


Curvature: time-
varying Doppler
shift between free
falling observers




The Doppler link
|§ﬁﬂ[@‘\\\\\\\\ |

* A constant frequency light beam 1s sent out by one free-falling
observer to a second one far away 1n space-time.

 GW curvature distorts space-time (accelerates far away free-

falling frames) and modulate frequency of beam for second
observer.

dv dv c? . .
S = b kG VRp kp dk = Vo {hreceiver (t) o hemitter (t B L/C)}
dt  dt,  2mJbem
@esa e 05009016 S Vi PHYSICAL REVIEW D 88, 082003 (2013)




The need

for

frete—fall
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* Doppler due to curvature indistinguishable from acceleration of
receiver along the beam, relative to its local inertial frame.

(C/V )( osiver — M emmer) = c{hmiver (t) — hemmer (t — L/c)} +

 Same applies to emitter

(9)-a,,
recelver cmitter

,—L/c)

* Acceleration relative to local inertial frame 1s due to true forces.

g=esa
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The LISA link
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Emitter satellite Receiver satellite
* Inertial observer are replaced by test-masses

 (Satellites accelerate too much because of solar
radiation pressure)

L 7

"Optical Readout” “Science Interferometry” "Optical Readout”
(PM ORO) (Long Arm Interferometry) (PM ORO)

o] |




. lisa pathfinder

LISA Instrument |

e The Gravitational
Reference Sensor with
the test-mass

* The Optical Bench
with:
— Local interferometer
— Spacecraft to spacecraft
interferometer
* Telescope for the
spacecraft to spacecraft
interferometer

@=esa 755 h 05-09-2016
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Micro—Newton thrusters TCSt-maSSCS aIld drag-fl’ee s

* Spacecraft

. chases test-mass

E v N along sensitive

direction (drag-

free)

test—fges * 3-4 mm clearance =
o between test-

mass and '

electrodes

e Some test-mass
degrees of
freedom
controlled via
electrostatic
forces

local interferometer

@esa Zirich 05-09-2016 S. Vitale
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[
Free fall in LISA
* Acceleration relative to local inertial frame are due to
true forces.
(C/Vo )(Vreceiver o Vemitter) =C {hreceiver (t) o hemitter (t - L/C)} T Ag
Ag = freceiver (t) m fem tter (t o L/C)/m
* LISA: Ag noise to be suppressed at <\/2><3 fm s-2/NHz
10 16
i; 10-17 » iR - liiif:cl:t;n :i:::i:s Z zr .o:ser:azi-:: :1:3 ©) _
Ag — effective strain % T T —
_______________ ~ g 10—18 ___" X Mtot = 10°Mg Small BH falling in a big BH at 3 x 109 ly
(o/v,)Av=Th+Ag & . N\ o
%\ N e . AT tot i
.E P @) ® 2
hAg (0)) — Ag/L(x)2 E yo? = %\
E; 10—21 — E
= 22 :
10— : AR N b pe g | L SR | L P S S S A
16~ 1698 102 1071 10
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TIFPA

Measuring Doppler shift

* Dopp
(phase) signal

 Interferometer noise:

ler shift measured by laser interferometer displacement

(¢/v,)AV=Lh+Ag+8%, . h,(w)= Sx(o))/L

* LISA: ox noise to be suppressed at <13 pm /\/Hz (two-way)

Ag requirements
may be relaxed
above ~2-3 mHz

Characterigtic strain amplitude

Zurich
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Resolved galactic binaries (2 yr observatio tlm!
Verification binaries (2 yr observation ti 14 ) O
Mot = 107M
ot ®
Galactic confusion n

Moy = 106Mg

D .

2 big black holes (BH) 1Gyr after the Big Bang
Small BH falling in a big BH at 3 109 1y

Miot = lOSM?l — i

-
-

@
22g\°

4

Signal suppression due to beam finite propagation time
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. lisa pathfinder
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Most of noise in LISA 1s generated inside
each spacecraft independently
* Disturbance force 1s local

* Opto-electronic noise 1s local

* Pick-up of spacecraft motion due to optical
misalignments relative to local laser wave-
front

/CD Zurich 05-09-2016 10 \
@?aé;!‘e iiric @esa
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Non-local disturbance: Frequency noise

VA * Laser frequency noise
. / . suppressed by comparing
/ N\ light beam that have

traveled along both
(unequal) arms

Spacecraft 1 Spacecraft 3

T T * Done 1n data post-
B venen ] benen L : . :
= processing with high
accuracy phase-meter

Class. Quantum Gray. 30 (2013) 235029 O Gerberding et al o F r e q Z/l e n Cy n 0 iS e iS t h e

s [l () = single noise source that
== Involves the entire
constellation

- TR n @t

— ZUricilit vo-uvy-2ulo
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SUppPression reguires
required order of
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improvement

relative to state of art
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Most of
disturbances can be
tested within one
satellite

Cassini —

Earth

®
Ashby - Bender (spec)_ S
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ESA/SSAC(2001)3
Paris, 31 January 2001

LISA
Pathfinder

1. A test of most of the
local measurement
(95 % of noise)

2. A verification step in
the development of

EUROPEAN SPACE AGENCY

SPACE SCIENCE ADVISORY COMMITTEE

Recommendation on SMART 2

The SSAC unanimously endorses the Executive’s proposal to use the SMART 2
mission, as currently scheduled, as a timely opportunity to test the technologies which
are crucial to the LISA cornerstone mission, and to also test within the same mission

LISA using same
hardware/processes to
carry them at TRL
8-9.

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

C - Zirich 05-09-2016

s ole
italiana

elements of the technologies needed for the DARWIN/IRSI cornerstone.

« The LTP consists of 9 elements:

- Caging Mechanism electronics.
- Charge Management System electronics and

Inertial sensors Supporting structure
(without thermal cover)

The LISA Technology Package

LTP main assembly, containing:
- Two inertial sensors
- Test mass
- Caging mechanism
- Electrostatic position system
- Vacuum enclosure

- The optical bench
- The structure and thermal shield

i ; Optical bench
Inertial Sensor Front End Electronics * 2 ptical bene

Diameter 354,
UV lamps. length 600

Phase detector FEE.
Laser system.

+ Acousto-optic Modulator box.

Processor and diagnostics.

+ Overall mass ~82 kg, Overall power ~100W

Smart-2 Final Presentation 12/07/2002 ©Astrium



LISA Pathfinder concept

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

) TMs, 2 Ifos

e Satellite chases one
test-mass

* Contrary to LISA,
second test-mass
forced to follow the
first at very low
frequency by
electrostatics

| @ﬁ Ziirich 05-09-2016

agenzia spaziale
italiana

,t[];) 02\MT TM/SC ,L_D:J

2Ao GRS

MT , ™

UN thruster electrical force

differential
interferometer

- .-

drag-free
interferometer




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

* Interferometer requirements to allow for margin and to match LISA
sensitivity range

Gy 107 107 1072 107!
ogenia sx Frequency (Hz)



* 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

* Ultra high mechanical
stability optical bench for
the laser interferometer

Zurich 05-09-2016

S. Vitale




& 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,

H. Ward talk




. lisa pathfinder

LTP Core
assembly




. lisa pathfinder

Integration
with satellite
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LPF in-orbit journey

22 Jan 16

Prop mod

separation
cold gas only

1 Mar —27 June
%x108 Science

-4 operations (mN SC forces)
-2
0 = 3 Feb 16
2 .‘%ecage / vent
'/ 2kN>1NonTM

%108 0 Drag-free 3 %102
SC follows T 15-16 Feb
0.5 TM release
TM follows SC

0o

Weber - GRAMPA — 29 August 2016 le/;J)
Currently in NASA-DRS operation. LTP extensmn

granted to May 31, 2017

P. McNamara talk
S. Vitale 22 @esa




Rather smooth operations

'y

Value [N]

e Transition to
Drag-free
control

e Transition to o ’

low-noise
science mode
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Test mass control and commanded forces

* Acceleration depend on
parasitic forces
(measurement target) but
also on feedback forces

™1

£ £ f
az—alz ———  +—

m m m

H/_J

Parasitics forces
on free test-masses

* 1 1s known within a
calibration factor (that
we measure)

d2esa ... os00000c S. Vitale 24 eoemelame
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Calibrating

* Inj ectmg a guldance n the suspensmn loop

Bk UNIVERSITA DEGLI STUDI

(oo 5 DITRENTO

| — DFA.C-‘S GUIDANCE |

E os f\
g 0 .' |II A I.ﬁ|ll".L-M—I—I—I—I—l—I—
E-u,s— l,LIII
. . o 08 Origin: 2015-{!3 20 20:00:00. 0;05 Time [s] 2 x-m?ﬁ L
« Fitting commanded force to relative acceleration =
o
Residual from FLSCOV for 012 acceleration =
E | e T ! T i s ¥ T - Y e | "_ x "‘:E .E
Ag = | 2
@ B :
; =
E // ".IIII Iflr \.II | Z
[ U o M
[ v I| ﬁ" I Elf'ﬂ"! F |
F" ”\"J-JII | ‘
t
L
i

Frequency [Hz]
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g=esa

(L et 7 DITRENTO
Generating Ag data
Acceleration depend on e
parasitic forces (measurement g
target) but also on feedback [ e
forC e S control
f f f }Eectmdes‘
a,—a, = ———F +-=< =
m m m ™2 “<< —> ™1
%/_J 7
Parasitics forces
on free test-masses | [ Ereovostate | ax 4 i '
\ suspensmn
£, is known within a \\ [
calibration factor (that we
measure)
f, can be subtracted
Correction very relevant at f f, f
low fi Missi Ag=a,—-a ——== —=-——
ow frequency. Missing m m m
correction underestimates v
. Parasitics forces
noise D. Vetrugno talk on free test-masses -

7Ziurich 05-09-2016 S. Vitale 26 e
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Best Estimate before flight

Class. Quantum Grav. 28 (201 1) 0940402 F Antonucct et al
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 1.5 (0.8)* Measurement of flight-model

electronics stability
Brownian 1.2 Measurement with torsion pendulum
srav. 28 (2011) 094002
o e Electrostatic feedback
2 & mostly compensates
£ § , :
& e . % unbalanced static
L Q o . .
HE o 2 gravitational force
8 ~ (5)6 ~e,0\0// ° b
< b0 $F A  Gain fluctuations:
g2 = Seon, Pre; NS . .
A P2 noise scales with
[ -14w Q’,’ | . .
e O e e required compensation
requirements 57
I N force

10~ 1072 1071

TN 27 ‘
\% frequency[Hz] (e’ esa
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Gravitational compensation

e QGravitational force canceled in dead o P Oy g = = e o
reckoning with ~1.8 kg balance mass He

* Specification <650 pm s? (3 o +
margin)

T vkl

[Win mlial

AT T —

ey
A

o
55 187196
o e
%1 5164
g Bx e~ ol gopely P ISC_ | - Bo3 G3ETee)
Ry Pz B FiED ¥ ey
[ ey p3

0 [F1623
[Fi2t

Faids

s

. Ferroni Poster
S. Vitale

C]/JP Ziirich 05-09-2016
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LISA and LISA Pathfinder disturbance acceleration

TJ?
o
requirements
10-12_ _
3 130
@ 1077
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.. a pathfinder
Flrst day of operatlon March 1St 2016
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April 8-14, 2016.
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1072
Frequency (Hz)
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10713 -
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TIFPA
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. lisa pathfinder
. v, . .
Very effective gravitational compensation

o Static forces found within £25 pm s

* Voltage settings decreased from those required to
accommodate >650 pm s to those for 25 pm s

30

10¢

Agyc [pm 577

=10t

=20}

-30 . . .
100 150 200 250

-
%@%L Time from launch[d] (ﬁ esSa
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The limiting disturba

. lisa pathfinder
®

Nnces

-12
1012} “/
_ | S
M Hewitson talk Q§
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10714k
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The limiting disturbances
10-12 -

10713 =

Sxy (ms™?/Viz)

Thermal noise due to

) viscous damping by
a: \’\/\/v residual ga

7 nterferometer noise
Scales with square root of
pressure
-15 L Lo Lo L
10
107 107 107

107!

10
Frequency (Hz




i a pathfinder

May 16 18,2016.
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System vented to space 62 days after launch:
pressure still dominated by outgassing

. _ | Temperature variations
T = due to DRS operations . -
K f: 296
N X 22955 - - _
Iu’ \ : 295 + ¥ -
E \ 294.5 )
E 6 \ 294 5
T \ | '
E \§§\ 293 L L L L L 1 1 1 L 1 | I 1
w ¥ 10 e 0 e 1o ()r‘]izionz 2:)?2—12-:).?{0(]l:[]118:(())().()[11;)—0Tini('JOD 210 B 20 - o0
<Y|) { \ ]
& O

{

\ 4
_ e
4 $
R. Dolesi and W. Weber talks T~

100 150 200 250
Zurich 05-09-2016 T|me fSro\/ﬁg]lL]aunCh[d] 36
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TIFPA. )

Ty

“Pressure estimated from radiometer effect

PHYSICAL REVIEW D 76, 102003 (2007) L. CARBONE et dl.

x10”
257
Torsion |
Vv 5y ISR J, et S ]
\ > . °[ pendulum L
e X : 3 o ®
\\\J Ll/l —_ &. 15 ......................... :, ................... } ., ....................... -
P4 3 : = :
g = -
4 ¥ = E b 2_5 ________________________________________
< :
7 Ny =] = :
g M : ;
,,Q Q S 05F - i ...... R REERTERIEETS %E %ggg ﬁ
A A X § : T ~3034K
I'n | | < L o
A S A A S 0 , :
- 0 1 2 3
Cold X_face 0 1000 T 20?0 3000 Pressure P (Pa) X107
ime (s)
_-FLI‘AII

* Reasonable
agreement with
Brownian prediction

F. Gibert poster

)
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The limiting disturbances

1q*

Low

frequency
extra noise

Thermal noise

nterferometer noise

10~
Frequency (Hz
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Centrifugal correction at

low frequency

* Accelerations measured relative to
spacecraft frame: centrifugal force is
differential

* Centrifugal noise: mixing of quasi-
static rotation and angular noise from
noisy star-trackers (mrad /NHz)

=~ 2 Ar€)

gcentrifugal quasi—  noise
noise static

* Irrelevant for LISA: angular control of
spacecraft on laser wave-front: nrad/

Hz
* Can be corrected:
— Q) measured from star-trackers

— Q... measured using test-masses as
gyroscopes, 1.e. integrating torque
needed to keep them fixed to spacecraft

D. Vetrugno talk
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® )
An example of one of the largest
corrections

* Due to large quasi-
static angular
velocity of
spacecraft during this [
specific run (antenna — st
pointing) g 107

* Affects data only [
below ~0.5 mHz

 For other runs at low
angular velocity the
correction 1s found to
be negligible

10"2:—

10']5 ll 1 1 1 llllhl 1 1 L liLlIJ

— 4 3 2
~ - 09 ( 10 10 10
( Ziirich 05-09-2016
M| ) Frequency (Hz)
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Low frequency tail and stationarity

Run 19 June: dAg/dt ~ -0.5 pm/s?/day

* Power at low i
frequency found | B drt(Mode! act gain notee (20160619))
dependent on static X B

drift of x _
commanded fm‘iﬁ@ |
* Very likely dueto  *"
1dentified |
quantization non- . | ||
. . . 10 103 102
hnearlty 1n \ Frequency [Hz]
feedback-force
< v WL J. Weber talk

‘/ D Ziirich 05-09-2016 Vite 41 >
@l gcesa
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Calculated noise contribution




Current Performance Estimate
 Performance at times with drift less than 0.05 pm s/d

. Normalized to Brownian at 4 fm s/ \/Hz

O & -
-
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=< btestenter e 1 ~br-anlssienients b testesdetestente elesleoslesls st mteed e i ek el gyt ¢ ~eleel byt peleulterionl ke b 4 btubunton il sl . 539
()] LioA requirerments —— T ) ¢ +fF }-+T

“Actuation (W.J. Weber talk), Charge, Patch potentials (P. Wass talk), Laser
pressure (N. Korsakova poster)

1_x10-15ll£ | | | [ 1 | | | | l | | | |

] | | ] ] ] ] | - | ] ] I I

1.x107* - 1.x1078
Ziurich 05-09-2016 S. Vll:q,alc 42
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Free-flight “ N L e

experiment:
x-actuation off
* Preliminary

results consistent
with low-drift

% [ L mi s C | Autoscroll DIS (] Autoscale 3-(1_1’56_'10938347[‘[@112’1
runs @ﬁ 0/ r
* (spectral bias
under T 1.x10™ ———
consolidation) ¢ — -
:U)g) —t— | = | T4 | —h—
 R. Giuusteri talk and G. [
Russano Poster =
— 1.x107"
(@l  zirich 05-09-2016 1.x 10 Yitale 1.x10733
ogenta sparice Frequency[Hz]
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Other sources under investigation

e Residual non linear actuation noise
e (Calibration 1naccuracies
* Clock synchronization effects

* Interplanetary magnetic field (M. Nofrarias
talk)

* Temperature fluctuations

@l dcesa

italia



Noise almost entirely modeled: original LISA requirements at hand

10716

Characteristic strain amplitude

10-17
-—
10~19
-~

1072

Myot = 10" Mg

Illl 1 1 IIIIIII

Resolved galactic binaries (2 yr observation time)
Verification binaries (2 yr observation time) O
Galactic confusion noise

2 big black holes (BH) 1Gyr after the Big Bang e—
Myot = 105M

Small BH falling in a big BH at 3 X 109 ly

.................. @ 1

Ziirich 05-09-2016

1072
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With current demonstrated sensitivity most science obtained anyway

—-16
10 é [ [ | I N I B [ [ IIIIII] [

10_17 - Mot = 107M®

Myot = 108Mg

10—18
10—19

Characteristic strain amplitude

10_22- | | IIIllIi | IIIllli |

IIIIIII I

Resolved galactic binaries (2 yr observation time)

Verification binaries (2 yr observation time)

Galactic confusion noise

2 big black holes 1Gyr after the Big Bang
.......EMRI.(10 ~10Mg). at.1 Gpe

Mg0t=105M@
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Simulated LISA acceleration signal for two 5x10°> M black-holes with their galaxies
merging at z=5
LISA Pathfinder acceleration data
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Simulated LISA acceleration signal for two 5x10°> M black-holes with their galaxies
merging at z=5
LISA Pathfinder acceleration data
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= Ses
American PMhvsical Sociely iz, T Vialumese 116, Mumber 23
¥ . physics

Green light for space-based gravitational wave
detector

2
®
7
m

1



-
’. lisa pathfinder @

M University
of Glasgow

Max-Planck-Institut
fiir Gravitationsphysik /j
i (Albert-Einstein-Institut) INEN
tituto Nazionale

INSTITUT DESTUD IS
ESPACIALS
DE CATALUNYA

i 3
s 1IEEC

BIRMINGHAM

ETH .
Eidgendssische Technische Hochschule Zlrich I F:

Swiss Federal Institute of Technology Zurich

1
¢ |
RUAG == .a‘ e

A erospace

University of
Zurich™

@ AIRBUS

DEFENCE & SPACE

B Univer-sitat -
ZAHM Tha IeSAler% @ de Barcelona

& e Prmsenion By S pace

‘s @eeSa grON /DTl

KAYSER-THREDE

Netherlands Institute for Space Research
UNNERSITA degh STUDI & R0MA
TOR VIRGATA

G
7] /7 ¥ .
i-;ﬂc;{% //‘ E’#ACE C@ | DLR ?; ﬁ:ﬂejnl:f::::fahn L C n eS
S Thpeecs O |

ogenzia spozicle
AGENCY italicno

@l e Thank you!!!!!! esa

italiana





