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v LISA: LIGO/Virgo in space
LIGO/Virgo LISA
Size 4 km 2.5%x10° km

Frequency >10 Hz 20 pHz + 1 Hz

2.5 million km

Laser interferometer

Free [ ] =
test-mass

» [ | Free
test-mass

light storage arm test mass

;

Satellite ~

!

light storage arm

test mass test mass

test mass

beam
splitter photodetector

N

INEN  Kitzbuhel 25/06/2019



P
/.p lica nathfindar TIFPA

-1 Hz not accessible from ground
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i thfinder

Why low frequenty?

Frequency of GW 2 x frequency of
motion

Kepler: faraway is slow

f=(1/n)/GM/r’

Big black-holes: can’t get closer than
horizon

10°M_ — 0.01 Hz

By th big is powerful: hocM?
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LIGO LISA

Size km Million km
Wave 0.001-0.1 minutes to
period seconds hours

Mass of | _ 1-10 Sun | YP ’Fo 1-10
sources Million Sun

Compact binary stars in
the Milky Way

Size of the | ~ 100-1000 1-10
source km Million km

Supermassive black-hole :
swallowing a small one - UGO black—hole years.-_n:
“ ' befare flnul ‘merger

Colliding supermassive black-
holes dragging their own
galaxies (Hubble)
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Million solar mass Black-Holes . .
* Galaxies host > million solar s & = g
mass Black-Holes odhin ‘
 Galaxy collide and form binary * " "+
Black-Holes ks . @
* Binaries coalesce: more GW .. " 2 .
energy than all light in the $ o .

Universe
/ - g . ¥

Milky Way Galaxy

’ Andromeda Galaxy (M31)

1.782 billion years
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High-precision gravitation of deep universe

* Detect all mergers in the 2
universe within the 18}
frequency band, even izl
out to z=20, if they were
happening.

Redshift z

* Measures: luminosity
distance 1 -5 %

* Sky location 0.1°-5°
e Masses to +0.1-0.5%

* Spin magnitudes to

+0.01. 102 0t 106 108
Mass M (Mg)

T80

)
S
Luminosity distance Dy, (Gpc)
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* Spin vectors to £3-5%
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A deep universe, high resolution observatory

Today — 14 billion years
Life on earth b ¢
Acceleration =~ 11 billion years
LIGO Hanford Data (shifted) Dark energy ' o ‘ 8
1.0 - @
0.5 \ f {..\ . Star formation peak e : "l"!llﬁi'l-l'll'Wr’!'z‘F—_"#'
0.0 ﬂlu'ﬁ“"‘r'“' M f,afu“"u‘,l V) \f-., _ : 'E#WJUIL,U Galaxy formation era\ \ . '-
-0.5 ! W bf \J Earliest visible galaxies . 700 mi[ljon years
-1.0 —
LIGO Livingston Data
0.35 0.40 Recombination Atoms form : 0 years -
) . Relic radiation decouples (CMB ¢ &P £
Time (sec) s 3
Matter domination — 5,000 years
Onset of gravitational collapse &
1.5¢-19} : ' : ' ‘ . Nucleosynthesis 3 minutes
| | Light elements crg#fed — D, He, Li | . )
il A Nuclear fus#Gn begins 0.01 sgcnnds
5e-20 — —

Electroweak transition
Electromagnetic and weak nuclear
-5e-20 — = forces first differentiate
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Supersymmetry breaking

idsin 7] Axions etc.?
-15¢-19 |- . Grand unification transition
| ) | | ) Electroweak and strong nuclear
-6000 -4000 -2000 0 200 forces differentiate

i Inflation
(c‘-‘esa Time (seconds) | ST ravityve
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Inspirals Galactic binaries

=== BHbinary o resolved

mom EMRI ® verification
1 confusion

X Tmonth

Characteristic strain amplitude
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Redshift (z)
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stituto Nazionale

Cosmological strd;;;graphy

Almost all BBH 1n their
evolution cross LISA band
(hundreds expected)
Allows discriminating different
model of galaxy formation.
20 7
| C black hole - black hole mergers
° space based
16 gravitational wave
Y observatory
12
10
future
8 EM probes

log(M/Mg)
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Black Hole Astronomy by 2030

-

ESA’s MBH
programme

Future EM Obs.
LSST, JWST, EELT

SKA, Pulsar

10° 108

100 108 10° 10
| AR T L I BULLLE NA NN
Mass [log M/M,]=> Euclid-Wid
[log ol : ) SDSS‘QSOS yslie e
48 " % - o0
[ g O 00
Sl K o
g, B or08 O
-I- - 0 ° 9
() [ ®o
w0 46 °% o o °
(%) [ P o$°°3°°‘
et °
j 45 ®° o _
Athena | § §FF s EEEEEIN . :
44 o 5
Chandra/XMM
43 Athena WFI A
Re-ionization;
:"'-" T TN SUTEE FUTEE SEEEs LNy
4e 0 1 2 3 4 5 (]
- ) .
C esa Kitzbuhel 25/06/2019 S. Vitale

7 8 9 10
Redshift (z)



{ ..ﬂ lisa patl

/) m»
IN FN g:\uvmsm\ DEGLI STUDI

Kstuto Resional

Detecting SMBH mergers with LISA and Athena

The late inspiral of supermassive black hole binaries with

circumbinary gas discs in the LISA band

Yike Tang', Zoltan Haiman?, Andrew MacFadyen'*
! Center for Cosmology and Particle Physics, Physics Department, New York University, New York, NY, USA,10003
2 Department of Astronomy, Columbia University, New York, NY, USA,10027

Strain

-170[-96.9)-167.3-165(-95.1)-102.5-160/-89.6)-137.3-155(-91.5)-132,3-1501-89.6)
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Athena-LISA Synergies

Athena-LISA Synergy Working Group:

Strain
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Gravitational Waves

5(-10.7) 23 (o)

20(-25.4) -17.3 -15(-21.2) 123 10{-16.5) 7.3
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Monica Colpi, Andrew C. Fabian, Matteo Guainazzi,

Paul McNamara, Luigi Piro, Nial Tanvir

(with contributions by J.Aird, A.Klein, A.Mangiagh, E.M.Rossi, A.Sesana)

@esa Kitzbuhel 25,

20 February 2019

i
i



/7 L4
® Extreme Mass-Ratio Inspirals: EMRI§ ==~

e Stellar-mass BH capture by a massive BH:
dozens per year.

* 107 orbits very close to horizon.
GRACE/GOCE for massive BHs.

— Prove horizon exists.

— Test the no-hair theorem to 1%.
— Masses of holes to 0.01% -0.001%
— Spin of central BH to 0.0001.
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¢ EMRIs as a GRG lab EET

* The no-hair theorem: spacetime around

BH determined by mass and spin Redshifted mass (M. m) Spin 2)
* Quadrupole moment measured at 0.1 06 06
% -0.01 % £ pal o4 &
* Inconsistency with Kerr multipole - o5 :
structure allows to discriminate: oLty L |
— Strong environmental oo sty gy
p erturbation Eccentricity at plunge Quadrupole moment

— New type of exotic compact
object consistent with General
Relativity: boson star, horizonless
objects, non-Kerr axisymmetric _ |
geometrles -7 -6 -5 -4 -3 -2-6 -5 -4 -3 -2 -1 O_O

— Failure in General Relativity 09(OM/M) 109(00)
itself: dynamical Chern-Simons,
scalar-tensor theories, braneworld
models, theories with axions,
constraints within parametrised

@,fncl cotnodels, S. Vitale 13 deesa
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‘I A =2 pathfinder
Kepler again: well

separated smaller
binaries rotate at low

frequency

1. LISA compact galactic |
binaries. e _ | i

MNRAS 000, 1-G (2018) Preprint 15 June 2018 Compiled using MNRAS IXTEX style file v3.0 —r 644
I ” 598
Guaranteed ( Own) Gaia Reveals Evidence for Merged White Dwarfs Lssz |

sources at high SNR:
verification binaries

— About 20000 double white
dwarf binaries resolved

— Discovery of
distant/obscured/faint
binaries.

—  The millions of ultra- i

0

Comp act blnarles Wlll form Fig. 3. Sky distribution of all Gaia DR2 sources in Galactic coordinates. This image and the one in Fig. 4 are Hammer projections of the full sk

Mukremin Kilic"2, N. €. Hambly?, P. Bergeron?, C. Genest-Beaulien®, N. Rowell?

This projection was chosen in order to have the same area per pixel (not strictly true because of pixel discretisation). Each pixel is ~ 5.9 squar
a detectable fore ground arcmin. The colour scale is logarithmic and represents the number of sources per square arcmin. -
02 ) ‘ =
\ \
\ \
1 O— 0.0 1 l | l |
) _,:—"’—'o*""; . 1.0 L5 2.0 25 95 2
@]~  Kitzbuhel 25/06/2019 e eeoe O P e 14 -
" agentia spaziale lOg (f/HZ)
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N citors' Suggestion |
V II’\GO/LIGO BII lnljl-:ae-;:-c cts for Multipand Gravitational-Wave Astronomy aftes

GW150914

Albero e

their Keplerian =~ © i o

Rates of black hola merger formations infemad from tha retent

datection of gravitational waves suggest that a futuré space
l] ; l Se basoed fncility ke aLISA can efficlently inform LIGD and athor
faciitates about locations of potential black hole mergers
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2. Detecting LIGO events
before they happen

10—21

characteristic amplitude

10758
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@ Cosmography with GW o

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

D, «<cPP/h
* GW do not measure redshift z. D; (z) requires 1dentification of e.m.
counterpart.

Example of possible eLISA cosmological data

~ EMRIs _
- LIGO—-like
BHBs

Courtesy of N. Tamanini)

s Different GW sources will allow an independent assessment of
@?AP the geometry of the Universe at all redshifts. s

italiana



Phase transitions
in the early
universe

Wavelength of relic
GW set by horizon
scale at time of
emission

LISA band: 1 mm
Horizon scale (1-1000
TeV scale )
3x10-18-3x10-10g after
Big Bang

LISA sensitivity

Today — 14 billion years
Life on earth @ : ¥
Acceleration — 11 billion years

Dark energy dominateN\®
Solar system formsy *

Star formation peak e
Galaxy formation era\ y

- .g -

Recombination Atoms fom Y— “3_’%400%@)0 years -
Relic radiation decouples (CMB\@E B = Ch A
. g

Matter domination
Onset of gravitational collapse

Nucleosynthesis 3 minutes ——

Light elements created - D, He, Li | o )
|—— 0.01 seconds

.

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
ectromagnetic and weak nuclear |
fC-ICGS first OiTeres

Supersymmetry breaking

Axions etc.?

Grand unification transition F——=140""s —=
Electroweak and strong nuclear o e S PR L
forces differentiate

Inflation
Quantum gravity wall
Spacetime description breaks down

E.P.S. Shellard 2003
University of Cambridge
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Table 1: Overview of science objectives and their respective science investigations

SO 1 Study the formation and evolution of compact binary stars in the Milky Way Galaxy

SI 1.1 Elucidate the formation and evolution of Galactic Binaries by measuring their period, spatial and
mass distributions

SI 1.2 Enable joint gravitational and electromagnetic observations of galactic binaries (GBs) to study the
interplay between gravitational radiation and tidal dissipation in interacting stellar systems
SO 2 Trace the origin, growth and merger history of massive black holes across cosmic ages
SI2.1 Search for seed black holes at cosmic dawn
S12.2 Study the growth mechanism of MBHs from the epoch of the earliest quasars An d S O 0 n
SI 2.3 Observation of EM counterparts to unveil the astrophysical environment around merging binaries

SI 2.4 Test the existence of intermediate-mass black holes (IMBHs)

SO 3 Probe the dynamics of dense nuclear clusters using extreme mass-ratio inspirals (EMRIs) a I l d S O | O I ' I l

SI 3.1 Study the immediate environment of Milky Way like massive black holes (MBHs) at low redshift

SO 4 Understand the astrophysics of stellar origin black holes

S14.1 Study the close environment of Stellar Origin Black Holes (SOBHs) by enabling multi-band and
multi-messenger observations and multi-messenger observations at the time of coalescence

S14.2 Disentangle SOBHs binary formation channels

SO 5 Explore the fundamental nature of gravity and black holes 10713 = W— —r—rrrrr —r—rrrr —r—rrrer —r—rrrr
SI 5.1 Use ring-down characteristics observed in massive black hole binary (MBHB) coal, = === Observatory Strain Sensitivity
whether the post-merger objects are the black holes predicted by General Theory of 10-14 | * HF relaxation
SI5.2 Use EMRIs to explore the multipolar structure of MBHSs
SI 5.3 Testing for the presence of beyond-GR emission channels 10-15 L
— F
SI 5.4 Test the propagation properties of gravitational waves (GWs) "lI&i i
SI5.5 Test the presence of massive fields around massive black holes with masses larger t. = 10716 3
SO 6 Probe the rate of expansion of the Universe é
S16.1 Measure the dimensionless Hubble parameter by means of GW observations only é 107" g
S16.2 Constrain cosmological parameters through joint GW and electro-magnetic (EM) § il
SO 7 Understand stochastic GW backgrounds and their implications for the early Universe and Te . At
physics 10-19
S17.1 Characterise the astrophysical stochastic GW background .
SO 8 Search for GW bursts and unforeseen sources 10720 R
SI 8.1 Search for cusps and kinks of cosmic strings lLO‘-S 16—4 16—3 ld—z lol—l 16()

S18.2 Search for unmodelled sources Frequency (Hz)



easuring curvature
via time-varying
Doppler shift
between free falling
observers
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The LISA link

T NI TN e R 0 O

* Curvature of spacetime modulates frequency
of beam measured by free falling observers
(mutual acceleration of free falling observers)

Vem — Vrec = Vo (hem — ]:"rec)

go

@ esa Kitzbuhel 25/06/2019 S. Vitale 20
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The LISA link

A0 0L A

« Unfortunately frequency 1s also modulated by
acceleration of each observer relative to its
own inertial frame

, fem frec

Vem — Vrec = Vo (hem — hrec) ! m "

(5 esa Kitzbuhel 25/06/2019 S. Vitale 21
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The LISA link

 Satellite accelerations too large

5011111 l))))))))))))))1

Emitter satellite

 Jnertial reference test-masses are used to correct for

satellite accelerations

|

Emitter
test—mass

)]

|
N

e Equivalent to directly tracking test-masses

@esa Kitzbuhel 25/06/2019 S. Vitale
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Receiver satellite

|

|

|

|

Receiver
test—mass
=0
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The LI SA arm e R L reirA pecu STy
HARRR

HHHHW( ((H ))))HHH””
|

True reflection

impossible. The LISA
arm: two phase-locked

counter-propagating
links.
LISA: 3 arms 2.5 Mo km

10 pm/\Hz single-link
interferometry @1 mHz

|




. lisa pathfinder

LISA fundamentals_‘ drag—free

* Free-falling inside a
spacecraft

— Sooner or later test-masses
will hit the walls

— LISA: position of
spacecraft relative to test-
mass 1s measured by local
interferometer

— Spacecraft 1s kept centered
on test-mass by acting on
micro-Newton thrusters.

/@ Kitzbuhel 25/06/2019 S. Vit



LISA fundamentals: the constellation

— Satellites follow independent heliocentric orbits.
No formation keeping needed

— Constellation rotates within waves and gives
source location

Earth 75 million km




4 LISA

— [[Tikasas -,

t=id  Instrument

!  The
Gravitational
Reference Sensor
with the test-
mass

- The Optical
Bench with:

— Local
interferometer

— Spacecraft to N
spacecraft
interferometer,
including
telescope

Phase Meter
measurements
— ala

Laser source  //_[fud) Reference

(i

) le er
Kitzbuhel 25/06/2019 . Vitale



. lisa pathfind

The Gravity reference Sensor (GRST‘“M‘“““

* Drag-free along sensitive direction

* Other test-mass degrees of %
freedom controlled via =
. +~
electrostatic forces 8
e 3-4 mm clearance between test-
mass and electrodes
QN
=
N
=
@)
<
q) 1
Mo
o
j:; J
QO
L
QO

@esa Kitzbuhel 25/06/2010 S. Vitale
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The OPtICal benCll

* Carries on all needed interferometry:
— Satellite-to-satellite

— Satellite-to- test mass

— Satellite arm 1-arm 2

esa



| | |
P = W Ny
‘ -~ v 7 1 Z e
~ 2 f [ {
B s . )

P

A% ol
,

| }"‘
p

/

Y

Ny

\
B ’ﬁ
-

)
C -

=

=

NS
-
@
AS Y

»”

How 1t could
look like

=0
C@l”  Kitzbuhel 25/06/2019 , = :

italiana



. lisa patl l N »""N '°, R UNIVEPSITA DEGLI STUDI

;;;;;;;;;;;;;;;;

LISA development and LISA Pathﬁnder

|LISA Pathfinder | L3 Theme Selection |
I
[LPF preparation] [L1 Selection]
T A 4
Comerstone study Formulatlon NGO [LISA selection]
L L@ ‘
O L O l

2010 2015 2020

N

Last Updated: Thursday, 24 June, 2004, 13:07 GMT 14:07 UK
ESA/SSAC(ZOO l )3 tne .;nyge B E-mail this to a friend & Printable version
aris, 31 January 2001 ; y'ﬂ i’ Mission's path to new astronomy
i ;‘f”:: BEC ?qnathgnuamosl ff
Recommendation on SMART 2 e vt Ol sclencd 1

Asia-Pacific The contract has been
el signed that will lead to the

The SSAC unanimously endorses the Executive’s proposal to use the SMART 2 iddie =P building of one of the most
a 2 i
- . p . . ambitious space missions
mission, as currently scheduled, as a timely opportunity to test the technologies which South Asia UL iown.
are crucial to the LISA cornerstone mission, and to also test within the same mission Business The Lisa Pathfinder will
Gele_mems of the technologies needed for the DARWIN/IRSI cornerstone. el EU?ITI:?: itéiéisf:&? to |33::§tmat
o« KithUhel 25/06/20 1 9 S' Vlta E::::::::::: gravitational waves in space. Lisa Pathfinder should launch in 2008



free falling masses: must-accelerate just-because of curvature

Kitzbuhel 25/06/2019 S. VAtale



Accelerations relative to local frames must be negligible

- 4

Kitzbuhel 25/0672019 S. Vidle



¥ “"Siib-femto-g force suppression for LISA

* (Cannot be tested on ground < 0.1 Hz

1.x1078
1.x107°
1.%x10°1°
13107
1.x 10712

She[m s7?//Hz]

1.x10713
1.x10714

— LISA L3 Requirements

\

1.x107*

1.x107°
Frequency[HZ]




 “"S{ib-femto-g force suppression for LISA

* (Cannot be tested on ground < 0.1 Hz
* (>3) Orders of magnitude better than any other space

missSion
— GOCE -— Grace — Microscope — LISA L3 Requirements
1.x107® — e
Py \P
9 o A QN
1.x107 S e
- <Oopit-
N 1. % 10—10 — | \
> I 2016 >
~ 16 | 17T Kby
(\I; 1 x 10-11 () \\\ \\_\
%))
E. 1.x10712
S
D 1.x10BH—]
1.x 107 T =
1.x107 1.x1073 1.x1072

Frequency[HZ]




concept

e Force disturbance 1s
local. Test dpes not
require million km size

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

LISA Pathfinder —1 [oewr

e TMs,
+ 2 Interferometessy !_Lg‘

e Satellite chases one test-
mass

* Contrary to LISA, second ‘

test-mass forced to

TM/SC

vuLiuwvi

electrical force

il

1]

(NBENEEN]

follow the first at very
low frequency by

drag—free ifo

electrostatics
‘ @ﬁl Kitzbuhel 25/06/2019 S. Vitale
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differential ifo
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The LTP

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

L1

* Electrode housing: ,
clectrodes are used to exert AN
very weak electrostatic N
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

* Ultra high mechanical
stability optical bench for
the laser interferometer

Kitzbuhel 25/06/2019 S. Vitale
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Test-mass and

accessories: | <
the gravity reference |
sensor

4 "

i
5

f\ﬁ

¥
o

(? - '..
b
il - b
I'l-'-\"“_‘;l,_‘
-t
£
e
o
[ R
s
= s

Laser interferometer

CGS-OHB, U.Trento-INFN, ETH T
Zurich, Ruag, TAS-I, Imperial College,
IEEC

) Do 4 U. Glasgow, AEI-Max Planck, U.
S~ = Vi Birmingham, AIRBUS DS, APC-
: : _ s CNRS, IEEC,







From 1nstrument integration to
beginning of operations 2014-2016

“qésa : 0029




LTP Turn-on °
/ Prop mod
separation

cold gas only

(mN SC forces)

Science
operations

/ 3 Feb 16

il Decage / vent
2kN=> 1NonTM

19 Feb

Drag-free 9
10
SC follows T 15?.15 Feb
0.5 TM release

TM follows SC
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LISA (L3) disturbance acceleration requirements

S. Vitale, U. Trento/ TIFPA

JEGLI

STUDI

1072

10~ 1074 1072 1072

Frequency[HZ]




o LISA Pathfinder requirements .

* Amplitude requirement relaxed because single spacecraft
experiment more noisy

* Frequency requirement relaxed to cut down ground testing time

S. Vitale, U. Trento/ TIFPA

1 0_13 LISA Pathfinder
requirements

10—14

Sxe [m s%/v/Hz]

10—15 5

10~ 1074 1072 1072

Frequency[HZ]
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LISA Pathfinder requirements

« Amplitude requirement relaxed because single spacecraft

experiment more noisy
* Frequency requirement relaxed to cut down ground testing time
o Interferometer requirements maintained at 9 pm/VHz ~ as in LISA

S. Vitale, U. Trento/ TIFPA

JEGLI STUDI

10—13

10—14

Sxe [m s%/v/Hz]

LISA Pathfinder
requirements

-
_—”
———

1 -15
0 10-

Frequency[HZ]
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What were we expecting?

Class. Quantum Grav. 28 (2011) 094002 F Antonucci et al
Table 2. Leading sources of differential force-per-unit-mass disturbances and their PSD values at
1 mHz.

Source PSD (fms~2 Hz"'?)  Estimated from

Actuation, x-axis 7.5 (0.8)* Measurement of flight-model
electronics stability

Brownian 1.2 Measurement with torsion pendulum

Magnetics 28 Measurement of magnetic field stability

Stray voltages 1.1 Upper limit from the torsion pendulum
test campaign

Laser radiation pressure 0.7 Measurement of laser power stability

Force from dynamics of other 04 From simulated dynamics of DoF other

DoF than x, and estimated worst-case values

T o >

of 8D and &C

Thermal gradient effects 04 Upper limit from the torsion pendulum
test campaign

Self-gravity noise 0.3 Upper limit from thermo-elastic
stability simulations

Noisy charge 0.1 Upper limit from the charge simulation
and measured voltage balance

Coupling to SC motion via force 0.1 From the estimation of stiffness and

gradients simulated SC jitter

Total 10.9 (7.9 Root square sum

Tk
(é €Sa 2 The values within parentheses refer to the free-flight mode. See the text for explanation. @%‘L
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Table 2. Leading sources of differential force-per-unit-mass disturbances and their PSD values at ™™

Estimated from

| mHz.
Source PSD (fm s~2 Hz ')
Actuation, x-axis 10.1
Brownian 7.2

* Two dominating sources:
* Actuation noise:

* Electrostatic force 1s noisy, as

voltage fluctuates.
* Noise scales with setting of

maximum force g, you are

prepared to counteract: the larger
you set g the larger the noise

 Brownian noise:

Random collisions with gas
molecules

* Noise scales with pressure: more

gces

ressure more noise
Kitzbuhel 25/06/2019

S. Vitale

Measurement of flight-model
electronics stability
Measurement with torsion pendulum

LN thruster /}'_-\ electrical force

differential

drag-free
interferometer
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Table 2. Leading sources of differential force-per-unit-mass disturbances and their PSD values at ™™
| mHz.
Source PSD (fms~> Hz"'?)  Estimated from
Actuation, x-axis 10.1 Measurement of flight-model

Brownian \ 7.2
=

electronics stability

Measurement with torsion pendulum
S. Vitale, U. Trentol TIFPA
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Table 2. Leading sources of differential force-per-unit-mass disturbances and their PSD values at ™™
| mHz

Source

PSD (fms2Hz ") Estimated from

Actuation, x-axis

Brownian

10.1

5

Measurement of flight-model
electronics stability

Measurement with torsion pendulum
S. Vitale, U. Trento/ TIFPA
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« Better than requirement.
* Close to prediction

« Except interferometer noise at 3,

First day of operations, March 15t 2016

5 Im

. Vitale, U. Trento/T/FPA
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Gravitational control and actuationr”

) AY

 Electrostatic force mostly compensates | = - R e
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gravitational force

» (QGravitational force canceled in dead
reckoning with ~1.8 kg balance mass
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Authority: 650 pm s
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srownian decaying thanks to venting to space

S. Vitale, U. Trento/ TIFPA

LISA Pathfinder
requirements

The long-planned LISA space mission to detect gravitational waves looks as
though it will be green lit shortly.
—~ [

PHYSICAL
REVIEW
LETTERS
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INFN

Pressure and Brownian decay ™
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Time from launch [d] .
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,,-. . . Synopsis: Space-Based Detection of
(*"f;) lisa pathfinder Gravitational Waves Gets Closer

The ultimate performance

The final results from LIS i ogy h space-
based gravitational-wave detection.

\J\Q April 2016
A !

February 2017
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The low frequency tail

S

15

(5 esa Kitzbuhel 25/06/2019 S. Vitale 54



: lisa patl INFN o UNIVERSITA DEGLI STUDI
(o oo | TRENTO

Noise excess under investigation

Current noise model:

* Brownian

* Actuation

* Stray electric field

* Laser radiation pressure
* Random charging
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Possible sources -z

 Gravitational noise T, -21)
— Tank depletion § -22}

. (o))
— Spacecraft outgassing < 3l

* High frequency magnetic 24}

ﬁéld QOIS@ 440 442 444 446 448 450 452
* Disturbances can be Time from launch [d]
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A full menu of
experiments
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— Green Light for LISA

thoughts

about our

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/0OJ/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 Cafiada on 20 and 21 June 2017

Minutes, as approved during the 155" meeting held on 21 and 22 November 2017

AIFBUS DS

Artwork: LISA envisages three spacecraft linked by laser arms that are 2.5 million km in length Chail" Ml‘ J Christensen-Dalsgaard (Denmark)
(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
_ (at2017e.c.).
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LISA Pathfinder Mission Accomplished

Opening the Path to the Gravitational Universe

Scientific Gathering
MUSE, Trento, 11-13 September 2018
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Science & Environment

LISA Pathfinder: Time called on Europe's
gravity probe

By Jonathan A
BBC

18 July 2017

Artwork: The LISA Pathfinder demonstration took place more than a million km from Earth

The European Space Agency (Esa) has turned off one of its most successful
ever missions.
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1 AU (150 miljgn km)

Separation of the stack
right after launch
Launch in stacked

configuration

Direct injection into escape

. trajectory

Separate trajectory for
each S/C to final orbit
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GW astronomy from space
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