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LISA Pathfinder (LPF) is the first step in the observation
of gravitational waves from space

LPF launched on a VEGA launcher from Kourou just over
onhe year ago

Since then, the performance of the instrument has
exceeded even the scientists’ most optimistic dreams!
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LPF essentially shrinks one arm of LISA from ~million
km down to ~40cm

- @Giving up the sensitivity to gravitational waves
- Maintaining the instrument noise which could dominate the GW signal
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The Gravitational Wave Spectrum
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Three spacecraft In

an equilateral triangle | o
| L 2500,000\<m | R T

I

Only connection is
by laser link

A passing (weak]) gravitational wave will change
length of arms by ~1/10 of the diameter of an
atom (about 0.000,000,000,01m)
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LISA to LISA Pathfinder -CSda

LISA:

- 3 spacecraft, separated by ~million km

- Role of each spacecratft is to protect the fiducial test masses
from external forces
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LISA to LISA Pathfinder

LISA:
- Locally measure distance from TM to s/c using:
- Laser interferometry along sensitive axis (between s/c)
- Capacitive sensing on orthogonal axes
- TM displacement measurements are used as input to DFACS
which controls position and attitude of s/c with respect to the TM
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LISA to LISA Pathfinder &
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LISA:
- Measure distance between s/c using laser interferometry
< 7 - Build TM-TM distance by combining:
(TM1 — s/c) + (s/c = s/c) + (s/c = TMy)

\
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LISA to LISA Pathfinder 8
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LISA Pathfinder:

- Two test masses/two inertial sensors

- Laser interferometric readout of TM1—s/c & TM1—=TM>
- Capacitive readout of all 6dof of test masses

- Drag-Free and Attitude Control System

- Micro-Newton Thrusters

e — 1Mjo km —
3 M“‘:. '
ESA UNCLASSIFIED - For Official Use ESA | 27-01-2017 | Slide 9
= Il b a2 ™ 4= I W = "I 1] = = 7= == Il — c= E1 Z& = |vl European Space Agency




N
NE

S/
W

s,

\!

€& The primary goal of LISA Pathfinder is to demonstrate that a body can be put in free fall such that any
external forces are reduced to levels lower than those expected from the passage of a gravitational
wave

Credit: S.Vitale (Uni Trento)
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LISA Sensitivity Curve
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LISA Pathfinder
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& LISA Pathfinder consists of:
- Spacecraft

e Provided by ESA
- Industrial Prime Contractor: Airbus DS (UK)
e s/c also includes the drag free control software

and micro-Newton thrusters
- Payloads

e The LISA Technology Package (LTP)
- Provided by European member states and ESA

- Consists of inertial sensors, interferometric
readout, payload computer and diagnostic
subsystem

e The Disturbance Reduction System (DRS)
- Provided by NASA/JPL
- Consists of processor running drag-free
control software and micro-Newton
thrusters
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Development

[

& LPF is the first test of gravitational wave technology in space
- Most technologies had no flight heritage
- This led to a rather long development phase!

Closed-loop tests

On-Station Thermal Test Transfer Orbit Thermal Test
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Preparing for launch...

2 LISA PATHFINDER PREPARES FOR LIFTOFF
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Orbit raised via 6 apogee raising manoeuvres
Transfer to Lagrange Point (L1) took ~50 days
Separation of propulsion module on 2 February
Final Orbit:

- 500,000km x 800,000km around L1

- Orbital Period of 6 months
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A orbiting physics lab
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ADC72551 ADEF160U DFA_SetCapaSignal_TM11 2016-04-23 07:33:39.229 2016-04-23 07:33:44.178 2016-04-27 06:04:42.000
ADC72552 ADEF160U DFA_SetCapaSignal TM1_2 2016-04-23 07:33:40.316  2016-04-23 07:33:44.969 2016-04-27 06:04:43.000
ADC72553 ADEF160U DFA_SetCapaSignal TM1_3 2016-04-23 07:33:41.403 2016-04-23 07:33:45.761 2016-04-27 06:04:44.000
| ADC72554 ADEF160U DFA_SetCapaSignal_TM1_4 2016-04-23 07:33:42.469 2016-04-23 07:33:46.714 2016-04-27 06:04:45.000
i ADC00016 ADEF160U DFA_IsParamUpdate 2016-04-23 07:33:42.469 2016-04-23 07:33:46.714 2016-04-27 06:04:46.000
i ADC72581 ADEF170U DFA_Set_CA Fade 1 2016-04-23 07:33:43.395 2016-04-23 07:33:47.506 2016-04-27 06:04:56.000
ADC72582 ADEF170U DFA_Set_CA_Fade_2 2016-04-23 07:33:44181 2016-04-23 07:33:48.298 2016-04-27 06:04:57.000
ADC72661 ADEF175U DFA_Set_CA Signal 1 2016-04-23 07:33:44.987 2016-04-23 07:33:49.153 2016-04-27 06:05:00.000
E E ADC72662 ADEF175U DFA_Set_CA Signal_2 2016-04-23 07:33:45.772 2016-04-23 07:33:50.105 2016-04-27 06:05:01.000
ADC00016 ADEF175U DFA_IsParamUpdate 2016-04-23 07:33:45.772 2016-04-23 07:33:50.105 2016-04-27 06:05:02.000
ADC72661 ADEF176U DFA_Set_CA Signal 1 2016-04-23 07:33:46.718 2016-04-23 07:33:50.899 2016-04-27 06:55:00.000
ADC72662 ADEF176U DFA_Set_CA Signal_2 2016-04-23 07:33:47.524 2016-04-23 07:33:51.849 2016-04-27 06:55:01.000
" ! . ADC00016 ADEF176U DFA_IsParamUpdate 2016-04-23 07:33:47.524 2016-04-23 07:33:51.849 2016-04-27 06:55:02.000
EX e r I m e n t ADC72555 ADEF161U DFA_SetCapaSignal_TM2_1 2016-04-23 07:33:48.309 2016-04-23 07:33:52.641 2016-04-27 07:04:49.000
p ADC72556 ADEF161U DFA_SetCapaSignal_.TM2_2 2016-04-23 07:33:49.155 2016-04-23 07:33:53.448 2016-04-27 07:04:50.000

ADC72557 ADEF161U DFA_SetCapaSignal_TM2_3 2016-04-23 07:33:50.120 2016-04-23 07:33:54.228 2016-04-27 07:04:51.000
ADC72558 ADEF161U DFA_SetCapaSignal_TM2_4 2016-04-23 07:33:50.907 2016-04-23 07:33:55.189  2016-04-27 07:04:52.000
A n a Iysi S ADC00016 ADEF161U DFA_IsParamUpdate 2016-04-23 07:33:50.907 2016-04-23 07:33:55.189 2016-04-27 07:04:53.000
ADC72581 ADEF170U DFA_Set_CA_Fade_1 2016-04-23 07:33:51.853 2016-04-23 07:33:55.976 2016-04-27 07:04:56.000

ADC72582 ADEF170U DFA_Set_CA_Fade_2 2016-04-23 07:33:52.659 2016-04-23 07:33:56.771 2016-04-27 07:04:57.000
PrOd u Ct S ADC72661 ADEF175U DFA_Set_CA Signal 1 2016-04-23 07:33:53.464 2016-04-23 07:33:57.562 2016-04-27 07:05:00.000

ADC72662 ADEF175U DFA_Set_CA Signal_2 2016-04-23 07:33:54.249 2016-04-23 07:33:58.512 2016-04-27 07:05:01.000
ADC00016 ADEF175U DFA_IsParamUpdate 2016-04-23 07:33:54.249 2016-04-23 07:33:58.512 2016-04-27 07:05:02.000

cDC17001 SYEF901A DHS_PerformConnectionTest 2016-04-27 07:22:20.146  2016-04-27 07:22:20.529 2016-04-27 07:22:20.529

CDCOB005  SYEF901A DHS_DumpMemory 2016-04-27 07:22:31.393  2016-04-27 07:22:31.761  2016-04-27 07:22:31.761
CDC0OB005  SYEF901A DHS_DumpMemory 2016-04-27 07:23:42.913  2016-04-27 07:23:43.237 2016-04-27 07:23:43.237
CDC94994  SYEF901A DMP_ObcSwVersion 2016-04-27 07:23:42.997 2016-04-27 07:23:43.497 2016-04-27 07:23:43.497
CDC4988  SYEFOO1A DMP_DHS_ResetReportindex 2016-04-27 07:23:43.065 2016-04-27 07:23:43.639 2016-04-27 07:23:43.639
. . cocs2114 SYEFQ01A DHS_ReportHkParameterReportList 2016-04-27 07:23:43131  2016-04-27 07:23:43.835 2016-04-27 07:23:43.835
D Investlg at'on cDC82115 SYEFQO01A DHS_ReportDiagnosticParameterReportList 2016-04-27 07:23:43.197 2016-04-27 07:23:43.980 2016-04-27 07:23:43.980
a ta cDC94126 SYEFQO1A DMP_ScvContextHealth 2016-04-27 07:23:43.362 2016-04-27 07:23:44.937 2016-04-27 07:23:44.937
. . CDC94129 SYEFQ01A DMP_ScObsVector.1 2016-04-27 07:23:43.587 2016-04-27 07:23:45.698 2016-04-27 07:23:45.698
descrlptlon cDC92130 SYEF901A DMP_ScObsVector_2 2016-04-27 07:23:43.729 2016-04-27 07:23:46.427 2016-04-27 07:23:46.427

CDC94127 SYEFO01A DMP_ScvConfigCommonAlloc 2016-04-27 07:23:43.915 2016-04-27 07:23:46.961 2016-04-27 07:23:46.961

Location: unknown

Telemetry
(Analysis Objects)

01:00 -

STOC o

(Science Operations) 0230 -

> 0530 -

08:00 - 11:00 New SysID - Drag-free injections- UURLA inv01101:v003 [1801
. _ ) New SysID - Suspension injections - . )
i 11:00 16:00 UURLA inv01102:v006 [3001
16:00 - 17:00 Change Max Authority to default (2200pN) con_fee_maxf_dft:vV001 [60]
17.00 - 20:00 New SysID - Drag Free injections inv01101:V003 [1801
20:00 - 01:00 New SysID - Suspension Injections inv01102:V006 [3007

stiffness
_ ) Set matched force authority to 5nN on . Packets
02:30 TM1x and TM2x con_fee_maxf___ :V024 [301 ( )
05:30 New SysID - Drag Free injections inv01101:v003 [1801
10:30  New SysID - Suspension Injections inv01102:V006 [3007

Transition to CST1: SCI12 with matched Telemetry

02:00 con_dfa_c1_s12MS:V004 [60]
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repoplist = plist(...
‘hostname', 'lpsdas@3.esac.esa.int', ...
‘username’, my_pass.username,...
‘password', my_pass.password,...
‘database’, 'Models');
my_model = collection(repoplist.pset('UUID', '3f40d9dc-ladl-4df3-ad9a-79%9a9d76abeeb’));

% Define the plist for the pipeStep 'BuildModel'’
model_name = my_model.name;
pl = plist('based on', my_model, ‘name’', model_name);

% Build the model
outModel = pipe.runStep('BuildModel’, pl);

%% #10 Evaluate the model

pl = plist('function name', model_name, 'input objects', delta_g_x_params);
delta_g_x = pipe.runStep('EvaluateFunctionHandle', pl);
delta_g_x = delta_g_x(1).unpack();

% LPF Product name
delta_g_x.setName(LPFProduct.Delta_g_x)
delta_g_x.setDescription(LPFProduct.Delta_g_x.description)

% split time-series

plsplit = plist('offsets',[13 -13]);

delta_g_x_split = split(delta_g_x,plsplit);
delta_g_x_noninertial_old_split=split(delta_g_x_noninertial_old,plsplit);
delta_g_x_corrected_old_split=split(delta_g_x_corrected_old,plsplit);

% Simplify y units

delta_g_x_split.simplifyYunits;
delta_g_x_noninertial_old_split.simplifyYunits;

delta

x_corrected_old_split.simplifyYunits;
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# Exported Parameter(s) from GRAINS

# Parameter List:

ADT20027 [LPFFLIGHT],ADT20028 [LPFFLIGHT],ADT20029 [LPFFLIGHT],ADT20030 [LPFFLIGHT],ADT20031 [LPFFLIGHT],ADT20032 [LPFFLIGHT]

# Time Window Start (Time Date):

2016-02-15 ©7:50:00.000

# Time Window End (Time Date):

2016-02-15 08:40:00.000

# Number of samples (per parameter and total):

32932,32932,32932,32932,32932,32932,197592

# Number of parameters:

6

# Name,Unit,Description,Data,Type,Max,Min,Avg,StdDev

ADT20027,m,DFA_PreProcSen_IsTm2X,DOUBLE,®.001495,-0.000220,0.000074,0.000235
ADT20028,m,DFA_PreProcSen_IsTm2Y,DOUBLE,®.000090,-0.001427,-0.000148,0.000386
ADT20029,m,DFA_PreProcSen_IsTm2Z,DOUBLE,®.000156,-0.002045,-0.000268,0.000554

ADT20030, rad,DFA_PreProcSen_IsTm2The,DOUBLE,®.050149,-0.002056,0.005894,0.014172

ADT20031, rad,DFA_PreProcSen_IsTm2Eta,DOUBLE,®.062785,-0.019259,0.004498,0.014394

ADT20032, rad,DFA_PreProcSen_IsTm2Phi,DOUBLE, ®.003265,-0.011945,-0.000568,0.002453

# DATE TIME,ADT20027 [LPFFLIGHT],ADT20028 [LPFFLIGHT],ADT20029 [LPFFLIGHT],ADT20030 [LPFFLIGHT],ADT20031 [LPFFLIGHT],ADT20032 [LPFFLIGHT]
2016-02-15 ©7:50:00.055,0.0000002886423532,0.0000020883333934,0.0000002126240847,0.0000597788274609,0.0001205437170791,0.0000155399880855

2016-02-15 ©7:50:00.155,0.0000003114992799,0.0000020853859780,0.0000002183940425,0.0000588061967621,0.0001221921795753, 0. 0000154500754396
2016-02-15 07:50:00.255,0.0000002960652209,0.0000020866839236,0.0000002165005898, 0.0000599574523458,0.0001199095090284, 0.0000155952905377
2016-02-15 ©7:50:00.355,0.0000003062980717,0.0000020849401465,0.0000002058469204,0.0000595608294568,0.0001208609669671,0.0000146788532040
2016-02-15 ©7:50:00.455,0.0000002966593030,0.0000020958925867,0.0000002125821951, 0.0000580584044225,0.0001226996277295,0.0000155443773513
2016-02-15 97:50:00.555,0.0000002920754037,0.0000020836164240,0.0000002077753853,0.0000581938559341,0.0001206072720685,0.0000156443226110
2016-02-15 ©7:50:00.655,0.0000002909898301,0.0000020942378356,0.0000001980862259,0.0000581651233178,0.0001221293831571,0.0000163608694573
2016-02-15 ©7:50:00.755,0.0000002801012081,0.0000020993293711,0.0000001894069252,0.0000585640263125,0.0001206712354359,0.0000159963256665
2016-02-15 ©7:50:00.852,0.0000002915256912,0.0000020976463257,0.0000002000509882, 0.0000585269332744,0.0001199734140114,0.0000161050494455
2016-02-15 ©7:50:00.855,0.0000002915256912,0.0000020976463257,0.0000002000509882, 0.0000585269332744,0.0001199734140114,0.0000161050494455

2016-02-15 ©7:50:00.955,0.0000002932433912,0.0000020819245226,0.0000002029286985,0.0000580848569138,0.0001214317367407,0.0000159523098831
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Assess relative acceleration.of test masses
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by measuring their relative motion using, an interferometer

S

Goal is to measure changes at picometre level
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‘\ 1.000,000,000,000t of a metre
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Performance: On-Orbit results
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LPF local interferometer is approx.
300 times better than requirements
~ (and ~30 times better than -
~ equivalent LISA requirement) -
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Differential Acceleration

\

& @-esa

& The differential acceleration between the test masses (known as “delta-g”) is the primary performance

requirement of the mission...

...and was met during commissioning!

Residual Differential Acceleration
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The quietest place In the solar system?

/
| —sqrt(PSD (Dg), 1 March (nominal))
12| | —sqrt(PSD (Dg), 16 May (URLA, debump)) )
10 | —sqrt(LPF requirement) ]
| —sqrt(LISA requirement) /
3
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Gravitational Balancing of s/c

(«N)
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& Spacecraft self-gravity must be balanced to <1x10°ms™ at both test mass positions

Requires very accurate knowledge of all unit mass properties, location of units in s/c, a detailed model of the
system, and finally balance masses to trim the field.

Units (e.g. electronic boxes) have CoM measured with error of <1mm
All hardware are located on the s/c with position accuracy of ~250um

LISA Pathfinder

S2.ASU.TN.2275
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Did we meet the requirement?
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= Yes....with quite some margin to spare!
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LPF performance and LISA?
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LPF: An international success

& LISA Pathfinder is an international
endeavour

- More than 40 companies and institutes
- From 14 European countries and the USA

United States L=
NASA-JPL, NASA-GSFC, Busek

Finland
RUAG Space
i&&? NeXt StepLI A Norway
Det Norske Veritas Sweden
RUAG Space
Denmark

Netherlands
Terma —
, . SRON

United Kingdom
Airbus Defence & Space, ABSL Power Solutions, SCISYS Germany

Airbus Defence & Space, TABG,
AZUR SPACE Solar Power, ZARM Technik

Max Planck Institute for Gravitational Physics [AEI), Leibniz Universitdt

University of Birmingham, Mullard Space Science Laboratory,
University of Glasgow, Imperial College London f

BElgium Hannover, Airbus Defence & Space, Tesat-Spacecom, OHB System, IABG
SpaceBel, Thales Alenia Space .
g P Austria

RUAG Space, Siemens

Fra nce Magna Steyr

Thales Alenia Space

APC - AstroParticule et Cosmologie, Paris Switzerland

RUAG Space

Ttaly

Selex ES, Thales Alenia Space
Universita di Trento — INFN, OHB (GS,

RUAG Space, ETH Ziirich, Universitat Ziirich,
HES-SO Valais

Thales Alenia Space r Po rtugal
ram Critical Software
Spain
Airbus Defence & Space, ALTER Technology, y "
RYMSA Espacio ¥ ‘
Instituto de Ciencias del Espacio (CSIC-IEEC), UPC-IEEC, .
IFAE, NTE-SENER, GMV
Spacecraft
Payload
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