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What is calibration? 

Why is it important? 

Absolute calibration 

Interferometer calibration
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Calibration: Converting PD output to strain

Slide by Madeline Wade
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Basic LIGO interferometric schematic
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Without calibration there is no h(t)
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What is calibration? 

Why is it important? 

Absolute calibration 

Interferometer calibration
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Science enabled by accurate calibration
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Testing Hawking’s Area Law: GW250114 with network SNR ~ 80 GW170817: Independent measurement of 
Hubble parameter

Phys. Rev. Lett. 135, 111403 Nature 551, 85-88 
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Science enabled by accurate calibration

7

Testing Hawking’s Area Law: GW250114 with network SNR ~ 80 Independent measurement of Hubble parameter

Phys. Rev. Lett. 135, 111403 Nature 551, 85-88 

Any consistent systematic error in 
calibration of LIGO detectors will inhibit our 

ability to make these measurements  
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What is calibration? 

Why is it important? 

Absolute calibration 

Interferometer calibration
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How do we calibrate length variations? Photon calibrators
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Known force exerted by a reflecting beam For a free mass:

x(ω) = −
2 cos θ
Mω2c

P(ω)

F(ω) =
2 cos θ

c
P(ω)
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But, local elastic deformations …
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Use two beams:

S. Hild, et al., Class. Quantum Grav. 24 (2007) 5681 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
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• M. Afrin Badhan et al. LIGO T090401 (2009) 
• P. Daveloza, et al. LIGO-G1200900 (2012) 
• N. De Lillo and S. Kandhasamy LIGO-T1700213 (2017) 
• S. Karki LIGO-P1900217 (2019) 

Locate beams close to nodal circle 
for “Drumhead” mode

“Butterfly” mode ~6 kHz       “Drumhead” mode ~8 kHz 
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And unintended rotation … 
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Credit: G. Billingsley 

Uncertainty in Pcal-induced 
displacement

Accurate and precise power estimate 
(on ETM) provide accurate and precise 
displacement calibration
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Power sensor calibration
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Credit: G. Billingsley 

A.Vaskuri, et al., Opt. Express 29 (2021) 22533-52 
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Power sensor calibration propagation at Pcal lab
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Power sensor calibration propagation to end station sensors
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R. Savage

Unknown and unaccounted 
systematic error at both end 
stations - under investigation 

Both seem to follow each other 
- indication of temperature 
dependence
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Temporal variations in Pcal-induced displacement fiducials
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al 

X/
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 c
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This method tells us relative Pcal calibration variations - NOT the common part 

Slight detour: Virgo used Ncals to calibrate their ifo during O4. Adding a Ncal to the LIGO 
system, even if uncalibrated, will help in investigating unknown systematics.

D. Bhattacharjee, et al. Class. Quantum Grav. 38 (2021) 015009 
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Calibrated displacement fiducials
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LHO: 0.29%


LLO: 0.15%

LHO has higher uncertainty than 
LLO due to larger rotational 
uncertainty



LIGO India DetChar Workshop, Dec. 2025
18

What is calibration? 

Why is it important? 

Absolute calibration 

Interferometer calibration
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Back to basic LIGO interferometric schematic
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Phys. Rev. D 96, 102001

Keeping the detector “locked” involves: 

Lots of active seismic isolation 
(including quad. pendulum system) 

AND control loop applied to readout 
signal
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DARM loop: reconstructing h(t)
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h(t) = R ⇤ derr(t)
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To reconstruct the timeseries for strain  

Frequency-domain response function:

R̃(f) =
1

C̃(f)
+ Ã(f)D̃(f)
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The feedback control loop (DARM loop)

21
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Phys. Rev. D 96, 102001

DARM 
length 

variations
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The feedback control loop (DARM loop)
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• Low pass filters to isolate the lower frequency 
actuation 
 

• Notch filters to ensure that actuators are  NOT 
actuating at the resonant frequencies 
•
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The feedback control loop (DARM loop)

23

Input Test 
Mass X 

End Test 
Mass X 

4 km
High Range
Electrostatic 

Actuator

From 
Laser

To
GW Readout Port

Low Noise
Electrostatic 

Actuator

Y 
Ar

m

X Arm

End Test 
Mass Y 

Input Test 
Mass Y 

4 
km

Top Mass

Upper 
Intermediate 
Mass (U)

Test Mass (T)

Penultimate
Mass (P)

Electromagnetic
Actuators

Phys. Rev. D 96, 102001
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Sensing function

24

• Transfer function from the differential arm 
(DARM) displacement to photodetector 
output current 

• Below 1 kHz determined by Fabry-Perot 
cavity response and the signal recycling 
cavity response  

• Above 1 kHz determined by ADC 
process

C̃(f ; t) = C(t)HC

✓
1

1 + iff
�1
cc (t)

◆✓
f
2

f2 + f2
s (t)� iffs(t)Q�1(t)

◆
CR(f) exp(�2⇡if⌧C)

<latexit sha1_base64="zzcpTOTSIv2sP1uJMypbvYmLKf4="></latexit>

Let’s look at some of the elements:
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Actuation function
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Low Noise
Electrostatic 

Actuator

Y 
Ar

m

X Arm

End Test 
Mass Y 

Input Test 
Mass Y 

4 
km

Top Mass

Upper 
Intermediate 
Mass (U)

Test Mass (T)

Penultimate
Mass (P)

Electromagnetic
Actuators

⇠ 1/f6
<latexit sha1_base64="dPAoUDBNpIxDK3309JpiIQ7iDRo=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU91VUY9FLx4r2A9s15JNs21okl2SrFCW/gsvHhTx6r/x5r8x3e5BWx8MPN6bYWZeEHOmjet+O4Wl5ZXVteJ6aWNza3unvLvX1FGiCG2QiEeqHWBNOZO0YZjhtB0rikXAaSsY3Uz91hNVmkXy3oxj6gs8kCxkBBsrPXQ1E8g7CR8veuWKW3UzoEXi5aQCOeq98le3H5FEUGkIx1p3PDc2foqVYYTTSambaBpjMsID2rFUYkG1n2YXT9CRVfoojJQtaVCm/p5IsdB6LALbKbAZ6nlvKv7ndRITXvkpk3FiqCSzRWHCkYnQ9H3UZ4oSw8eWYKKYvRWRIVaYGBtSyYbgzb+8SJqnVe+s6t2dV2rXeRxFOIBDOAYPLqEGt1CHBhCQ8Ayv8OZo58V5dz5mrQUnn9mHP3A+fwBIU5AA</latexit>

⇠ 1/f4
<latexit sha1_base64="PsrlmbubE6SFxW+4YaQBmq57uAc=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU93Vgh6LXjxWsB/YriWbZtvQJLskWaEs/RdePCji1X/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89hNVmkXy3kxi6gs8lCxkBBsrPfQ0E8g7Cx9r/XLFrbozoGXi5aQCORr98ldvEJFEUGkIx1p3PTc2foqVYYTTaamXaBpjMsZD2rVUYkG1n84unqITqwxQGClb0qCZ+nsixULriQhsp8BmpBe9TPzP6yYmvPJTJuPEUEnmi8KEIxOh7H00YIoSwyeWYKKYvRWREVaYGBtSyYbgLb68TFrnVe+i6t3VKvXrPI4iHMExnIIHl1CHW2hAEwhIeIZXeHO08+K8Ox/z1oKTzxzCHzifP0VLj/4=</latexit>

⇠ 1/f2
<latexit sha1_base64="SbO1IPNBullgwcg+PRnVY902EDo=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU92tgh6LXjxWsB/YriWbZtvQJLskWaEs/RdePCji1X/jzX9jut2Dtj4YeLw3w8y8IOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvpn57SeqNIvkvZnE1Bd4KFnICDZWeuhpJpB3Fj7W+uWKW3UzoGXi5aQCORr98ldvEJFEUGkIx1p3PTc2foqVYYTTaamXaBpjMsZD2rVUYkG1n2YXT9GJVQYojJQtaVCm/p5IsdB6IgLbKbAZ6UVvJv7ndRMTXvkpk3FiqCTzRWHCkYnQ7H00YIoSwyeWYKKYvRWREVaYGBtSyYbgLb68TFq1qnde9e4uKvXrPI4iHMExnIIHl1CHW2hAEwhIeIZXeHO08+K8Ox/z1oKTzxzCHzifP0JDj/w=</latexit>

Mechanical response of each stage of pendulum

Ã(f ; t) =
h
U (t)ÃU (f) + P (t)ÃP (f) + T (t)ÃT (f)

i
exp(�2⇡if⌧A)

<latexit sha1_base64="wR9BsaUmZXjMFiaJCsfTQ42P8ls="></latexit>



LIGO India DetChar Workshop, Dec. 2025

Calibration lines to track time-dependent parameter

26

Time-dependent parameters 
are tracked using narrow-band 
sinusoidal injections 
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Going back to DARM loop: reconstructing h(t)

27

h(t) = R ⇤ derr(t)
<latexit sha1_base64="yhgOFyshd/OD7sXaq8xtEQTV54Y=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFiEeimJCOpBKHrxWMXYQhPCZrNtl24+2J0IJfTixb/ixYOKV3+EN/+N2zYHbX0w8Hhvhpl5QSq4Asv6NkoLi0vLK+XVytr6xuaWub1zr5JMUubQRCSyHRDFBI+ZAxwEa6eSkSgQrBUMrsZ+64FJxZP4DoYp8yLSi3mXUwJa8s39fg2O8AW+xS5RgEM/d2WEmZQjrftm1apbE+B5Yhekigo0ffPLDROaRSwGKohSHdtKwcuJBE4FG1XcTLGU0AHpsY6mMYmY8vLJFyN8qJUQdxOpKwY8UX9P5CRSahgFujMi0Fez3lj8z+tk0D3zch6nGbCYThd1M4EhweNIcMgloyCGmhAqub4V0z6RhIIOrqJDsGdfnifOcf28bt+cVBuXRRpltIcOUA3Z6BQ10DVqIgdR9Iie0St6M56MF+Pd+Ji2loxiZhf9gfH5AxLWlps=</latexit><latexit sha1_base64="yhgOFyshd/OD7sXaq8xtEQTV54Y=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFiEeimJCOpBKHrxWMXYQhPCZrNtl24+2J0IJfTixb/ixYOKV3+EN/+N2zYHbX0w8Hhvhpl5QSq4Asv6NkoLi0vLK+XVytr6xuaWub1zr5JMUubQRCSyHRDFBI+ZAxwEa6eSkSgQrBUMrsZ+64FJxZP4DoYp8yLSi3mXUwJa8s39fg2O8AW+xS5RgEM/d2WEmZQjrftm1apbE+B5Yhekigo0ffPLDROaRSwGKohSHdtKwcuJBE4FG1XcTLGU0AHpsY6mMYmY8vLJFyN8qJUQdxOpKwY8UX9P5CRSahgFujMi0Fez3lj8z+tk0D3zch6nGbCYThd1M4EhweNIcMgloyCGmhAqub4V0z6RhIIOrqJDsGdfnifOcf28bt+cVBuXRRpltIcOUA3Z6BQ10DVqIgdR9Iie0St6M56MF+Pd+Ji2loxiZhf9gfH5AxLWlps=</latexit><latexit sha1_base64="yhgOFyshd/OD7sXaq8xtEQTV54Y=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFiEeimJCOpBKHrxWMXYQhPCZrNtl24+2J0IJfTixb/ixYOKV3+EN/+N2zYHbX0w8Hhvhpl5QSq4Asv6NkoLi0vLK+XVytr6xuaWub1zr5JMUubQRCSyHRDFBI+ZAxwEa6eSkSgQrBUMrsZ+64FJxZP4DoYp8yLSi3mXUwJa8s39fg2O8AW+xS5RgEM/d2WEmZQjrftm1apbE+B5Yhekigo0ffPLDROaRSwGKohSHdtKwcuJBE4FG1XcTLGU0AHpsY6mMYmY8vLJFyN8qJUQdxOpKwY8UX9P5CRSahgFujMi0Fez3lj8z+tk0D3zch6nGbCYThd1M4EhweNIcMgloyCGmhAqub4V0z6RhIIOrqJDsGdfnifOcf28bt+cVBuXRRpltIcOUA3Z6BQ10DVqIgdR9Iie0St6M56MF+Pd+Ji2loxiZhf9gfH5AxLWlps=</latexit><latexit sha1_base64="yhgOFyshd/OD7sXaq8xtEQTV54Y=">AAACBHicbVBNS8NAEN3Ur1q/oh71sFiEeimJCOpBKHrxWMXYQhPCZrNtl24+2J0IJfTixb/ixYOKV3+EN/+N2zYHbX0w8Hhvhpl5QSq4Asv6NkoLi0vLK+XVytr6xuaWub1zr5JMUubQRCSyHRDFBI+ZAxwEa6eSkSgQrBUMrsZ+64FJxZP4DoYp8yLSi3mXUwJa8s39fg2O8AW+xS5RgEM/d2WEmZQjrftm1apbE+B5Yhekigo0ffPLDROaRSwGKohSHdtKwcuJBE4FG1XcTLGU0AHpsY6mMYmY8vLJFyN8qJUQdxOpKwY8UX9P5CRSahgFujMi0Fez3lj8z+tk0D3zch6nGbCYThd1M4EhweNIcMgloyCGmhAqub4V0z6RhIIOrqJDsGdfnifOcf28bt+cVBuXRRpltIcOUA3Z6BQ10DVqIgdR9Iie0St6M56MF+Pd+Ji2loxiZhf9gfH5AxLWlps=</latexit>

h(t) L =
1

C
⇤ derr +A ⇤ dctrl

<latexit sha1_base64="efF2Juljcnci2kb6L4RZtRfHtNI=">AAACIHicbVDJSgNBEO2Je9xGPXopDEJUCDMq6EVwuXjwoGASIRNCT6cnadKz0F0jhGE+xYu/4sWDInrTr7ETAy7xQcHjvSqq6vmJFBod590qTExOTc/MzhXnFxaXlu2V1ZqOU8V4lcUyVjc+1VyKiFdRoOQ3ieI09CWv+72zgV+/5UqLOLrGfsKbIe1EIhCMopFa9kG3jFvgwQUcgRcoyjI3z85y2IZ2K/NUCFypHHbg5FthqGTesktOxRkCxok7IiUywmXLfvPaMUtDHiGTVOuG6yTYzKhCwSTPi16qeUJZj3Z4w9CIhlw3s+GDOWwapQ1BrExFCEP150RGQ637oW86Q4pd/dcbiP95jRSDw2YmoiRFHrGvRUEqAWMYpAVtoThD2TeEMiXMrcC61MSEJtOiCcH9+/I4qe1W3L2Ke7VfOj4dxTFL1skGKROXHJBjck4uSZUwckceyBN5tu6tR+vFev1qLVijmTXyC9bHJ/IjoGw=</latexit>

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

Frequency-domain response function:

R̃(f) =
1

C̃(f)
+ Ã(f)D̃(f)

<latexit sha1_base64="EaDRXDyxxm7BI+sdHZdNKEgNpBE=">AAACJ3icbZBLS8NAEMc39VXrK+rRy2IRKkJJpKIXpVoPHqvYBzShbDabdunmwe5GKCHfxotfxYugInr0m7hpc9DWgYXf/GeG2fk7EaNCGsaXVlhYXFpeKa6W1tY3Nrf07Z22CGOOSQuHLORdBwnCaEBakkpGuhEnyHcY6TijRlbvPBAuaBjcy3FEbB8NAupRjKSS+vqFJSlzSXKXVrxDeA4tjyOcmGmS641MT4/y7DLLcr7OuK+XjaoxCTgPZg5lkEezr79abohjnwQSMyREzzQiaSeIS4oZSUtWLEiE8AgNSE9hgHwi7GRyZwoPlOJCL+TqBRJO1N8TCfKFGPuO6vSRHIrZWib+V+vF0juzExpEsSQBni7yYgZlCDPToEs5wZKNFSDMqforxEOknJLK2pIywZw9eR7ax1WzVj25rZXrV7kdRbAH9kEFmOAU1MENaIIWwOARPIM38K49aS/ah/Y5bS1o+cwu+BPa9w8He6Vu</latexit>

ηR = R(meas) / R(model)

Frequency dependent systematic error 
of the response function:
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1. Before run starts Pcal is calibrated 

2. Construct a static reference model of the response 
function by making interferometric measurements and 
estimating remaining physical parameters. 

3. Take weekly “swept sine” measurements throughout 
the run to track time dependence of the parameters 
throughout the run 

4. Compute residuals between the the model and 
measurements after correcting for time dependent 
variations 

5. Construct probability distribution of  using GPR 

6. The median represents systematic error 

ηR
Residual errorTransfer functon

Pcals used for  swept sine 
measurements

H1 Sensing example; 
similar for 3 actuation stages

Calibration process: broad steps
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1. Before run starts Pcal is calibrated 

2. Construct a static reference model of the response 
function by making interferometric measurements and 
estimating remaining physical parameters. 

3. Take weekly “swept sine” measurements throughout 
the run to track time dependence of the parameters 
throughout the run 

4. Compute residuals between the the model and 
measurements after correcting for time dependent 
variations 

5. Construct probability distribution of  using GPR 

6. The median represents systematic error 

ηR
Residual errorTransfer functon

Pcals used for  swept sine 
measurements

H1 Sensing example; 
similar for 3 actuation stages

We will do a couple of these steps at the hands-on session 
tomorrow…

Calibration process: broad steps
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How accurately we reconstruct h(t)?

Current overall calibration systematic error is ~ 2% in the 
sensitive frequency band region, 20Hz - 2000Hz . 

 L. Sun et.al Class. Quantum Grav.  37 225008 (2020) 

Sufficiently small for astrophysical parameter estimation  

Vitale et. al arXiv:2009.10192 (2020). 
Payne et. al Phys Rev D. 102.12 (2020): 122004  

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


