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LIGO concept P

KAGRAZ
Use an interferometer to do astronomy

y
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4km arm cavity

4Kkm arm cavity

input light

output light, containing

gravitational wave signal
G2602216 5



First signal
GWI150914

Initial Masses: 29 (+4/-4) & 36 (+5/-4) Msun -
Final Mass: 62 (+4/-4) Msun
Energy radiated: 3 (+0.5/-0.5) Msun c?

Distance 420 (+160/-180) MPc
(1.3 Billion light years)

Strain (10~%%)

Peak amplitude: ~le-21| strain (4e-18 m)

Freq:in band ~ 40 Hz, merge ~ 250 Hz
Arrived in the middle of the night after
commissioning team went home. T

http://dx.doi.org/10.1 103/PhysRevLett.| 16.061102
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Outline v@‘,’“’?

GRAVITATIONAL WAVE
INTERFEROMETERS ARE SECOND
L| GO CO ntrols taI |( NATURE TO US COMMISSIONERS, SO
IT'S EASY TO FORGET THAT THE
AVERAGE PERSON PROBABLY ONLY

* Overview of how the detectors work KNOWS THE FUNDAMENTAL NOISE
, SOURCES AND ONE OR TWO DEGREES
& why we rely on realtime control OF FRTDW
AND PDH LOCKING, OF COURSE

* Intro to the LIGO Control and Data System (CDYS) orcouase:

* Detector Improvements from Initial LIGO to now
(25 years)

* Use of control in the Seismic Isolation subsystem
- flexible

- multiple sensors and degrees of freedom
EVEN WHEN THEY'RE TRYING TO

- EPICS/ Guardian for sequencing and automation COMPENSATE. FOR I, EXPERTS IN ANYTHING
WILDLY OVERESTIMATE THE AVERAGE
PERSON'S FAMILIARITY WITH THEIR FIELD.

adapted from Randall Munroe’s XKCD/250| by Derek Davis G2602216 7



https://m.xkcd.com/2501/

The interferometer needs control v/m%???

KAGR

Gravitational wave doesn’t move the
mirror, it stretches the space

- but -

Mirrors need to be quiet because the
interferometer can’t tell the difference.

Our signal strain (h) = [0-2]
dL = 4*10-'8 meters
iInput light

>,
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>
@
O
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B
&
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4km arm cavity

output light, containing
gravitational wave signal

G2602216 8



The interferometer needs control

Gravitational wave doesn’t move the
mirror, it stretches the space

- but -

|. Long Arms
2. Quiet Mirrors

Mirrors need to be quiet because the
interferometer can’t tell the difference.

Our signal strain (h) = [0-2]
dL = 4*10-'8 meters
iInput light

3. Precise Optical Readout

>,
g
>
@
O
=
L N
B
&
¢
ﬁ-

4km arm cavity

output light, containing
gravitational wave signal

G2602216 9



The interferometer needs control

Our signal strain (h) = [0-2]

dL = 4*10-'8 meters |. Long Arms

Mirror motion at 10 Hz ~le-19 m/VHz 2. Quiet Mirrors

3. Precise Optical Readout

>,
g
>
@
O
=
L N
B
&
¢
ﬁ-

N
X
-
Q)
-
=
@
Q)
<
<

output light, containing
gravitational wave signal

G2602216 10



The interferometer needs control V‘@W

KAGRZA 4

Our signal strain (h) = [0-2]

dL = 4*10-'8 meters |. Long Arms

Mirror motion at 10 Hz ~le-19 m/VHz 2. Quiet Mirrors

3. Precise Optical Readout

>,
g
>
@
O
=
L N
B
&
¢
ﬁ-

Arm cavity controlled by variant of
Pound-Drever-Hall locking

Length rms < le-14 meters

angle rms < le-9 radian

N
X
-
Q)
-
=
@
Q)
<
<

output light, containing
gravitational wave signal

G2602216 |1



R.Bork et.al. DOI: 10.1016/j.softx.2020.1006 1 9

Developed in-house, runs on Linux

More than 36 control computers running in parallel
Data |O at 65,536 samples/ sec

Typically update rate for control is 16,384 cycles/ sec
Over 120 “user models™

Thousands of control loops

Over 10,000 ‘fast channels’
Over 300,000 monitors

advligorts: The Advanced LIGO Real-Time Digital
Control & Data Acquisition System (CDS)

advligorts: The Advanced LIGO Real-Time Digital
Control and Data Acquisition System

Rolf Bork®, Jonathan Hanks”?, David Barker®?, Joseph Betzwieser®:?,
Jameson Rollins?®, Keith Thorne®?, Erik von Reis?

¢ California Institute of Technology, Pasadena, CA 91125, USA
bLIGO Hanford Observatory, Richland, WA 99352, USA
¢LIGO Livingston Observatory, Livingston, LA 70754, USA

Abstract

The Advanced LIGO detectors are sophisticated opto-mechanical devices. At
the core of their operation is feedback control. The Advanced LIGO project
developed a custom digital control and data acquisition system to handle the
unique needs of this new breed of astronomical detector. The advligorts is the
software component of this system. This highly modular and extensible system
has enabled the unprecedented performance of the LIGO instruments, and has
been a vital component in the direct detection of gravitational waves.

Keywords:
real-time processing, feedback control, hardware control, data acquisition

UGO

VIRGO///
KAGRAZ,

V4

Nr. | Code metadata

C1 | Current code version 4.0 pre

C2 | Permanent link to | https://git.ligo.org/cds/advligorts
code/repository used for this
code version

C3 | Code Ocean compute capsule n/a

C4 | Legal Code License GPLv3

C5 | Code versioning system git

C6 | Software code languages, re- | C/C++, Perl, Python
quired tools and services

C7 | Compilation requirements, oper- | C99, Linux OS
ating environments

C8 | Developer documenta- | https://dcc.ligo.org/LIGO-E1200653
tion/manual

C9 | Support email jameson.rollins@ligo.org

Table 1: Code metadata

Preprint submitted to SoftwareX

May 6, 2020

G2602216
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https://doi.org/10.1016/j.softx.2020.100619

advligorts: The Advanced LIGO Real-Time DigitaIw@
=4 Control & Data Acquisition System (CDS)

supervisory
control

front end
computers

Beckhoff

EtherCat

field racks

physical
plant

laser

R.Bork et.al. DOI: 10.1016/j.softx.2020.1006 19 G2602216 13



https://doi.org/10.1016/j.softx.2020.100619

71 advligorts:The Advanced LIGO Real-Time Digital
S KAGRAZ/
: Control & Data Acquisition System (CDS) |

supervisory
control %

front end

Beckhoff
com puters

field racks digital

i -t e
Divide up the detector into pieces p';‘{:;‘ia' laser 3_ — ¥
(a mirror suspension, a seismic isolation //

table, interferometer readouts

R.Bork et.al. DOI: 10.1016/j.softx.2020.100619 G2602216 13
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71 advligorts: The Advanced LIGO Real-Time Digital wfé“:’??
C e KAGRAZ/
2 Control & Data Acquisition System (CDS)

e

supervisory
control

front end

Beckhoff
com puters

Dedicate | core of linux computer as the _
field racks

Real Time System controlling that piece.”” ™" (10)
It runs a “control model”

digital

Divide up the detector into pieces p';‘{:;‘;a'
(a mirror suspension, a seismic isolation
table, interferometer readouts

R.Bork et.al. DOI: 10.1016/j.softx.2020.100619 G2602216 13
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71 advligorts: The Advanced LIGO Real-Time Digital )
A e o o KAGR/
: Control & Data Acquisition System (CDS)

supervisory
control %

RTS communicate with ADCs, DACs, and
front end

other RTS models at high speed computers [t

Dedicate | core of linux computer as the _ .
field racks digital

Real Time System controlling that piece.”” ™" (10)
It runs a “control model”

physical

Divide up the detector into pieces plant

(a mirror suspension, a seismic isolation
table, interferometer readouts

R.Bork et.al. DOI: 10.1016/j.softx.2020.100619 G2602216 13
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7 advligorts: The Advanced LIGO Real-Time DigitaIK)\/{?'féfg?)
4 Control & Data Acquisition System (CDYS)

supervisory
control %

EPICS is used as the supervisory level

RTS communicate with ADCs, DACs, and ront end
other RTS models at high speed computers

Beckhoff

Dedicate | core of linux computer as the _ .
field racks digital

Real Time System controlling that piece.”” ™" (10)
It runs a “control model”

Divide up the detector into pieces p"‘)‘l’:liﬁa'
(a mirror suspension, a seismic isolation
table, interferometer readouts

R.Bork et.al. DOI: 10.1016/j.softx.2020.100619 G2602216 13
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advligorts: The Advanced LIGO Real-Time DigitaIKl,éfgjig}
Control & Data Acquisition System (CDS)

AWG
stream

/O chassis

—-u
—
——
e o

IFO

low-latency
: transter
Dolpin N

- -

timing Dolphin other
distribution intercnnect front ends

Single timing system Data system combines all data streams

R.Bork et.al. DOI: 10.1016/j.softx.2020.1006 19 G2602216 14
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Control model

_——

GND_CM_Y

GND_CM_Z

Capacitance Position Sensors

In-Filter

dary * p{H1_In H1_Outt—
CPS_H1

ds) 'S p{H2 In H2 Outf—
CPS_H2

(49) ° p(H3_In H3_Outt——
CPS_H3

ds) . p{Vi_n Vi _Outt——
CPS_V1

(20— » V2 In V2 Outl—
CPS_V2

SONIEN
CPS_V3

Control models developed by the
operators & hardware developers using
Simulink.

%»( [CPS2WD]

Lots of standard parts - math functions,
filters, matrices, data ports/ connections

Custom C parts for new/ novel functions

Models can be big - visual design is critical

CPS2CART

(&9)

Excerpt of the

SENSCOR

Cartesian Biases added
HRAP, BTL, July 17 3013

HAM-ISI modely&S 3%

BLEND
CPS Low Frequency
GS-13 High Frequency

I STSX_In

L p{STSY_In

L Pp{STSZ In
CPSX_In

>
>
>
>
>

CPSALIGN

CPSY_In
CPSRZ_In
CPSZ_In

P L4CX_In

CPSRX_In CPS_Y_Out

p L4CY_In CPS_RY_Out

SCSUM

GS132CART
cdsMuxMatrix

GS13_BIO_OUT

cdsMuxMatrix cdsMuxMatrix
I i o P l4c_x T Tx_out
D
[FF_SC] > >i Jio v P l4c_y my_out
Jic & p{l4c.z 'z out
SENSCOR_L4C
( @} ® p{H1_In H1_Out
GS13_H1
(46) * pHo In  H2-Out
GS13_H2 H3_Out
@ 4 p H3_In
GS13_H3 V1_Out
( jg } * p{Vi_In V2
GS13_V1 -Out
(45) ? S p{V2_ In V3_Out
GS13_V2
€, ’
GS13_V3 GS13INF
I [GS132WD)]
GeoTech GS13
Seismometers/Geophone
In-Filter

BLND
X_Out p{ CPSX_In
SUP X |
Y_Out p CPSY_In
RZ_Out »| CPSRZ_In
SUP. Y|
Z Out B/ CPSZ In
RX_Out » CPSRX_In
SUP_Rz|
RY Out | L » CPSRY_In
.17
- » GS13Y_In -
CPSRY_InCPS_RZ_Out | CP S QuUT » GS13RZ.In
. i SUP RX |
_In CPS_Z Out&PS Ii ouT GS13Z_In
»|L4CZ In CPS_RX_Out sz an
»(21)
CPS_RX_PUT
CPS T OUT GS13_CART

—o—><[GS13 CART]

X_In
Y_In
RZ_In
Z In
RX_In
RY_IN
FF_IN

BLRMS

<gsi13_rz>

[BLRMSFF]/\

Watch Dogs
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User Interface

MEDM is the interface used fOI‘ EP|CS ISI CUST CHAMBER FADE OVERVIEW.adl
Overview screen for the HAM-ISI

Operators/ developers can create
interface screens

[ST DAC
CUTRUT

63

N

64

-370

69

32

2724

HEPT DAC
CUTRUT

G2602216 16



User Interface

MEDM is the interface used for EPICS ISI CUST CHAMBER FADE OVERVIEW.adl

Overview screen for the HAM-I|SI U —

H

Operators/ developers can create :

interface screens
I yHTCHDOG

IS|_CUST CHAMBER L4C2C 3 -3p| -2753 = 1ST DAC
CUTFUT

H1 HZ H3 vl V2 V3

-

HAM
R X O I =)
i )
= T T I I ) -
I I X I )
D I 2 ) ¢
D I =) v omses [ gms |
n—— - Ak - OGIS-TP-I0P | Pressure
S e i .,
’W Q]tmmdal Q,ml - - M Pure Station

G2602216 |17



User Interface

MEDM is the interface used for EPICS ISI CUST CHAMBER FADE OVERVIEW.adl

Overview screen for the HAM-I|SI U —

H

Operators/ developers can create :
interface screens

yYHTCHDOG

HEP1 CakT L4C
)4 1077

DArC
= R L e

ISI_CUST_CHAMBER_ISO_ALL.adl

H1:ISI-HAN3_ IS0 X 1475514284

CLEAR HISTORY LOAD COEFFICIENTS HOLD OUTPUT |

wm v

J ¥

O ..

— —

— —'
k i

=2 -

el sl

C.l -

[S] MAC
CUTAUT

Ill.lll l"ll

. b/ Cont_3a l:ont.3b DECIHATION | T35
» A ma §  —
B ovoFF o0 IR0 O | W

B EH Boost.Z:ost 1_t2 j— FILTER OUTPUT
FM9 FMLO -325
Ranp Tine (sec):

-HAMS_IS0_Y

=

CLEAR HISTORY LOAD COEFFICIENTS

HOLD OUTPUT I
A

178

uT IECIHATION

LIMIT | QUTLE  DSaturations
B oV —— 0.0 176 . QLIS-TP-IS] G810
, . Cont, 3¢ Boost. | Boost_2ost_1_t2 m FILTER OUTPUT : I l
M BP0 75 SLIS-TP-10P | EPressure
S— — —-—- Ranp Tine (sec): f
H1: ISI-HAH3_150_2 CHHE RSUREMENT 2ver Pure Station

CLEAR HISTORY

LOAD COEFFICIENTS

G2602216
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Guardian K;C@?}

MBER_FADE_OVERVIEW.adl

H 1 Gusectan SFI HAMS

< TURNING_OFF_IS1ISOLATION LOOPS (12} > Q&N_m_lsx_mmnw_mm_un-lD
e

4 //,
J! \\ z-\

\ ‘L—
< TURNING ON IS1ISDLATION LOOPS (-15) SO

| & TURN OFF IS DAMPING HEPI UP(-16) >
il /

— .—-//—\ B

< TURNING OFF HPIISOLATION LOOPS (-10) >

|Operation can also be scripted

DAMPED (50) & TURNING OFF_ISI_DAMPING LOOPS (11} >

\

Sequencing and monitoring can be
automated

€ TURNING ON_HFI_ISOLATION_LOOPS (-13)

|solated

“Guardian’ is a state machine
which can lock and run the
interferometer automaticall

63
-70

_Iaturations | 94
_SnIS-TP-1P_ | a

-293
Pwp Station >3

< TURNING ON 51 DAMPNG LOOPS(-14) >

Damped
Start

e

OFLINE(S)
—
—
~— — CHERSURENENT
-\\\
\_\-
T e—

CC_ISI_COWMON TRIPFED (13 > < WATCHIXXK TRIPPED DACKILL(4)Y 2> < WAIUHDOG TRIFPLD SUBORDINAIL () >

G2602216 19



The interferometer needs control

Our signal strain (h) = [0-2]

dL = 4*10-'8 meters |. Long Arms

Mirror motion at 10 Hz ~le-19 m/VHz 2. Quiet Mirrors

3. Precise Optical Readout

>,
g
>
@
O
=
L N
B
&
¢
ﬁ-

4km arm cavity

output light, containing
gravitational wave signal

G2602216 20



input light

4km arm cavity

4km arm cavity

output light, containing
gravitational wave signal

G2602216 21



EENEg
gpuuEEH Ny

L B Ny
s® N

3x10-12 m/VHz at 10 Hz
BSC-|SI

Mirrors are separated from the ground by 7 stages, each
providing isolation and control.

External Quiet Hydraulic stage for low frequency
positioning

HEPI

| 8
lllllllllllllll

2 stage Internal Seismic Isolation (ISI) stage for isolation
above about |00 mHz

4 stage mirror suspension to give excellent isolation at 10
Hz and quiet actuation for interferometer control

Goals:
|. reduce the motion by 30 billion at 10 Hz Mirror

2. Control the position of the optic below ~ 10 Hz
3. Staged isolation and action for low noise
performance at the optic.

1x10-'9 m/"/Hz near 10 Hz

| e—
~3x 109 m/VHz at 10 Hz ——

G2602216 22




aLIGO lIsolation

“---Illllll.....
Ny
I

& R \
Al e al
'.":.4..-..\- 'l - . » ; . L 4 -
O BT AL =
.' ~ l’vl‘wf 3 .u_i; ‘;-
== 2. O IEEESL  —

Vo — v

« o ‘:_l““‘

1x10-'9 m/"/Hz near 10 Hz

optics table - stage 2

stage |
support - stage 0

| —
~3x 109 m/VHz at 10 Hz
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1x10-'9 m/"/Hz near 10 Hz

optics table - stage 2

stage |
support - stage 0

G2602216 24




Isolation walkthrough

optical table

(b)
/ ISI stage 2
o
T =

ISI stage |

2l -

.
——
31—

.- HEPI~~_

~

Suspended _
- test mass

G2602216 25



Isolation walkthrough

optical table

/ ISI stage 2 ”
(]

mass/ spring

<

—_

IL

1=

ISI stage |

|I| ). = ';} "'~ ~- . X M.
| I T Y -

1%
4 '|‘|‘1: T 2! ,=_-g:; ‘
' =) [

Pt -

P

.- HEPI~~_ [ - =

Suspended_
- test mass
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Isolation walkthrough

(a) optical table

e
|

(b)

ISI stage 2
mass/ spring

inertial sensors

T

.

Suspended _
- test mass

G2602216 27



Isolation walkthrough

(a) optical table

e

(b)

ISI stage 2
mass/ spring

inertial sensors

position sensors Ang s I e

J 1B ;-sz;i"‘li J‘=_¢g{‘i"'

: N O= ms
e -_— = i i
- 1 N —

: |
"1
o i 5
: I
|
e -
“ g
V L

Suspended _
- test mass
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optical table (b)

(a)
/ ISI stage 2
[

mass/ spring

inertial sensors

position sensors

actuators _- HEPI~~_

Suspended _
- test mass

G2602216 29



Isolation walkthrough

optical table
/ . ISOLATION LEVELS BSC-ISI
10. - ’ YoLYY ' ' ' vy : Y ' v ' ‘1
ISI stage ,_

w— (3round

|I II g i > | w— PASSIVE - no controls - :
o \ | :
T = : i

ISI stage |  10°}

o
'

floor

ASD m/sgrt(Hz)
(-
S
O

1074 10

freq[Hz]

A.Pele, G1900949 G2602216 30



https://dcc.ligo.org/LIGO-G1900949

Isolation walkthrough

ISOLATION LEVELS BSC-ISI

10 \\ s 31 :
i w— (3round 1
= w——— PASSIVE - no controls - | -
= o8 Damp the modes PASSIVE i
T % g 10°
1077
'g 10°®
3
g. 1091
a
\2 10-10 =
10-1]
10 13
, o
101‘ " " bttt A " PR S - | " " PUR SR — | A " et d
1074 107 10¢ 10t 104

freq[Hz]

A.Pele, G1900949 G2602216 31



https://dcc.ligo.org/LIGO-G1900949

Isolation walkthrough

ISOLATION LEVELS BSC-ISI

1074, \ —— . - . ‘
i \ e Ground |
| N I I S I w—— PASSIVE - no controls

10° - : solate tage PED :
; e [SOLATED ST1 3

/
\

s m\‘\ A
oo

’i’

ASD m/sart{Hz)
.—l
o

freq[Hz]

A.Pele, G1900949 G2602216 32



https://dcc.ligo.org/LIGO-G1900949

Isolation walkthrough

(a) , ISOLATION LEVELS BSC-ISI

104 W
"\ \ e (3rOUNG

= " " . - os W\ Isolate Stage 2 _m:eo-mm.s-f
S | [ s N\ =l

10°}

ASD m/sgrt(Hz)
[
S
O
L |

1074 107 10¢ 10t 104
freq[Hz]

A.Pele, G1900949 G2602216 33



https://dcc.ligo.org/LIGO-G1900949

Isolation walkthrough

- ISOLATION LEVELS BSC-IS|
‘ y ' A A A A v v y oo yYvs v y vy y 1
i . s (SrOUNT
. os W\ Sensor correction ——#ssive -nocontos.
T. é. g . — |SOLATED ST1
e 4+5T2
10°° — + SENSOR CORRECTION | -
107
g 10°®
-
@ 109k :
= 107 |solation
3,0 ~10,000
10-]1
13
1013}
10-14 A Add il
104 1074

freq[Hz]

A.Pele, G1900949 G2602216 34



https://dcc.ligo.org/LIGO-G1900949

Isolation walkthrough

(a) o4 ISOLATION LEVELS BSC-IS|
’ LA A A v v vy v ' L — y 1 A e A ':
; e (GrOUNG
g |I II g B . \ N w——— PASSIVFE - no controls - | -
10 7 ¢ N e DAMPED f
g l%% -L. é. g - — [SOLATED ST1 3
T 6 . —+512
10 - " ./a oy e = SENSOR CORREFCTION -
107 ™M |
g 10
T
A 109:
=
)
< 1019
. quiet, controlled,

02 instrumented table
to use as part of

. the interferometer |
1074 1074 109 10t 102

freq[Hz]

A.Pele, G1900949 G2602216 35



https://dcc.ligo.org/LIGO-G1900949

Initial LIGO (first article for testing) Advanced LIGO
All Passive, 4 layers of masses and springs Passive/ Active Hybrid, 2 stages

Almost no diagnostics Excellent diagnostics

supports a single stage suspension supports a 4-stage suspension

D. Coyne G020169 G2602216 36



https://dcc.ligo.org/LIGO-G020169/

ISOLATION LEVELS BSC-ISI

104 \ L ey
o . o, e (SrOUNG
_ Transmission AN — PASSIVE - no controls
. 10° ¢ \ : : — DAMPED
: 1 i <4 : : ~——— ISOLATED STI
WTTTTTTT \ - : —— 45T2
: 10° . ~—— + SENSOR CORRECTION | -
107 !
E- :
' Y o109t :
= ;
o :
< 10710k 5
1011 '
1074
Vertical 1013| ; ;
: 0.16 1 Hz
10‘11 10714 | L ' I
D. Coyne G020169 102 10 100 10t 102



https://dcc.ligo.org/LIGO-G020169/

Detector Performance

LIGO Sensitivity
— . B . —

S5 - LHO, Mar 07, G0900957 -

—— 56 - Combo, May 10, LSC_Data|:

16 L ——O01-LLO @ GW150914 E

0 —— 01 - LHO @ GW150914

N - :

L Suspensions, isolation

e 18 -
<107 ¢ and control =
& :
[ ,A Power, 8
'20 - . _g
c 1077 EN larger optics Power .S
© : b
22 | | i o
10 \ ‘ . i
‘,‘“ . - EQ
"“wm»w 1t umuwu o A
24 - , , S :§

10 1 ; X
10 10 10
Freq (Hz)
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Strain noise (h/v Hz)

Detector Performance

. | |1 L1 Lrnnn L L L
_for_sites 2026.m on 08-Oct-2026

| R | 11
created by plot_spectra

LIGO Sensitivity
o . — . —
S5 - LHO, Mar 07, G0900957 -
: —— 86 - Combo, May 10, LSC_Data |:
16 [ ——O01-LLO @ GW150914 :
107 ——O1-LHO @ GW150914
I — GW150914 (approx)
10-18 -
1020 5 First signal
10722 M
10-24 | |

JLOVLLIO 39



Detector Performance

LIGO Sensitivity
EEEEEREE ' ' R R e SR '
;' " S5-LHO 07
»‘ —— S6 - Combo, 10 ]
,\10 '5 —— 02 - LLO, Aug "17 :
E — 03 - LLO, Jun 19
- - LLO, Sept 24
< L, A2
~ 10 . . g
D E
@ :
O
c 102\ % N,
§ El
1072
24 | . | §
10 1 2 3
10 10 10
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Cumulative Detections v.!.ai%’”)

X,
01 (3) + 02 (8) + O3a (44) + O3b (35) + O4a (139) + O4b (161) = 390, O4c* = 68, Total = 458 KAGRA

*O4c entries are preliminary candidates found online.
450 -

400- o~
350-

300 -

2501 01 02 O3a O3b O4a O4c

200 -
150 -

100 -

Details:

Cumulative Detections/Candidates

50 1

0O 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Time (Days)

LIGO-G2302098 (f244d4f6), updated on 25 May, 2026 Credit: LIGO-Virgo-KAGRA Collaboration G2602216 4|



spins of GW150914: arXiv:1606.01210

10 Years Later: LIGO Hears Loud and Clear e oowisomsaxiosors

GW2501 14: arXiv:2509.08099

— 4.4 . 70
= 305550 ma= 3 0o
ﬂ
TNl ‘ II“ ul

T

IHH
'!["H

bl ‘

‘ ul Iu‘ ~ H :
I

|’ !“H' m

L
H‘M”'

| |

spins < 0.65, 0.75
GW150914 — Sept. 2015 Hanford
| - 1 1 | | ‘ I I R e S R | I
-0.2s -0.1s -0.0s
m; = 33.6702 m, =32.2405 M
) | ran | dy‘ ’1’“ A
- ‘ 1Al a7 V1 1V|” f"'uw ‘ | y | Aaaddodlde, |L‘ AN
Tr— "v“v L i) VWY "'v‘n‘ﬂ' “«.«" | m‘.‘( A\ / ' ‘ S\ e vacy g
spins < 0.24, 0.26 VIl
GW250114 — Jan. 2025 Hanford

https://www.ligo.caltech.edu/news/ligo20250910



https://www.ligo.caltech.edu/news/ligo20250910
https://arxiv.org/abs/1606.01210
https://arxiv.org/abs/2108.01045
https://arxiv.org/abs/2509.08099

Detector Performance

LIGO Sensitivity

oot .
S5 - LHO 07
—— 86 - Combo, 10 ]
—O1-LLO @ GW150914
—02 - LLO, Aug 17

109 )

’:ET — 03 - LLO, Jun 19

= - (04 - LLO, Sept 24 ‘
< 10! i
0 :
" ‘ mnlMW‘=
g % " I ‘i“’
107 o 3
5 - control noise ~thermal noise bower, squeezing, SRC ‘g
10 | | | — - | | | i | | | S

10" 10° 103
Freq (Hz)
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Actual Detector Noise
LIGO Hanford Noise Budget

= | ength sehsing & control
m  Alignment sensing & control
. Suspension damping
ASC (A“gnment) = Thermal Noise
dantum Noise

LSC (Length) " Total
= Measured DARM

Total (measured)

\N »~ Total (modeled)

Strain [1/VHZ]

10
A. Mitchell, adapted from S. Dwyer LHO log 86555

Frequency [HZ]

Reference time August 25, 2025 G2602216 44


https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=86555

Actual Detector Noise
LIGO Hanford Noise Budget

m | ength sensing & control
m  Alignment sensing & control
Suspension damping
= Thermal Noise
dantum Noise

LSC (Length) " Total
= Measured DARM

ASC (Alignment)

Total (measured)

\N »~ Total (modeled)

they also cause noise [t

the computerized system allows excellent _Eliagnostics'

, Frequency [HZ]
A. Mitchell, adapted from S. Dwyer LHO log 86555 Reference time August 25, 2025 G2602216 45



https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=86555

Stabilizing the interferometer
with more interferometers

 Measure tilt and differential
displacement between

~ Internal Seismic Isolation

(I1SI) systems

* Explorative pathfinder
netween vacuum chambers

HAM?2 and HAM3 at LHO

* Host to input mode cleaner
and power recycling mirrors

S * Installation after O4!

N

G2401862 6
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Seismic Platform Interferometer vn?é;é@

KAGR&%

*Phase tracking heterodyne interferometer
*Phase of the beat note tracks the length change

position of beam on quad diodes measures angle change
*based on the LISA phase-meter

Recently adapted to an XFEL experiment at SLAC

47

G2602216 47



SPI at SLAC

Stabilize the x-ray beam
co-propagate (nearly) an optical beam to measure the path
use realtime servos to stabilize the path

Pt coating . Diamond (400)

]

’ grazing incidence
X-ray mirror

Si (400)
Bragg crystals

a. tunable cavity schematics adjustment adjustment

b. cavity length c. resonance wavelength

Sina Koehlenbeck w. Zhirong Huang, Diling Zhu, Jerry Hastings and others
DOI: 10.1038/s41377-025-01774-5 G2602216 48



https://doi.org/10.1038/s41377-025-01774-5

w90

SPI at SLAC

IR light from laser preparation Legend v
via fiber optic cable — Mirror
Z
Di = Beam splitter X
lezo |
driven: / , \
M1 ’
X-ray beam
o
W
3
,, Measurement
YaW(\ pa H .
Compound .
. X-ray profile
refractive .
monitor
lens
Vacuum system —

0.8 m Signals from and to digital

Y
control and data system

G2602216 49
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beam position
X-ray target.

20

Active control

Full Delay Scan

on

Full delay scan: FB on
Full delay scan: FB off _

© 10/%

open loop vs.”

0 2 - 6 8

closed loop
20

Delay (ps)
Full Delay Scan

Full delay scan: FB on

DOI: 10.1038/s41377-025-01774-5

Delay (ps)

Angle (prad)

-
o

makes it

Energy Scan

better @7

Energy scan: FB on

%

Energy scan: FB off

0 2 4 6 8 10
Energy (eV)
Energy Scan

Energy scan: FB on

5

Energy scan: FB off

KAGR

Short Delay Scan

Short delay scan: FB on

Short delay scan: FB off

| Pitch

Delay (ps)
Short Delay Scan

Short delay scan: FB on

Short delay scan: FB off |

Yaw

G2602216 5l


https://doi.org/10.1038/s41377-025-01774-5

Summary

* Advanced LIGO is an example of an instrument designed
with control in mind

* (almost) everything is monitored and controlled
* We get excellent performance

* We get excellent diagnostics

* Helps guide improvements

* Hopefully, some of the things we do have more general
application

G2602216 52
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alLIGO Suspension (UK led)

Steel fibers Single

pendulum

10 kg
(22 Ib)

Initial LIGO
Suspension

(1-segment)

ILIGO vs aLIGO suspension systems

These engineering drawings illustrate the striking
differences between Initial and Advanced LIGO’s
suspensions. The suspensions are shown to scale.

Initial LIGO’s suspension was a single pendulum
design with a 10 kg (22 Ib) ‘test mass’ (mirror)
hung by steel fibers.

Advanced LIGO’s suspension system is a much
heftier quadruple (“quad”) pendulum with a 40 kg
(88 |b) test mass hung by fused silica fibers.

Quadruple
(4-segment)
pendulum

0.4 mm fused
silica fibers

~Test mass (mirror)
40 kg

(88 Ib)

Advanced LIGO
Suspension

G2602216 54



/

Betsy Weaver,
LHO Operations
Lead, with the
Engineering
prototype

ro
A

Metal masses
(15t & 2" pendulums)

"
\\\\\

“Main Chain”
Side

Penultimate mass
(39 pendulum) =il

0.4 mm fused Reaction

silica fibers

Test mass
(4™ pendulum)

G2602216 55



Metal masses
(15t & 2" pendulums)

“Main Chain”
Side

Penultimate mass
(39 pendulum)

\

0.4 mm fused Reaction

silica fibers

,;1",'0_"‘ AR
RS v
Y N
sy
Q
w
w

& v 5 \‘
A

/I

Test mass
(4™ pendulum)

/

 Betsy Weaver,
LHO Operations Lead,
with the Engineering
prototype

l

G2602216

56



aLlIGO Suspension (

Metal masses
(15t & 2" pendulums)

“Main Chain”
Side

Penultimate mass
(3% pendulum) >

0.4 mm fused Reaction

silica fibers

Test mass
(4™ pendulum)

16 57



ISI_CUST_CHAMBER_FADE_OVERVIEW.adl

INPUT FILTERS al 1) Bequirensnt
v

VATCHOOG

[ST DaC
UTPUT

Y

E

HEPT DAC
CUTRUT

" g

G2602216 58



Blend filter example

90 mHz Blend for Stage 1Y

——CPS | |
——T1240(

1 1 1 1 1 1
created by plot_45_vs_quite90 on 18-May-2016
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Hi:[SI-HAH3

STATE 1:
FRMED

STATE 2:
DAHP-HILD

STATE 3:
DEHPING ONLY

STATE 4:
FULL SHUTDOWN

CLEAR SRIURATIONS ONLY

zaturations get cleared
auvtomatically aftar 3600z

DI0FDACKILL

reset threshold levels |

HONITORS
DISP H1  DISP H2  DISP H3

-110

DISP W1 DISP V2 DISP V3

s o

[ & =58
I N

LdC v  LdaCv2  L4C V3

[ Piot 14 e R

HL V1 W2 V2 H3 N3

ACT HL  ACT H2  ACT H3

Hax Allowed Saturaticns:

CPS  L4C G513 ACT
FID TT10 4085 2048

LAST WD TRIP:

1 SET | RESET!
[20000
safe value: 20000

N SET |RESET!
£S13 limit: FZ?BO

22760

_SET | RESET
L4C Limet: 5000

safe value:  S0000

COIL DRIVER CHASSIS BIO

ACT limit: 2760
safe value: 22760

PAYLOAD Watchdog trip
Click to openlink
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Blend switching

G2602216 6l



Overview screen for BSC-ISI

ISI_CUST_CHAMBER_FADER_OVERVIEW.ad|

oICD Beguirse st
-~ i
=]

o : FULLY_[50LATED
|y ke
=2 I %

:
F1:151-1THY

PR LSS AL 0 R |

=Pl
Furp Staticn
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(Guardian control

H1:GRD-SEI_HAMS.MAIN.2spgagar.adl

URARDIAN: SEI_HAMS

ISOLATED 200

NN
i)
‘. - -

(-‘ N N
200

ISOLATED 4 |

“‘ A
200

exec ~ NS 10
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OSEM estimator wk@@?

KAGRAZ

sophisticated control

ESTIMATOR_OVERVIEW.ad|

SR3 Length Estimator other (non-damping) drives

Length OSEM total drive

[JClassic Damper

Output Switch

Use 0SEM |
OfF f |
Use ESTII'I|

Rang Time (sec):ﬁ_
initial channel (1-3):fl
next channel (1-3):F_
hF ade controls J

[HOSEN Danper

(hEstin Damper

[NOSEM BandPass

[NMODEL BandPass =
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Real Impact of seismic isolation sico)}

Ll bmal\ neutron star 1nsp 1al range (DI\IT Sensel\[on)
[ LIDMT-SNSHEFFECTIVE RANGEMPC

range monitor over 24 hours

G2602216 66



eal Impact of seismic isolation

but there was a train
_bndY

-
-
H—

(-
<.
o

100

1 — 3 Hz seismic motion [nm/s|

- R L A v l A A A ' A A A l A A L ' A A L] ' A A v l L A A ' A L A ' A A L ' A A v l L A A l A A A
o -
I rains kL ' ' : . ' ' J : ' ' ' N
A A s l A A A l A A A l A s A l A A A A s A s A A s l A A A l s A A

416 8 10 12 14 16 18 20 2 2
Time [hours| from 2015-09-20 00:00:00 UTC (1126742417.0) -
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Real Impact of seismic isolation
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LIGO Thming Systom's Accuracy during 02

Difference between LHO NTP Server and Distribution
System Time [ns], Mean Value Removed (-110.89 ns)
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Flgure 1: Timing Difference between the NTP Server and the Timing System's Internal 1PPS signal at LHO during O2. (EPICS

B: HL:DMT-ANALYSIS READY:1)
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