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» Introduction on LISA data processing

» Basic principle of TDI

» TDI with the current design

» TDI generators

» Propagation of noises and signal through TDI
» Laser locking

» Key ingredients of TDI

» New convention
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System Downlink rate [bit/s]

» Generation rates:
GRsPEE | -

cer [ -]

11123,09

Volume GB

Telemetered volume
» Generation volumes: generated per day per S/C

Telemetered volume
generated per day for the
constellation

Onboard volume generated 2 79
per day per S/C ’

Onboard Storage Required 3912
per S/C ’

4
| | 25N
4 TDI- A. Petiteau - Cours LISA France - Paris - 7-8 January 2021 £% C

V



Questions
& answers

Data products

: Event notices ‘

Prellminary
event notices

Consortium
members

4

S

TDI- A. Petiteau - Cours LISA France - Paris - 7-8' January 2021



+
+ GRS FEE

+ CGT
+ CMS

+ SciDiag

+ Housekeepin

analysis

M with

mulfiple

pipelines

'
'
'
'
'
'
'
'
'
'
- -
"
'
'

>

Generation of
final products

!
—




Telemetry:

+ Phasemeter
+ DFACS

+ GRS FEE

+ CGT
+ CMS
+ SciDiag
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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. PN

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

e Distant laser

e Local laser. R

» 06 measurements ... at least!

A
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» Phase shift between the two beams measured by phasemeter.

» Beams from an external spacecraft, are delayed :

real
® delay operator D;real : D;“eal ili‘(t) — (t Lz >
C

» The measurement :

S = SGW 4+ SShotNoz'se 4+ Drea,l p/lasernoise lasernoise 25Acc.Noise
— 1 1 3

2 — D1
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» Phase shift between the two beams measured by phasemeter.
» Beams from an external spacecraft, are delayed :

e delay operator Djeal :

» The measurement :
51 = S?W 4+ SiShotNoz’se + Dgeal p/lasefrn

(R




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

o delay operator Djeal ;

» The measurement :
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1 + D3 p
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» Phase shift between the two beams measured by phasemeter.

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

» Beams from an external spacecraft, are delayed :

e delay operator Djeal : prea _ (4

» The measurement :
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» Phase shift between the two beams measured by phasemeter.

» Beams from an external spacecraft, are delayed :

e delay operator Djeal : prea _ (4

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

» Combinations of delayed measurements to reduce laser noise:

—s'5(t) = p'(t)

Lreal
51(8) = Dyl (1) = (t— ; )

1.03918e-13 ylaser noise
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TPl aa,  (9005)
» Pr TDI requires : Eooz)

» Co > knowledge of delays : L;FDI _ Lfeal
» interpolation due to the sampling of phasemeter signal

_DTPL gy (t) = —DTPIgy — o, <t L ) si(t) + DIPT oa(t)
— e C |:> _ Dgealp/Q DTDIp ,
( ) Dreal / ( ) _ p/2 (t 3 ) ~ 0
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» Pr
» Co

R e e ——— “54(2005)
TDI requires : 002)

» knowledge of delays : /P! = preal

» interpolation due to the sampling of phasemeter signal

Sl(t) —+ Dng Slg(t)

—Dng S/Q(t) DTDISQ—pQ <t— 3

C )
— Lgeal E> p 2
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Tinto & Durandhar, Revue Living Rev. Rel. 8 p 4 (2005)
Durandhar, Nayak & Vinet, PRD 65 102002 (2002)
Vallisneri, gr-gc/0504145 (2005)

e Combine delayed measurements to reduce laser noises, optical

» Time Delay Interferometry:

bench noises, ... ?

e Algebraic development: many combinations (generat%s)

—o] D:a —*",'_’ — Dr:D:-:" ?\-'/1 — [).‘i[)ﬁ‘:"[);)" o3

0

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

- 2nd generation: flexing and Sagnac effect : D; Dis #= D; D;s
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Time Delay Interferometry S

» TDI generation 1
Xist = (1= D3,0,—Ds + DyD3, —1+ D3, D3 — D35 D5, 0)

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

» TDI 2nd generation: until 7 delay operators combined
Xong =14+ D3D'sD'3DyD'9Dy — D'9 Dy — D9 Dy D3 D',
0,
D3D'sD's + D3D'sD'9Ds D'y — D'y — D's D3 D3 D"sD3D 3D,
D3D's + D3sD'sD'sDy — 1 — D'9s Do D3 D3 D3 D' s,
D3+ D3D'sD'9 Dy D9 Dy D3 — D'9 Dy Dg — D'9 Dy D3 D"3 Dy,
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» Reduction

AGWis
hidden

here |

12

of laser noises by 8 orders of magnitude !

10"
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1077
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-25

0.0001

Phasemeter

(cut off due to the filter
required for
digitalization of signal)

0.001 0.01 0.1
Frequency (Hz) Petiteau & al, Phys. Rev. D (2008)
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» Reduction

A GW is
hidden

here !
Here it is |

12

of laser noises by 8 orders of magnitude !

107° &

10"
10"

107"

107

10

-25

0.0001

Phasemeter

(cut off due to the filter
required for
digitalization of signal)

TDI Michelson
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

digitalization of signal

here | J gnal)

Here it is | TDI Michelson
[.]2.50001 0.001 0.01 0.1
Frequency (Hz) Pefiteau & al, Phys. Rev. D (2008)
y;
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» Exchange of laser beam to form several interferometers

» Phasemeter measurements on each of the 6 Optical Benches:

Distant OB vs local OB
Test-mass vs OB

Reference using adjacent OB
Transmission using sidebands
Distance between spacecrafts

» Noises sources:

13

Laser noise : 10-13 (vs 10-21)
Clock noise (3 clocks)
Acceleration noise (see LPF)
Read-out noises

Optical path noises

Test mass interferometer

Reference

interferometer Science

interferometer

Fibre
coupler Telescope

Capacitive test
mass readout

ol
Back-link
@

fibre

DFACS Transmitted Ilght 1TW

Micro-Newton

Test mass interferometer ¢
Reference N ll \
interferometer “ thrusters
Science 3 6 &
interferometer > > A\ S

-

35 v
. Received light: 300 pW
Telescope Y
Transmitted light: 1\\
© M. Otto, PhD thesis (2016)
4
. ]

7
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» Configuration and conventions
(from Jean-Baptiste Bayle's
PhD)

(WARNING: not following the
new LISA Consortium
conventions)

S
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» Long arm interferometer (IFO)

Distant
spacecraft

laser noise cecraft jitter :
GW spa | readout noises

S A VA'Z'
s1 = 0y {Hl + D3py — p1 — (nzs . D:‘sT +

] A : v TS
S17 = 9;/ [111/ -+ DQ/])3 — P17 — (l’l‘z/ . DQ'TJ + N9 - - )] -+ 1\"1/

%
delay operator: Dix = Dya(t) = (t 4 ?)
with the sign of the difference between frequencies
0] = sign(ve — 1) and 6], = sign(vg — vyr)
s
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» Test-Mass Interferometer (IFO)
Other MOSA
on the same

58—l spacecraft

TN

C

with the sign of the difference between frequencies °p"“!| ber
= 24 , noises
07 = sign(ry — 1) and 07, = sign() —vyr) = —6] /J
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» Reference Interferometer (IFO)

17
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» With clock noises: 3 Ultra-Stable Oscillator (USO)

e Pilot tone sampled by the ADC and subtracted from measurement
to cancel ADC timing jitter

e USO used to generate pilot tone

e => USO noises in measurements as scaled by the relevant beat
note frequency

51 = 9? {Hl —'—D(;]’)Qr — P1 (flf; . D3
: - VA
s = 07, [H,' + Daps — prr — (n:z' » Do .3 T

€1 =9T[P1’—P1 + 20y - (

€1 = 01, [Pl — pyr + 202 -

71 = 07 [p1r — p1 + p
T = 01 [pr — prr +




» Side-band measurements on science interferometers

o Amplification of clock noises on sidebands by factor m;

1

——
20 MHz 4 +F——20MHz

- m-— } }
{n vy — 1/2, ” Vo v + ymt e 4 pm

l/l - l/ l . 9

lower sideband science signal upper sideband

[Hl’ + Dorps — py/ (

sb

- Cl’Ql} Bl "\'YU )




» Phasemetre
e |nput data from quadrant photodiode at 80 MHz
e Heterodyne interferometry
e Phase Locked Loop

e Output: phase and/or relative frequency fluctuation at 30 Hz

» Drag Free Attitude Control System
e Use the output of the phasemeter: TM IFO & beam angles

e To control the spacecraft motion and Test-Mass motion on all
degrees of freedom except the sensitive one

S
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» On-board computer

o Anti-aliasing filtering of the phase meter data then
downsampling around few Hz for telemetry (2.5, 3.2, 4 or 5 Hz)

e Strong contraints on the filter; example attenuation > 240 dB

e Impact on the data: small delays added

VA:)I
C
VA3
C

= }'{9“{' [Hl + Dapyr — p1 — (ﬁ3 - D3

s = F{03 | Hy + Dyps — pr — (2 - Dy

VA, Val)

C C

C C

€171 = "F{Bi_' [pl — P17’ + 2fl2 . (

1 = F{0][pr — p1 + pyr — brg1] + Ny }
T = .7:{9?/[})1 — P1/ +/J“1 — bl’qll + A’TIT’}

) + [ — bl'Ql} + Ner}
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Process

Data

L0.3
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Telemetry. 0 : calibrated &

+ Phasemeter V restamped]
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Calibrations L0.2 CI(;::nSiynnc + Na——— ggl'i(t:t?arrric'tlifl)': ;?)r) TDI correction TDI correction

+ GRS FEE (TBD) [LO.1 ging J Sl “single laser / SC” “Full
calibrated] (Kalman) correction

+ CGT

+ CMS

+ SciDiag

+ Housekeeping ranging

J

Simulator

analysis
S TDlcoretion |} 1y, TTL correction With f\
= [ - , inal products
= | = ] mulfiple P

pipelines

Generation of




» TDI step 1: removing spacecraft jitter

o Extract the spacecraft jitter by subtracting reference IFO from
Test-Mass IFO

e Then correcting the science IFO

e Residual spacecraft jitter :

(8 = 0] (FD3 — D3F)(fig - va,,) .

£5 = 05, (DyF — FDao) (g + va,)
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» TDI step 2: removing half of the laser noise

e Combining reference IFOs and combining with the result of the
previous TDI step

T = F{O07 |[pr — p1 + prr — biqa] + Ny }
10 = F{07,/[p1 — p1r + 1 — burq1] + N7+ }

=> Cancel all py

—=> Situation equivalent of having one laser per spacecraft

& n‘
-

s

4

‘\
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» Reducing all laser noises

e Several complex combinations

e Can be seen as virtual interferometer

e TDI generation 1.5 takes into account the unequal arms

X1 =mn1 + Doang + Doom + Darogner — m — Dangr — Dagrmyr — Dagryrn

o TDI generation 2 takes into account first order time evolution of
arm length ©

Xo =Ny + Doz — Dorgny — Darggnier + Dorogarm
+ Dargggraor + Daoraggyazy i + Dorogargsrorns

— MmN — 'D:Wz-' — D3z m: — Dagiaimz — Dagrorgny

— Dazroronny — Daararanron) — Dagzroronraznr .

26
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» Assuming no clock noise and perfect ranging, laser noise and
spacecraft jitter are reduced below other noises, i.e.
acceleration and readout (here all IFO noises)

1028
([ J [ ]
.| LISANode simulation
10734 -
2
e \/] AN
10740 - o VY-Y Y'\
10-43 4 /}/ﬁ/—f R ;5(1
2
—_‘_"’_"/ //_// — A;
10-46 | /,/-/’ —_—
—_——— — &
10-4 ' 107 ' S 107 107 100 '

Frequency [Hz]



» Coupling between filter and delay  ,_-B. Bayle et al., PRD (2019)

e —> residual laser noise depend on the filter

LISACode simulation (causal FIR)
- LISANode simulation (causal FIR)
1 —— LISANode simulation (non-causal FIR)
-== Analytic model (causal FIR)
4 === Analytic model (non-causal FIR)
- Secondary noises

—
o
!
o

PSD [/HZ]
—
o

-
o

—
o

" LISANode simulu?ion

0

Frequency [HZz]




» Analytic approximation (linear delay):

29

Sx.,(w) ~ 328,w? sin?(wL) sin’ (2wL) (Egz + L32) Kr(w)

e with:

L : travel time along arms
J.-B. Bayle et al., PRD (2019)

Sy : pre-stabilised laser noise

filter term:
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Hartwig et Bayle, arXiv:2005.02430
» Use the sideband signal where the clock noise is amplified to

build a calibration signal similar to TDI but clock noise only
then subtract it from the standard TDI to form the
corrected TDI.

3

TDI¢ = TDI — (Z— (a; + biisy ) Ri —
1=1

with P; and P; polynomial of delays.

» Noise level:
SXf,f(w) ~ dw?((A2 +b2,)L2 + a®L2)
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‘<.,/’frlai;ace
Hartwig et Bayle, arXiv:2005.02430
» M; are additional deviations present in the sidebands relative

to that same pilot tone, e.g., due to noise added by the
electro-optical modulators or the fibre amplifiers.

$3P = = F |85 (V57 D3 (g2 + M) 0 = Fo] (vt (g + M)
— I/in (Q] + 1\«[1) Vin(ql + ﬂfl)
— (a1 + vy — V{Tl)ql) + Nfb] , — (b + {7 — ui"’)ql)

37 = F 05, (vi' Do (g3 + Ms) T = F[O07. (v (g1 + M)
— v (g1 + M) — v + My)
= (e + v — D)) + N7 — (b + 07" — o7

» The EOM imprinting the clock noise on side band are

working at different frequency on primed and unprimed OB,
for example M; at 2.4 GHz and M; at 2.401 GHz.
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Hartwig et Bayle, arXiv:2005.02430

» To correct at the first order the modulation error, we form

new quantities:

» Then subtract a polynomial combination to the standard
TDI to form the corrected TDI

3
TDIC = TDI — (Z b(i—i—l)'Pir-z{,: — (&j_ + b('H-l)’)Ri - (a.il — bi/)R-zﬂ/
1=1

» Noise level:
Sxmi(w) =4 sin®(wL) | f(w) QSM (w) 'S'A‘é“ (w) ~ 4sin®(2wL)Sy i (w) ,

2 2 2
X {(al —ay ) +as +a;

-

33 + 4byr(a1 — ar + byr) sin®(wl)



Hartwig et Bayle, arXiv:2005.02430

» Results: clock noise well suppressed but modulation residual
not negligible

Reference Modulation error

= Simulated clock
- Simulated secandary

— = Simulated secondary (corrected)
Simulated laser .
— = Simulated laser (corrected) C|OCI( n0|se
' T Simulated meodulation {corrected)
—  Simulated clock (corrected)
——~- Models for clock and modulation

107% 1073 1074
Frequency [HZ]




Process

Data

L0.3

. : [LO.2
Telemetry. 0 : calibrated &

+ Phasemeter V restamped]
+ DFACS

Calibrations L0.2 CI(;::nSiynnc + Na——— -Srgl'i(tzt?arrric'tlifl)': ?,))r) TDI correction TDI correction

+ GRS FEE (TBD) [LO.1 ging J Sl “single laser / SC” “Full
calibrated] (Kalman) correction

+ CGT

+ CMS

+ SciDiag

+ Housekeeping ranging

J

Simulator

analysis
S Dt coretion L] 1o v, TTL correction Wiih f\

| - , inal products
= [ \= | mulfiple P

pipelines

Y Y
N e

Generation of




» TTL: coupling between rotation of beam with respect to the
optical system and longitudinal phase measured by IFO

» See Hubert’s slides

» Subtraction of correlation with pointing noise measured with
DWS => done on ground after TDI

» Under development

» Preliminary noise budget existing (see dedicated TN by
Ewan Fitzimons and performance TN)

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

» X, Y, Z: Michelson equivalent

» &, B, ¥ : Sagnac

a1 =11 — N+ D3772 — D2'1'772' + D31773 — D2'773'

ag = (1 — Daryrzr)m — (1 — D3y2)n1r + (1 — Daryrzr ) D3no
— (1 — D312)Dar1/m2r + (1 — Daryr3/)D31nz — (1 — D312)Darnse

» £ : fully symmetric Sagnac: senses the constellation rotation,

& combines all interferometric signals with exactly one delay
¢1 = Dim + Danz + Dsnz — Dy — Damer — Daimsy
C2 =(D117 — Darzrir)m + (Dyr2r — Dagar)no
+ (D13 — Dar3r3)n3 — (D111 — D321)m1-
37 — (Dr2r — Dagor)n2r — (D13 — Dargr3)ns [ ML T i




» Specific generators when 2 links are missing

(P,Q.,R)

Beacon

Py = —(Dy — D3iy/)npp + (D3 — Dy1r2)njer — (D3r — Dyyrae )z + (P — Dag) s
Ei=—=(1=Dy1)m + (1 = Dy ) — (D3 — Daryr )2 + (Do — D3q)nar
Uy —(Dz’ — D11'3-')771' + (1 — Ds-'z'y)??z — (1 - Du’)"?zf + (Dl — D3'2')'?73' -

e TDI 2.0 in Hartwig et Bayle, arXiv:2005.02430
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» Noise uncorrelated generators:

e Form a basis of TDI generators by diagonalising the noise
correlation matrix

Sxx Sxy Sxz

Sxy Syy Syz
Sxz Syz Szz

o |f all the noise of the same type are at the same level, identical
PSD Sxx SYY Szz, and CSD Sxy sz Syz

Sxx Sxy Sxy

Sxy Sxx Sxy
Sxy Sxy Sxx

e Diagonalisation => generator A, E and T.

S
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» Several possibilities for A, E, T

» Standard one, convention in the Consortium, used in LDC

» Noise level:
® Sp = S = Sxx - Sxvy
ST = Sxx + 2 Sxy

» Response to GW:

o T very weak

asponse to GWs inrelative frequercy anit (1/Hz)

e A, E => main generators

used for science
40 TDI- A. Petiteau - Cours LISA France - Paris - 7-8' January 2021



» Noise budget to be done at the TDI level

- Science
Sensitivity Performance

TDI - generation
TDI - Units _ ——

acceleration S/C jitter TX Optical RX Optical telescope | | Long-arm IFO | | Test Mass IFO Referenc IFO TTL Clock laser
noise noise Path Noise Path Noise noise Readout Readout noise | | Readout noise noise noise

» Input of science analysis :

e Data analysis

e Figures of Merits
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o Science
[ Sensitivity ] [performance

TDI - generation ‘Cm XY noise
TDI - Units \

TDI X noise Single Link J

Equivalent noise

acceleration S/C jitter TX Optical RX Optical | [ telescope | | Long-arm IFO | | Test Mass IFO Referenc IFO TTL laser
noise noise Path Noise Path Noise noise Readout Readout noise | | Readout noise noise

[SO1-GaIactic binaries] [ SO3-EMRI ]

e \

[ Noise budget X [ aveorm\j
Mission profile ]—r (f (ﬁ //3

tyr - Keplrian obis | so2mBHB | [ so4-soBBH | [s07-Background
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TDI transfert function for noise$Es&

» Study the propagation of acceleration and noises through
TDI

» Others noises neglected or assumed to be cancelled by TDI

» 4 interferometric measurements in spacecraft 1 (simplified

version)
, /
Si’ — 9% N1 8(13/ — 9:1)’,N1/
T1 = T17 — 0
!
€1 — 29:1[ 51 €1/ — —29%;51/
/ sb __ 3
s‘ib — 6% Nl 8;/ — gllNll

)
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» Suppressing spacecraft jitter noise

r €1 —T v o Da€or(t) — Dator
sf—@f@ll 1 1_012922, 3€(t) 372
2 2
912’ (N1 — 61 + D36y)

ey (t) — 7y (t) Dj€3 — Dyt

c 3 nl
31; - 911911

9?, (Nl' + 51' - D2'53)

3 n3’

0§,D3T2' - 922’D3T2
2

9i2,§1 +
N, —51 +D352'




» TDI X 1.5 (time domain)

46

ny + Dens + DyDany + Dy DpDsny — py — Dsngy — DsDynpy — D3 Dy Dy
Ny + &y — Dy

+Da N3 — D203 + Dy D30y

+DoDs Ny — Do D261 + Do DoD3do

+Dy DyD3 Ny + Dy DyDsSyr — Dy DyDy Dyt

—N; + 81 — D36y

—D3 Ny — D3da + D3Da:0;

—D3 D3Ny — D3D3:dyr + DaDq Dorda

—DyDyDy Ny + DyDy Dy — Dy Do Dy DySy

(1 = D3D3 )Ny — (1 — Dy D3)Ny + (D — D3D3 Dy )N3 — (D3 — DDy D3)Nor
+(1 + D3D3 — Dy Dy — Doy D3 D3 D3/ )d1 + (1 — D3 Dy + Dy Dy — DD Dy D)
—2(D3 — Dy DyD3)0y — 2Dy — D3 D3 Dy )04
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» Computation of the PSD:

OV ERT1 M PSD[(1 - DyD;)N] <(1 - e""°(L2'+L2)) (1 “"“2'“”)1\7 N )

. L/ +Ly )

N;N;

e Acceleration terms

PSD [(l +D3D3 _DZ’DZ _ DZ’DZD3U3‘)51] — <(1 + e i(L)(L'j'LB’) S i(L‘(LZ’lLZ) — e f(:)(LZI|L;_- |L3|LEI:') (“.)# 515-10>

< ((1 . e—iwz;L3+L3,)) (1 _ e—iw(Lg,u;))) ()6, 5:)

' L3+L3, _ I3+l 2 L+l
-l [~ -l —*
<(e ‘ +e 2 (—e -

. | L3 + La
16 cos? i)
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» Computation of PSD:

Ly + Lo L3+ Ly
) (S()M51 + Sc)Msz, + 4Sacc2' + 4 cos® (w 2 Sace,

Ly + L- Ly + Ly
> 3) (Soms,, + Soms, + 4Sace, + 4 cos’ (w : ; - )Sacc,r)

» Approx. : All armlength equal

. 2, - 2/
PSDy,, = 4sin®(wL)(Soms, + Soms, + Soms, +Soms, + 4 (Sacey + Sacey + €08* (WL) (Sace, + Sacey)))

» Approx. : All noises of the same type have the same PSD

PSDx,. = 16 sin® (wL) (Soms + (3 + cos (2wL)) Sgec)
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» TDI X 1.5:

49

N
I
S~
—
Te]
—
>
()
0
o
[
&)
N
(a8

= 16sin® (wL) (Soms + (3 + cos (2wL)) S,cc)

Simulation (LISACode 1Hz sampling)
Analytic (Technical Note)

LDC

Reference points (analytic)

1072
Frequency (Hz)
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» TDI X 2.0:

50

PSDyx, .

N
I
S~
—

o

o
>
()
u
(@)
c
(|
wn
fa

= 64sin® (wL)sin® (2wL) (Soms + (3 + cos (2wL)) Saee)

Simulation (LISANode)
—— Analytic (Technical Note)
-== LDC
® Reference points (analytic)

103 1072
Frequency (Hz)
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» Model:
e multiple beams. Example of MOSA 1:

ﬁ- [K gg"l‘&gf] | K
" 1+K T1+K?

K
1+ K

SENS op

b1

bref,l’—>1

bsc,l—}l p1+ Nop

loc—sc,1

bry1—1

b'ref,l—ﬂ




» Model:
e Measurements. Example of MOSA 1:

9/ TO
[91 bSC,2,—)1 - bSC,l—)l) + SC,l]

- bref,l—)l) + :,01:'

(

U (brarar—1 — brari—i) + Z(f]
(
(

67 (b1 + Ds[mags] — bis1 —magr) + NG |
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» Doing the same procedure as the one described before, we
get transfer function TDI X2.0 for all noises sources

» To be used in performance model (see Joseph’s talk)

» Approximations:

e There is no coupling between S/C and DFACS (two independent
bodies): K =0
e All armlengths of the constellation are equal.

e All noises of the same type have the same PSD, i.e

e The laser nominal frequencies are almost constant and equal, so are
the laser wavelengths. 2
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e for unsuppressed noise

| Noise category Noise symbol Transfer function in PSD
Test-mass acceleration noise
Backlink fiber noisc
TP

‘l. " 0 . g n 1 : - ." | 77.0 \ | ;-OT)
Science and relerence IFO noise o}:\ seir VX N T
T r T
‘N're ’ "\loc yeei? fVloc ref

e aQQ ] e TOP  pA7OP TTO
Test-mass IF() noise Nes Nioe st New

Telescope noise | AC(w) (3 + cos

)

3 + cos (?w '

With 16 sin” (WE) sin? ('Z:,u£

[

C
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e for suppressed noise

Noise category

Noise symbol Transfer function in PSD

Residual laser frequeney noise

‘ 2
p 40 (w)w? ((i) Kx(

Residual S/C translational jitter noise

Residual clock jitter noise

Residual modulation errors

A | 1C (w) w? (f—) i

.

. .\ 2
. 20(w) w* (1) Kr(w)
+C(w) 6vy (64 12sin? (wk))
-— 2 v
C(w) ‘f(w)’ (6 + 12 sin? (w J))

TTL

L;, the time derivative of the armlength L; (in m.s™1);
w=2nf;
j1, the average ranging bias (in m);

vgnN, the beatnote frequency (Hz);

dvgn, the fractional error in measured value of beatnote frequency

K 7 the delay-filter factor (in s2),

Kr(w) = 4f7*

N
Z ka4 sin (
k=1

fs

)

2

1C (w)
L2
. ‘ J(w)| , the filter response (dimensionless):
o 2N Rk
F@) =[S onexp ikt (24)
k=0
e f., the sampling frequency (in Iz),

ay, the coeflicients of the Finite Impulse Response filter (dimensionless),

2N + 1 the number of coefficients of the filter (dimensionless),

We can write the filter output y, as a function of the past input samples x,.; and 2N + 1
oefficients o

Yn — Z O Ty —k (25)
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» Correlations:

e |f a noise source appears in several terms when doing combining
measurements at TDI level correlation appears while it was not
present in the measurement.

o Examples:
- thermal noise presents on acceleration noise and OMS noise

- telescope noise for emitted beam and received beam:

PSD [X X" tels ”p] =16 |1 + o? + 2 cos?(wL)| sin?(wL)S o,
PSD [ny_gl‘f . P] — PSD [Zz;’fgf tels OP] — PSD [XXff";“ . OP]
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» The single link response (the laser light emitted by "s"ender
to the "r’eceiver) to GW is given as:

A

GW _ (I)rs(t — kﬁs - Lrs) — (I)rs(lL - él—ér)

Y -
a 2(1 — k.fiys)
» where: h?fB = (hycos 2y — hy sin 2y )e;; + (hy sin 2¢ + hy cos 2¢)e;
e k is direction of GW propagation, f = (4@0-089);

L. . (ﬁ@ﬁﬁ—ﬁ@ﬁ)v
e R, vector position of a sender/receiver

e N, unit vector of the link
e Source:

- ecliptic latitude /5 and longitude A

- polarisation e— -
k = —é, = —{cos ficos A, cos fsin A, sin f}

» Apply TDI on the y,s directly -
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» TDI on the ys : signal for a particular source (h;;, B8, 4, V)

» General TDI transfer function to GW: average over
polarisation and sky. Complex to compute:

e Semi-analytical computation PEEAGEE ( 4Sm(2nfL

C )) (%) (22 £ Rs(f. )

with Rz : average response in phase for a standard Michelson.
Semi-analytical computation with numerical integral (see Larson

et al. 2000, PRD 62(6):062001)

o Numerical simulation using white noise stochastic background
emitted from many sources reqularly distributed over the sky

e Analytical computation in long wavelength approximation

3 > .9
RLH/ - —((I)L)L SlnL((L)L) ﬂV/\
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Simulation (LISACode)
—— Semi-analytic
—— Long wavelength approximation
® Reference points (analytic)

Tg]
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>
=
O
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(O]
n
C
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o
n
O]
o

10-3 1072
Frequency (Hz)
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» In reality the laser are not 6 free running lasers but there is
one main laser on which one the other are locked with offsets

» The time evolution of offset: frequency planning

60 NSt January 2021 §



» Different locking schemes (TN from Gerhard Heinzel)

o Example

~
- 4

>

- /"
/‘\ /
,/\\‘: \\ /I
"y / . \.\ / [
A | 7o/ X °
/ \) 4 i \
N 4 \ )
i \

Doppler shifts in lock: N\ \

o " usual

/" indexing

61




62

0 op
8,2 0°93'—>2) T bSC,S'—>2 o Nloc—>sc,2

70 op
7.3 083’—>3) + b'r€f=3’—>3 o Nloc—>-ref,3

op
) + bb(‘ 317 — Nloc—)sc,l’

70 op
.1 031’—?'1) + b"’f’«f?l’—)1 o Nloc—>-ref,1

r0 op
Nb 20 081%2’) + bbC 127 — Nloc—>sc,2”
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Laser locking / frequency plannirfss

» For unsuppressed noises (readout noise, optical path noise,
acceleration noise, ...) => same PSD as for free running
lasers

» For suppressed noise:
e depend on the locking configuration
e not the same for X, Y & Z

e Work in progress via analytical formulation and simulation
(locking implemented in last version of LISANode)

4
. | A
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INREP: Analytical formulationsSti

» TDI transfer functions without & with phase locking, PSD
& CSD, TDI1.5 & TDI2.0:

e Unsuppressed noises => done

e Suppressed noises:
- laser frequency noise => partially (flexing-filtering, armlength
uncertainties bias & , )
- Translational spacecraft jitter noise => done
- Clock jitter noise => done
- Clock correction residuals => partially (modulation,

)
- TTL => partially
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INREP: Analytical formulationsSti

» TDI transfer functions without & with phase locking, PSD
& CSD, TDI1.5 & TDI2.0:

e Correlated noises:
- Telescope => done
- Backlink => done
- correlation need to be identified first => on demand

» Cross-checking with LISANode:
e 70% done for PSD
e To do for CSD

)
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Key ingredients of TDI

» Measurements

» Arm length knowledge

» Synchronisation of data

» No aliasing => onboard filtering
» Interpolation

» Mitigate the impact of artefacts, i.e. gaps and glitches
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» Knowledge of the absolute armlength is crucial

» Several combined technics:

¢ Direct measurement: pseudo-random code imprinted on laser
beam => precision at the meter level (TBC)

e Kalman filter:

- combine a dynamic model of the whole LISA constellation
(orbits, PSD of clock jitters) and phasemeter raw measurements

- => precision at cm level

e TDI-Ranging: minimisation of noises in post-processing (data
analysis) with armlength treated as parameters

)
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» Study TDI vs
clock
synchronisation

Raw data

$ij(75)
rij ()

S/C
clock time

Clock
synchronization

A

7

USO drift +
stochastic
fluctuations

—

S/C ~
proper time,

by Sweta Shah

Data in a common
timescale

sij(T)
Li;(T)

Ref. frame

(Barycentric
coordinate
frame)

transformation

Data in a common
reference frame

sij(T)
L;ij(T)

Linear combination
of shifted signal
stream

X;(T)

Ref. frame
transformation

~~

Linear combination
of shifted signal
stream

X;(75)

Clock synchro +
Ref. frame
transformation
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» On-board sampling rate at few tens Hz (10Hz, 12.8Hz, 16Hz 7)

» Telemetry sampling rate at few Hz (2.5Hz, 3.2Hz, 4Hz, 5Hz 7)

. . } 2400 MHz |
— n r f I r n /7 FOMSBE |

h— O = O a l e I g ) 2 S ’ //’ ' “.3[): .

s ‘ ultrafine SCET, I'8D

»” / JWle_t—‘ 125 nsresolution, !

non-standard format |

JADC, FPGA | standard f
[ "2 4

» To avoid any aliasing residual at TDI ==

.\ | 20 MHz | ’

level, strong reduction requested R i [

fine SCET,
10 MHz > 100 ns resolution,
-5

" 2MHz |

=> typically > 240 dB

80 kHz

[ ] elc. l}" |
» Linear response => FIR i

| 3200 Hz |

/5
a0 Hz |
l...

» Coupling with delay used in TDI i ] e on

(flexing -filtering)

» Computing cost
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» Discrete input timeseries=> we need to have a very precise
interpolation in order to get measurement between samples

. 11&
» Which method ? Dz = Dix(t) = (t - 7)
e we are using Lagrange interpolation with 32 points but other

methods could be tested

} Importance Of the Sampling atmdO.5 atp0.05, all laser, FIR 0.42 0.49 240dB, IN31 IT31

rate

om ﬂO.aC"‘—
MPM&: LISACode kepleria ~<,mt

OLSACoc keplerian decima
Theory ca 8FR004200492 OdB—

/f\?\?]m




» We are expecting artefacts in LISA data:
e (Gaps
o Glitches

=> Interaction of TDI with these artefacts have to be
studied

» For example it could increase the gap size

)
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» The input of GW search pipelines are TDI data:
e X, Y, /7

e A E, T : assuming all noise level are the same, noise matrix is
diagonal => likelihood computation is just a sum

» Most of the methods are using matched filtering => TDI
has to be included in the template:

e Computation of template have to be very fast

- approximation in the TDI implementation
- very fast TDI ?

S
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TDI infinity

» Main idea: likelihood directly in terms of the basic phase
measurements with marginalization over the laser phase
noises in the limit of infinite laser-noise variance

» 2 studies:
e Vallisneri et al. 2020 arXiv:2008.12343
e Baghi et al. 2020 arXiv:2010.07224

A g
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» Ongoing uniformisation of
the convention in the LISA

Consortium

» Spacecraft, indexed from 1
to 3 clockwise looking down

MOSA 23 & ° ' MOSA 13

the z-axis, onto the solar
panels

) MOSAS, iIndexed with two r»fi‘OS.Al;21 MOSA 12
numbers ij

MOSA i j

/N

74 TDI- A. Pefiteau - Cours LISA France - Paris - 7-8' January 2021 §

spacecraft MOSA is mounted on spacecraft MOSA receives light from



» Measurements

» TDI

e Advantage: natural chaining of indices when concatenating
delays

n13 + D13n31 + D13D31m12 + D13D31D 12021 — 12 — D12121 — D12D21m13 — D12D21D13031

N13 + D13tj31 + D13D31115 + D13 D31D1a1)21 + D13 D31 D19D21112
+D13D31D19D21D12021 + D13D31 D12 D921 D12D21n13 + D13D31D19D91D12D91 D133y
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