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[F) README.md

Calibration Tutorial

Initial Set Up

We will use conda just like we did in the detchar tutorial.

+

wesroiZl Q0 History

Manage branch rules

Last update

11 hours ago

11 hours ago

1 hours ago

11 hours ago

For this tutorial, we will make use of pyDARM . You can add pyDARM to an existing conda environment, or create a new environment.

conda create =n IGWN_pydarm -c conda-forge pydarm ipykernel jupyterlab
conda activate IGWN_pydarm

Just like the detchar tutorial, you ¢an start up jupyterlab via

jupyter lab

or you can open this notebook in VS code or another notebook viewer you prefer.
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Calibration Introduction and
Tutorial

Dr. Elenna Capote
Scientist, LIGO Hanford Observatory
IGWN Pl Summer School
August 13, 2026

Adapted from G2100685 by M. Wade
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ALgree = ALy (t) — AL, (t)
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The test masses are not “free

» Feedback control is
required to maintain

detector observation state

» Actuation is distributed

across a variety of actuators
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“DARM” Control Loop
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Reconstruct ALfy e,

‘AL | o i * Goal: reconstruct
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Reconstruct ALfyee

e model
ALf'roe.e - C (model) derr + Al )dctrl
_ 1+ A(model)DC(modeI)
“Response function” R(model) _
C (model)
R(model) 4 . . .
J = err Low latency strain estimate, contains
L systematic errors!
Capote Sun et al., Class. Quantum Grav. 37 225008 (2020) g

Pirsa: 26080011 Page 9/35



Sensing Function

— i L f2 e—27rif7'c
o) =rote (37775 ) (v o —immram) OO
— R i \

Fabry-Perot Optical anti- Electronics
Overall : : .
i cavity spring from signal  response and
J response recycling cavity time delay

Pirsa: 26080011 Page 10/35



Actuation Function

A(f,t) = [ku(t)Au(f) + kp(t) Ap(f) + kT (t) Az (f)] e 2™ 74
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Tutorial: Plot components of
calibration model
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pyDARM is the main tool used by the LIGO calibration team to measure and model the LIGO interferometers for calibration. We
=+ README.md will use pyDARM today to study different aspects of the DARM model used to create the calibration.
[ calib_tutorial.ipynb i
Set up local environment
> Bacbe
> B3 computing conda create -n IGWN_pydarm -c conda-forge pydarm ipykernel jupyterlab
conda activate IGWN_pydarm
> Eadetehar =Py
o Just like the detchar tutorial, you can start up jupyterlab via
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import numpy as np
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/Users/ecapote/miniforge3/envs/IGWN_PI/1lib/python3.12/site-packages/hSpy/__init__.py:34: UserWarning: hSpy is runnii
_warn(("h5py is running against HDF5 {8} when it was bvilt against {1}, "

Create a DARM model from a parameter file

All of the information used to generate a calibration model for a given LIGO detector is saved in a .ini parameter file. The
parameter file additionally references other files, such as filter files used in the LIGO digital system, to control the
interferometer. Other files, such as the measurements of the electronics response of the GW readout photodiodes, are also
referenced.

Additionally, the .ini file contains parameters fit after running calibration measurements, such s the detector optical gain,
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Calibration Tutorial

pyDARM is the main tool used by the LIGO calibration team to measure and model the LIGO interferometers for calibration. We
will use pyDARM today to study different aspects of the DARM model used to create the calibration,

Set up local environment

conda create -n IGWN_pydarm -c conda-forge pydarm ipykernel jupyterlab
conda activate IGWN_pydarm

Just like the detchar tutorial, you can start up jupyterlab via

jupyter lab

or you can open this notebook in VS code or another notebook viewer you prefer.

import pydarm
import numpy as np
impert matplotlib.pyplot as plt

Jusers/ecapote/miniforge/envs/IGWN_PI/1ib/python3.12/site-packages/hSpy/__init__.py:3é: UserWarning: hSpy is runnil
_warn{("hSpy is running against HDF5 {B} when it was buvilt against {1}, "

Create a DARM model from a parameter file

All of the information used to generate a calibration model for a given LIGO detector is saved in a .ini parameter file. The
parameter file additionally references other files, such as filter files used in the LIGO digital system, to control the
interferometer. Other files, such as the measurements of the electronics response of the GW readout photodiodes, are also
referenced.

Additionally, the .ini file contains parameters fit after running calibration measurements, such as the detector optical gain,
coupled cavity pole, and actuation strengths.

Today, we will use the data and results saved in a calibration report from LIGO Hanfard Observatory during the O4c run. The
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[metadata]
cal_data_root =

[interferometer]
name = H1

[sensing]

omc_depd_output_to_darminl_tf = 2467433

sensing_sign = 1

is_pro_spring = True

x_arm_length = 3994.4704

y_arm_length = 3994.4692

anti_aliasing_rate_string =

anti_aliasing method =

omc_path_names = A, B

adc _gain = 1,1

omg_meas_z_trans_amplifier_compensated =
_meas_p_trans_amplifier_compensated =

omc_meas_z_trans_amplifier_uncompensated =

” tutorials/calibration/report/pyds X +

Find file

1lc2e¢622 g | History |

Manage branch rules

= R ES

omc_meas_p_trans_amplifier_uncompensated = 11.08e3, 10.220e3: 11.1ée3, 10.17e3

whitening mode _names = whiteningon, whiteningoff
omc_meas_z_whitening_compensated_whiteningon = 08.996556 :
omc_meas_p_whitening compensated whiteningon = 9.902126 :
omc_meas_z_whitening_compensated_whiteningoff =
ome_meas_p_whitening compensated whiteningoff =
omc_meas_z_whitening_uncompensated_whiteningon =
omc_meas_p_whitening_uncompensated_whiteningon = 44818.38 : 44663 81
omc_meas_z_whitening_uncompensated_whiteningoff =
omc_meas_p_whitening_uncompensated_whiteningoff = 44818.38 :
super_high frequency poles apparent_delay = 2.64e-6, 2.64e-6
adc_delay_cycles = 5, §

ade_clock = 524288

0.994856
@.88272
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Create a DARM model from a parameter file

All of the information used to generate a calibration model for a given LIGO detector is saved in a .ini parameter file. The
parameter file additionally references other files, such as filter files used in the LIGO digital system, to control the
interferometer. Other files, such as the measurements of the electronics response of the GW readout photodiodes, are also
referenced.

Additionally, the .ini file contains parameters fit after running calibration measurements, such as the detector optical gain,
coupled cavity pole, and actuation strengths.

Today, we will use the data and results saved in a calibration repert from LIGO Hanford Observatory during the C4c run. The
.ini file contains all of the required model information to generate a calibration model of the detector at that time.

# defipe the model parameter f.

# model of W1 detector from Au

model = ‘report/pydarm_H1.ini'

¥ defir

freq = np.geomspace(18,1008,1008)

e freguen

# first, create a model of H1 DARM

darm_model = pydarm.darm.0ARMModel(model)

The response function
The response function, ™! is used to calculate the reconstructed strain data available in low latency.

Let's use pyDARM to calculate it, and then plot the result. The result is a complex quantity with units of meters. We can plot the
magnitude and phase in a bode plot.

# caleulate the response function

response_function = dar-m_mndelAcnmpute_respnlse_functinn(freq)

# plot response function

fig, ax = plt.subplots(2,1, sharex=True, figsize=[8,8])

ax[8] .loglog(freq, np.abs{response_function), label = 'Response, R')
ax[0].legend()

ax[0].set_ylabel('Magnitude [m]1')

ax[8].set_ylim(%e-8, Je-6)

ax[0] .grid(which="hoth")

ax[1].semilogx(freq, np.angle(response_function, deg=True))
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In [5]:

# calculate the response function

response_function = darm_model.compute_response_function(freg)
# plot res e function

fig, ax = plt.subplots(2,1, sharex=True, figsize=[8,6])
ax[9].loglog(freq, np.abs(response_function), label = 'Response, R')
ax[0].legend()

ax[8].set_ylabel('Magnitude [m]")

ax[6] .set_ylim(%e-8&, 3e-4)

ax[8].grid(which="both")

ax[1].semilogx(freq, np.angle{response_function, deg=True))
ax[1].set_ylabel('Phase [deg]')

ax[1].set_xlabel('Freguency [Hz]')

ax[1].set_ylim(-180,180)

ax[1].grid(which="minor')

out [5]:
=——Response, R
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The Actuation Function

Another companent of the response function is the actuation function, 4™ |n the LIGO intferometers, the actuation function
is actually a sum of the three actuation functions that describe the actuation response of each suspension stage used to
actuation DARM. In the calibration model, it has units of meters per count, in other words, how many meters of test mass length
change occur from a given digital count request.

# caleulate the actuation function and plot

actuation_function = darm_model.actuation.compute_actuation(freq)

# plot actuation

fig, ax = plt.subplots(2,1, sharex=True, figsize=[8,&])
ax[8].loglog(freq, np.abs{actuation_function), label = 'Actuation, A')
ax[0] . legend()

ax[8].set_ylabel('Magnitude [m/ct]')
ax[0].grid(which="'both"')

ax[8].set_ylim(1le-19, 1le-15)

ax[1] .semilogx(freq, np.angle(actuation_function, deg=True))
ax[1].set_ylabel('Phase [deg]')

ax[1].set_xlabel('Frequency [Hz]')

ax[1].set_ylim(-188,188)

ax[1].grid(which="miner"')

10*15
=——pActuation. A

10—16 L

10*17 1

Magnitude [m/ct]

10718}

10—19 2 L
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Q search files (*vue, %rb...) ax[0].loglog(freq, np.abs{uim_act), label = 'UIM')
=) o . . ax[2].legend()
5 » BJtutorials% 2Fparameter_estimation I
~ B7tutorials ax[8].set_ylim(1le-21, 3e-15)
7 ax[8] .grid(which="'both")
v 7 calibration ax[1] .semilogx(freq, np.angle(tst_act, deg=True))
(D > EIFil ax[1].semilogx(freq, np.angle(pum_act, deg=Trus))
& iles ax[1].semilogx(freq, np.angle(uim_act, deg=True))
v B3 report ax[1].set_ylabel('Phase [deg]')
[ ax[1].set_xlabel('Frequency [Hz]') l
® [y DARMOLG_SS_202... 2371838382 ax[1].set_ylim(-180,180)
1]1.grid(which="mi i
in % HI1CALCS_InverseSen... Function_ axpt]-grid (Which=tninoet)
] [ PCALY2DARM_SS_2... 082371838 out [8]:
1071%¢
[5 SUSETMX_L1.SS_2... 0823718383
e
[5 SUSETMX_L2 SS 2... 0823T1838! <
E 10—]7 L
[ SUSETMX_L3_SS_2... 0823T1838: &
2
¢ pydarm_H1ini =
o 10—19 L
=+ README.md x
|5 calib_tutorial.ipynb
10—21
> Baebe
> Facomputing
> Fadetchar
100+
» B3 parameter_estimation =
2 —_—
& gitlab-ci.yml E or
+1* README.md £
[
B bios.pdf =100} ]
| L
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Frequency [Hz]
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tg Files
In [11]:
& Q Search files (*vue, *rb...) n # caleulate the digital response of darm contral loop
digital_transfer_function = darm_model.digital.compute_response(freq
[ C )
> EJtutorials% 2Fparameter_estimation
<G>
~ E7tuterials : L
@ fig, ax = plt.subplots(2,1, sharex=True, figsize=[8,6])
v~ P73 calibration ax[8].loglog(freq, np.abs{digital_transfer_function), label = 'Digital Respaonse, D')
(D ax[8].legend()
G > EFiles ax[8].set_ylabel('Magnitude [ct/ct]')
ax[8].grid(which="'both")
rt
=) b =i ax[0].set_ylim(1e5, 2el1)
[} [ DARMOLG_SS_202... 23718383827 ax[1].semilogx(freq, np.angle(digital_transfer_function, deg=True))
i ax[1].set_ylabel('Phase [deg]') l
i % HICALCS_InverseSen... Function_ ax[1].set_xlabel('Frequency [Hz]')
@ % PCALY2DARM_SS_2... 0823T1838 ax[1].ser yLinl-189,180)
ax[1].grid(which="minor')
[5 SUSETMX_L1.SS_2... 0823718383
t [11):
® SUSETMX_L2.Ss 2. 0gz3Tieas;  °Ut (11 10 fF——pigital Response, D
[ SUSETMX_L3_55_2... 0823T1838: =
[¥]
£ pydarm_HLini g 109+
L]
=+ README.md E
" . c
|5 calib_tutorial.ipynb Eﬁ 107 L N
> Baebe
> B3 computing
puting 105
> Fadetchar
> B3 parameter_estimation
& _gitlab-ci.yml 100+
4 README.md g
=
& bios.pdf u Or
£
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—-100+
® . .
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tg Files
Q Search files (*vue, *rb...)
> EJtutorials% 2Fparameter_estimation
~ E7tutorials
~ E7 callbration
> EJFiles
~ Ez report
[y DARMOLG_SS_202... 2371838382
% HICALCS_lnverseSen... Function_ out [12]:
[y PCALY2DARM_SS_2... 082371838
[5 SUSETMX_L1.SS_2... 0823718383
[ SUSETMX_L2_SS_2... 082371838
[ SUSETMX_L3_55_2... 0823T1838:
1 pydarm_H1ini
=+ README.md
|5 calib_tutorial.ipynb
> Baebe
> Facomputing
> Fadetchar
> B3 parameter_estimation
& gitlab-ci.yml
=+ README.md

& bios.pdf

= Provide feedback
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plt
plt
plt
plt
plt
plt
plt
plt
plt
plt

Magnitude

_3 i
10 10! 107

plot(freq,
.plot(freq,
.plot(freq,
.plot(freq,

.xscale('log")
.yscale('log')
xlim(10,1008)
.ylim(le-3,5)
.xlabel('Frequency (Hz)')
.ylabel('Magnitude')
plt.grid(which="both')
plt.legend()
plt.tight_layout(}

10°

10!

+

np.abs({uim_actxdigital_transfer_function)/response_function), label='UIN')
np.abs{(pum_actxdigital_transfer_function)/response_function), label='PUM')
np.abs((tst_act*digital_transfer_function)/response_function), label='TST')
np.abs{(1/sensing_function)/response_function), label='Inv. sensing')
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Frequency (Hz)
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b4 . plt.plot(freq, np.abs({(tst_actvdigital_transfer_function)/response_function), label='TST')
ts Files plt.plot(freq, np.abs((1/sensing_function)/response_function), label='Inv. sensing')
plt.xscale('log')
& Q Search files (*vue, *rb...) plt.yscale('log')
[ . o plt.xlim(10,1608)
= » EJtutorials% 2Fparameter_estimation plt.ylin{1e-3,5)
Fd

« P tutorials plt.xlabel('Frequency (Hz]')

' plt.ylabel('Magnitude')
~ E7 calibration plt.grid(which="'bath')
v} . plt.legend()
5 > B3Files pLt.tight_layout()
~ Ez report
= out [12]:
= [y DARMOLG_SS_202... 2371838382
M % H1CALCS_InverseSen... Function_
Ju
(V. SENSIN
&3] [y PCALY2DARM_SS_2... 082371838 9 l
0
[ SUSETMX_L1.5S_2... 0823718383 10
[ SUSETMX_L2_SS_2... 0823T1838!:
[ SUSETMX_L3_55_2... 0823T1838:
{1 pydarm_H1ini
€ 10-1
=+ README.md 3 10 E
|5 calib_tutorial.ipynb §
=
> Baebe
> Facomputing \
> Fadetchar
1072
> B3 parameter_estimation
& gitlab-ci.yml
=+ README.md
& bios.pdf
1072 -
10! 102 103
Frequency (Hz)
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o] Fabry-Perot Optical anti- Electronics
i cavity spring from signal  response and
J response recycling cavity time delay

A(f,1) = s ®)Au (f) + kp () Ap(f) + r(t) Ar(f)] eI
| | | i |

Upper Penultimate ~ Testmass
intermediate  mass actuation actuation delay
mass actuation response response
response

—_— Blue parameters can change with time i
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Time Dependence: Sensing example
C(f,t)zmc(t)Hc( 1 ) ( f? ) Gl fe=270

1+7’f/fcc(t) f2+ (fs(t))2 _iffs(t)/Qs(t)
| | | | || |
Ovaral Fabry-Perot Optical anti- Electronics
gain cavity spring from signal  response and
response recycling cavity time delay
substrate lens CP IT™
W -— .
sl su”a‘zsde"’r”"“t”" The ITM heats up at the start of the observation

self

. l‘ period as the test mass absorbs the high
incident power

» Mode-matching between FP cavities and
, signal-recycling cavity changes

‘_ » Desired optical mode propagating to

' ' detection port changes

» Overall optical gain changes

750kW
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> EJtutorials% 2Fparameter_estimation
~ E7tutorials
~ E7 callbration
> EJFiles
~ Ez report
[ DARMOLG_SS_202... 2371838382
% HICALCS_InverseSen... Function_
[ PCALY2DARM_SS_2... 082371838
[ SUSETMX_L1.5S_2... 0823718383
[ SUSETMX_L2_SS_2... 0823T1838!:
[ SUSETMX_L3_55_2... 0823T1838:
1 pydarm_H1ini
=+ README.md
[9 calib_tutorial.ipynb
> Baebe
> Facomputing
> Fadetchar
> B3 parameter_estimation
& gitlab-ci.yml
=+ README.md

& bios.pdf
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out [14]:

i dec.ligo.org/public/0202(T2500 X

Q, Search or goto

4# pydarm package - pyDARM dev X “ tutorials/calibration/calib_tutori: X +

corrected_sensing = darm_model_sensing.sensing.compute_sensinglireq)

nare the

two

fig, ax = plt.subplots(2,1, sharex=True, figsize=[8,8])

ax[0].loglog(freq, np.abs{sensing_function), label = 'Original Sensing function')
ax[0].leglog(freq, np.abs{corrected_sensing), label = 'Corrected Sensing function')
ax[9].legend()

ax[0].set_ylabel('Magnitude [ct/m]')

ax[8].set_ylim(leé, Sedé)
ax[8] .grid(which='both*)
ax[1].semilogx(freq, np.angle(sensing_function, deg=Truel)
ax[1].semilogx(freq, np.angle(corrected_sensing, deg=True))
ax[1].set_ylabel('Phase [deg]')

ax[1].set_xlabel('Frequency [Hz]')

ax[1].set_ylim(-180,188)
ax[1].grid(which="minor')

4 x 10°
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2 x 108
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10°
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o
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tg Files
1.005¢ —R
& Q Search files (*vue, *rb...) _corr / R_model
& > Edtutorials% 2Fparameter_estimation E 1.000+
& E
v 7 tutorials o
g o 30.995f
~ E7 callbration £
¥ g
@ » EJFiles 20990}
® ~ Ez report
2 0.985 . -
= [ DARMOLG_SS_202... 2371838382
Ju & H1CALCS_InverseSen... Function_ 0.25
o1} [ PCALYZDARM_SS_2... 082371838
: 0.00F
[ SUSETMX_L1.5S_2... 0823718383 -
L7
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LY
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[ SUSETMX_L3_55_2... 0823T1838: o
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¢ pydarm_H1ini
4 README.md —-0.75¢}
| | L
[ calib_tutorial.ipynb 10t 102 103
> Bacbe Frequency [Hz]
> B3 computing ) . ) ) ) o
Interesting! Despite the small amount of optical gain change, the effect on magnitude and phase of the respense function is
» Fadetchar much larger, and frequency dependent.
> B3 parameter_estimation
) ) Actuation Function Change
& gitlab-ci.yml
w+ README.md Now, let's see what effect a small change in the actuation can have.
& bios.pdf In this example, our test mass actuation strength has decreased by 0.5% due to a small amount of charge accumulation on the
test mass.
$A_{TST}$ describes the actuation strength of the test mass in Newtons per Volt squared, and k; sy can be applied to correct
it.
@ X
™ Provide feedback
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Time Dependence: Actuation Example

A(S,t) = s Au(f) + sp()Ap(f) + sr(t) Ar(f)] e 2777
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Upper Penultimate Test mass

environment

» Electro-static drive force to mirror changes

» Actuation strength required in DARM loop at TST
stage changes

. . . Time
intermediate mass actuation actuation delay
mass actuation response response
response
J |
¥ l l Test mass acquires excess charge from surrounding
Test Mass (T) | *
+
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tg Files
Q Search files (*vue, *rb...)
> EJtutorials% 2Fparameter_estimation
~ E7tuterials
~ E7 callbration
> EaFiles
~ Ez report
[ DARMOLG_SS_202... 2371838382
% HICALCS_InverseSen... Function_
[ PCALYZDARM_SS_2... 082371838
[ SUSETMX_L1.55_2... 0823718383
[% SUSETMX_L2_SS_2... 082371838
[ SUSETMX_L3_55_2... 0823T1838:
1 pydarm_H1ini In [16]:
=+ README.md
|5 calib_tutorial.ipynb
> Baebe
> Facomputing
> Fadetchar
> B3 parameter_estimation
&b gitlab-ci.yml Out [16]:
=+ README.md

& bios.pdf

In [17]1:

™ Provide feedback

Q, Searchorgoto /

Interesting! Despite the small amount of optical gain change, the effect on magnitude and phase of the response function is
much larger, and frequency dependent.

Actuation Function Change

Now, let's see what effect a small change in the actuation can have.

In this example, our test mass actuation strength has decreased by 0.5% due to a small amount of charge accumulation on the
test mass.

$A_{TST}$ describes the actuation strength of the test mass in Newtons per Volt squared, and kg can be applied to correct
it

print(f'Our time-independent test mass actuation strength is {np.format_float_scientific(darm_model.actuation.xarm.

Our time-independent test mass actuation strength is 3.58e-11 NfVkx2

# now let's test what happens if our TST actuation strength decreases by 0.5%
kappa_tst = 0.995
# create a new darm model with same initial parameters

darm_model_actuation = pydarm.darm.DARMModel(model)
darm_model_actuation.actuation.xarm.tst_npvZ = darm_model_actvation.actvation.xarm.tst_npv2Z * kappa_tst

print(f'Our kappa-corrected test mass actuation strength is {np.format_float_scientific(darm_model_actuation.actuat

Our kappa-corrected test mass actuation strength is 3.54e-11 N/Vsxx2

Let's recalculate the actuation function to see the effect of the TDCF.

corrected_actuation = darm_model_actvation.actuation.compute_actuation(freq)

# plot aoctuvation
fig, ax = plt.subplots(2,1, sharex=True, figsize=[8,6])
ax[81.loaloa(frea. no.abs{actuation function), label = 'Oricinal Actuation functioen')
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Once again, the effect is very small. Let's see what happens to the response function, again we will plot 7 = "

actuation_corrected response = darm_medel_actuation.compute_response_function(freq)

eta_act =

fig, ax =
ax[8]
ax[0]
ax[0]
ax[8]
ax[1].
ax[1]
ax[1]

actuation_corrected_response / response_function

plt.subplots(2,1, sharex=True, figsize=[8,61)
.semilogx(freq, np.abs(eta_act), label = 'R_corr / R_model')
.legend()

.set_ylabel('Magnitude [m/m]')

.grid(which="minor"')

semilogx(freq, np.angle(eta_act, deg=True))
.set_ylabel('Phase [deg]')

.set_xlabel('Frequency [Hz]')

ax[1].grid(which="minar')

1.01

1.00

Magnitude [m/m]

0.99

1.0

0.5

Phase [deg]

0.0

-0.5

=—P_corr / R_model
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E] IGWN-PI School an Gravitations X Index of f-calfarchive/H1juncertaint: X ;lb LIGO-T2500288-v5: LIGD Vire X us dec.ligo.org/public/0202/T2500. X 4# pydarm package - pyDARM dev X “ tutorials/calibration/calib_tutori: X + W
O <« C @ O B == gitligo.org/chad-hannafigwn-summer-school/-{blab/mainftutorials/calibration/calib_tutorialipynb?ref_type=heads w L ® N =
o
“ Q Search or go to. i + gz o a3 %
: o
I Chad Hanna / igwn-summer-school /| Repository
* . axil:J] Asemil'mgx(fr-eu, np,éhs(eta_act), 'l‘abe'L‘: 'R_éu}-r-/ R_model')
tg Files ax[9].1legend()
& ax[0].set_ylabel{'Magnitude [m/m]')
Q) Search files (*vue, *rb...) ax[8].grid(which="minar")
E — . ) ax[1].semilogx(freq, np.angle(eta_act, deg=True))
> EJtutorials% 2Fparameter_estimation ax[1].set_ylabel('Phase [deg]')
* v P7tutorials ax[1].set_xlabel({'Frequency [Hz]')
& ax[1].grid(which="minor"')
o ~ E7 callbration
5 EJFiles out [18]:
@ 1.01¢+ === _corr / R_model
P v Ez report z
&= [y DARMOLG_SS_202... 2371838382 €
in % H1CALCS_InverseSen... Function_ % 1.00¢
) " PCALY2DARM_SS_2... 0823T1838 =
i)
% SUSETMX_L1.SS_2... 0823718383 =099}
[ SUSETMX_L2 SS 2... 0B23T1838! | i I
[ SUSETMX_L3_SS_2... 0823T1838:
L pydarm_H1ini 1.0f
=+ README.md
[9 calib_tutorial.ipynb E‘ 0.5}
el
> Bebe %
> Facomputing £ 00¢r
> Fadetchar
> 3 parameter_estimation -05¢t . L
1 2 3
& gitlab-ci.yml 10 10 10
Frequency [Hz]
=+ README.md
& bios.pdf Once again, despite this very small change in the actuation strength, the relative change in response function is more
significant, and also frequency-dependent.
You can use these examples to continue to investigate the effects of different parts of the model.
@ This repository also contains measurement data, which you can use to compare with the models we have plotted above.
| = Provide feedback l
=
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Absolute Reference: Photon Calibrator

Capote

Pirsa: 26080011

Transmitter
Module

Receiver
Module

Beam-relay
periscope

L]
+ Main interferometer beam

Vacuum envelope

>~ C(f)
x(f) = S(f)

An auxiliary laser system with well-known power
and readout response provides an absolute
reference for true displacement, ALg .

2P(f)
C

Penultimate
Mass
Pcal Beams
Suspended ’ ‘
test mass
ifo beam J JP
Test Mass

Karki et al. Review of Scientific Instruments 87, 114503 (2016)
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Calibration Lines

[1434412818-1434499218, state: Locked]

H1 PCAL
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10—16 4
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10-22 £

Displacement amplitude [m/
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m PCALY :
10724 ' ' , : ]
1 10 100 1000
Frequency [Hz]

1072
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Calibration Envelope

H1 Calibration Error and Uncertainty
2025-11-23 17:24:08.195077+00:00 [GPS 1447953866.195077]
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10020 50 160 200 500 1000 2000 5000
Frequency [Hz]
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Calibration Challenges

» Calibration modeling

* Sensing function behavior with detuned cavities, mode mismatch, angle-to-length coupling.
How do we best model these effects?

* How does the actuation change with time? How does the actuation behave at low
frequency?

* How can we best parameterize our models? What are the best fitting techniques to fit
parameters from the data?

» Absolute references
* What are the statistical and systematic errors associated with our absolute references?
* How can we achieve sub-1% calibration uncertainty with our absolute references?
* How can we calibrate at high frequency?

* Calibration uncertainty estimation
* How can we best combine calibration information from measurements and live monitoring?

Capote 19
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