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Why is it important”?
Absolute calibration

Interferometer calibration
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Calibration: Converting PD output to strain
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Basic LIGO interferometric schematic
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What is calibration?

Absolute calibration

Interferometer calibration
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Science enabled by accurate calibration

GW170817: Independent measurement of

Testing Hawking’s Area Law: GW250114 with network SNR ~ 80
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Science enabled by accurate calibration

Testing Hawking’s Area Law: GW250114 with network SNR ~ 80

Hanford, Washington (LHO)

Independent measurement of Hubble parameter

Livingston, Louisiana (LLO)
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How do we calibrate length variations”? Photon calibrators
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But, local elastic deformations ...

T T 1 = = = pendulum response
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Use two beams:
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Use two beams, diametrically opposed
away from centre of the mirror

E. Goetz, et al. Class. Quantum Grav. 26 (2009) 245011
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Beam locations

"‘Butterfly” mode ~6 kHz “Drumhead” mode ~8 khHz

Eigenfrequency=8151.302318
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And unintended rotation ...

s R
Penultimate
Mass t?
Credit: G. Billingsley
Pcal Beams
—y
-
Ifo beam * ¢
Test Mass
- J
2cos@ M _, —
xX(w) =~ — Pw)|l1+—(a - b)
Mc w? I

Accurate and precise power estimate
(on ETM) provide accurate and precise
displacement calibration

LIGO India DetChar Workshop, Dec. 2025
12



Power sensor calibration
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Power sensor calibration propagation at Pcal lab
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Power sensor calibration propagation to end station sensors

LHO

® EXLHO: ref. = 10626.6 ct/W
® EY LHO: ref. = 10573.9 ct/W
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Unknown and unaccounted
systematic error at both end
stations - under investigation

S50th seem to follow each other
- Indication of temperature
dependence




Temporal variations in Pcal-induced displacement fiducials
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Slight detour: Virgo used Ncals
system, even If uncalibrated, wil

LIGO India DetChar Workshop, Dec. 2025

to call
help

orate their 1

‘0 during O4. Adding a Ncal to the LIGO

N iInvestiga

INg unknown systematics.

D. Bhattacharjee, et al. Class. Quantum Grav. 38 (2021) 015009

16



Calibrated displacement fiducials
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What is calibration?
Why is it important”?

Absolute calibration
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Back to basic LIGO interferometric schematic
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O reconstruct the timeseries for strain

1
h(t) L = 5 * depy + A x Aetr]

h(t) = R * dop (1)

Frequency-domain response function:
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The feedback control loop (DARM loop)
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The feedback control loop (DARM loop)
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The feedback control loop (DARM loop)
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SenS|ng fUﬂCtIOn - |Inverse sensing function
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Actuation function

Mechanical response of each stage of pendulum
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Calibration lines to track time-dependent parameter
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Going back to DARM loop: reconstructing h(t)

Calibration involves inversing the effect of Sensing, Digital
Filter and Actuation to reconstruct the timeseries for strain
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of the response function:

Ne = R(meas) / R(model)
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Calibration process: broad steps

1. Before run starts Pcal is calibrated

Construct a stati
function by maki
estimating remail

c reference model of the response
ng interferometric measurements and
ning physical parameters.

Take weekly “swept sine” measurements throughout

the run to track time dependence of the parameters
throughout the run

Compute residuals between the the model and

measurements after correcting for time dependent

variations

Construct probability distribution of 77 using GPR

The median represents systematic error

LIGO India DetChar Workshop, Dec. 2025
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Calibration process: broad steps

Before run starts Pcal is calibrated

Construct a stat
function by maki
estimating remai

c reference model of the response
ng interferometric measurements and
ning physical parameters.

-15 A

|irneasusrern§enjtsé

107'®

1 I I A1 | O B MR

—t —h
< <
= J
I TTTIN A DI T Prr 1]

DARM Displacement (m/Hz'"?)

Take weekly “swept sine” measurements throughout
the run tc ime dependence of the paramete

thro

1 0—21

I o I 1 e R

@, [\

We will do a couple of these steps at the hands-on session
tomorrow...
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How accurately we reconstruct h(t)?

H1 Calibration Error and Uncertainty
2025-11-23 17:24:08.195077+00:00 [GPS 1447953866.195077]

—. 10

.°\_°. i

gl_ Current overall calibration systematic error is ~ 2% in the

= 5 sensitive frequency band region, 20Hz - 2000Hz .

% g e To Uncertainty \ L. Sun et.al Class. Quantum Grav. 37 225008 (2020)
-100 50 50 160 200 500 1000 2000 5000

- Sufficiently small for astrophysical parameter estimation
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3 Vitale et. al arXiv:2009.10192 (2020).

= 0 Payne et. al Phys Rev D. 102.12 (2020): 122004

':_:' —85‘ Median  ----- 1o Uncertainty
10750 50 100 200 500 1000 2000 5000

Frequency [Hz]

LIGO India DetChar Workshop, Dec. 2025
30


https://dx.doi.org/10.1088/1361-6382/abb14e

Questions?
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