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Active feedback system :
- GW strain
Test mass displacement +

Calibration J(f) = R(f)derr(f)

Goal of calibration - to determine the detector response function R(f)
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e Current method - instrumental calibration:
a. Inject known forces (Pcals, NCals) to measure the frequency response [1]
b. Estimated ~every hour

e Accurate calibration paramount for detection and accurate PE
— test of GR, population studies, inference of cosmological parameters, detection of isotropic
GWB...[6,7, 8]

e Critical precision required for 3G detectors

e Alternative proposed methods:
a. Astrophysical calibration, based on EM observations [3, 4]
b.  Self-calibration for GW detector networks, using Sagnac-based null stream and
matched-filtering analysis [5]
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Null-stream calibration (ET, LISA)
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If the detectors are uncalibrated




Null-stream calibration

Complex Antenna

calibration response  GW polarizations
Measured data
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Null-stream calibration

Complex Antenna

calibration response  GW polarizations
Measured data

errors \ \ / Detector noise

~

d(f) = C(f;0)Fh(f) + @(f)

Null stream: Z(f) — Pnull(f; H)awhitened(f)
Calibration parameters [9]: C](fk‘) — [1 + 5Aj(fk)] 6i5¢j(fk)




Null-stream calibration

Log-likelihood in 1

time-frequency domain: ~ log p(d|@) = Z ~3 ZTr(t5, fi; 9)|2 ~+ constant
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Null-stream calibration

Log-likelihood in 1 9
time-frequency domain: 10gp(d|9) = Z ~3 |ZTF (tj, fr; 9)| + constant
7,kEL

Advantages:

e Non-invasive method

e Complementinstrumental calibration

e Useall GW signals

e No waveform modelling or EM counterpart needed

e No assumptions on the validity of GR



Proof-of-concept study for ET

e Analysis of 15 data segments containing one BBH signal and calibration errors
o SNRuniformly spanning 20 to 300 (typical values for ET)
o Higher SNR —> larger calibration-induced leakage into the null stream




Proof-of-concept study for ET

e Analysis of 15 data segments containing one BBH signal and calibration errors
o SNRuniformly spanning 20 to 300 (typical values for ET)
o Higher SNR —> larger calibration-induced leakage into the null stream

e Injected calibration errors
o Cubicspline foramplitude and phase errors at 10 frequency knots
o Informed by the calibration uncertainties of LIGO Livingston during O3
o  Selected to maximise the calibration-induced leakage into the null stream




Proof-of-concept study for ET

e Analysis of 15 data segments containing one BBH signal and calibration errors
o SNRuniformly spanning 20 to 300 (typical values for ET)
o Higher SNR —> larger calibration-induced leakage into the null stream

e Injected calibration errors
o Cubicspline foramplitude and phase errors at 10 frequency knots
o Informed by the calibration uncertainties of LIGO Livingston during O3
o  Selected to maximise the calibration-induced leakage into the null stream

e Gaussian priors at each frequency knot
o Informed by the calibration uncertainties of LIGO Livingston during O3
o  Reflects constraints from instrumental calibration




Results - part 1
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Degeneracies in the method

Two keys degeneracies in the null-stream calibration

1. Common mode degeneracy
o Likelihood invariant under a common scaling of C(f;8)
o Relative calibration errors more constrained than absolute errors
o  Partially broken by priors from instrumental calibration

2. Degeneracy from polarized GW signal
o Two equivalent solutions exist for C(f; 0)
o Broken by multiple GW signals overlapping in the frequency domain




Degeneracies in the method

Two keys degeneracies in the null-stream calibration

1. Common mode degeneracy
o Likelihood invariant under a common scaling of C(f;8)
o Relative calibration errors more constrained than absolute errors
o  Partially broken by priors from instrumental calibration

2. Degeneracy from polarized GW signal
o Two equivalent solutions exist for C(f; 0)
o Broken by multiple GW signals overlapping in the frequency domain

e Additional analysis with two and three BBH signals
o Same injected calibration errors
o Null stream SNR fixed to 26.3

S
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Results - part 2
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Results - part 2 - relative calibration 32Hz
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Conclusions

1. Building on [5], we developed a method for calibration using the null stream
o Model-independent
o  Free from systematics
o Complements, rather than replaces, instrumental calibration techniques

2. We performed a proof-of-concept study for ET
o  Constraints on calibration errors tighten linearly with increasing SNR
o Better constraints for multiple frequency-overlapping signals

3. We provide a practical implementation of the null-stream calibration in a python package
-nullcal (public soon)
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Future prospects

Follow-up studies:
e Userealistic ET scenario (astrophysical population and detection rates)

e Model GW signals together with the null-stream

e [stimate of the level of calibration error achieved with null-stream calibration

e Implication of the level calibration on the science case of ET
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Future prospects

Follow-up studies:
e Userealistic ET scenario (astrophysical population and detection rates)

e Model GW signals together with the null-stream

e [stimate of the level of calibration error achieved with null-stream calibration

e Implication of the level calibration on the science case of ET

Thank you!
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Injected calibration errors
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Relative calibration - 3 signals - all frequencies
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BBH parameters

TABLE I. Source parameters of the binary black hole signals in the injections. The masses are given in the detector frame.

Parameter Value Unit
Primary mass m, 35.6 Mg
Secondary mass mo 30.6 Mg
Aligned spin (1) x1 0.3 =

Aligned spin (2) x2 0.36 -

Right ascension « 1.97 rad
Declination ¢ -1.21 rad
Polarization angle ¢ 1.6 rad
Inclination angle ¢ 2.68 rad
Coalescence time t. 1126259462 S

Coalescence phase ¢. 0.0 rad




