- Flatness < 0.5 nm rms over central 160 mm of mirrors by using ion
beam polishing (robotic silica deposition was investigated)

- Ti:Ta,0O5 and SiO, stacks with optical absorption about 0.3 ppm

Expand LMA capabilities for next generation

LMA is the only coating group known to be capable of scaling up




3G: observing all mergers in the Universe

This cannot be achieved with existing facilities and requires a new generation of GW observatories

We want to collect high statistics (e.g. millions of BBH events), high SNR, distributed over a large z-range (z < 20)
This allows sorting data versus redshift, mass distributions, etc. Early warning, IMBH, early Universe, CW, ...

Ground-based observatories # Ty | T : ... fs _
% ‘.‘. ; g J - . $ .- . o " ‘—4 2 ‘.
: * Hubble Deep F|eld : ‘ : I L o 7 1 e B p
. . - N . F
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== » . , . : ;8 a < 0 @ -
Hubble Ultra Deep Field | ‘ ; AALER W
¥ - e ' _0
¥ I- S«
. T
.. § ; I < » .‘ ~
+ ) HubbleUItraDeepField-lR. . S o~ ‘
; I » " - . .
e ., SRR Y .
A o oidRER N T s a0 T2 -
James Webb Space Telescopel = @ 7 o : "' L R .
| =.0.45 GWl 0729 B o 25%
Redshift (2): ( ) 4 5 6 7 8 10 >20
Time after  Present 6 e 15 . N . * . 800 480 200
the Big Bang billion g ; billion million million million

years years years years years



Einstein Telescope and Cosmic Explorer

Realizing the next gravitational wave observatories is a coordinated effort to create a worldwide 3G

network
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Einstein Telescope has excellent sensitivity

Einstein Telescope and Cosmic Explorer can observe the entire universe

102 F

ll|[ Ll T lllllll

. - Horizon -
- ’ q 10% detected-
/ | " 50% detected:

o N— | - :

Redshift
Credit;: Evan Hall & John Miller

mm 9] [GO == ET
= Voyager === CE \

101 e A ¥
10° 10! 102 10° 104

Total source-frame mass [ M ] ((@)k:




3G science

Detailed studies of gravity, near black holes. Early warning to EM follow-up community. Precision
tests of detailed aspects of CBC. Cross correlation of the largest data sets. Access to early Universe
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Bright future for gravitational wave research

LIGO and Virgo are operational. KAGRA in Japan joins this year, LIGO-India is under construction.
ESA launches LISA in 2034. Einstein Telescope and CE CDRs financed, strong support by APPEC

Gravitational wave research

Einstein Telescope and Cosmic Explorer

« APPEC gives GW a prominent place in the new

Next steps for 3G tka

for EU funding agencies

LIGO and Virgo operational @ esa

KAGRA to join next year

LIGO-India under construction (2025)

ESA selected LISA, NASA rejoins

Pulsar Timing Arrays, such as EPTA and SKA

Cosmic Microwave Background radiation

CDR ET financed by EU in FP7, CE by NSF

Roadmap and especially the realization of ET

B

Organize the community and prepare a credible plan

Washington St

dkm J .Gcrum Hancver  yl#alyLIpisa
- ESFRI Roadmap (2020) L@ \%)m %}k

« Support 3G: http://www.et-gw.eu/index.php/letter-of-intent !
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Laser interferometer detectors

Fundamental limits: shot noise

Determine the rate of arrival of photons 7 (in Hz) by making a set of measurements each lasting T seconds

The mean number of photons in each measurement interval N = it

. . . . . . . . N n 1
Fractional precision of a single arrival time rate (or equivalent power) is %’V = % ==

Each photon carries energy Aiw = 2mhc/A

For power P,,; at the output of the ITF, the mean photon flux is n = 27;17P0ut

Operating at half fringe we find % = 2T”Pin. This is the sensitivity to the test mass difference §L

Number of photons per interval T is N = ﬁPinr with relative fluctuation oy /N = \/4mhc /APy, T

Equivalent to position difference fluctuations given by the fractional photon number fluctuation
divided by the fractional output power change per unit position difference

o 1 dP hcA . . o 1 hcA
o5, = = | ——24L = . The equivalent GW noise amounts to g;, = 2% = -

Shot noise decreases with integration time. Equivalently hg,o:(f) = % /2:;/1



Thermal noise

We cannot beat thermodynamics

Any mechanical DOF has a thermal motion of RMS amplitude

( 2> _ KpT ~ 3 pm for the fundamental
= mwé pendulum mode in Virgo !!!

Nevertheless from statistical mechanics
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