LIGO & Earthquakes )

Brian Lantz, Anne Baer, Grace Johns
Jan 6,2020,G2301536

LIGO Background
* 2 US detectors, also Virgo in Italy
* 4 km arms which are ‘locked’ on ‘resonance’
* We use sophisticated seismic isolation.
* Normally isolation works well, but
* Not for surface waves from teleseismic events
* We can change the control schemes to adjust for different conditions
* We have developed a special ‘Earthquake mode’
* It works pretty well, but would be better if:
|) It were turned on BEFORE the earthquake arrived
2) We knew how big the EQ would be, so we could pick the right
parameters
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International Network
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The LIGO concept V'k@:’)

input light

It’s sort of like this,
except spacetime is stretching,
and the mirrors don’t move.

T = 1 Period

4km arm cavity

4km arm cavity

I

output light, containing

gravitational wave signal
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The LIGO concept #Y)

Gravitational waves are hard to
measure because space doesn’t like to
stretch.

Our signal strain (h) = 10-2/,
dL = 4*10-'8 meters

(that’s why it’'s taken so long,
Einstein 1916,Weiss 1973)

4km arm cavity

4km arm cavity

input light

I

output light, containing

gravitational wave signal
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The LIGO concept #Y)

Active controls hold the rms length of

the arms stable to
~ |e-13 meters, and
~ | e-9 radians.

Needed to keep large

input light

4km arm cavity

4km arm cavity

I

output light, containing

gravitational wave signal
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optics table - stage 2
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Isolation
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LSC : 4
=8 Pendulum Suspension 2

-BSC-ISI~ _

LIGO Mirrors:
Synthetic fused silica,
40 kg mass

34 cm diameter
20 cm thick

S ded
Suspended as a test mass

4 stage pendulum

-

silicate bonding creates a monolithic final stage G1900918 14



Pendulum Suspension

LIGO Mirrors:
Synthetic fused silica,
40 kg mass

34 cm diameter

20 cm thick

S ded
Suspended as a test mass

4 stage pendulum

Best coatings available

Motion at 10 Hz set by
thermal driven vibration

silicate bonding creates a monolithic final stage
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Pendulum Suspension
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LSC : 4
&8 pendulum Suspension vikS

* Isolation at 10 Hz and above is great
* Isolation at | Hz and below is bad
* lots of cross coupling, ie
length drive results in pitch and yaw motion
* control below | Hz, and large drives should
be done with the platforms

G1900918 19



Typical control condition

T240X as disp, loud v. quiet
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Use the ground motion signal for low freq. control (Sensor Correction)

- Use the signals above ~100 mHz to isolate against the microseism

- Filter out signals below ~30 mHz to not couple measured ground tilt.

- Transition band has amplification (waterbed effect). OK if band is quiet.
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New Sensor Correction

Pick a shape that works better for the EQ motion

Shape of the Sensor correction filters
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Filter CML_BB_SC performance
-------- Filter CML_BB_SC Highpass (tilt rejection)
Trial Filter v1 performance

— Trial Filter v1 Highpass (tilt rejection)

fO r tilt .

1 1 1 1 1
created by EQ_filter_quickfit on 15-Feb-2018
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Most of the motion is
Common-mode

Time Series, LHO, Local motion for Y
«10* M6.8 Kirakira, Solomon Islands, 19 Jan 2017
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LSC

Control schematic

seismon

...p| Operator (guardian)
decides to switch

USGS EQ monitor
|

arrival estimator
(time and mag)

local differential local differential

F-EQ & F-EQ

F-tyP R F-tyP B

E local abs. E local abs. >@

avg. =—p T

* common mode (average)
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LHO stays locked with
bigger ground motion

EQ lock Cumulative Dist Function
| |

DIST

* Cumulative distribution of the times we stayed
/ locked during earthquakes. CDF vs. ground
oaf- velocity -

0 1500
GND Vel BLRMS (nm/s)

* From |.Warner, LHO log 51 388.
When there is an Earthquake at LHO, does the detector stay locked?

G1800399 24



Detector Performance: O3 Cumulative Duty Factor

\

o

H1 operational state

[1238166018-1259193618, state: all]

Observing [70.2%]
Ready [0.7%)]
Locked [3.0%]
Not locked [26.1%]

Network duty factor

[1238166018-1259193618]

Triple interferometer [43.2%] 0
Double interferometer [37.9%] * >95% on Sky coverage

Single interferometer [15.3%)]

No interferometer [3.5%)]

* 5 months with 43% triple
interferometer duty factor

e ~80% double IFO coverage
e L1 & H1 coordinate non-observing time

L1 operational state

Virgo operational state
[1238166018—1259193618. state: all]

M Observing [74.5%)]

B Ready [0.4%)]
Locked [3.5%]

M Not locked [21.5%]

[1238166018-1259193618, state: all]

B Observing [76.2%]
Locked [6.0%]
M Not locked [17.8%)]

G1901608-v2 2

from G1901608
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Merry Christmas! GG
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#Y)

* arrival time was pretty good (14 minutes ago)

L1SEISMON_Main.adl - o x L1ISI_EQ_GUARD _Main.adl
SEISHON Keep Alive: @

I¥AL (from now)
"[ l[m!]‘ : L' Ii
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predicted motion was |/2 micron/sec
actual velocity was 3 microns/ sec
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Log entry tells the story... )

(From LHO log #50672 - Tom Evans, Eyal Schwartz)

e This was below our thresholds for EQ mode so the Quakebot did
not trigger upon Seismon alert. However, when the R-wave hit us
the ground motion was much higher than the predicted one by
seismon

* hence the EQ mode was triggered automatically and we
transitioned successfully just before the peak of the earthquake.
There was an immediate reduction in the
ETMX L1 COILOFF_LL OUTPUT that we have on the screen
in the control room.

G1902366 28



4G
Earthquakes vmey

* Eyal, Arnaud et. al. have gotten LLO nearly all the way to reliable operation of the
earthquake mode. Is there any help needed to get across the finish line?

* Automation is very helpful. How to operate with a BRS offline has been an issue.

* Software cleanup will be necessary after O3 to deal w/ workarounds.

* Three new efforts to improve predictions of teleseismic events:
* Nikhil is trying to rebuild the training database.
* Picket Fence: Brian,Anne and Grace are working with Paul Earl, NEIC at USGS,
to get low-latency monitor of the actual waves setup
* Improve SeisMon prediction by combining new NEIC source information
(moment-tensors and focal-mechanisms) and combine that with detailed global
propagation models. Prof. Jascha Polet (Cal Poly, Pomona) offered to help.

* ShakeAlert is a rapid-alert system for local events, now live in CA. Brian and |im
are working with Margaret Vinci at USGS to get LHO set up as a beta-test site
for the system in WA and OR. Hope is to get several seconds of alert and push
detector into a ‘safe’ mode to help avoid troubles like we got from the Montana

EQ in July 2017. (Montana is not in the WA, OR network, but that’s the idea).We

are looking for suggestions on responses.
G1902366 29



LHO’s view of the world V.@g’?

Can we watch the waves roll in?

G1902366 30
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LSC .
LSC Seem to be lots of stations VR

200 - 400 km gives 50 - 100 seconds of travel time delay

Pacific Northwest Seismograph Network

125, 1% Sep. 1998 w7

122 121 120 119

/ 49.

i v; nrn ‘“’"

.1.':, - ? ‘ A
Z\x
’ b v 147
) Y

LIGO Hanford Observatory

46

+ 44
4
& 1o
G)AA Us: Navy, NGAJGEBC =
. ; S Al Landsat 7 Cop?rral‘l o )
sty &R Image IBCA@» M B ' )
google earth | e A 1‘% B B LIl a0 ke LIT.

D EO= Columbla NS

4 Short-period Seismograph Station

A. Bael" x Broad-band Seismograph Station

u+ Strong Motion (telemetered / stand-alone)

G1902366 3l



LSC i
LSC)) Not so clear for LLO... V"ngg’)

¢
LIGO Livingston

200

00

700 /(/77

Data SIO, NOAA, U.S. Navy, NGA, GEBCO
google earth Image Landsat / Copernicus
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Percent Available ([00]/LHZ)

Station IU COR

Corvallis, Oregon, USA

IU COR commences operations on: 1989,299
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Monitor the incoming waves? v

Oregon State University
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110
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https://earthquake.usgs.gov/monitoring/operations/stations/IU/COR/
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LT{@
VIR

Earthquakes

Blue trace is from a USGS station about 300 km closer to the

EQ event than LHO is. This could be a good monitoring point

and gives up to /5 seconds of warning. Potentially useful if you
know an event is coming, but you’re not sure how big it is.

M6.5 EQ, 12.3 km depth, Indonesia, 2019-9-25 23:46:43 UTC

USGS, Corvallis OR
—— LHO (offset)
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https://alog.ligo-la.caltech.edu/SEI/index.php?callRep=1542

