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LAYOUT

1. Context and problem statement
2. A flexible modelling of noise

3. Results of detection tests
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Credit: D. Walliman, Domain of Science
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objectives
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» Finding a stochastic gravitational-wave background (SGWB) is one of the main LISA's scientific

objectives

»  Detecting, or not detecting a primordial SGWB, will bring unique information to:
+ Constrain models of the early Universe (first-order phase transition, inflation)

+ Explore particle physics beyond the standard model
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objectives

»  Detecting, or not detecting a primordial SGWB, will bring unique information to:
+ Constrain models of the early Universe (first-order phase transition, inflation)

+ Explore particle physics beyond the standard model
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CONTEXT AND PROBLEM STATEMENT

Reference Model components Method Performance
Cornish and Larson 2001 SGWB + noise Cross-correlation assuming.several Qowl(f) > 7 x 10-12@3mHz
detectors, old LISA design

Adams and Cornish SGWB + noise Power law, MCMC Qo > 1.7x10° "3

Caprini et al. 2019 SGWB + noise Template-free, local fitting of power laws Qo3 > 5.4%x10-12 with fg = 1 mHz
Pieroni and Barauss 2020 SGWB + foreground + noise Template free, principal component analysis Qo > 6x10-13

Karnesis et al. 2020 SGWB + noise Excess of power, analytical Bayes factors Qo3 > 4.2x10-12 with fo = 1 mHz

Flauger et al. 2021 SGWB + foreground + noise Template free, MCMC Qo3 > 3.8x10-12with fo = 1 mHz

Boileau et al 2021 SGWB + foreground + noise Power-law, Fisher + MCMC Qo > 10-13-10-14

Adapted and extended from Boileau+ 2021

Quentin Baghi - LIDA Workshop - Nov 24th, 2022



DE LA RECHERCHE A LINDUSTRIE | | S !

CONSORTIUM 4

CONTEXT AND PROBLEM STATEMENT

Reference Model components Method Performance
Cornish and Larson 2001 SGWB + noise Cross-correlation assuming.several Qowl(f) > 7 x 10-12@3mHz
detectors, old LISA design
Adams and Cornish SGWB + noise Power law, MCMC Qo > 1.7x10° "3
Caprini et al. 2019 SGWB + noise Template-free, local fitting of power laws Qo3 > 5.4%x10-12 with fg = 1 mHz
Pieroni and Barauss 2020 SGWB + foreground + noise Template free, principal component analysis Qo > 6x10-13
Karnesis et al. 2020 SGWSB + noise Excess of power, analytical Bayes factors Qo3 > 4.2x10-12 with fo = 1 mHz
Flauger et al. 2021 SGWB + foreground + noise Template free, MCMC Qo3 > 3.8x10-12with fo = 1 mHz
— Boileau et al 2021 SGWB + foreground + noise Power-law, Fisher + MCMC Qp > 10-13-10-14
— Template-based approaches, known noise shape Adapted and extended from Boileau+ 2021

Quentin Baghi - LIDA Workshop - Nov 24th, 2022



DE LA RECHERCHE A L'INDUSTRIE | | S !

CONSORTIUM ll-

CONTEXT AND PROBLEM STATEMENT

Reference Model components Method Performance
Cornish and Larson 2001 SGWB + noise Cross-correlation assuming.several Qowl(f) > 7 x 10-12@3mHz
detectors, old LISA design
Adams and Cornish SGWB + noise Power law, MCMC Qo > 1.7x10° "3
Caprini et al. 2019 SGWB + noise Template-free, local fitting of power laws Qo3 > 5.4%x10-12 with fg = 1 mHz
Pieroni and Barauss 2020 SGWB + foreground + noise Template free, principal component analysis Qo > 6x10-13
| Karnesis et al. 2020 SGWSB + noise Excess of power, analytical Bayes factors Qo3 > 4.2x10-12 with fo = 1 mHz
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CONTEXT AND PROBLEM STATEMENT

Reference Model components Method Performance
Cornish and Larson 2001 SGWB + noise Cross-correlation assuming.several Qowl(f) > 7 x 10-12@3mHz
detectors, old LISA design

Adams and Cornish SGWB + noise Power law, MCMC Qo > 1.7x10° "3
Caprini et al. 2019 SGWB + noise Template-free, local fitting of power laws Qo3 > 5.4%x10-12 with fg = 1 mHz

Pieroni and Barauss 2020 SGWB + foreground + noise Template free, principal component analysis Qo > 6x10-13

| Karnesis et al. 2020 SGWSB + noise Excess of power, analytical Bayes factors Qo3 > 4.2x10-12 with fo = 1 mHz
Flauger et al. 2021 SGWB + foreground + noise Template free, MCMC Qo3 > 3.8x10-12with fo = 1 mHz
Boileau et al 2021 SGWB + foreground + noise Power-law, Fisher + MCMC Qo > 10-13-10-14
» Template-based approaches, known noise shape Adapted and extended from Boileau+ 2021

—» Template-free approaches, known noise shape

»  Two main limitations:
+ Assume a fixed noise shape

+ Use frequency-domain data simulations
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CONTEXT AND PROBLEM STATEMENT

» Instrumental stochastic processes must be very precisely accounted for to allow for a detection

»  We cannot fully rely on a fixed instrumental noise models (Cf. LISA Pathfinder)

»  We need

+ anoise model that is as robust and flexible as possible

N\ 7~

Our study
4+ realistic instrumental data simulations

» Nevertheless, we need to make assumptions

+ Isotropic, stationary SGWB
4+ Noise PSD is smooth on mHz scales
+ All interferometer noises are equal

+ All resolvable GW sources have been removed (!!!)
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» For a robust detection, we use 2 ingredients:
+ Model the noise and GW transfer functions as matrices

+ A generic noise model with wide priors
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d=M(Fh+7) d=(X.7,2)
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FLEXIBLE MODELLING OF NOISE

» For a robust detection, we use 2 ingredients:
+ Model the noise and GW transfer functions as matrices

+ A generic noise model with wide priors

~/

d=M(Fh+7) d=(X.7,2)

N

GW strain
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» For a robust detection, we use 2 ingredients:
+ Model the noise and GW transfer functions as matrices

+ A generic noise model with wide priors

d=M(Fh+i) d=(XY,2)
Arm response matrix GW strain
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» For a robust detection, we use 2 ingredients:
+ Model the noise and GW transfer functions as matrices

+ A generic noise model with wide priors

J:M(Fil+ﬁ)\ d = (X,Y,Z)T

Arm response matrix GW strain Single-link noise vector
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» For a robust detection, we use 2 ingredients:
+ Model the noise and GW transfer functions as matrices

+ A generic noise model with wide priors

J:M(Fiz+fi)\ d=(X.7.2)
N

TDI response matrix Single-link noise vector

Arm response matrix GW strain
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» For a robust detection, we use 2 ingredients:
+ Model the noise and GW transfer functions as matrices

+ A generic noise model with wide priors
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TDI response matrix Arm response matrix GW strain Single-link noise vector

C,= Cov(d) = R, S,(8,)+R S (6,
T

Full TDI covariance

Quentin Baghi - LIDA Workshop - Nov 24th, 2022



LIS A

CONSORTIUM

FLEXIBLE MODELLING OF NOISE

6
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» For a robust detection, we use 2 ingredients:
+ Model the noise and GW transfer functions as matrices

+ A generic noise model with wide priors

TDI data ——> J=M(Fiz+fi)\ d=(XY,2)

TDI response matrix Arm response matrix GW strain Single-link noise vector
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T T T

Full TDI covariance GW strain PSD Noise PSD

Quentin Baghi - LIDA Workshop - Nov 24th, 2022



LIS A

CONSORTIUM

FLEXIBLE MODELLING OF NOISE

6

» For a robust detection, we use 2 ingredients:
+ Model the noise and GW transfer functions as matrices

+ A generic noise model with wide priors

TDI data — J:M(Fiz+fi)\ d= (X, Y,Z)T

TDI response matrix Arm response matrix GW strain Single-link noise vector

Transfer matrices diagonal terms

C,= Cov(d) = R, S,(8,)+R S (6,

i A

Full TDI covariance GW strain PSD Noise PSD
1074
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FLEXIBLE MODELLING OF NOISE

»  Set of cubic splines to model the single-link noise log-PSD:

K-1
log S,(f) = ) ¢;B; (f.€
J=0
Spline amplitudes Spline locations
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»  Set of cubic splines to model the single-link noise log-PSD:

K-1
log S,(f) = ) ¢;B; (f.€
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Spline amplitudes Spline locations

» Power-law template to model the SGWB PSD:
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»  Set of cubic splines to model the single-link noise log-PSD:

K-1
log S,(f) = D, ¢B; (f.€
J=0
Spline amplitudes Spline locations

» Power-law template to model the SGWB PSD:

3o Q2 = € /
e 0 =o( £

n

Sp(f) =Q,(f)

Energy density
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FLEXIBLE MODELLING OF NOISE

»  Set of cubic splines to model the single-link noise log-PSD:

K-1
log S,(f) = D, ¢B; (f.€
J=0
Spline amplitudes Spline locations

» Power-law template to model the SGWB PSD:

3o Q2 = € /
e 0 =o( £

n

>

Sp(f) =Q,(f)

Energy density  Power-law index
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DATA COMPRESSION

» To reduce the data size we average the periodogram (x 100 compression)

10_18 — | | | R | | L | =
F— XX, raw -

10-19 = XK smoothed = P(f) =d(H)d(f)
- J+m

1020 P(f)= ) dfyd(f)’
E k=j—m

PSD [Hz 2]
S

———

10~ 10~ 10~
Frequency [Hz]
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DATA COMPRESSION

» To reduce the data size we average the periodogram (x 100 compression)

10_18 § I I I R | I L | §
- ——— XX, raw .
1019~ XX smoothed —— P(f) = d(H)d(f)!
- jm
100k P(fy = 2, dfdf)’
TN s k=j—m
= jo-21f
- S
7)) [
< u
10722 |

10—23 |

-24 N | I |
10710 107 10~

Frequency [Hz]

» The distribution of the averaged periodogram is a complex Wishart distribution
log p(P(f)|60) = — tr(wC'P(f)) — vlog | C,(f) ] .
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DETECTION APPROACH

» Data analysis :

+ Sampling posterior distributions with parallel tempered MCMC
+ Uniform priors on GW parameters Q,, € [10716, 10714l and n € [-5,7]

+ Uniform prior on noise PSD level: 1 order of magnitude deviation allowed
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DETECTION APPROACH

» Data analysis :
+ Sampling posterior distributions with parallel tempered MCMC
+ Uniform priors on GW parameters Q,, € [1071%, 10" and n € [-5, 7]

+ Uniform prior on noise PSD level: 1 order of magnitude deviation allowed

» Detection using Bayesian model comparison

- - )
+ Hypothesis Ho: only noise in the data ¢ = M7

+ Hypothesis Hq: presence of a SGWB 4 = M(Fil + ﬁ)
\ J
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DETECTION APPROACH

» Data analysis :

+ Sampling posterior distributions with parallel tempered MCMC
+ Uniform priors on GW parameters Q,, € [10716, 10714l and n € [-5,7]

+ Uniform prior on noise PSD level: 1 order of magnitude deviation allowed

» Detection using Bayesian model comparison

— - )
+ Hypothesis Ho: only noise in the data ¢ = M7
+ Hypothesis Hq: presence of a SGWB d = M(FE + ﬁ)
L _J

»  Aim: compute the Bayes factors for a range of configurations (€2, ,, 1)

/
Z; = J p(d| 0, H)p0)do B,, = ~1
® ZO
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RESULTS: POSTERIORS

»  Example with n =0, Qo = 1.8e-13
» Data contains noise + signal

» Model includes noise + signal (H1)

19 Single-link noise PSD estimation
10 N I I R DR | [ R R | | N

— Estimate @ True PSD —— Knots
log Qcw = —29.50%933

n=-1.05939 -21 L1111l L1
S T T 107707 1073 102 10~!
Q.Q - T T T TTT] T T T TTT] T T T TT1
= /Q(-O < 0.1 m
Sy 9
o
S
/\. L1 1 L1 11l L1 11l I R
PESNSNINRIN 107 10 102 10!
n Frequency [Hz]
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Under H1
10_18 | | LS ITIDII)I(IIIIII | | |
—— Estimated noise PSD Pl
107 ---- True noise PSD
—— Estimated SGWB PSD /\ j
107" ===~ True SGWB PSD i
%: -2 Excluded frequencies
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Frequency [Hz]

Quentin Baghi - LIDA Workshop - Nov 24th, 2022



LIS A

CONSORTIUM 11

RESULTS: POSTERIORS

Under H1 Under HO
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Under H1
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RESULTS: POSTERIORS
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RESULTS: BAYES FACTORS
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RESULTS: BAYES FACTORS
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Example: cosmic string model
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»  But for some extreme values of n it's hard to converge to accurate posteriors (ambiguity)
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»  But for some extreme values of n it's hard to converge to accurate posteriors (ambiguity)
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»  But for some extreme values of n it's hard to converge to accurate posteriors (ambiguity)
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B o> 100 = Large evidence for H1
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CONCLUSIONS

» We assumed no prior knowledge on the noise shape except smoothness

» Demonstrated that detection is possible

» Mainly depend on SNR for -2 < n < 3, but SGWB shape may impact parameter estimation accuracy

» Need to go beyond:
+ More realistic simulations: different noise levels in interferometers
+ Include other stochastic processes (Galaxy)

» The ultimate goal (if realisable): agnostic estimation of both signal and noise?
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CONCLUSIONS

» We assumed no prior knowledge on the noise shape except smoothness

» Demonstrated that detection is possible

» Mainly depend on SNR for -2 < n < 3, but SGWB shape may impact parameter estimation accuracy

» Need to go beyond:
+ More realistic simulations: different noise levels in interferometers
+ Include other stochastic processes (Galaxy)

» The ultimate goal (if realisable): agnostic estimation of both signal and noise?

Thank you for your attention !
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Michelson TDI covariance

Transfer matrices diagonal terms

— X noise
X GW
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Frequency [Hz]
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10—10

10—12

Transfer matrix 11 terms

Diagonalized TDI covariance

— 11 noise
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BACKUP SLIDES
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DE LA RECHERCHE A LINDUSTRIE
—

BACKUP SLIDES
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