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Welcome to the LIGO Magazine Issue #13 !

Welcome to the thirteenth issue of the LIGO Magazine. We have now had a little more
time to catch our breaths since last year’s observation of the first merging binary neutron
star, GW170817, on 17 August 2017. In ‘Memories of GW170817’, we gather recollections
and stories of this exciting time from people around the world.
Preparations are well under way for Observing Run 3 and we hear about what it takes to
get ready in ‘A Commissioning Story’. In ‘Next Step Full Lock’ we hear about the exciting
progress at KAGRA from Keiko Kokeyama and Yutaro Enomoto. Gravitational wave observatories are extremely sensitive and complex instruments, so in this issue we also hear
about how to get from the detector to the data, with a look at the calibration process from
Maddie Wade and, from TJ Massinger, we hear about characterizing the hums, buzzes and
bangs in the data.
Turning to space-based instruments, we have updates from LISA as well as an interview
with Jennifer Wiseman, Senior Project Scientist for the Hubble Space Telescope, on what
it’s like to work with the Hubble mission and the observation of electromagnetic light
from the binary neutron star merger last year.
As always, please send comments and suggestions for future issues to magazine@ligo.org.
Jocelyn Read and Hannah Middleton, for the Editors
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News from spokespeople
We have now seen one year pass since

We are making good progress in ensuring

the neutron-star observation of August

that hosts of future ‘EM Bright’ events will

2017, and in many ways that event still re-

be discovered shortly after coalescence to

verberates in the Collaboration, both in the

try to grab the earliest points in the evo-

past year’s activities and in what we hope

lution post-coalescence. The machinery

to deliver for the next observing run.

for low latency public alerts is developing
well, and is planned to be tested soon in

The LSC is hard at work wrapping up the

engineering runs. The analysis pipelines

analysis and the publications from Observ-

for transient events are being tuned up for

ing Run 2 (O2), with most of the targeted full

coherent analysis of the Virgo and the two

Collaboration papers on the binary neutron

LIGO instruments which will observe in O3.

star (BNS) behind us but with a trove of results about other events and astrophysical

The LIGO instruments are just wrapping up

interpretation still underway. This effort to

the installation of many new components.

David Shoemaker

extract and share the observations is valu-

Some of these are replacements and up-

LSC Spokesperson

able in its own right, of course, but also is

grades of previous components; new test

showing us how we want to proceed for the

masses with coatings which are more uni-

next observing run.

form and have better specifications across
wavelengths have gone in at both observa-

We often think back on the month of Au-

tories, and one damaged mirror that may

gust 2017 in particular and the remark-

have held back Hanford’s sensitivity has

able number of events we saw – and look

been swapped out. New baffling is in place.

forward with a mixture of joy and trepida-

And at both observatories squeezed vacu-

tion to ‘a year of Augusts’ in the O3 run,

um light sources have been installed and

and working to see how to manage that

are in testing (with a slight sensitivity im-

onslaught of discoveries. We can expect

provement even seen in a test!). The com-

not only more exciting results from the

missioning is now getting underway, with

LVC analyses and publications, but also

the goal of 120 Mpc for BNS in place for the

a greater community outside of the LVC

instruments, and the best estimate at this

both motivated and capable to ‘do sci-

time is that this can be reached very early in

ence’ with gravitational waves alone or

2019, pacing the start of O3. And we have

in synergy with electromagnetic and par-

high hopes that KAGRA will be able to join

ticle observations. We need to plan on

toward the end of O3.
Laura Cadonati

both being timely with our own papers,
but also collaborating creatively with

The next 6 months must be a focused effort

scientists outside of the LVC. Beyond the

to be ready – to have O1/O2 substantially

immediate scientific reward is also the

behind us, to have machines at the requi-

growth of the community that can voice

site sensitivity and uptime, and to have the

their support for future upgrades and also

low-latency notices, pipelines, and post-

future observatories to house 3rd genera-

detection code ready to go. We will be rich-

tion instruments.

ly rewarded.

LSC Deputy Spokesperson

David Shoemaker and Laura Cadonati
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O3: Getting ready for New Science!

LIGO in 2018
A Commissioning Story

The prototype electric field meter in the chamber.
6
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Georgia Mansell

he third observing run O3 is
currently projected to begin in early 2019. LIGO’s second observing run (O2) ended on August
25, 2017, and work toward the next
observing run began soon after.
Between science runs, scientists
and engineers at the detector sites
work to install new systems and to
improve their performance.

We are a diverse team of engineers, oper-

What is commissioning?

The important part of commissioning is

For me, commissioning is the most ex-

“Does this make DARM (Ed: differential

citing and rewarding activity that takes

arm motion - see Calibration article pg 13)

place at the site. Multiple teams of people

better?” If the answer is no you’re wast-

around the world design and install parts

ing your time. That takes a long time to

in the interferometer to make it more sen-

absorb. You think, “Oh, this thing is noisy

sitive to gravitational waves. Once these

over here, maybe I should look into it,” but

parts are installed, it is up to commission-

we have enough other problems.

ers to get the interferometer back up and

Anamaria Effler (LLO)

ators, commissioners all trying to coordi-

is a MIT postdoctoral

nate a plethora of subsystems. Everything

associate based at LIGO

is coupled to everything else, and we all

Hanford Observatory (LHO).

heavily rely on each other’s expertise

When she is not commis-

to understand exactly what is going on.

sioning she enjoys hiking,

There are so many different noise sources

cycling, cooking, and tend-

we’ve been working to address since the

ing to an ever-growing collection of houseplants.

last observing run.
Georgia Mansell (LHO)

running. Commissioning takes a team of

Corey Austin
is a graduate student at
LSU working on stray light
control at the LIGO Livingston observatory (LLO).
When not working at LIGO,
Corey enjoys spending time
at the gym and playing disc golf.

Anamaria Effler

people with varied expertise working to-

What are the current challenges?

gether for many long hours to achieve a

Most of the problems we are facing are

is a scientist at the LIGO

common goal. The challenges are beyond

probably more mundane than many

Livingston Observatory. She

difficult (literally problems that have nev-

imagine. Like a bug that crawls onto an

has been with LIGO for 12

er been thought of, much less solved), but

optic on the laser table which in turn ab-

years and is originally from

the sense of accomplishment that accom-

sorbs enough heat to melt a hole into the

Romania.

panies solving even the smallest of chal-

mirror. Not good! But, every now and then

lenges makes it all worthwhile.

we have an interesting noise source that is

Corey Austin (LLO)

fun to chase down.
Daniel Sigg

As the commissioning leader at the Han-

Daniel Sigg

ford Observatory I have to coordinate the

There are so many parts and so many

has been working at the

integration of all subsystems in the de-

electronics and cables. I know which

LIGO Hanford Observatory

tector. This includes everything from the

cable goes where, what to disconnect,

since its inception. In his

laser to the seismic isolation, the optics,

where to disconnect it - stuff like that

free time he likes to explore

the sensors, the servo controls and many

which is very simple but you only learn it

the local wineries and

more. They all have to work together per-

by spending a ridiculous amount of time

sample the wares.

fectly to make the next observation run

on site. Then it turns out that some ran-

possible. Part of the challenges are tech-

dom piece of electronics in the middle of

nical, but it is equally important to have

ten boxes connectected together is noisy.

an excellent and motivated team.

How do you efficiently troubleshoot

Daniel Sigg (LHO)

that? Any semi knowledgeable physicist,
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O3: Getting ready for New Science!

The electric field meter (EFM) that is installed at end-X at Hanford, shown next to the test mass.

given infinite time and all the electron-

We have a problem with output arm scat-

missioned, additional opportunities for

ics drawings and documentation, will

tering. We’re going to put some baffles

improvement were identified and solu-

eventually work it out. But there’s just so

around there. I’m really excited about that.

tions for those opportunities are currently

many things, and that’s where the wiz-

There are so many baffles in there I’m not

being designed and implemented.

ardry happens. I know exactly where to

sure if there are many more options. But

Corey Austin

go and what to do because two years ago

we’ve made some not-very-precise mea-

that bit malfunctioned and I’m like “oh no

surements that suggest part of the low

Charge on test masses

not this **** again.”

frequency noise is from the scattering.

I’ve recently started working on under-

Anamaria Effler

Anamaria Effler

standing electrical charge on the test
masses, and electric fields in the vacuum

8

Stray Light

Between 10-100 Hz, the sum of our known

chambers the test masses reside in. This

I work on stray light control. Stray light

noise sources does not add up to the mea-

is interesting and important as it may

control mitigates the effects of light that

sured noise. This unexplained noise is of-

hold the key to the mystery noise seen at

scatters from the main beam and reduces

ten attributed to stray light, and in order

Hanford.

the overall noise in the interferometer.

to meet our sensitivity goals for O3 and

Georgia Mansell

The main way that we reduce the effects

beyond, we must reduce the contribu-

of stray light is by installing baffles to

tion of stray light displacement noise in

In some sense it’s as simple as: we have a

limit the amount of stray light that re-

this band. For most of 2017, the Stray Light

lot of metal around optics, so we have a

combines with the main beam, thus lim-

Improved Control (SLiC) working group

lot of field lines going every which way. If

iting the amount of noise caused by stray

designed a set of baffles to be installed

there’s charge on the optics that’s going

light.

between the end of O2 and the start of O3.

to make them move, because charge lines

Corey Austin

As these baffles were installed and com-

are not stationary.

A view from the thermal compensation system through the beam splitter.

There are always stray electrical fields

Meter (EFM) that Rai Weiss designed, be-

and it would take a complete overhaul

cause he’s been concerned about this for

of our grounding and electronics and

a long time.

Even with the EFM and the electrostatic

building power to get rid of them. Be-

Anamaria Effler

drive to help us, it’s hard to measure the

tween O1 and O2 Livingston vented, and

useful tool in the next observing run.

actual charge on the test mass to know

since we were in we also discharged our

In the last couple of months I’ve been

what’s going on. If we commission this

test masses. Hanford did not vent and

installing and characterising an Electric

interferometer and still find this mystery

did not discharge their optics, as the way

Field Meter (EFM), as part of a team of

noise at 100 Hz, even with the new test

to charge without opening was not set

awesome scientists. It consists of four

masses, I think overcoming that will be a

up yet.

plates - two for each axis - and some

big challenge to reach design sensitivity.

clever electronics to measure the differ-

Georgia Mansell

Unfortunately it is very difficult to

ential voltage between the plates caused

measure pure electric fields. You can

by electric fields. All of this is mounted

Other noise sources

measure charge noise in some ways by

on a cube that is suspended in the cham-

Other interesting noises include laser jit-

driving mirrors at some frequency and

ber next to the test mass. The whole

ter noise. This is modulation of the input

seeing the response in the DARM noise

thing weighs 15 kg, and installing it in-

laser light from vibrating optics. Some of

spectrum, but then you’re only testing

chamber at End Test Mass X (in one of the

it was caused by plumbing in the old high

the charge that is in the field lines of

end stations) was a fun and informative

power laser and will be improved with

between the reaction mass and the test

experience. The EFM is sensitive enough

our new 70 W amplifier. And, of course

mass, not the charge that’s on the other

to see fields of the same strength as those

squeezed light injection! Both sites now

side of the optics. Now we have installed

we know have coupled into the interfer-

have squeezers installed; they’re being

at both end stations the Electric Field

ometer readout, so this should be a very

commissioned right now and will im-
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by George Mansell, Corey Austin, Anamaria Effler & Daniel Sigg

prove the high frequency shot noise lim-

Commissioning surprises?

The future of commissioning

ited part of the spectrum, without having

Probably the biggest misconception is

With all the enthusiasm that the first de-

to turn up the laser power.

the idea that the motivation for working

tections generated, the tension between

Georgia Mansell

on the instrument must be to find more

trying to get more science data and at-

gravitational waves. As an instrument sci-

tempting to improve the sensitivity will

All the cavities have to be very well mode-

entist, I’m more interested in solving the

intensify. This is a good challenge to have.

matched to each other, and the whole in-

technical challenges that pop up day to

Daniel Sigg

terferometer has to be mode-matched to

day. Finding more gravitational waves is

the output mode cleaner, and the match-

the icing on the cake that keeps the fund-

I think that it’s easy for prospective stu-

ing changes with laser power. Putting

ing agencies and the general public hap-

dents and postdocs to say that LIGO has

the story together involves a lot of mea-

py so that I can continue working on the

already achieved its goal, and they would

surements, and a lot of modeling from

technical challenges.

rather work on something with a more

the Birmingham Finesse (interferometer

Corey Austin

exciting future. Of course, LIGO has only

simulation software) group. It’s cool that

just begun exploring the universe, and

you can pull in people from very differ-

It’s funny how the instruments are so dif-

for me, as a student working at the Liv-

ent backgrounds, and ask: can you spend

ferent. Hanford and Livingston have iden-

ingston detector, I have an opportunity

a month following along with us and tell-

tical components but are often facing dif-

to make the most precise scientific in-

ing us what your modeling tells you, or:

ferent problems. I talk to Sheila Dwyer at

strument ever built even more sensitive.

what can the thermal compensation sys-

Hanford and we ask each other to do the

That’s pretty cool!!

tem group do to measure or change the

exact same test, but more often than not

Corey Austin

thermal state of the optics.

the result is “we don’t see it, good luck.”
That part sucks a little. Both sites get this

We had this radio frequency (RF) whistle

question all the time - how does the other

problem at Livingston, it doesn’t quite

site deal with this problem? And 75% of

show up at Hanford or at least not in the

the time it’s “well, they magically don’t

same way. It seems to have something to

have this problem”.

do with the reference cavity, so right now

Anamaria Effler

we’re working on a way to take the cavity
out of the system. That’s really hacky but

A neat feature I didn’t expect at Hanford is

if it works, it works. I have disconnected

the wildlife, there is a lot of wildlife living

every RF cable in this place and some of

very close to the site. So far this summer

the noise is still there and it’s so frustrat-

I’ve encountered porcupines, coyotes, a

ing. So now we’re taking this other ap-

hawk and, one time, an elk.

proach: if we can take this part out, what

Georgia Mansell

happens?
Anamaria Effler
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Updates from KAGRA

Next Step Full Lock

W

This picture was taken in Apr. 2018, to celebrate the lock of the first cryogenic Michelson interferometer at KAGRA.

Keiko Kokeyama

hat is KAGRA
working toward?

after its lock loss during the next obseris an assistant professor

vation run.

Keiko Kokeyama: For KAGRA, the next ob-

in Institute for Cosmic Ray

servation run will be our first observation

Research, University of To-

Keiko Kokeyama: Most parts are similar to

run. So far, engineering runs had been only

kyo. She worked at the LIGO

the LIGO installation and commissioning,

in the simple Michelson interferometer

Livingston site from 2011,

but we are in an underground environ-

configuration. As with the other interfer-

and moved to the KAGRA

ment. Underground, there is no difference

ometers, the locking of the full interferom-

site in 2015. Brainwashed by a crazy cat lady in LIGO

between day and night, or between the

eter, and the noise hunting will be most

Livingston, she adopted a Louisiana calico cat during

seasons, in terms of the temperature and

challenging. We hope a lot of LIGO and

her LLO time. The cat now lives in the KAGRA area.

humidity. The natural tunnel temperature

Virgo experiences will help.

is 12 degrees C, and more than 90% relaYutaro Enomoto

Yutaro Enomoto: We don’t have an operating interferometer yet, so achieving
the full lock of our interferometer will
be the first step to improved sensitivity. Among all the work toward the full
lock, I am currently on noise budgeting
(or noise modeling) and servo design of
the green lock system. This will hopefully
help quick recovery of the interferometer

tive humidity. Actually, the temperature in
the tunnel has been rising since the tunnel

is a PhD student at the
University of Tokyo who
works on interferometer
commissioning at KAGRA
and is a big fan of Star Wars.
He is looking forward to
detecting a new SW event as well as a GW event that
happened a long time ago in a galaxy far, far away.

excavation finished and we started using
electricity. The electric consumption heats
up the space more than 10 degrees C. The
most contributing power consumption are
the clean booth fans. Recently, we had a
nation-wide torrential rain, and the humidity of the tunnel went up 10~20 % in about
a day. It seemed a large amount of water
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by Keiko Kokeyame & Yutaro Enomoto

KAGRA’s Y-arm under construction

had soaked into the mountain. Some water

The biggest improvement of the current

Keiko Kokeyama: In the long term, al-

leaked out from the tunnel walls. The tem-

detectors are the automations and intelli-

though it is not a technical or scientific

perature dropped accordingly, by up to 2

gent controls based on the more sophisti-

point of view, for KAGRA, it is going to be

degrees C.

cated digital and network systems. In the

more difficult to secure the researchers

next decades, with more powerful com-

of the next generation. Japan has a seri-

These unusual process of the environ-

puters and faster network, even more intel-

ous issue of low birthrate, and decreasing

ment change is unlike any ground-based

ligent controls will be rapidly developed.

numbers of next generation graduate students and young researchers. Recruitment

detector sites. We developed an original
monitoring system, using commercial

Yutaro Enomoto: Cryogenic suspension

competition between academia and in-

sensors with a wireless communication

is interesting, because almost everything

dustry is getting severe. We must not only

function, integrated in the CDS network.

gets different when it is cooled down to

keep the scientific field attractive, but also

There are more than 30 locations to be

cryogenic temperature. Maintaining stable

make stable academic careers which can

monitored in the KAGRA tunnel. In the

operation against high power laser (more

compete with industry positions. The work

later phase (coming soon) with the full

than 100W) injected into KAGRA interfer-

environment needs to be changed to wel-

interferometer commissioning and noise

ometer will be challenging. As the power

come more non-Japanese collaborators,

hunting, the temperature change can

goes up, the heat extraction from test

and correcting the gender gap in STEM

cause mechanical problems on the sus-

masses, to keep the masses cryogenic, will

(and all other fields) is also one of the most

pensions. We have started installing some

be tougher.

important steps.

air conditioners in the corner station, but
it is unsure how precisely we can control
the environment.
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Detector to Data

Calibration:
A Short Introduction

motion from the power fluctuations at the
photodiodes combined with the actions of
the control system.
The calibration process involves modeling

T

the optical components of the interferomeMaddie Wade

ter as well as modeling the actuation system
that is actively compensating for arm mo-

he LIGO interferometers are sen-

works on calibration of the

tion. Fig. 2 is a diagram of the DARM control

sitive to the relative changes

LIGO interferometers and

loop. The left side describes how the motion

in the length of the two interferometer

searches for compact object

of the interferometer arms is controlled: The

arm cavities caused by passing gravita-

mergers. She also enjoys

residual DARM motion, DLres, is the rela-

tional waves. Calibration describes how

gardening, teaching, and

tive motion of the arms that is left over after

measurements with the observatory’s in-

canoeing with her family.

the actuation system applies a control motion (DLctrl). This residual displacement is

struments – the photodiode outputs and
control systems – are converted into the

lum seismic isolation system that holds the

converted into a digitized signal, represent-

strain data that we use for all astrophysi-

test masses at the end of the interferometer

ing the laser power fluctuation at the GW

cal analyses. The final product of calibra-

arm cavities. Fig. 1 shows a basic diagram of

readout port, by the sensing function C. The

tion is the strain, h(t): the differential arm

the interferometer, including an inset that

sensing function includes components such

motion (DARM) that would result from

shows the actuation system hung in suspen-

as the optomechanical response of the Fab-

freely-swinging test masses divided by

sion parallel to the end test mass suspension

ry-Perot cavity, the physical time delay due

the average unperturbed arm length.

system. Calibration is the process of recon-

to the light-travel-time in the interferometer,

structing the external, free-swinging DARM

and the responses of the readout electronics.

Many external stimuli besides gravitational
waves (GWs) also induce differential motion
of the two interferometer arms, and at much
larger amplitudes than the average gravitational wave. To keep the instrument stable,
the difference between arm lengths must be
held steady to less than a femtometer – less
than the width of a proton – during operation. To accomplish this, motion that changes
the arm lengths is actively compensated.
A system of electromagnetic actuators is suspended in parallel to the quadruple penduFigure 1: A simple schematic of the LIGO interferometer. Four highly reflective test masses form the two arm
cavities in the horizontal plane. A photodiode at the
GW Readout Port is used to measure the interferometer response. Inset: one of the dual-chain, quadruple
pendulum suspension systems is shown in the vertical
plane.The inset shows the actuation system that hangs
in parallel to the pendulum suspension system and actively compensates for differential arm motion.
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by Maddie Wade

Figure 2: Diagram of the DARM feedback loop. The
control loop, on the left hand side, stabilizes the relative length of the arm cavities. Calibration, on the
right hand side, undoes this loop to reconstruct the
astrophysical strain from the digital readouts of the
instrument.

This digitized error signal is then filtered (D)

find DLctrl. The results from the models are

to construct a corresponding control signal

combined and divided by the average arm

to compensate for the residual motion. That

length L to reconstruct the strain h(t).

control signal is sent to the actuation system to cause physical displacement at each

A system known as the photon calibrator

stage of the pendulum, which maintains the

(PCal) is used as an absolute calibration refer-

differential arm cavity length. The actuation

ence when constructing the models for the

function for each stage of the pendulum, A,

inverse sensing and the actuation. Fig. 3

captures the translation from digital control

shows the photon calibrator system. The pho-

signal to physical displacement.

ton calibrator uses a small one-watt auxiliary
laser to induce motion of an end test mass

The major components that calibration needs

with photon radiation pressure. Two PCal

to reconstruct the free DARM motion from

beams are incident on the end test mass, one

the digitized error and control signals are the

above and one below the main interferom-

sensing function and the actuation function.

eter beam, to avoid deforming the surface

The right-hand-side of Fig. 2 shows how a

of the test mass in the region sensed by the

model for the inverse of the sensing function

interferometer beam. The power of the PCal

is applied to the digitized error signal, to find

laser is modulated to induce a known amount

DLres, and a model for the actuation function

of differential arm motion, which is used as a

is applied to the digitized control signal, to

reference for the calibration models.
2018
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Figure 3: The photon calibrator system.

Detector to Data

Characterization:
Of Bangs and Buzzes

Hunting LIGO noise sources
In addition to gravitational-wave strain
data, there are roughly 200,000 auxiliary
data streams, or “auxiliary channels”, recorded at each LIGO Observatory. These
include monitors of detector performance,

TJ Massinger
earned his PhD from
Syracuse University and
is now a postdoctoral
scholar at the California
Institute of Technology
working on detector
characterization. In his spare time, he enjoys
playing board games, going camping, and playing with his lazy cats.

I

environmental influences, real-time comonds-long burst of repeated glitches. Scat-

puting, and control system diagnostics.

tered light reflecting off of a surface and

These auxiliary channels are critical for dis-

recombining with the main laser beam may

covering and investigating sources of noise

show up as a series of sweeping arches in

in LIGO data.

the time-frequency plane (see figure below). These glitches can mimic or overlap

There are two primary approaches to iden-

with true transient gravitational wave sig-

tifying noise sources: instrumental inves-

nals, making detecting and characterizing

tigations and examination of background

these sources difficult. Efforts to categorize

noise events. Automated algorithms are

LIGO and Virgo glitches have been spear-

run on a daily basis that are designed to

headed by the GravitySpy glitch classifica-

discover correlated noise between auxil-

tion project, which lives at the interface of

iary channels and gravitational wave strain

DetChar and citizen science *.

channel. The output of these algorithms

n an ideal world, LIGO data would be
comprised of predictable, well-behaved

Gaussian noise and the occasional transient
gravitational wave signal. In the real world,
LIGO data contains numerous classes of
noise on timescales ranging from short
millisecond bangs to features that buzz or
hum for days. These instances of noise are
problematic for everyone; data analysts
don’t want their analyses to be contaminat-

ed or biased and instrumentalists want de-

Time-frequency depictions of transient noise from Advanced LIGO‘s second observing run. Left: Arches caused by
scattered light recombining with the main laser. Right: A whistle caused by beatnotes between drifting RF oscillators.

tectors with optimal and well-understood

In addition to transient noise, LIGO data

can be compared to the results of astro-

performance. The Detector Characteriza-

often contains long duration noise that ap-

physical search pipelines to assess whether

tion (DetChar) group is responsible for

pears when calculating a noise curve from

or not a particular noise source is contrib-

investigating noisy data with the primary

long stretches of data. Some cases of long

uting to a high rate of background noise

goal of improving the detectors when pos-

duration noise, such as mechanical reso-

events. Alternatively, the most problematic

sible and otherwise mitigating the effects

nances, exist at fixed frequencies and ap-

background noise events for an astrophysi-

of noisy data on astrophysical searches.

pear as narrow lines in the noise curve. In

cal search can be tracked back and linked

rarer cases, non-stationary noise appears as

to a specific instrumental noise source.

Things that go bump in LIGO data

“breathing” in the noise curve, resulting in

The most commonly considered type of ex-

a low frequency modulation of the detec-

cess noise in LIGO data are noise transients,

tor sensitivity. Recent efforts have focused

Data quality
during an observing run

or “glitches”, which come in many shapes

on correlating these slow changes in sen-

When a noise source has been investigated

and sizes depending on their source. A

sitivity with environmental or instrumental

and an instrumental coupling has been dis-

thirsty raven pecking at an iced over pipe

changes such as temperature variation.

covered, an algorithmic approach is used to

(LHO alog 37630) may show up as a sec* Help LIGO and Virgo classify detector glitches! Visit gravityspy.org
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by TJ Massinger

mark times when such noise is predicted to
occur. These times are omitted from astrophysical analyses in the form of data quality “vetoes”. Alongside the general detector
state information (e.g. “science mode”), a
subset of data quality vetoes are provided
for use in rapid searches for gravitational
waves. It is important for these searches
to incorporate as much data quality information as possible to enable confident
surveys for electromagnetic counterparts,
particularly in the era of automated, public alerts. In the case where new information becomes available that casts doubt
on a potential gravitational wave signal, a
retraction can be sent. For less urgent astrophysical searches that are run days to
weeks after strain data is recorded, a more
thorough suite of data quality vetoes is developed to remove systematic noise sources from analysis time.

Assessing whether
a candidate event is real
When a candidate event is being considered for publication, the cumulative information about the state of the detectors and
any noise in the data is collected to assess

An example of coupled instrumental noise during Advanced

whether a candidate event is a genuine as-

LIGO’s second observing run. A telephone ringing in the enclo-

trophysical signal or the result of terrestrial

sure that houses the main laser acoustically coupled into the

noise. For example, evaluating the physi-

gravitational wave strain data.

cal environment monitors is an important
check to ensure an event recorded in multiple detectors wasn’t caused or influenced
by global environmental events like lightning. Each result published by the LIGOVirgo collaboration represents the DetChar
group’s collective effort in understanding
the detectors, the character of the data,
and the impacts of features in the data on
astrophysical searches.
2018
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Memories of GW170817:
The First 24 Hours

A

Frederique Marion
The

construction

of

Advanced Virgo was a
bumpy road, run like a
marathon and ended in
a sprint. The prospect of
joining Observing Run 2

ugust 2017 was a busy time for

Laura Nuttall

was stimulating, but the pressure was strain-

LIGO and Virgo: Virgo had joined

Just before GW170817, ing, especially for colleagues working on

LIGO for observations (Observing Run 2) on

I remember writing out the instrument. Joining the run was a mile-

the 1st of August, and just a couple of weeks

the names of all the sig- stone, but we hardly thought a few weeks

later a binary black hole merger GW170814

nals we had seen so far of data taking would be enough to detect

had been seen - the first observation to be

on the whiteboard be- a signal. Then came GW170814... Honestly?

made with the triple detector network. There

hind my desk (I’m includ- I was ready to declare success at that point

were just a couple of weeks left before ob-

ing the quiet signal LVT151012). Six binary and wouldn’t even have dreamed of asking

servations would be stopped for upgrades to

black hole signals, not bad for two observing for more. Especially since so late in the run,

the instruments. Here is a sampling of sto-

runs. My other colleagues who I share my of- a binary neutron star looked like something

ries and recollections from some of people

fice with were quite certain, after the excite- we would have to wait for Observing Run 3

involved in the exciting events of the August

ment at the beginning of the week with the to hopefully detect.

17th discovery.

binary black hole observation GW170814,
that we were done with detections for this
run with less than 2 weeks to go. But we did A time-freqency spectrogram of raw Livingston data.
jokingly comment that the last time I did this The bright yellow region is the “glitch” in the LIGOexercise that GW170814 arrived a few hours Livingston data, with the curve of a binary chirp trace
later… “What are the odds that would hap- visible beneath it. The glitch lasted only ¼ of a second,
pen again?” I smugly joked. You know the but had a large amplitude, and stopped automated
rest of the story...

systems from distributing the signal.
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Giulia Stratta

Carl-Johan Haster

alarm rate is 1 per 9112 years. Because of

observ-

We were so completely

the low mass, the event is also automatically

ing run of the two Ad-

overwhelmed by the

flagged as having a 100% chance of being

vanced LIGO interfer-

cadence of triggers in

“EM-Bright” - capable of emitting electro-

ometers started by the

the days leading up to

magnetic radiation (light) as well as gravita-

end of 2016 and lasted

GW170817. I was how-

tional waves.

to the end of August

ever “better off” time-

2017. For people working in the LIGO/Virgo

zone wise than Aaron, since I’d spent the

Minutes earlier, the Fermi Gamma-Ray Burst

team as me, these nine months have been

end of the summer at the Kavli Program in

Monitor (GBM) had reported a gamma-ray

characterized by an hectic activity, including

Copenhagen. August 17 was in the last week

burst (GRB), and a copy of the automated

weekly (and sometimes daily) teleconferenc-

of the workshop, so my days there were sup-

notice had been uploaded into the database

es with the LIGO/Virgo Collaboration and as-

posed to be filled with finishing-up-projects

immediately after its detection at 12:41:06

tronomer collaborations and 24 hour duties

as well as going-away-dinners, but the PE

UTC. The burst had occurred two seconds

in order to be ready to catch any event in real

rota work added another layer of tasks on

after the gravitational wave chirp. LVC and

time and communicate it to the astronomer

top of that.

Fermi scientists had been on the lookout for

The

second

such a coincidence.

community. As an astronomer, I also participated in collateral activities as computations

Jess McIver

of the expected emission finalized to the

In the past I’ve always

Cody Messick

optimization of telescope proposal writ-

been closer to gravita-

To my knowledge, I was

ing, necessary to guarantee observational

tional-waves-focused

the first person to see

time for the highly competitive search of

experiment; gravitatio-

the alert. It caught my

the possible electromagnetic counterpart

nal wave data analysis

attention because it’s

of GW sources. By the second half of August

and interferometer in-

rare to see a single de-

2017, when already 5 binary black hole co-

strumentation. When I had the opportunity

tector event with such

alescences have been discovered and the

to participate in the Kavli Summer Program

a low probability of being a false alarm. I

planned end of Observing Run 2 was ap-

in Astrophysics last summer along with oth-

messaged Chad Hanna about it immedi-

proaching, everybody was nearly exhausted

er LIGO colleagues, I got my first in-depth

ately, who noticed the coincident gamma

and starting to relax.

exposure to the optical astronomer side of

ray burst from the Fermi Gamma-ray Burst

multi-messenger astronomy. At the time

Monitor (GBM). Chad asked me to send an

Aaron Zimmerman

I’d thought it would be limited to learn-

email to the collaboration because he was

During

2017

ing about clever ways to search for optical

shaking too much from excitement to type.

August

triggers had been com-

counterparts to gravitational wave signals,

ing in fast and furious,

particularly from the UC Santa Cruz Swope

Kipp Cannon

with a strong detection

team, but the binary neutron star signal had

The complication with

on 14th, along with a

already nearly arrived and I was about to see

this event was that it

bunch of lower signifi-

the results in practice.

was a single-detector

cance triggers. Nothing let up until the run

18

event, and maybe the

was over. I think I was already on autopilot

2017-08-17 12:47:18 UTC - Event G298048

first one after the col-

before GW170817, waking up regularly in

is automatically uploaded to the

gravi-

laboration agreed to

the middle of many nights to respond to

tational-wave candidate event database,

enable electromagnetic alerts from single-

triggers with Carl and Soichiro and wiki

GraceDB. It is a loud (signal-to-noise ratio of

detector events. The machinery that phoned

pages for parameter estimation (PE) results

14) single-detector event from the Hanford

people, and told them about the event, and

(for estimating the properties of the gravita-

instrument. G298048 was found by the gstlal

triggered an “EM follow-up telecon”, for ex-

tional wave source).

search pipeline by matching to a template

ample, was not ready for single-detector

waveform with a total mass approximately

events. So at first it was just people who

2.77 times the mass of the sun and a coales-

were getting GraceDB alerts directly who

cence time of 12:41:04 UTC. The listed false

found out about it. When I joined the telecon

Multi-Messenger Astronomy
Chad was already online, and I believe Reed,

Kipp Cannon

Laura Nuttall

but that was it. Chad had to manually click

Don’t forget, Fermi was just minutes away

I was on shift for vetting any candidates that

something somewhere to get the EM alert to

from going dark due to it entering the

day from a detector characterisation view-

go out, and let operators and other people

South-Atlantic Anomaly (Ed: a region over

point. I happily ignored GW170817 when it

know they needed to get online.

the South Atlantic with a high density of

initially came through, until an email drew

charged particles trapped by the Earth’s

my attention to the event being coincident

Carl-Johan Haster

magnetic field, which interferes with sat-

with something from Fermi. I hastily started

On August 17 itself I’d just come back from a

ellite instrumentation). They had already

to look at the data around this signal, won-

pleasant lunch break when I got a text alert

turned off the Large Area Telescope (LAT)

dering why I had initially dismissed it. Sadly

pointing me to the original H1 trigger from

detector, and were about to turn off the GBM

a non-Gaussian transient or glitch was pres-

gstlal, which initially didn’t give me too much

when the particle count pinged. The times

ent at Livingston, independent of the signal.

hope due to it being a single interferometer

when the GBM detectors had to turn off are

What are the odds this would happen? Ex-

trigger. The incredible false alarm rate meant

a fun part of the story.

cept I recognised this glitch. Its morphology
was something I saw all the time. Rushing on

I looked closer however, at which point I saw
that there was a Fermi coincidence. This

There is a problem - the LIGO-Livingston

to a telecon I tried to assure others that de-

caused me to walk over to Ben Farr’s office

detector has a large instrumental glitch (a

tector characterisation knew what this glitch

(he was next to my office, but since my of-

noisy interference in the detector data) at

was, and to send an alert. I know I didn’t ex-

fice mates were non-LSC members I couldn’t

the same time as the observation.

press or explain myself well at all, I was far

speak to them…) where I spent the rest of

too excited.
Reed Essick

the afternoon on TeamSpeak.

I’d been travelling to

Jess McIver

Giulia Stratta

visit collaborators at

The excitement of the binary neutron star

On August the 17th (a typical holiday pe-

Penn State University

signal alert and the rapid response team call

riod in Italy), I was working at home under

(PSU) that week (we de-

where we decided whether to send out the

the porch when my mobile started to ring

tected GW170814 while

signal was unforgettable. We were all pretty

announcing that the automatic pipelines

I was in State College)

giddy to see the clear binary neutron star

had revealed a possible gravitational wave

and had just gotten back the night before.

trace along with a gamma ray burst alert,

event that required immediate human

After taking a shower that morning, I saw

even with the stomach-jolting glitch in LI-

control. As soon as I connected via Team-

a text from Cody Messick at PSU telling me

GO-Livingston.

Speak with my colleagues and after a first

to get online immediately, which I’m pretty

check of the main pipeline output, we im-

sure I did while still in a towel. It was imme-

Cody Messick

mediately noticed that the preliminary

diately clear that we had something special

I’ll never forget sitting in the telecon after

estimate of the masses at play in this new

because of the coincident Fermi GBM trigger

everybody noticed you could see the track

source were much smaller than all the pre-

and the fact that we could see the inspiral

in L1 behind the glitch, the excitement was

vious detected sources. Since I am naturally

track clearly in a spectrogram. The PSU folks

palpable; this was the eureka moment that

skeptical, I was not very excited at the be-

had seen the LIGO Hanford spectrogram,

people dream about when they get into sci-

ginning. However, as the checks went on,

but not the one from LIGO Livingston, and

ence.

no strong evidence for a non-astrophysical

it’s likely I was the first person to see the

object was emerging and it was becoming

Livingston spectrogram with the big glitch

From the GraceDB Record:

clear that we were detecting, for the first

on top of the inspiral. At that point, we rang

Aug 17, 2017 12:47:19 UTC

time, the gravitational waves produced by

alarm bells throughout the collaboration by

GstLal CBC

a neutron star binary merger, a source from

hand because the automated software in

Log File Created [in GraceDB]

which electromagnetic radiation is expect-

place was designed to ignore single-detec-

ed. Indeed, a Short Gamma-Ray Burst was

tor triggers; the glitch in Livingston caused

Aug 17, 2017 12:47:24 UTC

observed just 1.7 seconds after!

the search pipeline to only report the event

GraceDB Processor

in Hanford.

RAVEN: External trigger candidate found:
E298046 within [-1, +5] seconds
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Aug 17, 2017 13:03:11 UTC

and then we sent it.

alert on my cell phone. Oh another BBH,

Nicola Menzione

I thought. 30 seconds later another SMS

operator signoff certified status as OK for

TITLE: GCN CIRCULAR

arrived, from Nelson, with a single word

V1: At the time of the event we are in Science

NUMBER: 21505

“GRB”. Nelson was already back at work.

Mode, nobody around site; good weather

SUBJECT: LIGO/Virgo G298048: Fermi GBM

Something was obviously happening and

condition. Nothing unusual to report

trigger 524666471/170817529: LIGO/Virgo

I must say the drive up the hill of the Ob-

Identification of a possible gravitational-

servatoire seemed to me incredibly longer

Aug 17, 2017 13:05:52 UTC

wave counterpart

than usual.

Alan Weinstein

DATE: 17/08/17 13:21:42 GMT

advocate signoff certified status as OK: There

“The online CBC pipeline (gstlal) has made a

Tito Dal Canton

is a BNS trace in L1 as well. And a GRB.

preliminary identification of a GW candidate

I received the burst of

associated with the time of Fermi GBM trig-

initial alerts from gstlal

ger 524666471/170817529 …”

while I was waiting for

Aug 17, 2017 13:08:14 UTC
Marc Lormand
operator signoff certified status as OK for L1

the bus to my office. I
TITLE: GCN CIRCULAR

remember being sur-

NUMBER: 21509

prised by the lack of

Aug 17, 2017 13:08:14 UTC

SUBJECT:

LIGO/Virgo

G298048:

Identi-

alerts from PyCBC and wondering if some-

GraceDB Processor

fication of a binary neutron star candi-

thing really exceptional had happened, or

AP: No hardware injection found near event

date coincident with Fermi GBM trigger

something had gone wrong. The moment

gpstime +/- 2.0 seconds or from Virgo injec-

524666471/170817529

when I got to my office and saw the spec-

tions statement if V1 is involved.

DATE: 17/08/17 14:09:25 GMT

trograms and GRB was the most exciting of

Aug 17, 2017 13:17:38 UTC

“A binary neutron star candidate was identi-

my current postdoc and might well be the

fied in data from the LIGO Hanford detector

second of my entire career.

Corey Gray

… The neutron star coalescence candidate is

operator signoff certified status as OK for H1:

also clearly visible in data from the LIGO Liv-

Paul Marsh

[...] H1 is OK and has been locked for 38hrs

ingston detector, although there is a coinci-

August 17th started like

with range of 53Mpc. We were currently un-

dent noise artifact in the L1 data. To be clear,

a routine day at Han-

der a GRB stand down time as well.

the binary neutron star candidate is clearly

ford, as far as listen-

visible in the L1 data on top of the noise ar-

ing to the universe

tifact. … “

with a 4km laser cavity

The LIGO EM followup team puts together
Gamma-ray Coordinates Network (GCN)

goes. My room-mate

circulars to send out to collaborator obser-

News spreads through the collaboration,

Philippe was the first to notice the unusual

vatories around the world, so that everyone

and scientists around the world are pulled

email from Keita at 7:40am (14:40 UTC): “A

knows where to point their telescopes try

away from their daily routines.

significant candidate was detected...send

and find light from the merging gravitation-

20

an email to me stating where at the site you

al wave source. With only one detector reg-

Marie Anne Bizouard

were and what you were doing.” Reporting

istering the signal, the first alerts have poor

This

supposed

work activities after a possible detection

sky localization.

to be an easy half lei-

was normal; reporting them by email, di-

sure - half work day.

rectly to Keita, and doing so immediate-

Reed Essick

Virgo had joined O2

ly, was not. That certainly got the blood

During that initial telecon, I helped draft the

and

the

pumping a little. Most people read email

initial GCN circular, the alert that is sent out

triggers coming was

from most recent to least recent, though.

to partner astronomers when an interesting

kind of an amusement. This was also our 6

Once we noticed Mike Landry’s email titled

event happens, and generally coordinated

year old’s birthday on that particular day.

“Possible BNS detection”, breakfast was

the immediate response. At one point, I

Champagne was already cooling in the

over and we were booking it for the car.

even demanded that folks stop talking, I

fridge. I was finishing an exquisite lunch

gave them 30 seconds to just read the draft,

at the beach of Villefranche when I got the

was

monitoring

Multi-Messenger Astronomy
Jenne Driggers

member was working in the early mornings

Meanwhile, the race is on to remove the

The morning of August

on my brother’s couch on the detections,

glitch, combine the data from multiple

17th, 2017 was a great

going in to a coffee shop to work some

detectors, and find out where in the sky

one. As is my usual, I

more, and then practicing my poker face all

the gravitational waves came from and let

started going through

day long as we discussed Green functions at

others know.

my emails before get-

the University of Arizona, with me regularly

ting ready for the day.

and rudely checking my email.

Ian Harry
My job on the afternoon

I often had email alerts from graceDB, although every one before then had been ei-

Soichiro Morisaki

of 17 August 2017 was

ther rejected for data quality, or had been a

The detection was at

to

binary black hole (like the one only 3 days

night in my local time

the loud non-Gaussian

before). The one this morning was special

(JST), and I was on a

transient from the data

though - it was a binary neutron star can-

train to go home at that

in the Livingston data

didate with excellent confidence that it was

time. Seeing the e-mails

immediately preceding the merger of the

astrophysical. This changed my entire morn-

from GraceDB and LSC

two neutron stars. While the non-Gaussian

ing. I immediately jumped up and danced

people, I noticed that something remarkable

transient was present in the data it was not

across the house to start my morning rou-

happened. I was so excited, and I hurried on

possible to make a 3-detector sky-map and

tine. I was out of the house and on the way

home. On that day, everything was going re-

so this work was needed to be able to point

to LIGO Hanford in record time. I spent the

ally fast. I had to see emails to see what is

telescopes to see GW170817.

day following email threads regarding the

going on at midnight.

manually

remove

Marie Anne Bizouard

detection, and starting to prepare noiseJoey Shapiro Key

I finally reached the Observatoire and could

Several LSC members

join the EM follow up Team Speak call. The

Maya Fishbach

spent the summer of

initial notice was getting prepared. I got the

I didn’t check my email

2017 at the Kavli Sum-

summary from Nelson. Of course the Fermi

on the morning of Au-

mer Program in As-

GBM alert was striking. But then what about

gust 17, because I was

trophysics at the Niels

Virgo? Did Virgo see the event? Unfortunate-

hurriedly finalizing a

Bohr Institute in Co-

ly, there had been an issue with Virgo data

presentation that I was

penhagen, Denmark. The program focused

transfer to the LIGO clusters that day. Oh
gosh, that was not the right moment.

subtracted data around the event.

scheduled to give on a

on topics in astrophysics with gravitational

telecon. I remember that I was disappointed

wave detections, and this turned out to be

when, instead of attending my (very excit-

perfectly planned. For six weeks we worked

Carl-Johan Haster

ing) presentation on the upper mass gap

on research projects with colleagues and

I don’t have an incredibly clear gauge of

in the black hole mass spectrum, most of

students. One morning in the last week of

what happened when, but this is most likely

the usual attendees were gathered on the

the program, I was in the small attic kitchen

caused by me frantically working to manually

electro-magnetic followup channel. Just an

by our office with Jess McIver and Jeandrew

setting up the necessary LALInference runs,

hour before, a binary neutron star, with a

Brink making coffee and discussing a student

manually checking for the Virgo and L1 data,

coincident GRB, had been detected for the

project. We heard feet running up the stairs

finding out that the L1 data had a massive

first time.

and Ben Farr told Jess and me to come down

glitch, working with the PyCBC people (most-

immediately to his office, leaving Jeandrew

ly Duncan Brown if I remember correctly) to

Aaron Zimmerman

to guess about the excitement. GW170817

get frames with the the glitch removed and

In the week of GW170817 I was traveling to

is even more memorable because we were

finally starting the “correct” set of runs. And

collaborate with Sam Gralla and Peter Zim-

able to share the discovery in person with

in between this I shouted excited things at

merman at the University of Arizona, and

so many colleagues in the historic setting of

Ben Farr, Jess McIver and Joey Key (who were

staying with my brother. GW170814 came

the Niels Bohr Institute.

also at the workshop) who then shouted as

in during the morning of the first day of my

excited things back to me (“I can’t believe this

visit, and GW170817 on Thursday. What I re-

is true”, “the universe is crazy” etc.)!
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LIGO and Virgo data after the final glitch mitigation. The binary signal “chirps”, starting at low frequencies at early times on the left side, then ramping up into a steep
curve on the right side. The signal is visible by eye in the LIGO data for the last ten seconds or so, but the “gstlal” automatic search used data starting six minutes before
the final coalescence to make the initial detection. Virgo data does not show a visible indication of the signal.

Aug 17, 2017 16:11:22 UTC – Event G298107
is manually created in gravitational-wave
candidate event database and data from all
three detectors is linked. With the Hanford
and Livingston data combined, the signalto-noise ratio rises to more than 28, but the
pycbc search doesn’t pick up any signal in
the Virgo data. However, Virgo data has a
significant impact on the sky localization for
the event.
Alexander Harvey Nitz
After we saw the initial
notice of this event in
just the Hanford data,
and there was visibly a
signal in spectrograms
of the data, it was clear
that producing an accurate skymap for this
event would be essential. Unfortunately, the

22

information from a single observatory can

Sources like GW170817 can be pinpointed much more accurately by triangulating the signal between Hanford,

not provide an accurate skymap. It was my

Livingston, and Virgo. The improvement of using three detectors instead of two can be seen here: the rapid Han-

responsibility to search for the signal in the

ford-Livingston localization is shown in blue, and the final Hanford-Livingston-Virgo localization is in green. The

full network of observatories. I was a primary

grey rings show triangulation using each of the three detector pairs.

Multi-Messenger Astronomy
developer of the PyCBC Live analysis, which I

Carl-Johan Haster

together to get a preliminary skymap from

used to quickly re-analyze the data from the

At this point I also knew about the “deadline”

more comprehensive parameter estimation

LIGO-Hanford, LIGO-Livingston, and Virgo

from the electromagnetic partners mention-

released before that evening (the LALInfer-

observatories. We were able to use this infor-

ing the latest time we could give them an

ence map released after the HLV Bayestar

mation to generate the 3-detector skymap

updated sky map for that night’s follow-up.

map). In the middle of that, Dan Holz land-

used by telescopes to see GW170817 for

This gave me a few hours of “downtime” at

ed at LAX after a trans-Pacific flight and his

themselves. Those couple hours may well be

which point I did go for a end-of-workshop-

phone immediately exploded. Hsin-Yu and I

the most stress inducing *and* exciting mo-

dinner with Ilya Mandel (and mostly other

skyped with him while he was still in the air-

ments in my career!

non-LSC people, so again I was in quietly

port and very jet-lagged, along with several

and discreetly denying anything mode) fol-

EM collaborators. Observations began that

Marie Anne Bizouard

lowed by some drinks at a nearby brewpub.

night, and you probably know the rest.

Finally Virgo data got analyzed. The SNR in

Following this I then went back to my apart-

Virgo is low. We spent the next hours trying

ment and got back on TeamSpeak to work on

TITLE: GCN CIRCULAR

to understand why. Not a great location for

the skymap updates. My runs had then con-

NUMBER: 21527

Virgo in the end, but what a great sky map ...

verged enough that the skymap was stable,

SUBJECT: LIGO/Virgo G298048: Updated sky

the rest is known.

so together with whoever was on the call by

map from gravitational-wave data

then (I think Will Farr might have been there,

DATE: 17/08/17 23:54:40 GMT

Tito Dal Canton

possibly Leo Singer, and I know that Reed Es-

Before the event, I had been involved in de-

sick was on) I then made the skymap which

Parameter estimation has been performed

veloping PyCBC’s ability to use Virgo for sky

was distributed in GCN Circular 21527.

using LALInference (Veitch et
al., PRD 91, 042003) and a revised sky map

localization in Observing Run 2. I was delighted to see such a huge return from rela-

After that I went to sleep since it was already

... is available for retrieval from the GraceDB

tively straightforward work we had finished

well into August 18 then, and I completely

event page …

just weeks before.

expected another trigger to come our way a
few hours later…

TITLE: GCN CIRCULAR

Jess McIver
I was equally blown away to get a text early

NUMBER: 21513

Reed Essick

the next day from Dave Coulter that read, “I

SUBJECT: LIGO/Virgo G298048: Further anal-

Throughout the rest of the day, the first sev-

think I found it.” And the Swope team had

ysis of a binary neutron star candidate with

eral hours of which I spent in a towel, most

indeed discovered the optical counterpart.

updated sky localization

of my time went to comparing and san-

That moment really highlighted for me that

DATE: 17/08/17 17:54:51 GMT

ity checking skymaps and the like. Hsin-Yu
Chen, a former University of Chicago grad

The first optical image of GW170817‘s source was

We performed a preliminary offline analy-

student and current Black Hole Initiative

taken using the Swope Telescope at the Carnegie

sis using the PyCBC search (Nitz et al. arx-

postdoc, was at MIT at the time. We worked

Institution‘s Las Campanas Observatory in Chile.

iv:1705.01513, 2017) of the binary neutron
star candidate G298048 (LSC and Virgo, GCN
21505, 21509, 21510) identified in low-latency by the gstlal online search (Messick et al.
Phys. Rev. D 95, 042001, 2017).
…
An updated BAYESTAR sky map (Singer et al.
2016, ApJL 829, 15) that uses data from all
three gravitational-wave observatories (H1,
L1, and V1) is available for retrieval from the
GraceDB page …
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GW astronomy is now a firm cornerstone of

threads – was contagious, and I couldn’t help

multi-messenger astronomy. To me, that’s

getting sucked in. I was glued to my laptop

Frederique Marion

when the field I’d been working in for a de-

screen late into the night (and for the next few

GW170817, with its chirpy spectrograms

cade instantaneously evolved in a monu-

weeks), trying to keep up with all of the new

and counterparts – such a beautiful and

mental way.

observations and interpretations.

“easy” first, once again! Virgo’s impact for

Aaron Zimmerman

Paul Marsh

tiple ways to contribute, and the whole story

I think the moment where things sunk in for

The rest of the day, week, and month, are

a reminder that bumps on the road can be a

me was when the Swope image first circu-

a little blurry. Through significant aid from

blessing, as in this case they meant extend-

lated on the email lists. Looking at the first

Wikipedia, a multitude of informative col-

ing the run till August.

light ever imaged from a binary neutron

laboration telecons, and the world class

star merger, a real tangible photograph, I

physicists I was surrounded by, I eventually

Giulia Stratta

knew that I was in the middle of something

came to understand that I had unknowingly

The detection of a nearly simultaneous short

historic.

participated in the beginning of combined

gamma-ray bursts and of an optical “kilo-

optical and gravitational astronomy. What

nova”, magnificently confirmed the theoreti-

Throughout the rest of the day (and also the

this means to me isn’t measurable in words

cal expectations and the huge physical and

weeks and months to follow) the gravita-

and I’ll forever carry LSC’s spirit of discovery

astrophysical output that is still coming out

tional wave data is analysed and follow-up

along with me.

from these observations is marking the pow-

GW170817 is a reminder that there are mul-

observations are made in multiple frequencies across the electro-magnetic spectrum.

erful multi-messenger astronomy dawn. The
Jenne Driggers

possibility to assist in the first raw to such

That evening, as with GW150914, a group of

discovery has been thrilling and a unique

Soichiro Morisaki

LHO staff and visitors gathered at my home

privilege.

After taking a relatively short sleep, I went

to celebrate (we certainly weren’t going to

to the office to discuss with Kipp Cannon

work on commissioning, which would dis-

Maya Fishbach

the next afternoon. Fortunately since that

turb the background data acquisition for

There was (and still is) so much science to

week is a vacation in Japan, few people were

either event). This time though, we opened

try to piece together from GW170817; even

in the office. Therefore, we could talk about

the champagne the night of the detection!

those of us without prior experience could

that very exciting event without having to be

contribute to this huge, messy effort. It was

careful not to let non-LSC people notice the

Reed Essick

thrilling to take part in this discovery – to

detection. At that moment, I realized that it is

Another fun fact: while biking to work the

learn so much so quickly – and thrilling to

a historic moment and I felt happy I was a tiny

morning of the detection, a stinging insect

realize that there is so much left to learn. This

part of that moment. I was very surprised at

of some kind flew into my face and embed-

is still just the beginning of GW astronomy.

the fact that these extraordinarily important

ded it’s stinger in my jaw underneath my hel-

events (the Virgo detection and BNS event)

met’s strap. It was a weird day.
Marie Anne Bizouard

most important observations LIGO will ever

Maya Fishbach

The kids came back from the beach. The rest

make, I was glad to play a part!

Only one year into doing GW research at the

of the evening had been of course totally

time, I certainly hadn’t spent years anticipat-

disrupted. At some point, we remembered

ing this moment. But the excitement, expres-

we had a birthday to celebrate. At least a

sed in the rapid accumulation of emails – hun-

bottle of champagne to drink!

dred-message long, divergent, overlapping
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Ian Harry
This observation is, in my opinion, one of the

happened in the same two-weeks.

by various authors from around the world!
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Glossary
BNS: Binary Neutron Star

GBM: Gamma-ray Burst Monitor

LLO/L1: LIGO-Livingston observatory

BBH: Binary Black Hole

GCN: Gamma-ray Coordinates Network

O2: Observing Run 2

CBC: Compact Binary Coalescence

GRB: Gamma Ray Burst

PE: Parameter Estimation

EM: Electromagnetic

GraceDB: GW Candidate Event Database

SNR: Signal to Noise Ratio

LHO/H1: LIGO-Hanford observatory

GW: Gravitational Wave

V1: Virgo observatory
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The Early Years:
The Multi-Messenger Effort in LIGO

T

Zsuzsa Márka
he first multimessenger astronomy

is a long time LIGO

submitted an abstract, with Yoichi Aso join-

discussion I remember took place

member in the Columbia

ing the team, for a poster for the upcoming

during a dinner in Louisiana, and the topic

Experimental Gravity

Gravitational Wave Data Analysis Workshop.

was SN1987A. Soon after, Szabi Márka pro-

group, and works on timing

It was clear that a correlation analysis of grav-

posed LIGO multimessenger efforts to Barry

diagnostics and multimes-

itational wave data and IceCube events was

Barish, who enthusiastically supported them.

senger searches. She has 4

promising and should be pursued further.

The LSC joined SNEWS, the SuperNova Early

children, who are what she

As of writing, the latest news from IceCube

Warning System, and initiated multimessen-

is the most proud of in her life.

was just announced: On September 22, 2017

ger search related code development with

the IceCube Neutrino Observatory detected

vigor and enthusiasm.

its first multimessenger event, a high-energy
neutrino associated with a flaring blazar. I

A joint detection from a supernova is still a

to be. Except for some innovative faculty,

was especially pleased to see that the so far

long shot with current detector sensitivities,

mostly postdocs and graduate students were

missing ‘holy grail’, a GW/high-energy neu-

but definitely it is worth waiting for. On the

the driving forces behind the vision. Virgo

trino event (maybe with an electromagnetic

other hand, gamma ray bursts (GRBs), espe-

members also joined the effort. I vividly re-

counterpart) was highlighted as an ultimate

cially the short kind, were excellent candi-

member hearing Alessandra Corsi’s voice

goal at the press conference. Only nature can

dates. LIGO started to receive GCN circulars

over the phone as she talked about the hall-

tell, we must keep searching.

originally on an old Sun workstation that

mark Virgo-GRB analysis. Beyond GRB related

Szabi recovered from LIGO-Caltech IT expert

searches, the ExtTrig members also devel-

In February 2007 Peter Shawhan was visiting

Larry Wallace’s ‘graveyard’ and installed in

oped new methods and published observa-

us at Columbia and we were mulling over the

his office. The first published externally trig-

tional papers on pulsar glitches, magnetar

implication of a 2003 paper by Julien Syl-

gered search for gravitational waves (GWs)

flares, innovated by organizing an outside

vestre, “Prospects for the detection of elec-

associated with a gamma-ray burst was per-

speaker series, enabled theoretical astro-

tromagnetic counterparts to gravitational

formed for GRB030329, while the paper on

physics focused discussions, and provided

wave events.” Julien was no longer with LIGO,

GRB070201 was the first multimessenger

the first discussion forum for starting the

and no significant work was done on optical

observational paper of LIGO with an astro-

high-energy neutrino and the electromag-

follow-ups at that time. It occurred soon that

physical impact. An especially important

netic follow-up efforts. Since the binary neu-

we should just do it! That required somewhat

consequence, from the social viewpoint and

tron star (BNS) discovery I have often reflect-

of a ‘guerilla action’, as this was before there

for the future of multimessenger efforts, was

ed back on a key ExtTrig telecon from 2010

were formal procedures for working with ex-

the establishment of a grassroots effort that

with Brian Metzger as an external speaker

ternal collaborators. The route was to work

was organized around the External Triggers

presenting on “Optical counterparts to BNS

together with two innovative astronomers

team, or ‘ExtTrig,’ whose many early members

mergers from the radioactive decay of heavy

who were affiliated with our university to

still constitute the backbone of LIGO’s mul-

elements in the ejecta”.

receive telescope time. We involved an as-

timessenger efforts today.
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tronomy undergraduate student who also
The joint GW high-energy neutrino project

travelled to the telescopes to point them to

The regular ExtTrig telecons (and dinners

idea was conceived at Columbia during a vis-

directions that the low latency analysis of

during meetings) were the places to discuss

it of Chad Finley from IceCube in November

the LIGO data indicated. The resulting pa-

everything multimessenger related. It was a

of 2006. We were so excited about our back

per (Jonah Kanner et al.) from that ground-

friendly and vibrant community, a fun place

of the envelope calculations that we quickly

breaking effort during the summer of 2007

On Multi-Messenger Astronomy

by Zsuzsa Márka

This event display, from the high-energy neutrino detected by IceCube on Sept. 22, 2017, shows a muon, created by the interaction of a neutrino with the ice very close to IceCube,
which leaves a track of light while crossing the detector. In this display, the light collected by each sensor is shown with a colored sphere. The color gradient, from red to green/
blue, show the time sequence.

was a great ammunition for Peter, Szabi, and
Erik Katsavounidis to rally up the astronomy
community for the electromagnetic followup campaign that took place at the end of
the initial LIGO-Virgo detectors era. Interestingly, the telescope that was first to observe
the optical counterpart of GW170817 is the
same SWOPE telescope that was used in the
first electromagnetic follow-up observations
during the summer of 2007.
2018

The 1-meter Swope Telescope at the Carnegie Institution’s Las Campanas Observatory in Chile was used
for early LSC follow-up studies in 2007, and later to
discover SSS17a, the counterpart to GW170817.
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Planets, Galaxies, and Merging Neutron Stars

The Hubble Space Telescope, as imaged from the Space Shuttle after the final servicing mission in 2009.

●

The Hubble Space Telescope:
Window to the Multi-Messenger Universe

H

annah Middleton: The Hubble Space

spectrographs on board, and pan-chromatic

Telescope is iconic for astronomy

capabilities spanning from ultraviolet through

around the world, and modern astronomy has

visible and into the near-infrared spectral re-

been heavily influenced by Hubble’s discover-

gimes. A couple of gyroscopes have failed, but

ies. How is the Hubble telescope doing now?

we have redundancies, so while we cannot
predict with complete certainty, we believe

Jennifer Wiseman: We just celebrated Hub-

Hubble will be returning good science well

ble’s 28th birthday! It’s been operating all

into the 2020’s.

these years because of a series of success-
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ful astronaut servicing missions that have

HM: Were there any tense moments during

Dr. Jennifer Wiseman is NASA’s Senior

refreshed the telescope, keeping it at the

those astronaut repair missions?

Project Scientist for the Hubble Space

forefront of astronomical discovery. The last

JW: Yes indeed. It takes literally years to pre-

Telescope (HST). Along with stargazing,

Space Shuttle servicing mission was in 2009,

pare for such a mission, with lots of engineer-

she enjoys nature walks, chocolate, and

and the astronauts (and all the people on the

ing work needed to prepare the instruments,

communing with cats. Here, she is inter-

ground who worked so hard to prepare for

tools, and procedures astronauts will employ.

viewed by Hannah Middleton about her

the mission) did a fantastic job, so even this

All of that work can be lost in a moment if

career in astronomy, and what it’s like to

many years later we are now getting the best

something goes wrong during the mission,

work with the Hubble mission…

science return from Hubble in all the history

and there were indeed a couple of tense times

of the mission. We have multiple cameras and

on this last servicing mission when unexpect-

An interview by Hannah Middleton

ed problems (bolts that wouldn’t budge, for

sults and images. I feel like I get to enjoy the

ing the archived data. Hubble’s archive, by the

example) strongly threatened the ability of

first fruits of all the most interesting science

way, is already providing an abundance of

the astronauts to repair or replace two of the

advances Hubble is making in everything

rich data – half of the refereed Hubble papers

science instruments. This would have been a

from solar system exploration to the detec-

published are based on data pulled from the

major loss to science! So, thankfully, they were

tion of the most distant galaxies ever yet seen.

archive rather than on new observations.

able to complete those tasks, and as a result

I also enjoy giving many talks to both public

we are enjoying the major scientific contribu-

and scientific audiences on the science of

HM: What about gravitational waves, and elec-

tions of instruments including the STIS spec-

Hubble, and how Hubble and other observa-

tromagnetic counterparts? Tell us about Hub-

trograph and the newer Wide Field Camera 3

tories complement one another in the explo-

ble observations of the neutron star merger.

on board.

ration of the universe.

JW: Well this was incredibly exciting! As you
know, as soon as NASA’s Fermi Gamma-ray

HM: Your job is the Hubble Senior Project Sci-

HM: How will Hubble be used in its remaining

Space Telescope identified a short gamma-

entist, what does that involve?

years, since the Space Shuttle is no longer op-

ray burst associated with the LIGO detec-

JW: There are a lot of people involved with

erating, and therefore no more servicing mis-

tion of gravitational waves, astronomers

Hubble, so let me set the stage. Hubble is a

sions are planned?

and observatories around the world turned

partnership between NASA and the European

JW: We know Hubble won’t last forever, so

their sights toward the source. Along with

Space Agency, and hundreds of people work

we are considering carefully how best to use

other observatories, Hubble picked up radia-

in supporting roles for the mission. Many of

the unique capabilities of this incredible as-

tion from the kilonova associated with the

the daily science operations and interfaces

set while we still have it. HST users contribute

merging neutron stars that were responsible

with the scientific community are run by the

great advice in this regard through the “Space

for the gravitational wave event. What I like

Space Telescope Science Institute (STScI), with

Telescope Users Committee”. One such effort is

about Hubble’s visible image of the kilonova

experts overseeing Hubble’s science instru-

the “ultraviolet initiative”, through which Hub-

is that it shows where it is in the context of

ments, proposal reviews, data archive, and

ble users are encouraged to propose observa-

the host galaxy, and shows the fading of the

science news. The Hubble Space Telescope

tions in ultraviolet light, a capability no other

burst with time. Several teams are continu-

Project at NASA’s Goddard Space Flight Cen-

general purpose observatory will have for the

ing to work with Hubble observations of the

ter is ultimately responsible for the mission

foreseeable near-term future. Legacy projects

kilonova, including infrared spectral observa-

from NASA’s perspective, so engineers, finan-

are also encouraged, which provide data (such

tions that indicate an interesting variety of

cial managers, and project scientists work

as from a survey) that will likely be of use for

isotopes were produced and dispersed in the

together at Goddard to ensure the overall

many varied future studies by researchers us-

kilonova event.

health of this flagship mission. My role as the
senior project scientist is to ensure that the
mission as a whole is achieving the best scientific return for NASA. This involves oversight of
policies and decisions regarding the scientific
uses and priorities of the various instruments
and classes of observing programs, careful
attention to the scientific impact of technical
decisions regarding observatory operation,
and input on the scientific impacts of budget
allocations for the mission. My favorite part of
the job is to provide scientific review of all the
press releases regarding Hubble science reThe Lagoon Nebula. This colorful image of a very
turbulent star forming region was taken by the
Hubble Space Telescope in celebration of Hubble’s
28th anniversary.
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Planets, Galaxies, and Merging Neutron Stars
HM: How did you come to be in this role? Tell

(DoSER) for the American Association for the

appear to be an asteroid. Upon subsequent

us about your career path.

Advancement of Science. AAAS is a major sci-

measurements and observations, the object

JW: Working for NASA, and with a major mis-

entific society, and this AAAS program facili-

was determined to be a previously unknown

sion like Hubble, is indeed a great and exciting

tates communication between the scientific

comet, and it was named “Comet 114P/Wise-

privilege. I’m grateful. My career path has been

community, ethicists, and religious commu-

man-Skiff” by the Minor Planet Center that

quite varied – let that be an encouragement to

nities on interesting implications of scientific

keeps up with such things.

those with a variety of interests. I grew up on

advancements for questions of ethics, science

a farm in the Arkansas Ozark mountains in the

in service to the world, and how we see our-

HM: What in astronomy excites you the most

central part of the U.S.. I didn’t know any scien-

selves as human beings.

at the moment?
JW: Well of course gravitational waves and

tists, but my love of the natural world and the
night sky made science and eventually astron-

HM: I heard that you discovered a comet!

electromagnetic counterparts are near the top

omy a good fit. I studied physics to keep my

How does one find a comet?

of the list. Also the very hot topic of exoplan-

options open, and then went on to study as-

JW: This was indeed a very exciting surprise!

ets and related astrobiology: we may truly be

tronomy in graduate school. My research cen-

It happened way back in 1987, when I was

able to discern the presence of biosignatures

tered on radio astronomy observation of star

an undergraduate student at MIT. Legendary

on nearby exoplanets within our lifetimes. But

forming regions and protostars in galactic mo-

Professor Jim Elliot took several students out

for me the most awesome realm of astronomy

lecular clouds. After several years of postdoc-

to Lowell Observatory in Arizona each winter,

is that of what I call “time machine” astronomy

toral research, I grew more interested in broad

so one year I was able to go and to learn what

– that is, being able to actually see how galax-

questions of science, policy, and society, and

astronomers really do. Thanks to the mentor-

ies have changed and grown and become en-

ended up pursuing some unusual opportu-

ship of Dr. Ted Bowell, I learned how to use a

riched and habitable for life over cosmic time,

nities. I became a U.S. Congressional Science

“blink comparator” to compare two images

through direct observations of galaxies at dif-

Fellow, working in a congressional science

of the same sky position taken hours or days

ferent distances and therefore epochs in the

committee, and from my experiences there I

apart. Only nearby objects like asteroids will

history of the universe. I’m also encouraged

was poised to take a position in astrophysics

“move” relative to the background stars in

by the passion I see in young people as they

program leadership at NASA headquarters.

such a short time span. Comparing two such

hear about the incredible universe we are ex-

My first official role with Hubble was there – as

telescopic images taken by astronomer Brian

ploring through astronomy, and as they want

the HST Program Scientist. A few years later I

Skiff, I saw a fast-moving object that didn’t

to be a part of this marvelous enterprise.

became Chief of the Laboratory for Exoplanets and Stellar Astrophysics at NASA’s Goddard

2018

Space Flight Center. In this role I learned so
much about a variety of mission concepts and
missions studying everything from exoplanets
and protoplanetary disks to stellar evolution.
Then in 2010 I was named the Senior Project
Scientist for the Hubble Space Telescope mission. I’m so grateful to work at NASA alongside
engineers, scientists in diverse fields, and science communicators, with everyone very enthusiastic about space exploration.
Hubble Space Telescope images of
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HM: You also have a personal interest in broad-

a kilonova flare associated with

er societal interactions with science, right?

a neutron star merger, the source

JW: Yes – I’ve always been interested in the

of gravitational waves detected

big picture, and how science interfaces with

by LIGO. The kilonova’s position

the values of peoples’ lives. One thing I do

within galaxy NGC 4993, as well as

along those lines is to direct the program of

its fading intensity over the days

Dialogue on Science, Ethics, and Religion

between the images, can be seen.

A Unique Gravitational Laboratory

Did LIGO‘s
Black Holes Have Echoes?

quires us to go back to theory, and first find
the waveforms we can search for.
To predict the waveform of a binary system
of compact objects, we split its evolution
in three phases. During the initial inspiral

Julian Westerweck
is a PhD student at the
Max Planck Institute for
Gravitational Physics
(Albert Einstein Institute)
in Hanover. When not
investigating effects of
strong gravity with gravitational waves, he dons
armour with his friends or misuses classical piano
lessons for Star Trek tunes.

G

ravitational

wave

detections

The shape of the gravitational wave (the

phase, both objects are well separated,

waveform) depends on its sources and

orbiting each other. They are modelled

thus allows us to learn about the physics

as point particles using post-Newtonian

involved in its creation. In the case of a bi-

corrections. As energy is emitted through

nary black hole collision for example, the

gravitational waves, the radius of the orbit

exact form of the wave depends on the

decreases until both objects collide. This

black holes’ masses and on their spins. As

merger phase is modelled by numerical

the detector data is dominated by noise,

relativity simulations. It is followed by the

the waveform cannot easily be extracted

ringdown phase, during which the single

directly from the data. Instead, a template

final object settles down from its per-

of an expected waveform is compared to

turbed state after the merger. Perturbation

the data and their match is calculated, both

theory helps model the emission in this

to detect a signal in the first place and then

phase. Silence follows, as the (likely) re-

to find the precise waveform that best fits

sulting spinning black hole does not emit

the data. Learning about the sources re-

gravitational radiation.

have given us access to a unique

laboratory for strong gravitational fields:
compact objects such as neutron stars and
black holes. There, we can test our theories
about these objects and about the fundamental physics of gravity itself. Einstein’s
theory of general relativity (GR) is the welltested theory of gravity for these environments, but it is also here that deviations
from it are expected.
Have we already seen the first of these deviations in LIGO’s gravitational wave data?
Gravitational waves have been used to test
Einstein’s theory of gravity before: Their
first indirect detection by Hulse and Taylor
demonstrated that GR correctly predicted
the energy loss of a binary system through
gravitational waves. The theory has passed
all tests, but few of these probe strong
gravitational fields such as near black
holes. So far, LIGO’s direct detections are in
excellent agreement with GR predictions

Illustration of the cavity formed by the photon sphere and the surface close to the horizon. The ingoing component

for the waveform of a binary black hole co-

of the original event’s ringdown signal is not lost at the horizon, but reflected and partially transmitted outward.

alescence.

The radial coordinate is the tortoise-coordinate of Eddington-Finkelstein coordinates.
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A Unique Gravitational Laboratory
But what if we are not dealing with a

of the first detections places the delay at a

with the ringdown part of the full wave-

black hole - or not only with GR? Then, a

few tenths of a second.

form from the LIGO Open Science Center
(LOSC[2]). Then they built a bank of tem-

fourth phase of a signal might be possible. In the shell-like “photon sphere”

So we could find this signal in the data

plates, each with different parameter val-

region

grav-

directly after the event, and more signals

ues, e.g. for dampening and delay. The

ity is strong enough that light could or-

after that: The photon sphere is partially

search for these templates is based closely

bit around it, neither escaping nor falling

reflective itself and only a part of the first

on the LOSC’s matched filtering, and the

inwards. We can think of the ringdown

reflection passes through to the outside.

template with parameters best matching

as being emitted from this region. This

The rest is reflected inwards again and the

the data is selected.

emission has an outgoing component, de-

photon sphere and inner surface form a

tectable far away, and an ingoing one, to

cavity. The result are several damped rep-

The final step is determining the signifi-

be lost behind the event horizon. However,

etitions: echoes of the ringdown.

cance of the results, as any result found in

of

a

compact

object,

the noisy data could in principle be due to

if there was a material surface outside the
horizon, the ingoing wave might be re-

Abedi, Dykaar and Afshordi[1] say they

random chance. Here, p-values were used:

flected outwards and also be detected.

have found such echoes in public LIGO

We count how often we find a given result

data. They used a simple model for echo

(here, loudness of the detection) for a num-

Exotic compact objects, alternatives to a

signals to build a waveform template for

ber of trials using random noise, where no

black hole of similar compactness, could

the search. Letting the inner surface be

signal is present. When combining the first

have a photon sphere but no horizon. Bo-

perfectly reflective, the echoes would be

three gravitational wave events – such that

son stars or gravastars would instead pos-

a copy of the ringdown, delayed by the

the signals with common characteristics re-

sess the required material surface. In clas-

travel time in the cavity. The echoes are

main while the random noise tends to can-

sical GR, no material surface is expected to

damped by a constant factor to account

cel out – about 1 in 100 trials is reported to

persist outside the horizon of a black hole.

for the partial transmissions. They started

have a louder response than after the event.

But going beyond GR and including quantum effects, it might persist, in the form
of the proposed firewall surrounding the
black hole. The proposal addresses conceptual problems of the interface of quantum physics and strong gravity as found at
the horizon of a black hole.
In these scenarios, the signal of the first
three phases could change in subtle ways.
While this may be detectable in the future,
the proposed objects must closely mimic
the emission of a black hole to agree with
LIGO’s detections. But a weak signal after
the ringdown might still be hidden in the
noise: the reflection of the ingoing component of the ringdown, following the original signal. It would be delayed by the travel
time from the photon sphere to the surface
and back out. Even though we see time
slowing down so close to the horizon, this
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time is finite – it diverges only logarithmi-

Echo signal as expected for GW150914 based on a simple model. The delay between echoes is on the order

cally when the surface approaches the ho-

of tenths of a second. The form of the echoes depends on several parameters, e.g. the dampening factor

rizon. A simple estimate for the black holes

chosen as 0.7 here.

by Julian Westerweck

The prospect of finding such a signal is fas-

code all available information but depend

cinating, and so the results of this search

only on the noise model, where we used

have gained much attention. While many

real noise samples. Further information

questions are open on the side of theory,

about the experiment and physics can be

the initial report also raised questions

incorporated through a choice of priors.

about its methodology. So we, a group of

This is especially important for marginal

researchers at the AEI Hanover, set out to

p-values (as in the case of echoes) which

investigate the methods and results, and,

impacts the interpretation of the results.

reproducing them in an independent implementation[3], discovered some issues.

After the improvements to the method, the
significance for echoes is low. But we also

A simple test for the performance of a

find that the method cannot provide reli-

method is applying it to injections – a

able evidence for reasonable echo signals.

known simulated signal overlaid with the

So finding no echoes with this method

noise found in the detectors. We found that

does not mean there are none – the nega-

the method can in principle detect inject-

tive result of this analysis does not yet rule

ed echoes, but their amplitudes need to be

out such a signal.

very high, and more so to find the correct
parameters. Searching in pure noise finds

We are just beginning to probe the near-

amplitudes as were reported for the detec-

horizon region through gravitational wave

tion and reveals a strong bias in the param-

data and the possible insights are fascinat-

eter recovery, which we can attribute to an

ing. More sophisticated methods and mod-

asymmetry in the template bank.

els are needed, and the extraordinary claim
of departure from GR requires convincing

The reliability of the p-value estimation de-

evidence. But not only a detection is a suc-

pends on the number of random samples.

cess – confident upper limits on signals let

But the effective number of samples for

us select the most promising models.

the reported values was very small, and
only part of the public data was used.

There is currently much interest in this
topic in both data analysis and theoreti-

When we performed an estimate similar

cal physics communities. Together with

in nature, but correcting for these prob-

several other groups, we are working to

lems and adding the fourth gravitational

improve search methods, waveforms and

wave event, the resulting significance for

theoretical models - analysing available

echoes was generally lower. LVT151012,

data for echoes and preparing for the next

[1] Abedi, J., Dykaar, H., & Afshordi, N. 2017,

the noisiest of the first events and just be-

observing run of LIGO. Exotic compact ob-

PRD, 96, 082004

low the detection threshold, turns out to

jects and the interaction of quantum ef-

contribute most to the echo significance:

fects and strong gravity are the source of

The best combined p-value remaining

intriguing mysteries and controversy – and

without it is 1 in 6 instead of 1 in 100, a

gravitational wave observations are just

[3] Westerweck, J., Nielsen, A. B., Fischer-

low significance. While we use p-values

beginning to shift these into the realm of

Birnholtz, O., et al. 2018, PRD, 97, 124037

as a straightforward tool, they do not en-

observation.

[2] LIGO Open Science Center, losc.ligo.org
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Albrecht Rüdiger: A Life Dedicated to Science

I

t is with great sadness that we report
the passing away of our colleague,

mentor and friend Albrecht Rüdiger on
the 6th of July 2018, after a rewarding life
at the ripe age of 88.

Born on 21st of December 1929 in the
contemplative German town of Bad
Homburg, he studied physics in Frankfurt
and joined the Max Planck Institute for
Physics in Göttingen in 1957. Working in
Heinz Billing’s group for Numerical Calculation Machines, he and his peers created
several special-purpose computer hardand software, mainly for astrophysical
calculations and bubble chamber trace
detection.
Between 1969 and 1975, two separate chains of events would change Albrecht’s field of work considerably: On
the one hand, industrial manufacturers
finally realized the future importance of
computers and poured more money into
their development than a single research

Albrecht Rüdiger during the viewing of the Nobel prize gala at the Grand Hotel in Stockholm.

institute could afford. On the other hand,
Joseph Weber’s first attempt to measure
gravitational waves with a resonant bar

vation of the use of a Fabry-Perot cavity

systems were motivated. Therefore, the

detector could never be reproduced by

in transmission as a mode cleaner to in-

mid-80s saw several proposals for large

anybody else, and alternative detection

crease the laser beam quality. But the en-

interferometers in Germany, the USA and

schemes were sought. In 1975, Heinz

tire team, consisting of Albrecht, Roland

Japan, with Albrecht a key figure in sug-

Billing therefore completely switched to

Schilling, Walter Winkler, Karl Maisch-

gesting a triangular system of interlock-

developing a gravitational wave detector

berger and Lise Schnupp worked as an

ing interferometers. Not least due to his

using laser interferometry as suggested

incredibly well-tuned synergistic group,

writing and editing skills, these proposals

by Rainer Weiss.

with Albrecht as a leader in careful and

lead to corresponding grants forming the

thorough pursuit of problems and their

base of such detectors like GEO 600, LIGO

solutions.

and LISA.

came from this new research field, which

Since the Garching prototype instru-

Albrecht’s deep love of languages, which

had by then moved to Garching near Mu-

ment pioneered new optical methods

was so instrumental in the success of

nich. Perhaps the best example to men-

and produced improved sensitivity over

published papers, stemmed from listen-

tion to today’s generation was the inno-

the years, it became clear that km-scale

ing to baseball games on the Voice of

Albrecht contributed to many of the insights and technical innovations that first

348

America in the 40s. His mastery of Eng-

Whatever challenge Albrecht tackled, he

lish was such that he taught many native

put all his heart into it to get the most

speakers what bit of grammar remains in

out of it. This was not only apparent in

their language, and how to write well in

his professional work, but also his pri-

their mother tongue. There are many in

vate life: Whether it was becoming Ger-

our field who marveled – and sometimes

man Basketball Champion (sic!) in early

gritted their teeth – at the detailed feed-

years, learning inline skating at the age

back they would receive on all aspects

of seventy-odd (for carnival, and as remi-

of publications that fell under Albrecht’s

niscence of an old black-and-white movie

hands: the physics, organization, word-

he cherished, in which the Messenger of

ing, grammar, and typesetting were all

the Gods featured winged roller skates),

given a very thorough going-over. His

departure-skiing faster than anybody

mix of mock and genuine horror at a for-

else during Aspen Conference leisure

gotten subjunctive or misplaced nomina-

times (only downhill he was completely

tive case made it clear that he would not

free of pain from his arthrosis), or lovingly

expect a repeat occurrence.

attending to his wife who suffered from
dementia until her passing away in the

His communicating skills experienced an-

last year.

other boost at an age that other people
normally draw a pension: Since being

Perhaps Albrecht’s most admirable fea-

detached from physics held no attraction

ture, permeating everything he did, was

for him, he transitioned toward ‘retire-

his unshakeable optimism and unceas-

ment’ in the most active sense conceiv-

ing good will, which never allowed him

able. As the gravitational-wave group

to be grumpy or forbidding. Even during

slowly moved from Garching to Han-

a phone call a month before his death –

nover under the new director Karsten

when he was already in the grip of illness,

Danzmann, Albrecht took up the mantle

and talking difficult for him, consuming

of communicating our field around the

lots of energy and time – he simply re-

world in speaking engagements and also

fused to be downhearted and insisted on

was frequently the one who took up the

being in good spirit and well taken care of.

digital pen to write another article on the
subject. In particular he developed close

The funeral on the 24th of July was a som-

ties with a number of Chinese groups,

ber affair, despite the sun benignly cast-

and made significant progress in both

ing radiant smiles out of an azure sky – as

writing and speaking yet another lan-

if to remind us not to dwell too long on

guage, hosting also a number of visitors

our loss, but more on Albrecht’s infec-

(and was also frequently hosted in China

tious joy, enthusiasm, warmth and caring

himself ). This way, he kept close to sci-

personality those of us who knew him

ence, and happily and appropriately was

had the pleasure of experiencing. Per-

able to get to Stockholm to see the field

haps the sun was right…

rewarded with a Nobel Prize.
David Shoemaker
Andreas Weidner
Walter Winkler
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Meanwhile, in space ...

LISA:
A Snapshot
of Strides
Forward

F

ollowing the successful Mission
Definition Review in January of this

year, LISA formally entered Phase A – the
concept design and formulation phase – in
April. Due to last two years in total, the Phase
A study will produce a concept design for
the overall LISA spacecraft and instrument,
and continue development of the key tech-

Ultra-stable fibre collimator being developed for the LISA optical metrology system.

nologies required to make LISA work. Over
400 scientists from across Europe and the

typed a candidate design and have demon-

US are busy developing LISA at the moment,

strated pointing stability broadly compatible

together with significant industrial en-

with the LISA requirements. Another activity,

gineering teams funded by both ESA and

undertaken with colleagues at the AEI in Han-

the European member states, and by NASA.

nover, is to explore the possible techniques
that can be used to form the virtual beam-

The design of the LISA instrument being

splitter in each LISA spacecraft – the so-called

developed is rooted in the technology de-

“backlink” issue.

veloped and demonstrated on LISA Pathfinder – in particular the demonstration of
sub femto-g/√Hz free-fall. However not all of
the technology required for LISA was demonstrated on LISA Pathfinder and much remains to be done. In particular the significant

Ewan Fitzsimons (UK Astronomy Technology Centre,
Royal Observatory, Edinburgh) and Harry Ward (University of Glasgow) at ESA’s ESOC mission control centre
in Darmstadt, Germany, during the LISA Pathfinder
shutdown in July 2017.

optical benches for LISA, another major focus is on developing a constructional approach – and facility – capable of dealing
with the sheer scale of the build for LISA.
While LISA Pathfinder involved building

increase in the complexity of the laser interferometry system, the need for complicated

a host of LISA topics, from payload hardware

one 200mm square interferometer with 22

post processing in the form of time delay

issues, to data analysis strategies and under-

components, LISA presents a much bigger

interferometry, and the unique data analysis

pinning science.

challenge, requiring building of more than
six, half metre scale, double sided interfer-

challenges of LISA, mean that there is plenty
to keep the international teams busy.
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Since the UK is committed to supplying the

In the UK, on the payload side we are work-

ometers, with over 40 components each,

ing to extend the laser interferometer tech-

and with improved alignment accuracy com-

And with the recent establishment of the

nologies we developed for LISA Pathfinder to

pared to Pathfinder. To complete this scale

LISA Consortium, the international effort is

make them appropriate for LISA. One focus

of construction in an acceptable time will

now formally organised, with many work-

is on development of ultra-stable fibre optic

require a high degree of automation of com-

ing groups driving ahead with research on

collimators, where we have recently proto-

ponent placement, alignment and hydroxide

We hear that ...

by Harry Ward & Ewan Fitzsimons

catalysis bonding with an angular accuracy
of a few micro-radians. The first stages of

Career Updates

Max

Isi will complete his PhD work with

Alan Weinstein at Caltech in the Fall, then
move to the LIGO Laboratory - MIT group as

such a semi-automated process have been
prototyped with great success and further

Ka Lok (Rico) Lo has completed his under-

stages are now under study.

graduate degree at CUHK, pursuing LIGO re-

a NASA Einstein Fellow.

search with Tjonnie Li, and will begin gradu-

Surabhi

The foregoing is, of course, a snapshot of

ate work at Caltech with Alan Weinstein’s

work with Alan Weinstein at Caltech in the

just one area of LISA development. Similar

group at LIGO Laboratory.

Fall, then move to Penn State U as a postdoc,

Sachdev will complete her PhD

working under Chad Hanna.

strides forward are being made in a range of
payload areas, from telescope design and la-

Shreya

ser developments, to phase readout systems

graduate degree at U Maryland, pursuing

Sina

and charge management systems. Progress

LIGO research with Leo Singer, and will begin

her thesis, entitled “Towards the SQL Inter-

on all fronts is impressive and well on-track

graduate work at Caltech with Alan Wein-

ferometer - Length Stabilization at the AEI

to allow a timely adoption of the mission and

stein’s group at LIGO Laboratory.

10m-Prototype” at the Max Planck Institute

Anand has completed her under-

for Gravitational Physics in Hannover in June.

an on-schedule launch in 2034 – or earlier if

Bence Bécsy finished his MSc in Physics at

budgets permit.

Köhlenbeck successfully defended

Eotvos University, Hungary, and will start a

Vaishali

The impressive results from LIGO and Virgo

PhD in Physics in the Fall at Montana State

thesis, entitled “Ways to stop mirrors from

started the era of gravitational wave and

University with the LIGO group

moving unnecessarily: Design of advanced
gravitational wave detectors” at the Max

multi-messenger astronomy. It will not be too
long before LISA expands the gravitational

Kentaro

wave window, doubtless bringing a host of

working at the University of Mississippi,

new discoveries. Exciting times, indeed!

will spend eight weeks in Fall 2018 as an
2018

Adya successfully defended her

Mogushi, a graduate student

Planck Institute for Gravitational Physics in
Hannover in April.

exchange INFN student at the University of

Nathaniel Indik successfully defended his

Pisa performing detector characterization

thesis, entitled “Optimal Template Placement

with Massimiliano Razzano (Virgo-Universi-

for Searches of Gravitational Waves from Pre-

ty of Pisa).

cessing Compact Binary Coalescences” at the
Max Planck Institute for Gravitational Physics

Jonathan

Cripe successfully defended his

in Hannover in April.

thesis on “Measurement and reduction of
quantum radiation pressure noise in the au-

Andrew

dio band” at LSU, and will start a job at NIST

ceived their PhDs from Cardiff University.

Williamson and

Max

Fays re-

(National Institute of Standards and Technology) in the fall with a prestigious National

Juan

Research Council fellowship.

from Georgia Tech to Paul Lasky’s group at

Calderon Bustillo will be moving

Monash as a postdoc.

Elvis Ferreira

defended his thesis, entitled

“Study of the treatment of niobium cavities

Marie

for the Mario Schenberg detector and perfor-

LIGO staff engineering position.

Kasprzack has started a Caltech

mance of the Multi-Nested Pendula for use
in interferometric detectors”, at the National

Christopher Berry is moving from Birming-

Institute for Space Research, Sao Jose, Brazil.

ham to Northwestern for a new job as the
CIERA Board of Visitors Research Professor.

Ling (Lilli) Sun completed her PhD work at
U Melbourne and is joining Alan Weinstein’s

Alex Urban moved in April from LIGO Labo-

group at LIGO Laboratory - Caltech as a post-

ratory - Caltech to a staff position with Gaby

doctoral scholar.

Gonzalez at LSU.
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We hear that ...
Miriam

Cabero Müller will be starting a

Stephen McGuire, Southern University, re- Peter

Fritschel, Kavli Institute for Astro-

postdoc in October with Frans Pretorius at

ceived the 2018 Alpha Phi Alpha Fraternity,

physics and Space Research, Massachusetts

Princeton University.

Inc. Beta Iota Lambda Chapter Trailblazer

Institute of Technology, USA received the

Award in recognition of “Outstanding Com-

2018 Charles Hard Townes Award. Fritschel is

Zimmerman will be starting as an

mitment to Public Service and Leadership

recognized for advances in quantum-limited

Assistant Professor at the University of Texas,

within the East Baton Rouge Metropolitan

precision measurement in the Advanced

Austin in the Fall

Community.

LIGO detectors.

Jax

R Sanders will start as an Assistant

The American Physical Society elected as

Sir

Professor at Marquette University in Mil-

fellows, nominated by the Division of Gravity,

Research Professor in Natural Philosophy in

waukee, WI.

Jolien D Creighton, University of Wiscon-

the School of Physics and Astronomy, re-

sin–Milwaukee

ceived a knighthood in the Queen’s Birthday

Eric Keith Gustafson, Caltech

honours 2018 “for services towards the de-

Numerical Relativity at the Queen Mary Uni-

Daniel Holz, University of Chicago

tection of gravitational waves”.

versity of London.

Vuk Mandic, University of Minnesota

Aaron

Haris

Markakis will start as a Lecturer in

James Hough, University of Glasgow

and, nominated by the Division of Computa-

David

tional Physics,

prestigious Boas medal, by the Australian

Gabrielle D Allen, University of Illinois at Ur-

Institute of Physics, “for key contributions

bana–Champaign

to one of the greatest achievements in the

Rainey Harper Dissertation Fellowship and

The 2018 European Physical Society Edi-

tational waves by the Laser Interferometer

a Nathan Sugarman Award for Excellence in

son Volta Prize has been awarded to

Gravitational-wave Observatory (LIGO).”

Graduate Research.

Alain Brillet, Observatoire de la Cote d’Azur,

Awards
Zoheyr

Doctor was awarded a William

McClelland has been awarded the

history of physics – the observation of gravi-

Nice, France

Rainer Weiss was awarded the Joseph We-

Rowan, Director of the Institute

Karsten Danzmann, Max-Planck-Institut für

ber Award for Astronomical Instrumentation

for Gravitational Research, University of

Gravitationsphysik and Leibniz University,

for his invention of the interferometric gravi-

Glasgow, has been elected a Fellow of the

Hannover, Germany

tational-wave detector.

Royal Society.

Adalberto Giazotto, INFN, Pisa, Italy

Sheila

Jim Hough, University of Glasgow, UK

Christopher

Berry won the IOP Astropar-

Vassiliki (Vicky) Kalogera, Director of the

for the development, in their respective

ticle Physics Early Career Prize http://www.

Center for Interdisciplinary Exploration and

countries, of key technologies and innova-

iop.org/activity/groups/subject/ap/prize/

Research in Astrophysics, Northwestern Uni-

tive experimental solutions, that enabled the

page_67116.html

versity, was elected to the US National Acad-

advanced interferometric gravitational wave

emy of Sciences.

detectors LIGO and Virgo to detect the first

Kipp Cannon has been awarded the Dunlap

gravitational wave signals from mergers of

Prize for innovation in astronomical instru-

Black Holes and of Neutron Stars.

mentation from The Canadian Astronomical

Bala Iyer

was conferred an honorary doc-

torate by the Central University of Karnataka,

Society for the development of the gstlal

India “in recognition of his meritorious con-

Vicky

tributions to the field of Science”.

Dannie Heineman Prize for Astrophysics for

Kalogera was awarded the 2018

detection system leading to the discovery of
GW170817.

her work studying compact objects – black

Nergis

Mavalvala was awarded a 2018

Wellesley College Alumnae Achievement

holes, neutron stars and white dwarfs – in

The PI of the Korean Gravitational Wave

astrophysical systems.

Group,

Prof. Hyung Mok Lee, has been

Awards as an Outstanding Communicator,

selected as the president of Korea Astrono-

Leader, & Innovator of Science.

my and Space Science Institute (KASI) from
Jan. 2018.
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Moraru (LIGO Hanford IT Admin) and
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Kimberly M. Burtnyk (LIGO Laboratory
Technical Writer/Editor) were married on May
20th, 2018, at Mt. Wilson Observatory in Pasadena. Their first date was watching the total
lunar eclipse of October 8th, 2014, from the
LIGO Hanford Observatory parking lot.

Guillermo Valdes participated in a Gravitational Waves episode of the Mexican public
television show “Ciencia en Todos Lados” (Science Everywhere).
2018
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A visualization of five merging binary black holes observed in 2015-2017
The images show numerical relativity calculations of two black hole horizons immediately before a merger. Below the horizons, the last 0.7 seconds of the simulated
waveform is shown. The masses and spins of each numerical relativity calculation are
consistent with one of the LIGO-Virgo observations.
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