Ay =

Sanjeev ]g)HURA\jDHAR I}

Rajesh N!AYAK
L

he = o

Ny
=5 Archana PAI
Jean-YvessVINET ™ (Observatoire de Nice, France)




A general method for finding all combinations of data

cancelling the laser noise and the bench position noise

Optimization of the combinations

A complement to the work of Armstrong, Estabrook & Tinto

Work supported by the Indo-French Centre
for the Promotion of Advanced Research
New Delhi




ov(t)

Vo

Lasers frequency
= C(f) =

noise

Apparent Doppler data
at each node :

U(t)=Ci(t-L,) - C,(2)
U,(t) = C1(t_L3) -G, (1)
U3(t) = Cz(t_Ll) _C3(t)
Vl(t) = C1(t)_C2(t_L3)
Vz(t) =C, (1) - C3(t - L))
V:s(t) = C:s(t) -C(t-L,)




Delay operators :

(x= f)(1) = f(t-L)
(= )t) = f(t-L,)
(z# f)) = f(t-Ly)
Any combination of data with delays can be expressed as :

3

r0 =3 py.2V, O+ q,y.2U,0)

Where the P;,{; are arbitrary formal polynomials



Data streams in matrix form :

1/C,\
|c,

G5




The U,V can be expressed as

U=-uC, V=u'C

So that any combination 1s of the form :
-7 T =T ~ - T =N\T
I'=(p.u -qg . w)C=(up-u.q)C
Cancelling the laser frequency noise means :

up-u .g=>0

—

This 1s an algebraic condition on the combinations defined by ﬁ, q



It 1s not possible to arbitrarily take é and then
- -1 TN =
p=( A )g

Because for expressing a time delay combination,

—

P must be a vector of polynomials 1n (X,y,z)



The equations are 1n detail :

P —VPs—q,+2q, =0
P> —2p, —q, +xq; =0
Ps—XP,—q;+yq, =0

Gaussian elimination of Py, D,
p=49, tIYps—2¢4,, P, =4(,*zZp —Xq;
Master equation

(A -xyz)ps +(y = x2)q, + x(z° = 1)q, + (x* =1)q, =0



Let
fisl-xyz, fy =y=xz, fy =x(z" = 1), f, = x" -1

4
Solutions of 2 p.f, =0  define the

module ofsyzygies, S Of {fl ) f2 ’ f3 ’ f4}

The set of all polynomials of the form
P(X,y,Z) = E OCZ.(X,)/,Z)fi(X,y,Z)

where the Cr. are arbitrary polynomials

Define an ideal on the rmg of polynomials
The ideal admits a Grobrer basis {g }

from which generators of § can be found



One finds (standard softs),
- =2 -1 =z -1
g =xX—)Vz, =)V —1L 8y =2 —

From what a set of generators can be derived :

XY =(xz-9,0,z-1,0,yz-x,z" = 1)
X9x,y,z,x,,2) = €
XO(1,z,xz,1,xp,y) = «

X% =(xy,Lx,z], yz) = B
ZC—Y



2 key points :

These generators determine all laser-noise-cancelling
time-delay data combinations

The method can be extended to any number
of spacecrafts (LISA++ )



Bench noise cancellation




Bench noise cancellation
Ul - C3(t - Lz) - ﬁz-ﬁ(t - Lz) - Cl*(t) - ﬁz-ﬁl*(t) T 2ﬁz-Vf(1)
Vl = Cl(t) — ﬁs'ﬁ(t) — C;(t — L3) — ﬁ3°172*(t — Ls) + 2773-{;1@)

* — — - —

» Inside spacecraft #1

% * — % — *

One can define :



Bench noise cancellation

P Pt ok Py Pt > =
U =EC,-C +2n,v,, V,=C, - E,C, +2n,.v,

o 1 *)LP L s

(+ circ. Perm.)

Combination suppressing the bench noises :

E QnUn +ann +rnZn = O
n<3

~ The generators of the
Because of the mapping C —> C Solutions are the same as
For the laser noise cancellation

No suppression of the noise caused by the test-masses
residual motion



One way gravitational response

&
&
Q
>

—

h, (1) =h,(t-wF)60, -p,)
+h (t-wi)0.p, +@0))

g, =(0.1) -(¢gi)
g, =2(60.11)(@.7i)

10U,V

- FU,V+h+ + FU,Vxhx



One-way transfer functions, Fourier domain = ) = zafg

QL 1 QL
F.  =——ginc|—(1-wn 2 |x
Uy +,x 2C (2 ( 2) 2C ) 2
expli 2L, (1- w7 /L, )} E,
2C , V/
Q = 2af, 1 L3
QL. . | . 7/
F,, =-—2=sinc| =+ wn,)—= |x
1 2c 2 2c
- QL . ] 1
exp|i—2(1- w7,/ L,)|&,, . L
2c | 'U\

1



Gravitational transfer function for the (1)th combination :

Fo, Z (p“) F, & +aqF, §k'+,x]

Noise for the same combination :

S(l) S(l) + S(i)

proofmass shot noise

Structure of U and V %

3
(1) (i) (i)|?
proffmasses Z (‘2 p k Ly k

(1) (1)
S shotnoise Z (‘p

+2g" + 1

)S proofmass

(1)

+lg

) shotnoise



Signal to noise ratio

Fh, +Fh |

+ T4+ + L0,
N

SNR " =

Maximization of the SNR :

Y =X+, X7 4+, X% +¢, X

The C. being optimal polynomials : we first look for
real numbers...



Example of optimization
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Optimization in the LISA plane

= Optimal comb.
Bl At each frequency
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