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 Wave amplitude scales with M; XM, : detectable “everywhere” in the
universe
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Supermassive BH mergers: the brightest sources’
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Extreme Mass Ratio Inspirals

* Inspiral of stellar-mass compact object (CO)
into massive black hole (MBH): Hils & Bender
95

+ MBH mass 104 < M/Me < 107

+ Up to 104-105 cycles in band

+ |f CO is a white dwarf, possible ,
electromagnetic counterpart (Zalamea+10)

* Gravitational waves encode precise
information on CO and MBH:

+ Mgn(1+2z), agn measurable to extreme
precision

+ Detectable to z~few; sky localization ~1-10
deg? (Babak+17)

XMM-Newton
GSN 069 &

* Precise mapping of MBH spacetime

+ MBH multipole measurement -> test of no-
hair theorem (Ryan 95)
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* The no-hair theorem: spacetime around BH
determined by mass and spin

* No deformability

* Quadrupole moment measured at 0.1 % - 0.01
%

* Inconsistency with Kerr multipole structure
allows to discriminate:

— Strong environmental perturbation

— New type of exotic compact object
consistent with General Relativity: boson
star, horizonless objects, non-Kerr
axisymmetric geometries....

— Failure in General Relativity itself:
dynamical Chern-Simons, scalar-tensor
theories, braneworld models, theories
with axions, constraints within
parametrised models...

EMRIs as a GRG lab
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° Cosmography with GW Ll

* GW from chirping binary systems
are standard sirens: absolute
luminosity distances Dy from
period P and amplitude h:

5 cPP
m —_—
L™ h

* GW do not measure redshift z.
D, (z) requires identification of
€.m. counterpart.

Courtesy of N. Tamanini)

Different GW sources will allow an independent assessment of
the geometry of the Universe at all redshifts.
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Non-transient GW astronomy

GW-binary astronomy of local
group

BH multi-band astronom
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d=esa

 Tens of thousand of discernible sources

 Plus a stochastic foreground
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The shape of the Milky Way’s _ ..

": Bulge
components 2
S
%
The spatial distribution of DWDs with ~ §
5
measured distances (several E — Ftn=0312001kpc
1 =+ modet 7, =0.5kpc
thousand) constrains: g o simolated dota
0.2 04 0.6 0.8
rikpc)
e Bulge scale radius to 2% T 40 Disc — R 25400
= medel Rty =2 Skpe
e Disc scale radius to 3% 3 v smdaieddate
e Disc scale height to 16% H
3
Korol et al 2019 £
z

See also Adams et al. 2012
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Discovering Milky Way satellites in gravitational waves

. My
e Satellites with stellar mass > 10° M Az A7 62 <107 -132 3.7 -182 207

25—l ' 10!

host detectable LISA sources ,

10

20+

00 @
e LISA detections can inform us about s
B
the total stellar mass and star g5 100 ¥
5
formation history of the satellites 3 10° :;
_g 1 U-I 10 |‘§
o Discovery of satellites invisible to 3o E

electromagnetic observatories

See talk

Korol et al. 2020; Roebber et al. (incl.Korol) 2020
See also Lamberts et al. 2019
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The detection of circumbinary exoplanets

Structural parameters of the central bar

Expectations

Fourier transformation of the DWD spatial distribution can reveals shape of the bar.

Specifically, It will constrain:

Tatal eeasy ke
¢ owem

e axis ratio to 10%
e lengthto<1%

Magnitude m=2
Fourier mode

at) °
Galactocentric distance (kpc]
vy {(Wilhelm, Korol et al. 2020)

orientation angleto < 71°
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Phase m=2
Fourier mode
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Weighing Milky Way satellites

By exploiting our models we can recover the satellite’s total stellar mass: to within a

Camilla DANIELSKI

factor two if SFH is known and to an order of magnitude when marginalising over
different SFH models. If no detections are identified with the satellite we can still place
an upper limit on its stellar mass.

Number of detections N+ vN
Distance D+ AD

Korol et al. in prep.

S. Vitale
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Multi-band GW astronomy

Big Bang

age of the
universe

Supermassive Black Hole Binary Merger
B —————

'Y Compact Binary Inspiral & Merger
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Extreme Mass- Pulsars,

Ratio Inspirals A Supernovae .
P % pernov. @

Wave Period
seconds milliseconds
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Wave Frequency

T | EE— L —

Radio Pulsar Timing Arrays Space-based interferometers Terrestrial interferometers
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same but for deformation parameters at 2.5PN to 3.5PN. All the systems have mass-ratio ¢ = 2, dimensionless component spins y; = 0.2 and
agenzia spaziale x2 = 0.1, and luminosity distance D; = 1 Gpe.
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Data analysis a formidable challenge

Challenge 2.2 (training)
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LISA Data Challenge 2b: Spritz
We are glad to announce the release of several datasets in the second LISA Data Challenge, codenamed

Spri Log in to download »
The purpose of this challenge is to address for the first timo the realistic instrumental and environmental
LDC-2 documentation »

that you first complete the first data challenge Radlor before maving to Spritz, specifically, challenges
containing the merger of massive black hole binaries (MBHBS) and verification Galactic binaries.

The training Spritz data contain three sets. All three datasets were generated with the ¢
used in the Sangria production. Al GW sources follow conventions described in the *
documaentation and the same models (PhenomD for MBHB and Taylor-expanded

we have varied the noise level (assuming the same acceleration and optical me’

Features common to all datasets. % 2
For the first time, we have used second-generation Micheison TDI . Q
combinations, expressed as fractional frequency deviations, dor AN
5-second cadence. We have used a Keplerian model for the | N\

data contain scheduled gaps of 7 hours duration each, dist ,b
with intervals between 10 and 15 days. We have includer’

noise from the unresolved population of Galactic binar’ * arles
with SNR<7 with respect to the total nolse budget). ” b ahave
inchuded laser frequency noise, which is strongly - Jominant

lovels in the TD! combinations. In addition to t+ / aing

datasets also contain partial versions of the ssmmed to

rotrieve the total signal: with and without r e, (f) At artfacts

(ncluding gaps, gitches and non-statio \\\ d gitch fies used
\

as input to the simulator are given, to

B
&

The LDC working-gn. Q +conduct their own analysis using
algorithms of their choice, 4 you 1o join them (1o do s0, e-mall us 50
we can pa¥ you appropriately, A course, you may organize to work on
your own, or with your collaborators. For usage tracking purposes, we
request that you set up a login for this website before downioading the
datasets (your LDC-1 login will work fine). Piease submit your results by
October 1st, 2022, using the submission interface and format to be found
on this website. Plan to include a description of your methods (or a link to a
methods paper) with your submission. We would also greatly appreciate it if
you were to share your code (e.g.. on GitHub, or on our GitLab). To simplify
a bit your life we have made several tutorials which, we hope, you will find
useful: Tutorial notebooks ink, LISANode simulation model.

While we did our best to check the datasets for comectness, small problems

or Inconsistencies may have escaped us. The best way 1o validate the data
is to analyze It, 50 let us know of any problems!

noise, The datasets are rather easy in the astrophysical content, moreover, the training data contain the
Log in to get LDC-2 code »

sources that were used in the Sangria training dataset. If you are new to the Challenges, we strongly advise

“pipeline

&

spacecraft) within the same prior as in Sangria. Noise levels are given in the t7 f,)

ABHBs in Spritz data.

We have two datasets with merging MBHBs. (i) Dataset with a loud (SNR
~2000) GW signal, kasting for about 31 days. The signal is expected to be
detectable a few weeks before the merger and, therefore, is suitable for
testing low-latency algorithms. We have added three short lowd glitches
distributed In the inspiral, late inspiral and near merger parts of the signal. (i)
Dataset with a quiet (SNR ~100) GW signal lasting for one week, with a
several-hour-long glitch placed near the merger. Parameters of both MBHBs
are available in the training data, as well as the information about glitches The
glitches injocted in the two MBHB datasets cormespond 1o events detected
and fitted during the LISA Pathfinder operations (Phys. Rov. Lett. 120,
061101),

Verification GBs in Spritz.

A 1-year long dataset contains 36 verification binaries, with parameters
avadable in the same data file. We have placed glitches according to a
Poisson distribution with a rate of 4 glitches per day, whose model is
described in the Spritz documentation.

Spectrogram of the 1st MBHB dataset, with a loud signal at day 30, 3
giitches at the beginning, middie and end of the time senes, and 2 gaps
seen as deep blue chunks.
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Detecting gravitational
wave 1n space

* Waves of space-time
curvature that propagate at
speed of light

* Doppler tracking of free
orbiting bodies modulated
at period of gravitational

wave
Av x | |
—_—~ CR 0 x OL Separation between bodies
Vo
Curvature
tensor
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* Propagating throughout GW curvature, beam accumulates a time modulated

Size of

fl‘equellcy Shlft _0 O X S)L}detector

Curvature
tensor

Emitter (e) | L Receiver (rec)
< >
» Acceleration of spacecraft via standard Doppler effect also shifts frequency

.. AV G —a
and mimics GW — = cR*y . oL + Tecc em
(0]

Spacecraft (S/C) accelerate too much because of solar radiation pressure
c@ul”’

Heraklion 27/07/2022 S. Vitale 18 agenio sparicle
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M Coping with S/C acceleration & ==% pmevo

» Free-floating test-masses (TM) are carried inside S/C

| No contact between TM and S/C, “drag-free” along the beam
| Measure S/C-to-TM acceleration and correct signal for Dopple

U OR—

Micro—Newton thrusters

local ifterferometer

%)) @il
Heraklion 27/07/2022 19 ageniapariale



LISA link: combination of three independent

measurements

2 X test-mass to spacecraft measurements

1 X spacecraft to spacecraft interferometer

Test- - Spacecraft P - Spacecraft | Test-
mass “| (optical-bench) |~ “| (optical bench) |~ 7| mass
Miocar1  Arm1 — Asci Miocarz  Armz — Ascz
vy c vy C

AVscessc  Ascz — Asci 4 Avey
vy c Vo

* Combining:

Heraklion 27/07/2022

AViocalz | AVsceo AViocala aTMzm ;

Vo Vo Vo c
aArpm2 — Armi )
- + AVGW
c

Equivalent to a direct test-mass to test-mass measurement

S. Vitale



The LIS A arm A

T o m)))))))))))))

* True reflection impossible. The
LISA arm: two counter-
propagating links.

e LISA: 3 arms=6 links

« LISA science signals: 1
frequency signal per link, 1.e. 6
single-link signals
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> """Taser frequency noise & time delay —

interferometry

Best stabilized laser frequency
noise off scale:

— Required < 1 uHz/VHz —
— Available < 1 kHz/VHz — f U

* Ground based interferometers
beat noise comparing beams
emitted at same time (equal arms)  «

e LISA: arms are unequal (AL =
10°km) and time varying over
the year.

* Combine single-link signals to
mimic light beams that have
traveled equal lengths

dcesa Heraldion 27072000 S




8 orders of magnitude suppression One-way
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Requires high accuracy measurement of phas

* Demonstrated in lab by many teams

 For instance

dcesa

1012

ﬂ,\‘u‘“l wave plate

|] polarizer
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Input phase (pcycles)

PHYSICAL REVIEW LETTERS 122, 081104 (2019)

S. Vitale
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FIG. 4. Time series of input phase fluctuations and resulting
three-signal combination, illustrating the high dynamic range
essential for TDI.
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Time delay interferometry
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* Requires knowledge of light
travel time within 3 ns/1 m

 Done with “laser GPS”’:

— Pseudo-random code transmitted
as modulation of laser frequency

— Received signal correlated
locally with same code to find
true delay

* Predicted accuracy 1 — 10 cm

(d eésa Heraklion 27/07/2002 S. Vitale
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- Spacecraft | Test-
“| (optical bench) |~ 7| mass

The LISA link instrument
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LISA link 55 YhiEssIA orou sruoy

Instrument | ==
 The Gravitational
Reference Sensor with ' =

the test-mass
» The Optical Bench

With: from 2nd Phase Meter
lase measurements
— Local interferometer
Optical i
— Spacecratft to gench N =
spacecraft N
interferometer,
including telescope (e .
Laser source /. Reference
& Modulator =0
d=esa y n  c@al’
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d=esa

The Gravity reference Sensor ( GRS'TN

» Drag-free along sensitive direction

 Other test-mass degrees of
freedom controlled via
electrostatic forces

* 3-4 mm clearance between test-
mass and electrodes

test-mass

electrode housing

Heraklion 27/07/2022 S. Vitale
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Noise 1in a LISA link

Once frequency noise has been suppressed, LISA sensitivity
limited at low frequency by acceleration of test-masses

Only at higher frequencies interferometer readout noise sets in

LISA Strain Senmtlvm Allocdtlon Breakdown

-
o
0

-

&

Py
o
g
-
o
i |

—Straln Allocation (SC'RD) ] Class. Quantum Grav. 29 (2012) 205003 M Otto et al
——Effective Single Link Allocation (MRD) |
~—Residual Acceleration Allocation (MRD)|

Strain Contingency (SciRD -> MRD)
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s Acceleration noise and LISA science' % piasm

» LISA sensitivity limited at low frequency by acceleration of test-masses

« LISA i1s a low frequency instrument: much of SNR for most interesting
sources accumulated < 10 mHz

MR1.1 Galactic Binaries -
MR2.1 Light, seed black holes at high redshi ]

A MR2.2 Blac er c story
h% MR2.3a Mergers of Milky-way type galaxies
D4 MR2.4

Q}- IR

107 \

+ MR2.3a

10" ‘%) MRS3.1 EMRIs around massive black holes -
N % MRA4.1 LIGO-ty £ les b
H@ ;
‘ o) MR5.1 Tests ( R 1 high ¢ 1 nals
C( MR7.1 \s\'u]m\\i(w‘«'u(} wstic background
Q’) MR7.2 Cosmological stochastic backgrounc
O _
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N
@
T

Strain Sensitivity (

MR1.1b

_
<
-
0
T

Observatory Strain Sensitivity
10-20 === Galactic Background
r|w = Total

n T

5 103 1072 10 =9
e “@Qul-’
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LISA: Sub-femto-g force suppression required

* CannOt be teSted — LISA L3 Requirements

on ground < 1 x10-®

0.1 Hz 1.x107°

1.x10710

.x10~"

—

.x10712

SxZ[m s%/v'Hz]

.X1O_13 ~—

—

, 1.%10™* 1.x107° 1.x1072
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LISA: Sub-femto-g force suppression requ1red

* CannOt be teSted — GOCE — Grace — Microscope (preliminary) — LISA L3 Requirements

on ground < 1 x10-® — mEEE
0.1 Hz - \\’\0‘ 0
. o . < CE)\\
* Not even in low e LemE AR [
Earth orbit: > - 20l TR T
orders (>3) of o Lai T
-12
magnitude better Qégﬂ =10
than any other @ 1.x10™¥H—
space mission 1 %10~ (| | L
-~ 1 10™ 1.x107° 1.5107

"N Heraklion 27/07/2022

IN/
Il Frequency[Hz]



LISA Pathfinder

vulivy vuliuwvi

ler

* Force disturbance i1s
local. Test does not
require million km size

* One LISA link inside a
single spacecraft (no
million km arm)

uN thruster T electrical force

2 TMs,
e 2 Interferomeier a

, * Satellite ChastsencTe
mass

g ° Contrary to LISA, second =2
4 4 test-mass forced to ’ = ‘

follow the first at very
low frequency by
electrostatics drag~free ifo differential ifo

il

S. Vitale 35



The LTP

* Test masses gold-platinum,
highly non-magnetic, very
dense

« Electrode housing:
electrodes are used to exert
very weak electrostatic
force

* UV light, neutralize the
charging due to cosmic
rays

* Caging mechanism: holds
the test-masses and avoid
them damaging the
satellite at launch

* Vacuum enclosure to
handle vacuum on ground

e Ultra high mechanical
stability optical bench for
the laser interferometer

Heraklion 27/07/2022 S. Vitale
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(»’.‘) lisa pathfinder

LTP Turn-on AL
' Prop mod

N separation

/ cold gas only

(mN SC forces)

1 Mar -27
%«108 Science
/A operations

\
\
\
\
|
|

\\\\‘/ 3 Feb 16

Decage / vent
'/ 2kN>1NonTM

2
19 Feb
.5
Drag-free %10°
SC follows TV 1 15-16 Feb
5 ) 0.5 TM release
( TM follows SC

W ,’ UNIVERSITA DEGLI STUDI
T DI TRENTO
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e LISA acceleration requirements =
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o it Relaxed LISA Pathfinder requirements

10—12

T 1012 Just above 1 mHz

T s

N
R

%)

£
N O 5
- Factor 10 more nois

%' 1014 -

102 > =
10~° 10~4 1073 1072
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lisa pathfinder

Expected performance

» LISA Pathfinder performance budget: 276pages

A short list of dominating effects

Airbus Experiment Performance Budget

LTP Equipment Parameters
OMS Parameters
ISS Parameters.
Derived Parameters

LPF System Parameters (ASU)
System Fields
DFACS Performance

B2 - DC Differential Forces and Absolute Torques
Differential X-Force [DCX]
Electric Field [DCX1000]
Magnetic Field [DCX2000] (ASU)
Thermal Effects [DCX3000]
Radiometer Effect [DCX3100]
Differential Radiation Pressure [DCX3200]
Laser [DCX4000)
Gravitational Field [DCX5000] (ASU)
Margin [MDCX)
Differential Y-Force [DCY]
Electric Field [DCY1000)
Magnetic Fleld [DCY2000] (ASU)
Thermal Effects [DCY3000]
Radiometer Effect [DCY3100]
Difterental Radiaton Pressure [DCY3200)
Gravitational Field [DCY4000] (ASU)
Margin (MDCY]
Differential Z-Force [DCZ)
Electric Field [DCZ1000]
Magnetic Field [DCZ2000] (ASU)
Thermal Effects [DCZ3000)
Radiometer Effect [DCZ3100]
Differential Radiation Pressure (DCZ3200]
Gravitational Field [DCZ4000] (ASU)
Margin [MDCZ]
Absolute ¢-Torque [DCa)
Electric Field [DC#1000]
Magnetic Field [DC62000] (ASU)
Thermal Effects [DC63000)
Radiometer Effect [DC43100]
Differential Radiaton Pressure [DC4G200]
Gravitational Field [DC64000) (ASU)

SLASD-RP-1016 Alrb D5 Grabid - Al rights reverved

LTP

144
144
147
151
153
153
155

158
158
158
158
158
158

158

159
159
159
159
159
160
160
160
160
160
161
161
161
161
181
161

162
162
162
162
162
162
163
163
163
163

Airbus Experiment Performance Budget

Margin (MDC#)
Absolute y-Torque [DCy)
Electric Flold [DC;1000]
Magnetic Field [DC52000] (ASU)
Thermal Effects [DC;3000)
Radrometer Effect [DCy3100]
Differental Radiabon Pressure [DC43200]
Gravitational Field [DC4000] (ASU)
Margin [MDCy)
Absolute ¢-Torque [DC¢]
Electric Field [DC#1000)
Magnetic Field [DC¢2000] (ASU)
Thermal Effects [DC$3000]
Radometer Effect [DC43100]
Differential Radiation Pressure [DC43200)
Gravitational Field [DC4#4000] (ASU)
Margin [MDC9)

B3 - Differential Acceleration Noise in the MBW
Direct Forces [R10000)
Internal Forces [R11000]
Readout Back-action [R11100]
Thermal Effects Within Sensor [R11200)
Brownian Noise Terms [R11300)
Magnetic Field Effects [R11400] (ASU)
Random Charging and Voltage Effects [R11500)
Laser Radiation Pressure [R11600]
Selt Gravity Noise [R11700]
Stray-Voltage Fluctuation within MBW [R11800]
AC voltage down-conversion [R11900]
Margin [M11000]
Sensitive Axis Electrostatic Actuation [R12000]
Muttiplicative noise in MBW couping
via AC actuation voitages [R12100)
Down conversion of adddive voitage noise at
AC actusation frequency (around 100Hz) (R12200)
Coupling of additive voltage noise in measurement
bandwidth with DC voltage and DC charge [R12300]

Down conversion of addtve volt nose
at AC ingection frequency (100kHz) [R12400)
Margin [M12000)

Cross-Axes Coupling [R13000)

ST-ASD-RP-10%6 Airts 125 G - A rights reserved

LTP

163
164
164
164
164
164
164
165
165
165
165
185
165
165
166
166
166

167
167
167
167
167
169
170
17

m

17

172
172
172
172

172
173
173
173

175
175

Class. Quantum Grav. 28 (2011) 094002

UNIVERSITA DEGLI STUDI
DI TRENTO

F Antonucci et al

Table 2. Leading sources of differential force-per-unit-mass disturbances and their PSD values at

1 mHz

Source

PSD (fm s—2 Hz"'2)

Estimated from

Actuation, x-axis
Brownian

Magnetics

Stray voltages

Laser radiation pressure

Force from dynamics of other
DoF

Thermal gradient effects
Self-gravity noise

Noisy charge

Coupling to SC motion via force

gradients
Total

75(0.8)*

7.2
28
1.1

0.7
04

04
0.3
0.1
0.1

10.9 (7.9¢

Measurement of flight-model
electronics stability

Measurement with torsion pendulum

Measurement of magnetic field stability

Upper limit from the torsion pendulum

test campaign

Measurement of laser power stability

From simulated dynamics of DoF other

than x, and estimated worst-case values
> e TE7 3

of 8D and 3C

Upper limit from the torsion pendulum

test campaign

Upper limit from thermo-elastic
stability simulations

Upper limit from the charge simulation
and measured voltage balance

From the estimation of stiffness and
simulated SC jitter

Root square sum

2 The values within parentheses refer to the free-flight mode. See the text for explanation.
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Expected performance

iz
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« Electrostatic o=
actuation noise:
— For a given voltage
source noise, the

larger the needed
force you set, the

larger the force — 1013
noise. €L
. . S~
e Brownian noise R
from residual gas: £
— The larger the &
pressure w an
surrounding the 10
test-mass the larger
the noise

e Interferometer
readout noise: =

10 pm/VHz as for 1075
LISA 107°

c' eésa Heraklion 27/07/20%




& oo First day of operations: March 1512016 s D BRI e
10-12
» Better than
requirement.
 Closeto i [
prediction L
« Except for crc,,
interferometer E
noise at 35 =3
fm/VHz instead of “ 107
10 pm/\Hz
« March 2016
-15
199075 1074 1073 1072
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Retorence Easec Laser Modulator Optical Bench
Telemetry
Nd:YAG 1064nm 2 AOMs 4 Interferometers :

: Electrostatic

Onboard Computer

The magic interferometer

Laser Control Unit | | = ;
Power monitors j = ;" suspension Dr?&;’;?é ::::::de
Frequ & | A
Amplitude feedback - . ]
A ‘ Phasemeter
Processes 32 channels from > :
\_ 8quadrant photodiodes | 2 ;’::,ﬁ’a?‘
: ) v i ——> Analog signal
: | DataManagementUnit |~ -=----- » Digital signal
__________________ 2 PHYSICAL REVIEW LETTERS 126, 131103 (2021)
Computes test mass motion
and control loops r e . ey : R S : —
- - LPF OMS Requirement
1071 £ —TM2 to TM1 Measurement (0;2)
E === OMS Noise (modelled)
X12 (A) [ 2 - - Phasemeter Readout Noise
TS 10-1 ‘Q?/_ LPF OMS I —Frequency Noise
X12 (B) @ G T EEEET «Brownian Force Noise (not OMS)3
: E ——Shot Noise
Freq (B) = L
1 E | -—RIN
Freq (A) g 107121 —— Thermally driven (upper limit)
, Test Mass 2 :2 E PiCI;.
' 8 [ " of
Ref (A) g i : Pace,
g Uk o - R Mo, 3
8 3 ing) Lioy, E
'—Q'- .‘ A -
T A ot et o Pt B IR B i T I T ] Bt e e e o i
i a 1074 L Frequency Noise
L Shot Noise and RIN
1079 ¢ : iy ; == v ; e s | : e
103 102 1071 10°

Test Mass |

Frequency (Hz)
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d-esa

. lisa pathfinder

Electrostatic force mostly compensates
gravitational force

Gravitational control and actuation

Gravitational force canceled in dead
reckoning with ~1.8 kg balance mass
Specification g, <650 pm s2 (3 ¢ +
margin)

LEVEL

YU UL e

New Electrode Housing
M3 HEXALOBULAR SOCKET SCREW M3x6.4 (D)
M3 HEXALOBULAR SOCKET SCREW M3x6.4 (D)
M3 HEXALOBULAR SOCKET SCREW M3x6.4 (D)
M3 HEXALOBULAR SOCKET SCREW M3x6.4 (D)
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A)
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A)
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A)
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A)
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A)
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A)
M3 HEXALOBULAR SOCKET SCREW 3X6.9 (8)
M3 HEXALOBULAR SOCKET SCREW 3X6.9 (B)
M3 HEXALOBULAR SOCKET SCREW 3X6.9 (B)
M3 HEXALOBULAR SOCKET SCREW 3X6.9 (B)
M3 HEXALOBULAR SOCKET SCREW 3X6.9 (8)
M3 HEXALOBULAR SOCKET SCREW 3X6.9 (8)
EH Frame

Heraklion 27/07/202?

Guard ring z- screws (all)
Guard ring z- screws (all)
Z- cover screws (all)
Z+ cover screws (all)
X-face screws
X+ face screws
Y- face screws
Y+ face screws
2- face screws
Z+ face screws.

/

)
NFN

ai

EADS

Min X [m] MaxX [m] MinY[m] MaxY[m] MinZ[m] MaxZ[m]

-0.026201 0.026185
-0.026201 0.026185
-0.022529 0.022523
-0.022529 0.022523
0.029662 0.037972
-0.037972 -0.029662
-0.032203 0.032203
-0.032203 0.032203
-0.032993 0.032993
-0.032993 0.032993

-0.026197
-0.026182
-0.020769
-0.020756
-0.030199
-0.030198
0.028562
-0.036872
-0.032991
-0.032991
-0.019636
0.015239
0.015239
-0.019636
0.033634
-0.042468
-0.035923

0.026182 -0.037475
0.026197 0.029135
0.020756 -0.043075
0.020769 0.034735
0.030198 -0.029194
0.030199 -0.029194
0.036872 -0.030198
-0.028562 -0.030198
0.032991 -0.037472
0.032991 0.029162
-0.015239 -0.006856
0.019636 -0.006856
0.019636 -0.006856

-0.029135
0.037475
-0.034735
0.043075

Min m
[kg]

1.22€-10
1.22-10
1.23-10
1.23€-10
9.41E-11
9.41E-11
9.41E-11
9.41E-11
9,41E-11
9.41E-11
1.186-10
1.18€-10
1.18€-10
1.18€-10
1.186-10
1.18€-10
1.58€-10

Maxm
[ke]

2.42E-08
2,42E-08
2.35E-08
2.35E-08
3.64E-08
3.64E-08
3.64E-08
3.64E-08
3.64E-08
3.64E-08
2.39E-08
2.39E-08
2.39E-08
2.39E-08
2.45-08
2.45E-08
5.32€-07

X cog [mm]
0.054419202
-0.000151604

-0.000151604 0.

~7.04325€-05
-7.04325€-05
34.36440315
-34.36440315
-9.38224€-05
9.38224E-05
-0.000201659
-0.000201659
39.75527429
39.75527429
-39.75527429
-39.75527429
-3.854340843
3.854340843
0.168660707

47
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d=esa

Authority 650 pm s™?2

10—12

10_13 —r— '\\\'[

SKZ[m s 2/Hz]

10714

« March 2016
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10 107° 10™4
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d=esa

Authority 50 pm s ™2

10—12

0 e —]

SKZ[m s 2/Hz]

-14
1Bmmmn.nmsr_dms.hmaumﬁ&nm 10 Space
- @ ®

« March 2016
« April 2016
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d=esa

Authority 50 pm s ™2

K ERSITA DEGLI STUDI
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10—12
w 107° = :::\‘,\[ =
~ T
~ i
| = 11
£ l i
N o * "
) 10-14 L]
¢ ¢
« March 2016
. April 2016
10—15
107° 10~4 10~3 1072
f[Hz]
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. lisa pathfinder o
bt The ultimate performance
10—12
— 107" }
=
CT‘cn
£
' i
« March 2016 A .
. April 2016 Pllldl L e
10_15 « February 2017
10~° 104 1073 1072
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Test mass charging

[3] M. Armano, et al. Charge-induced force noise on free-falling test masses: Re-
sults from lisa pathfinder. Phys. Rev. Lett., 118:171101, Apr 2017.

* Cosmic rays keep charging up the test-
mass

* Random charge 6Q interact with parasitic
potentials AV and produces force noise

* Charging events random and uncorrelated: % 50
Poisson statistics expected. 3
* Force noise with 1/f spectrum \cfz’

e Heraklion 27/07/2022 S. Vitale 54 @ |~--»)
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SLISA

Test mass charging

* We were able to measure charge by using an oscillating
potential AVC j(is (w,t)

* Oscillating force produced

6Q
0Fy = —AVCos(w,t)

.
_’
+
_’
+
Y
d )
* 5Q(t), at frequencies < w, /21 , from induced test-mass ;
motion d
1013
ol Suppressing force
O — noise due to charge
= .
i%m.m by balancing the
; e parasitic potential
W Frequency [Hz] 17
g 3 |
\; 0r
I 5 }
Rt ] : : : 10754 - »
0 50 100 150 200 250 104 10~ 10
Hera Time [ks] Frequency [Hz] 55 @fj‘ I

Ty . week ending
PRL 118, 171101 (2017) PHYSICAL REVIEW LETTERS S A PRL o ogenﬁsmm.e
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Test mass discharging

Charge biases TM and needs to
be removed

Discharging performed with UV
light (non contacting)

Electron can both be extracted
from TM or deposited onto it

Full bipolar discharging achieved

g —

Vzbi as

1 PHYSICAL REVIEW D 98, 062001 (2018) vital

M. ARMANO et al.

P
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Apparent Yield [e photon}]

Apparent Yield [e photon™!]

22.5

(55
=]

N
n

W

N
W
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=~
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W

251

-2.5

2.5

1.5+

05

-0.5

-3.5

x10°°

xxxxxxx

['| # Sensor 01: Lamp 00 (+4.8 V)
@ Sensor 01: Lamp 00 ( 0.0 V)
x Sensor 01: Lamp 00 (-4.8 V)
# Sensor 02: Lamp 01 (+4.8 V)
| ® Sensor 02: Lamp 01 ( 0.0 V)

Test Mass Illuminations |

% Sensor 02: Lamp 01 (-4.8 V)
1

x10°°

2

-1

0

TM Potential [V]

| # Sensor 01: Lamp 04 (+4.8 V)
-15 F
['| ® Sensor 02: Lamp 05 (0.0 V)

25 -
L| ® Sensor 02: Lamp 06 (0.0 V)

xxxxxxx
x
x

Sensor 01: Lamp 02 (+4.8 V)
Sensor 01: Lamp 02 (0.0 V)
Sensor 01: Lamp 02 (-4.8 V)

o Sensor 01: Lamp 04 (0.0 V)
« Sensor 01: Lamp 04 (-4.8 V)
+ Sensor 02: Lamp 05 (+4.8 V)

% Sensor 02: Lamp 05 (-4.8 V)
+ Sensor 02: Lamp 06 (+4.8 V)

x Sensor 02: Lamp 06 (-4.8 V)
1

Electrode Housing Illuminations |

3 2 -1

TM Potential [V]



I a pathfinder

* An mdependent check of performance:
gravimeter vs accelerometer
Control with intermittent force pulses and
unperturbed 300 s flights in between

« Noise on time scale > 300 s accurately
interpolated

T . . P — :
PREDICTED Act Noise, URLA Continuous Control mode
- PREDICTED Act Noise, URLA Intermittent mode
- - LISA Requirements
¢ Intermittent mode, URLA
o s & Error fit bias remov: al
\% 10711 St ¢ Continuous mode, URLA
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merging at z=5
LISA Pathfinder acceleration data
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NEWS

Home Video World UK Business Tech Science Stories Entertainment & Aris

Science & Environment

Europe selects grand gravity mission

By Jonathan Amos
BBC Science Correspondent, Paris

20 June 2017 f v © [ < shae

ESA Unclassified — For official use ESA/SPC/MIN/154, rev.1 (Final)
Att.: Annex
ESA/SPC/OJ/154, rev.1 (Final)
Paris, 29 March 2018
(Original: English)

EUROPEAN SPACE AGENCY
SCIENCE PROGRAMME COMMITTEE

One hundred and fifty-fourth meeting,

held at ESAC, in Villanueva de la Canada on 20 and 21 June 2017

AIRBUS DS

Artwork: LISA envisages three spacecraft linked by laser arms that are 2.5 million km in length Chail" \ ll. J (‘hl.istensen_nalsgaa l.d (Den"‘ark)
(Participants: see Annex)

The Committee unanimously selected (with Greece in writing) the LISA mission for the L3 flight
opportunity, with a planned launch date in 2034, and with an estimated CaC of €1.05b

- (at 2017 e.c.). *‘"‘:“If D
"N
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Phase A Conclusions — MFR outcome @ Qesa
] April 2022 Phase B1 Kick-Off (New Requirements Architecture ready)
TI m e“n e 6.C Q4 / 2022|Intermediate Review (Consolidation of requirements to CFls)
) The d of the
October 2013:  pridg Q2 /2023|Instrument SRR (“Adoption review for CFls”) > end of
the b

October 2016:

™ Tone 2017 W Mission Adoption Review Q3 2023
u :

3 The A . well as
May 2018: the ¢ 24 Mission Adoption (TBC) Q4 2023 sortiurm.
2018-2021: THE e e e e e et s e o et it e s s e s eeee ICIPANTS

for their valuable contrlbunons to the Review.

Oct '20-Oct ‘2.
<end 2021: Formulation Review (end Phase A) |
=>2021: Mission Phase B1 |
<2024: Mission Adoption

ESA UNCLASSIFIED - For Official Use Martin Gehler, Oliver Jennrich, Nora Luetzgendorf | ESTEC | 21/08/2020 | Slide- 4

Oy o)
Ces SN mEm 4+ II®m=ES IS EaBINTIEOE - M Europesn Space Agency @G|~
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LISA currently in phase Bl & %% oimevo

e Phase-A study competitive: cannot show much!

* A rather stable concept, working out the details
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Technology developments s
(TRL 6 by adoption)
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»

Technology developments
(TRL 6 by adoption)

e The back link systems

Class. Quantum Grav. 35 (2018) 075007 R Fleddermann et a/
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Technology developments

(TRL6 by adoption)

Laser

!
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; ): UNIVERSITA
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The International Collaboration & ==

e The LISA Consortium (4437
1612 members) . ESA/ baat it
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Beyond and besides LISA
« Efforts in China

Gap s

Taiji spacecraft / Earth
/

+

’\G@ /

Celestial equator

@l
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CONSORTIUM L/

Beyond and besides LISA

e Planning for the future

¢ New Physical Probes of the Early Universe. How did the Universe begin? How did the first cosmic

2 UNIVERSITA
~ DITRENTO

ZJ

Voyage 2050 , structures and black holes form and evolve? These are outstanding questions in fundamental

Final recommendations from e physics and astrophysics, and we now have new astronomical messengers that can address them.
the Voyage 2050 Senior Committee

Our recommendation is for a Large mission deploying gravitational wave detectors or precision
microwave spectrometers to explore the early Universe at large redshifts. This theme follows the

breakthrough science from Planck and the expected scientific return from LISA.
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