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Kitzbiithel 27-06-2016



By

Emitter satellite Receiver satellite

* GW curvature modulates the frequency of the
recerved beam

dv dv c’

dtrec. _ d::n- — _E beamkc va k d7\» — Vo {hreceiver (t)_ 1:lemitter (t_ L/C)}

r
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The eLISA link: a time delayed
difterential accelerometer
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Emitter satellite Receiver satellite

S

e

» Accelerations of satellites, relative to their
local inertial frame, modulate frequency as
curvature does.

(C/ v )( receiver . emltter) =C {hreceiver (t) - l:lemitter (t B L/ C)} T
+areceiver (t) B aemitter (t - L/ C)
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The eLISA link: a time delayé
difterential accelerometer
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Istituto Nazionale
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 Inertial reference test-masses are used to correct for
satellite acceleration

EMHHHHHH )))))))))))))))))))))))) ]\11 \

test—mass Receiver
test—mass

« Equivalent to directly tracking test-masses
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The detector arm (eLISA)

e [
Two counter-propagating,
phase-locked links

LISA: 3 arms 5 Mo km

10 pm/\Hz single-link
interferometry (@1 mHz
Forces (per unit mass) on

test-masses < 3 fm/(s2VHz)
@ 0.1 mHz

3 non-contacting (“drag-
free”) satellites

T b1y 1]
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L3 Design parameter space

* 1 Mo km < arm-length<5 Mo km
* 2 (6) < Mission duration < 5 (10
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A mission 1n astrophysics, cosmology and fundamental

THE GRAVITATIONAL UNIVERSE

COALESCING
BINARY BLACK HOLES
through all cosmic ages
TRACERES OF GALAXY

ASSEMBY

BLACK HOLE
IN GALACTIC
NUCLEI
EMRIs

ULTRA
COMPACT
BINARIES
IN THE MILKY
WAY

COSMOLOGICAL BACKGROUND OF GWs
THE CLOSEST VIEW TO THE BIG BANG

Event Rates and Event Numbers
Frequency band 1x10*Hzto 1Hz, (3x 10~ Hz to 1 Hz as a goal)

Massive black hole mergers 10yr~ to 100 yr™

Extreme mass ratio inspirals 5yrto 50yr!
Galactic Binaries ~ 3000 resolvable out of a total of ~30x 10° in the eLISA band

physics
|

The Gravitational Laboratory

Does gravity travel at the speed of light ?
Does the graviton have mass?

How does gravitational information propagate: Are there more
than two transverse modes of propagation?

Does gravity couple to other dynamical fields, such as,
massless or massive scalars?

What is the structure of spacetime just outside astrophysical
black holes? Do their spacetimes have horizons?

Are astrophysical black holes fully described by the Kerr
metric, as predicted by General Relativity?

+ what we cannot predict

S. Vitale 10
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Super-massive
black-hole mergers

* All mergers in the
universe 1n its
frequency band, even
out to z=20, 1f they
were happening.

* Measures: luminosity
distance 1 -5 %

* Sky location 1¢-5°
e Masses to £0.1-0.5%

* Spin magnitudes to
+0.01.

* Spin vectors to £3-5%
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A deep universe observatory
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Extreme Mass-Ratio Inspirals: EMRI

* Stellar-mass BH capture by a
massive BH: dozens per year to
z~0.7.

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 0.1%
— Spin of central BH to 0.001. .

 Probes environment of central
black-hole

— mass and spin spectrum of
stellar mass black holes

— density and mechanism of

. formation
@A Kitzbithel 27-06-2016
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Cosmography
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Stochastic GW background = &&= " %

* Assuming wavelength of relic GW set by horizon scale at time
of emission (with temperature T) f=0.1mHz (kBT /1 Tev)

LISA band:
0.1-100 mHz =
1-1000 TeV scale
(LHC)

1 mm Horizon
scale

3x10718-3x10-105
after the Big Bang

LISA sensitivity
Qaw<101Q

http://arxiv.org/pdf/1512.06239.pdf S. Vitale 16
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* ¢LISA instrument key
elements:
— The Gravitational Reference

Sensor with the test-mass
(also called Inertial Sensor)

— The Optical Bench with the
complete interferometry

— A telescope to exchange
light with the far satellite
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viero-Newton thrusters 1 ©St-Masses and drag-free

local interferometer

test—-ass

Kitzbiithel 27-06-2016

* Spacecraft

chases test-mass
along sensitive
direction (drag-
free)

3-4 mm clearance
between test-
mass and
electrodes

Other test-mass
degrees of
freedom
controlled via
electrostatic
forces

S. Vitale
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Disturbances in LISA: 1 Force noise

o))

test—mass Receiver
test—mass

 Accelerations of test-masse relative to local inertial
frame° due to true force noise.

(C/ v )( receiver . emltter) =C {hreceiver (t) o hemitter (t o L/ C)} T

'

GW

f f
+T(t)—Tu(t—L/C)

-
Acceleration relative to local inertial frame
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Disturbance in LISA: 2 Reference noise

e (Goal: acceleration of point particle relative to local wave front

@<

* True signal: relative accelerations of some points on various reference
frames. Sensitive to noisy degrees of freedom of satellite and test-mass
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Disturbance 1n
LISA: 3
Readout noise

* Local contributions: phase-
meter electronics, clock,
AOM’s....

Kitzbiithel 27-06-2016
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di Fisica Nud

Disturbances 1n eLISA: 4 Frequency noise

* Laser frequency noise
suppressed by comparing
light beam that have traveled
along both (unequal) arms

* Done in data post-processing

* Requires high accuracy
phase-meter

» At least two fully
demonstrated in the lab

» Frequency noise is the single
noise source that involves the
entire constellation
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Most of disturbances are local and can be tested

within one satellite!
The noise budget

10—32

Frequency(non local) 5%

10—34

PSD,[1/Hz]

10—40

10742
1072 10~ 1073 1072 1071 10°

Frequency[Hz]



LISA Pathfinder

1. A test of the entire local
measurement (95 % of

noise) with a requirement at
3 fg/NHz @ 1 mHz

2. A verification step in the
development of LISA using
same hardware/processes to
carry them at TRL 8-9.

3. A final in-orbit
consolidation test for our
physical model of free fall.
Integrates the results of
extensive ground testing

Notice : Requirements in 1. are relaxed
relative to LISA, but relaxation only
applies to allow for less demanding test
conditions, not to H/W design.
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LISA Pathfinder
concept

e Test of 95% of noise
does not need Million
km separation

* Requires free-falling
test-masses inside a
single spacecraft

* LPF 2 TMs, 2 Ifos,
Satellite chases one
test-mass

e Second test-mass forced
to follow the first at
very low frequency by
electrostatics (different
from LISA)

Kitzbiithel 27-06-2016
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* Test masses gold-platinum,
highly non-magnetic, very
dense

The LTP

* 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

* Ultra high mechanical
stability optical bench for
the laser interferometer

Kitzbihel 27-06-2016
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Test-mass and
accessories:
the gravity reference
sensor

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

Laser interferometer

U. Glasgow, AEI-Max Planck, U.
Birmingham, AIRBUS DS, APC-
CNRS, IEEC,

- Kitzbiithel 27-06-2016 S. Vitale 27
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LTP Core assembly
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Integration with satellite
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Satellite and launcher
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The launch



Sequence of events

[ ]
[ |
Launch, Transfer NJAYSTAY
Operations

03-01 to 0625 |

o

Noise Run

Noise Run

Stray
Potentials

\Y Heﬁtson, LPF Status, APS, Salt Lake City 2016



Commissioning timeline

Milestone

11 January Switch-on of LISA Technology Package

2 February Release of test mass launch locks and opening of venting valve

15 & 16 February | Test Mass

18 February Alignment @

22 February

1 March




Interferometer performance

Requirements

Interferometer noise

Kitzbiihel 27-06-2016 S. Vitale 36
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Transition to drag-free: force commanded
on test-mass 2

Kitzbiithel 27-06-2016 S. Vitale 37



A remote
laboratory




LISA and LISA Pathfinder disturbance acceleration
requirements
* LPF amplitude requirement relaxed because single
spacecraft experiment more noisy

* Frequency requirement relaxed to cut down ground
testing time
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Limitation of a single satellite test

LISA LISA Pathfinder
« Each test-mass in one link « Spacecraft cannot follow
1s drag-free both test-masses at once.
One test mass 1s controlled
(noisy)

» Spacecraft reference frame
1s significantly non-inertial
— centrifugal force

 Inertial forces are negligible

e Force gradients couple each
test-mass to 1ts own
spacecraft

« Force gradients couple both
test-masses to same
spacecraft

Kitzbiithel 27-06-2016 S. Vitale 40
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Best Estimate Before Launch™
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Effects studied over years 1n the laboratory: (" ==
Knowledge pushed forward in different fields of physics

Kitzbiithel 27-06-2016 S. Vitale 47
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[Last Best Estimate

depends on value
of gravitational
force to be
compensated
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LISA and LISA Pathfinder disturbance acceleration
requirements

Kitzbiithel 27-06-2016 S. Vitale 44



First day of operation. March 1%, 2016



April 8-14, 2016.

* The results in http://link.aps.org/doi1/10.1103/
PhysRevLett.116.231101

* Decreased because of elapsed time and basic
instrument optimization



The limiting disturbances

Thermal noise due to
viscous damping by residual
gas

Scales with square root of
pressure

Interferometer noise
No real test-mass
motion




May 16-18, 2016.

* System continuously vented to outer space
* Pressure gone further down



Sub-femto-g differential accelerometry: orders of magnitude
improvement in the field of experimental gravitation



The limiting disturbances

Low
frequency
extra noise

Found to
decay with
time




The limiting disturbances

\\Disturbances already estimated with dedicated

o experiments performed so fﬁr




Noise almost entirely modeled: original LISA requirements at hand



With current demonstrated sensitivity most science obtained anyway



Simulated LISA acceleration signal for two 5x10°> M black-holes with their galaxies
merging at 12.5 billion light-years
LISA Pathfinder acceleration data
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Simulated LISA acceleration signal for two 5x10°> M black-holes with their galaxies
merging at 12.5 billion light-years
LISA Pathfinder acceleration data
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Next

* LISA pathfinder investigations continuing till
May 31, 2017

* ESA plans for GW observatory



The Gravitational Wave observatory after LISA
Pathfinder

The physics of the observatory
demonstrated down to critical
details

Substantial part of hardware
and methods may be directly
transferred to the observatory:

— QGravity Reference Sensors

— Drag-free control

— Local interferometer

Important steps on how to
operate the observatory will
have been practiced and
understood

A key “go ahead” for LISA





