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Structure of the lectures
» DA |: Statistic basis for DA: Likelihood, frequentist/Bayesian

» GW Obs I: History, response to GW

» DA Il: 3 main classes of signal, parameter estimations,
Fisher Matrix

» GW Obs IlI: LISA: LISAPathfinder, noises, ...
» DA IlI: LISA DA: Global analaysis, MBHB, stochastic, ...
» GW Obs IlI: LIGO
» GW Obs IV: PTA
» DA IV: PTA data analysis
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» Context and history

» LISA design

» Time Delay Interferometry
» LISAPathfinder

» Noise sources

» Sensitivity

» Orbital motion
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Context and history
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THE GRAVITATIONAL WAVE SPECTRUM

guantum fluctuations in the very early Universe

merging binary
neutron stars and
stellar black holes
in distant galaxies;

fast pulsars

with
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» 1978: first study based on a rigid structure (NASA)

» 1980s: studies with 3 free-falling spacecrafts(US)

» 1993: proposal ESA/NASA: 4 spacecrafts

» 1996-2000: pre-phase A report

» 2000-2010: LISA and LISAPathfinder: ESA/NASA mission
» 2011: NASA stops => ESA continue: reduce mission

» 2012: selection of JUICE L1 ESA

» 2013: selection of ESA L3 : « The gravitational Universe »
» 2015-2016: success of LISAPathfinder + detection GWSs
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LISA a I'ESA

» 25/10/2016 : Call for mission

» 13/01/2017 : submission of «LISA proposal» (LISA consortium)
» 8/3/2017 : Phase 0 mission (CDF 8/3/17 — 5/5/17)

» Juin 2017  : « mission proposal assessed » by SPC

» 2017—-2019 : competitive phase A : 2 companies compete

» 20192020 : B1: start industrial implementation

» 2020-2021  : mission adoption

» During about 8.5 years : construction
» 2030-... : launch Ariane 6.4

» GW observations !

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017

» 4 years of nominal mission

» Possible extension to 10 years
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Laser Interferometer Space Antenna

. )

A proposal in response to the ESA call for L3 mission concepts
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https://www.elisascience.org/
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https://www.elisascience.org/files/publications/LISA_L3_20170120.pdf

LISA design
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» Laser Interferometer Space Antenna

» 3 spacecrafts on heliocentric orbits and distant from few
millions kilometers (2.5 Mom in the proposal L3)

» Goal: detect relative distance changes of 10-%!: few picometers

1- 5 millions km

A. Petiteau - GW School - Benasque - 510 9 nel7
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LISA

» Spacecraft (SC) should only be sensible to gravity:

e the spacecraft protects test-masses (TMs) from external forces
and always adjusts itself on it using micro-thrusters

® Readout: - - miions Km
- interferometric (sensitive axis)

- capacitive sensing
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LISA

» Spacecraft (SC) should only be sensible to gravity:

e the spacecraft protects test-masses (TMs) from external forces
and always adjusts itself on it using micro-thrusters

® Readout: - - miions Km
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LISA : Measurements

» Problem with 2.5x10° m : A laser beam cannot make a
round trip because too much intensity is lost.

e 100pW received for 1 Watt emitted.

» Measurement with one arm
and interference between
two incoherent lasers in phase :

e Distant laser

e Local laser.

» 06 measurements ... at least!
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LISA : Measurements

» Problem with 2.5x10° m : A laser beam cannot make a
round trip because too much intensity is lost.

~

» Measurement with one arm \'

e 100pW received for 1 Watt emitted.

and interference between
two incoherent lasers in phase :

e Distant laser

e Local laser.

» 06 measurements ... at least!
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» Phase shift between the two beams measured by phasemeter.

» Beams from an external spacecraft, are delayed :

L?jea,l
e delay operator D¢ : D7 z(t) = x (t 'LC )

» The measurement :

S1 = SlGW 1 SithtNOiSfB € Dgeal p/;asernoise o plla,sernoise o 25Acc.Noz’se
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» Phase shift between the two beams measured by phasemeter.
» Beams from an external spacecraft, are delayed :
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» The measurement :
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» Phase shift between the two beams measured by phasemeter.

» Beams from an external spacecraft, are delayed :

L?jea,l
e delay operator D@ : DI x(t) = x (t : )

C
» The measurement :

ShotN o1 | tlasernoise l : Ace. Noi
S1 S]GW 5% otNoise —|—D§€a p's _plasernozse _ 9§Acc.Noise
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» Phase shift between the two beams measured by phasemeter.
» Beams from an external spacecraft, are delayed :

L?jea,l
e delay operator D7°?! : D{** z(t) =z (t ’LC )

» The measurement :
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» Phase shift between the two beams measured by phasemeter.
» Beams from an external spacecraft, are delayed :

L?jea,l
e delay operator D@ : DI x(t) = x (t : )

&

. plla,sernozse 25Acc.Nozse

» The measurement :

QW [ slasernot
S1 = 8§ —|—_|_ Dreal p't

GW Obs. I1: LISA - A. Petiteau - GW School - Benusue -510 9 June 2017
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» Phase shift between the two beams measured by phasemeter.

» Beams from an external spacecraft, are delayed :

L?jea,l
e delay operator D@ : DI x(t) = x (t : )

C
» The measurement :

QW [ slasernot I ; Ace.N oi
S1 = 81 —|—_|_ Dgea D 5 _/ pla,sernozse

-
o
oo
w
(@]
(@]

i
[+ 4
g
Q.



» Pre-processing of the science data,  Tinto & Durandhar, Revue Living Rev. Rel. 8 p 4 (2005)
Durandhar, Nayak & Vinet, PRD 65 102002 (2002)

» Combinations of delayed measurements to reduce laser noise:

1.03918e-13 laser noise

S
22 P2
1.03916e-13

c
> 1.03914e-13 /
1.03912e-13

1.0391e-13

1.03908e-13

1.03906e-*" '
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» Pre-processing of the science data,  Tinto & Durandhar, Revue Living Rev. Rel. 8 p 4 (2005)
Durandhar, Nayak & Vinet, PRD 65 102002 (2002)

» Combinations of delayed measurements to reduce laser noise:

p/laser noise
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» Pre-processing of the science data,  Tinto & Durandhar, Revue Living Rev. Rel. 8 p 4 (2005)
Durandhar, Nayak & Vinet, PRD 65 102002 (2002)

» Combinations of delayed measurements to reduce laser noise:

laser noise
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» Pre-processing of the science data,  Tinto & Durandhar, Revue Living Rev. Rel. 8 p 4 (2005)
Durandhar, Nayak & Vinet, PRD 65 102002 (2002)

» Combinations of delayed measurements to reduce laser noise:

TDI TDI L;™!
—D3; "' s (t) = —-D3 "'y =, (t— )

Lreal
51(8) = DIl () = ol (t 3 )
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» Pre-processing of the science data,  Tinto & Durandhar, Revue Living Rev. Rel. 8 p 4 (2005)
Durandhar, Nayak & Vinet, PRD 65 102002 (2002)

» Combinations of delayed measurements to reduce laser noise:

7 TDI
—D3 P! §'5(t) = —-D3 Py =/, (t - =3 ) si(t) + D37' sa(t)

. e % |:> _  prealy, _ pIPIy,
s1(t) = D5/, (t) =7/, (t — 30 ) ~ 0

laser noise
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TDI requires :
» knowledge of delays : LIPI = real

» interpolation due to the sampling of phasemeter signal

7 TDI
—D3 P! §'5(t) = —-D3 Py =/, (t - =3 ) si(t) + D37' sa(t)

. e % |:> _  prealy, _ pIPIy,
s1(t) = D5/, (t) =7/, (t — 30 ) ~ 0

p/laser noise
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TDI requires :

» knowledge of delays : /P! = [real

» interpolation due to the sampling of phasemeter signal

TDI
_D3

Sl(t)

1.03918e-13

1.03916e-13

c
S 1.03914e-13

1.03912e-13

1.0391e-13

1.03908e-13

1.03906e-""

s'o(t) = DTDISQ—pQ(t

- Dgealp/2(t) =

—

LTDI

") >

GW Obs. II: LISA - A. Petiteau
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laser noise
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_ Tinto & Durandhar, Revue Living Rev. Rel. 8 p 4 (2005)
» Time Delay Interferometry: Durandhar, Nayak & Vinet, PRD 65 102002 (2002)
Vallisneri, gr-gc/0504145 (2005)

e Combine delayed measurements to reduce laser noises, optical
bench noises, ... ?

e Algebraic development: many combinations (generators)

X = —8 —Ds f“""_’ — D3 Dy '*’/1 — D3 D3 Dy 53

+5'1 + Dy 83 — DorDy 81 — Dy Dy Ds 34
~ 0

e Different precisions level

- 1st generation: rigid formation of LISA : Dy s = D;s,
- generation 1.5: Sagnac effect : Dy s #= D;s but Dj D;s = D; Djs,

- 2nd generation: flexing and Sagnac effect : D; Dis #= D; D;s

‘DIDEROT




Time Delay Interferometry

» TDI generation 1
Xist = (1= D3,0,—Dy + Do D35, —1 + D3, D3 — D5 D3, 0)

» TDI generation 1.5
X15=(1—-D3D'5,0,—D'y + D'9sD'3D3,—1+ D'3D3, D3 — D3D’s D3, 0)

» TDI 2nd generation: until 7 delay operators combined

Xong =14+ D3D'sD"9DyD'9Dy — D'9 Dy — D9 Dy D3 D',
0,
DsD'3sD's + D3D'sD'9Dy D'y — D'y — D'9DyD3D'3DsD"3 D',
D3D's + D3D'3D'9Dy — 1 — D'9 Dy D3 D'3D3 D',
Ds + D3sD'3sD'9Dy D9 Dy D3 — D'9 Dy Ds — D's Dy D3 D' Ds,

0)
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» Reduction of laser noises by 8 orders of magnitude !

- Phasemeter
AGWis | (cut off due to the filter
. 107° o i
hidden ~ Tequired for
here | 107" digitalization of signal)
ere !
107°
10
107
-25
0.0001 0.001 0.01 0.1
Frequency (Hz) Pefiteau & al, Phys. Rev. D (2008 )KS
‘wa
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» Reduction of laser noises by 8 orders of magnitude !

N Phasemeter
AGWis F (cut off due to the filter
hidden " N rfecu!red for.
here | 107" digitalization of signal)
107
Here it is | s TDI Michelson
10
[.]2.3001 0.001 0.01 0.1
Frequency (Hz) Petiteau & al, Phys. Rev. D (2008)]
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» Reduction of laser noises by 8 orders of magnitude !

Phasemeter
AGWis (cut off due to the filter
hidden required for
here | digitalization of signal)
Here it is | TDI Michelson

o
0.0001 0.001 0.01 0.1

Frequency (Hz)
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» Exchange of laser beam to form several interferometers

» Phasemeter measurements on each of the 6 Optical Benches:

Test mass interferometer

e Distant OB vs local OB Reforence

interferometer

Science
interferometer

e [est-mass vs OB -

coupler

i
e Reference using adjacent OB ggggcgggggle;t ’1 Received light: 300 pW
Ission using si C 0 E

e Transmission using sidebands

elescope

Back-link
fibre
® DlStance bEtween Spacecrafts Test mass interferometer DFACS Transmltted light: 1 W
Ii:;(tagz(?frgrr(])?ﬁeter | m:%rgtel\:g wion
» Noises sources: - o8

e Laser noise : 1013 (vs 10-21) > ecetod ot 300 i

. Telescope
e Clock noise (3 clocks) Transmuedgm-1\\
e Acceleration noise (see LPF) [CIUMSRINEISEEND

e Read-out noises
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» Exchange of laser beam to form several interferometers

» Phasemeter measurements on each of the 6 Optical Benches:

® DiStant OB VS IOCE\I OB Down-link to Earth Telescope
e Test-mass vs OB :
Phasemeter

e Reference using adjacent OB
e Transmission using sidebands

Back-link

e Distance between spacecrafts Transmited lgne 1 W

Micro-Newton
thrusters

Low pass

» Noises sources:
e Laser noise : 10-13 (vs 10-21) N e ght 300 W

Telescope

e Clock noise (3 clocks) Transmited ght: 11
e Acceleration noise (see LPF) [CIUMSRINEISEEND

e Read-out noises

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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» Use sidebands to transfer clock noise

» Modulation of laser with a pseudo-random code to measure
the absolute distance at a precision of 30cm.

Wy Wy . ' Frequency
Lower SB Incoming laser 2

Local laser 1 (carrier)
(carrier) Upper SB

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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s¢ @ scientific interferometer measurement at the carrier frequency,

fb : scientific interferometer measurement at the sideband frequency,
T; . reference interferometer measurement

€; . test-mass interferometer measurement

0‘3 : factor to track of the sign of the phasemeter input
h; : gravitational wave signal on the link

p; : laser noise

A, : optical bench displacement noise projected along the arm :

Az’ = QWAi.ﬁi/+2 and Az” = —QWAi/.ﬁi_H

(xOB1

A Y

“1 from

Local laser
p|()

) 3
Neccsssssssssssssssssssssssssssssnsssnne - !

Clock

:
:
:
:
:
!
b

q,(f) ()M mmm

s(t) &10) (1)

Phase measurement system
\ Data Transfer TD'
to Earth
s1(t)v 81(‘)!t1(t)

© M. Otto, PhD thesis (2016

Francols Arago Centre \I/



d; : test mass displacement noise projected along the arm (acceleration noise):

§; = 2mb;.fyro and Oy = —2mby.Mign (10)

N]”° N7 N/ NZO’Sb : Read-out noises, i.e. all noises from the photodiode to the

output of the phasemeter

¢ ¢ ¢ t,sb : .. . . .
NPo2 D NZPET D NZPRS NOPRP2 0 Optical noise, i.e. all noises on the two interfering beams be-

fore the photodiode of the scientific interferometer at the carrier frequency
w; : noise of the back link optical fiber from optical bench i to optical bench 7’
¢; - noise of the clock of spacecraft ¢

a; : translation factor of the clock noise for the scientific interferometer at the carrier
frequency :

_ frvisi — fil nd N figome — fir (1)

i A;r =

frr. frr.

b; : translation factor of the clock noise for the reference interferometer and the test-mass
interferometer :
\fi — fir

and by = ——— (12)
fer,i

c; : translation factor of the clock noise for the scientific interferometer at the sideband

frequency :
b b b b
C: — ‘fZ§+l—>i o foS ‘ and ¢y = }ff—i—Q—}i’ o fls’ (13)
(2 1T T
frr fer

The z; correspond to the application of a real delay :

:E;i(t) = Djx(t) = . 4

ou ~ -
r . I‘.". '(
Francols Arago Centre S
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Current design
) Optical_ bench 1 :

/ A /. A
s1(t) :9% hi + par3 — p1 + )\22/’3 — )\21/

71(t) :9%, :pl’ —p1+ p1 + prt”} +b1q1 + N{”7

/ 0 JAY
a(t) =61 |pv—pr+2 (55 -

+ prt’S] +aiqr + N;{7°

) + 1 Nlopt,€] + b1q1 + N{O’e

A2/;3 B Aq
)\2/ )\2/

Sib(t) :9% his + p2r.3 — P1 + Morqa.3 — M1q1 +

» Optical bench 1’

s$(t) =07, | h1r + psiar — p1v — N T on T ] +birqi + N{°
! 3 3

T1/ (t) :91, :pl — D1 + 1 4+ Nf,ptﬂ'} + b1/q1 4+ N{/O,T

+ prt,sb] + c1q1 + N{“O,Sb

A3;2’ ANY opt,s

gt Ay opt,€ T0,€

e (t) =01 |pL—p1 +2 (— ot ) + 1+ NYPE ] +birgr + N
| Asz;or Ay opt,s
Sié(t) :9:13/ hll _|_p3;2/ — D1/ —|— m3Q3;2/ — mM1/q1 — ;:))2 _|_ )\; _|_ N /pt, b

‘DIDEROTH&
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TDI with current design

» Intermediate TDI: first step M. Otto, PhD thesis (2016)

e Step 1: Combine science and test mass interferometers
=> Suppression of optical bench displacement noises
e Step 2: Combine with reference interferometers
—=> Suppression of 3 free running laser noises
e Step 3: Combine with sidebands

—> Clock noise removable

» Then apply on the results of step 3 the reqular TDI
combination. With real orbits you need at least the
generation 2

23 GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017 .



» With 6 links, there is a large numbers of possible TDI
combinations: generators

» Usual ones:
e X, Y, Z: Michelson equivalent

e A, E: the 2 noises uncorrelated channel = equivalent to 2
independent detectors

e T: “Sagnac” or “null channel”: very weak response to GW

(P,Q,R)
Beacon
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LISAPathfinder

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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LISAPathfinder

» Technological demonstrator for LISA

LISA

» 3 spacecraft separated by millions of km

» Role of each spacecraft is to protect the
fiducial test masses from external forces

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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LISAPathfinder

» Technological demonstrator for LISA

LISA

Locally measure distance from TM to SC using:

» Laser interferometry along sensitive axis
(between SC)

» Capacitive sensing on orthogonal axes

» TM displacement measurements are used
as input to DFACS which controls position
and aftitude of SC respect to the TM

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017 .
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» Technological demonstrator for LISA

LISA -

» Measure distance along using laser
interferometry

(TMT—SCT) + (SC1—5C2) + (SC2—TM2)

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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» Technological demonstrator for LISA

LISAPathfinder:
» 2 test masses / 2 inertial sensors

» Laser readout of TM1—SC and TM1—TM2
» Capacitive readout of all 6 d.o.f. of TM

» Drag-Free and Attitude Control System

» Micro-newton thrusters

29 GW Obs. Il: LISA - A. Petiteau - GW School - Benasq



Technology Payicad Assemd

Ground Test and
Venhcaton Frogramme

Ingection %o Transfier Orit
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LISAPathfinder timeline
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LISAPathfinder timeline

? 2 1
f' i i
| -
| " !5531: '.
B v I!Ll 'dic..._ | )
-
> B
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LISAPathfinder timeline

» 3/12/2015: Launch from Kourou
» 22/01/2016: arrived on final orbit & separation of propulsion module
» 17/12/2015 — 01/03/2016: commissioning

» 01/03/2016 — 27/06/2016: LTP operations (Europe)

» 27/06/2016 — 11/2016: DRS operations (US) + few LTP weeks

» 01/12/2016 — 31/06/2017: extension of LTP operations

Launch:
L) B

- Vega' from French Guiana
> - Orbit:

- Launch mass: 1910 kg
— Large orbit around L1
— 1.5 million km from Earth

After launch; —

— Elliptical orbit around Earth

— Six apogee-raising manoeuvres with the spacecraft's
own propulsion module (two weeks)

Ground station:
9 ~ Cebreros (Spain) 35 m-diameter antenna Duration of cruise to L1
after last burn: six weeks

Propulsion module
will be jettisoned a month
after the last burn
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LISAPathfinder timeline

» 3/12/2015: Launch from Kourou

» 22/01/2016: arrived on final orbit & separation of propulsion module
» 17/12/2015 — 01/03/2016: commissioning

» 01/03/2016 — 27/06/2016: LTP operations (Europe)

» 27/06/2016 — 11/2016: DRS operations (US) + few LTP weeks

» 01/12/2016 — 31/06/2017: extension of LTP operations

Last command: 18/07/2017

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017



3

LISAPathfinder timeline

» 3/12/2015: Launch from Kourou

» 22/01/2016: arrived on final orbit & separation of propulsion module
» 17/12/2015 — 01/03/2016: commissioning

» 01/03/2016 — 27/06/2016: LTP operations (Europe)

» 27/06/2016 — 11/2016: DRS operations (US) + few LTP weeks

» 01/12/2016 — 31/06/2017: extension of LTP operations

Last command: 18/07/2017
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» Basic idea: Reduce one LISA arm in one SC.

» LISAPathfinder is testing
e [nertial sensor,
e Drag-free and attitude control system

e Interferometric measurement between 2 free-falling test-masses,

e Micro-thrusters
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» Basic idea: Reduce one LISA arm in one SC.

» LISAPathfinder is testing
e [nertial sensor,
e Drag-free and attitude control system

e Interferometric measurement between 2 free-falling test-masses,

e Micro-thrusters
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e Gravitational Reference
Sensor

e Optical Bench

e Lampe UV

e Laser

e Compensation mass
e Under vacuum

e Caging Mechanism

e Thermal and magnetic
monitoring
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PD1A PD1B PDRB

Testmass2 Tesimass1

PD12B M15&/

OB3 - As built model PDFB

N Measurement beam
X Reference beam
OBF (origin in centre of OB)

=
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The measurement - deltaG

by Joseph Martino
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The measurement - deltaG
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The measurement - deltaG
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The measurement - deltaG

Suspension (f<1mHz)
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by Joseph Martino
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The measurement - deltaG

Suspension (f<1mHz)

\, y
)\

//

TMI

deltaG = d?(012)/dt? - Stiff * 012 - Gain * Fx2

by Joseph Martino
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» Main LISAPathfinder (LPF) measurement : Ag : differential
acceleration between the 2 test-masses

Relaxed requirement

because in LISA-2011 dominated

by interferometric measurement
noises (shot noise + ...)

1077 F

-I5 ll 1 | 1 1 1 1 1 ll 1 1 L 1 L 1 11
10 : =
-3 -2 -
10 10 10

Frequency (Hz)
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Why the LISAPathfinder requirements are restricted compare
to LISA ones ?

» We understand limitations with LISAPathfinder and correct
for them in LISA

» Short arm limitation :
e Gravitational field not perfectly flat

=> constant electrostatic actuation
on test- mass 2

» f > 1 mHz : limit duration of
industrial testing

» Industrial margin

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017



» Differential acceleration Test Massl - Test Mass?2

» Ag =/d?*(012)/dt? - Stiff * 012 - Gain * Fx2

DELTAG

T | T L |

—sqri(PSD(Delta_g_x))|

1072
Frequency [Hz]

‘DIDEROT

by Joseph Martino GW Obs. I1: LISA - A. Petiteau - GW School - Benasque -



» Differential acceleration Test Mass] - Test Mass2

» Ag =/d?*(012)/dt? - Stiff * 012 - Gain * Fx2

DELTA G

T 1 | LB |

——sqrt(PSD(Delta_g X))l:

| il | | | ' | | | l
10 1072
Frequency [Hz]

‘DIDEROT

by Joseph Martino



Ag - raw

» Differential acceleration Test Mass] - Test Mass2

» Ag =/d?*(012)/dt? - Stiff * 012 - Gain * Fx2

DELTA G
: r...4.8.0..0.0)

——sqri(PSD(Delta_g_x))|-

107 102
Frequency [Hz]

‘DIDEROT

PARIS
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System-Identification

» Measure gains and stiffness
» Ag = d?(012)/dt? - Stiff * 012 - Gain * Fx2

39 by Joseph Martino GW Obs. I1: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017 LB



Centrifugal Forces

o]l
X
o]l
X
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Angle Decorrelatlon Euler Forces

LEZ”‘ARD

5 1A6 A—» = —
Jtang — Ytang,2 — Gtang,1
1

:(FQ—Fl)Xﬁ

-
O
o
w
o
Q
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Angle Decorrelation - Euler Forces

Agta,ng — Gtang,2 — Jtang,1

:(FQ—Fl)Xﬁ
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Angle Decorrelatlon - Euler Forces

5 1A6 A—» = —
Jtang — Ytang,2 — Gtang,1
1 .

:(FQ—Fl)XQ

Jtan,2
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de-Glitch

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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Glitch 7 subtraction detrended

Amplitude [Mixed]

6.564 6.566 6.568
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PD1A PD1B PDRB

» Optical measurement system: oe® 2 .

PDA2 N2 =
e [nterferometric precision: %&/ 4 B;Q;‘\B;'E“
30 fm.Hz1/2 _ al % B

M5

T
el @j e

e Orientation of test-masses o N /

PDFA

(3

M14
1000000 @ \)
y PD12B M1§/ M10
OB3 - As built model POFB
| Measurement beam

Hz

X Reference beam
OBF (origin in centre of OB)

EZ 100000

10000 N e e e e e e e e e e e e e e e e -
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Relative Motion Spectrum [
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» Noise in 1-10 mHz: brownian

SmHz

noise due to residual l. e i
pressure:

e Molecules within the housing
hitting the test-masses

o Possible residual outgassing

» Evolution:

e Pressure decreases with time
—=> constant improvement ...

if we don't hit something 100 110 120 130 140
Time from launch (d)

else.
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First results

2016

)

M. Armano et al. PRL 116, 231101 (
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» Noise in 0.1 — 1 mHz: not
yet understood but seems:
e to evolve with time
e to have 1/f slope ?

e Temperature ? Actuation ?

» Work in progress ...

» For f < 0.1 mHz: -‘ il

e Need long noise R

measurements
110 120 130 140 150

Time from launch (d)

=> mission extension
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Noise sources
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Acceleration noise

» Due to residual forces acting on the test-mass
» Obtain via LISAPathfinder measurements
Sacc(f) — Sacc,unmodelled =+ Sacc,brownian
with

Sacc, brownian — constant

2x 107\ " [1x107*
Sacc,unmodelled(f) — (Cacc,red)z (( f ) + (

f !
=+ (Cacc,flat)2 (1 + (8 » 10_3> )

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017




» Composition of a number of effects:

Srokm = (;;rffk)g <<¢>‘ﬁ7o>2 + <

with k = {s, sb, 7, €} refering to the interferometers. kj is the inverse of the fraction of the laser
power at frequency of interest :

1

Kg = science interferometer at the carrier frequency (11)

Jo(m)?
_ L fhct. 1
\/é f mod J1 (Tn)‘z

Ke = 1 test-mass interferometer

Ksb science interferometer at the sideband frequency

Kk = 1 reference interferometer

® |f]€:SOI’8b:> P]:PrecandPQ:Plocal)]
e lfk=1to0re=> P,Q:Plocal,landPQ:Plocal,Q

b

e

&

/J 7fmo

52 GW Obs. II: LISA - A. Pefiteau - GW School - Benasque - 5 to 9 June 2017 PG
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» Due to the small number of photons in the incoming beam

e Emitted laser power: P;.; = nrx Plaser

e Received laser intensity:

]}e — = 2 ( — 1)
T o2 32

arm’‘laser

e Received laser power on the optical bench:

2
dte l Plaser : P_laser : laser power output

fzed — T

nrx : eta_.TX : transmission from laser to telescope

dse; : d_tel : telescope diameter

e Shot noise:

Larm : L.arm : armlength

Alaser - lambda_laser : laser wavelength
sn de (P 1 + P 2)
¢7~/0 — MIMS (f) R P P Nopt - eta_opt : optical efficiency
pd Tlhet L1 172

‘DIDERO"

PARIS
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» Electronic noise associated to the photodiode

\/Nsengd Rrpp ' “pd

<€bfil/o> =Mins(f)

Rrp : Rfb : feedbask resistor
T : T_preamp : temperature at the photodiode preamplifier
I,q : |-pd : input current noise

Upa : U_pd : intrinsic voltage noise

Cpa : C_pd : photodiode capacitance

fret : f-het : heterodyne maximal frequency

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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Readout: RIN & phase meter

» RIN: Relative Intensity Noise:

e For a balanced detection, the phase noise contribution from RIN
IS

RINlaser \/1 =+ (Pl/P2)2
V2 1+ P /P

(071 ) =07l = Miass(f)

» Phasemeter measurement noise:

e Correlated term: <¢f/‘fc> :MIMS(f)gbf/]\jc

e Uncorrelated term: <gbf/‘f“> =Mias(f) r/o

55 GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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Optical Path Noises

» Noises on the optical

path:

Sopt ke (f) = (M(f)zt)™ e

+ (M(f)

pointing
a:opn

-------- » telescope

2
)" --» pointing (tilt to length)

line of sight
> alignement (OB/TM)

stray light science

Interferometer
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Other noises

» Unmodelled interferometer noise
» Backlink noise

» Residual laser noise after TDI

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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ESACall2016_v1.2:Readout noise on science IFO at carrier ferquency

— (Total IMS)

— (Total readout)

— Total readout carrier [sum]
Readout carrier shotnoise
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ESACall2016_v1.2:Total Noise

Total combined [sum]
Acceleration [PSD x 4]

IMS combined [sum]

IFO science : readout [PSD x 1]
IFO science : OPN [PSD x 1]

IFO science : Unmodelled [PSD x 1]
IFO local : readout [PSD x 2]

IFO local : OPN [PSD x 2]

IFO local : Unmodelled [PSD x 2]
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ESACall2016_v1.2:ASD noise in relative frequency fluctuation

all [sum]
acceleration

ro_carrier
OPN_carrier
Unmod_carrier
ro ™
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Unmod TM
ro_Ref
OPN_Ref
Unmod_Ref
ro_sideband
OPN_sideband

Unmod_sideband
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TDI_laser

107
Frequency (Hz)

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017

Francols Arago Centre

‘DIDEROT



61

Sensitivity

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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» Noise budget in 3 points:

e Low frequencies: acceleration noise (unperfect free-falling of the
test)

e High frequency: interferometric measurements noise

e Pre-processing pour réduire une partie des bruits (TDI)

- Received light: 300 pW

ometer > W
O
Telescope
Transmitted light: 1 W
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» Standard sensitivity, so called “strain sensitivity’ or “strain

linear spectral density” is
RespN oise PSDnNoise

S(f) = -

R€SPGW PSDcwerage GW
» Response to GW:

e Depends on orbits (see later)
e Depends on frequency partially due to TDI

e Computation:

- Analytic approximation

- Using simulators: PSD of TDI X with as input 192 white
stochastic GWs isotropically distributed on sky

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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Resp. to GW of various TDI from simulation (LISAcode)
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Noises
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Noises Response of the detector to GWs
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Noises
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» Analytic approximation

VEE(n = |3
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» Charceristic strain sensitivity: S, = \/ S

» Useful to compare directly with sources

Resolved galactic binaries (4 yr observation time)
Verification binaries (4 yr observation time)
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W Qaow (f) =

= h ho with ho —

0.0001

SHQ ~z S

100 km.s™!.Mpc~
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Orbital motion and finite arm

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017
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» Between spacecraft at r., and spacecraft at ... (arm unit vector n ) :

e GW change phase of received beam

e This phase is measured by a phasemeter

» Measurement : relative laser frequency shift :

spacecraft

Q50

spacecraft SC,,,
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» Between spacecraft at r., and spacecraft at ... (arm unit vector n ) :

e GW change phase of received beam

e This phase is measured by a phasemeter

» Measurement : relative laser frequency shift :

spacecraft

Q50

spacecraft SC,,,
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» Between spacecraft at r., and spacecraft at ... (arm unit vector n ) :

e GW change phase of received beam

e This phase is measured by a phasemeter

» Measurement : relative laser frequency shift :

spacecraft

Q50

spacecraft SC,,,
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» Between spacecraft at r., and spacecraft at ... (arm unit vector n ) :

e GW change phase of received beam

e This phase is measured by a phasemeter

» Measurement : relative laser frequency shift :
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—— Dependency :
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» 3 spacecraft and 6 links (2 for each arm)
= 3 interferometers (one redundancy)

» Armlength = 2.5x10°m to detect GWs at
10~ - 1 Hz

» 3 heliocentric orbits : spacecraft in free fall.

e LISA centre follows the Earth (-20°).
e 60° between LISA plane & ecliptic plane.
e Variation of LISA during the year

= Directional information
of GWs.
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LISA

» 3 spacecraft and 6 links (2 for each arm)
= 3 interferometers (one redundancy)

» Armlength = 2.5x10°m to detect GWs at
10~ - 1 Hz

» 3 heliocentric orbits : spacecraft in free fall.
o LISA centre follows the Earth (-20°).

e 60° between LISA plane & ecliptic plane.
e Variation of LISA during the year

= Directional information
of GWs.
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LISA

» 3 spacecraft and 6 links (2 for each arm)
= 3 interferometers (one redundancy)

» Armlength = 2.5x10°m to detect GWs at
10 - 1 Hz
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» 3 heliocentric orbits : spacecraft in free fall.
e LISA centre follows the Earth (-20°). o

e 60° between LISA plane & ecliptic plan
e Variation of LISA during the year

= Directional information
of GWs.
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» Armlength = 2.5x10°m to detect GWs at
10~ - 1 Hz
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Modulation - sky position

» Survey type instrument:
e NO pointing
e observe “all sky every time”

» Depending on the source power and duration, the angular could
go until 1 deg?

» ... but better resolution on other parameters!

GW Obs. II: LISA - A. Petiteau - GW School - Benasque - 5 to 9 June 2017



75

Next :

DA Il (Neil)
&
LISA DA (Antoine)

Thank you
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