Astronomy Cast Episode 71:
Gravitational Waves

Fraser Cain: Pamelayou madeit back to Illinois?

Dr. Pamela Gay: | am back inthe middle of the country. It was great being ableto
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record face to face with you last week.

Tha wasreally funandthe AAS meetingwas ariottool haveto say. Although
| don®think Qe ever written so muchin my lifeas| did over those 4 days. |
think | put out aboutmore than thirty articlesin 4 days.

Y ou put out more than Phil and | combined.

| think so. But it was definitely a valuable experience and the next oneis going
to bein St. Louis?

My hometown.

Y eah, it@ across theriver fromyou, right? Wha(@ the date on that?

1t@ gaing to start Memorial Day Weekend and runthefirst week of June
OK. Sowedl probaly begearing upto do the same thing.

Andwed have another meet-up except this time in the middle of the country
for everyoneese in the middle of the county.

Right the meet-up was supe fun. Tha was great to see all of thepeople who
had driven down there. Some people came quite aways. It wasjud great to see
everybodyandtalk. Tha wasalot of fun.

We can®thank George enoughfor hdping put everything togeher for us

It was great. Andintheendwe did have aboutsixty people were there?

Y eah, it was sixty.

It was quite acrowd. Theonelast little piece of administrationis that we®e
going to beprobably poding this show alittle later on Mondgys. We have a
few more thingstha we have to do these days to kind of bring thewhole show
togaher and it takes alittle more time. So before we tried to pod Sunday night
and have it ready for Monday.

Now it will belater on and maybe even into the evening on Monday. So no
promises but | think it will still be Mondays so | think theday till isthe same.
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When hefirst put togeher his theories of relativity, Eindein made a series of
predictions Some were confirmed jus afew years later, but scientists are still
working to confirm others.

One of themog fascinaing is the concept of gravitationd waves. O\s objects
movein space like black holes, they send outripples across the universe tha
can actudly distort the shape of matterO Experiments are in place andin the
worksto detect these gravitationd waves as they sweep past theearth. So
Pamela, what did Eingein predict?

Jud like rolling arock aroundon a stretchy sheet. Not that | would know why

you would dorthis, butfor educationd purposes usteachersdothisalot. If you
roll arock aroundon a stretchy sheet, you can actudly end up getting waves on
the stretchy shest.

Wha hefigured was, if you take an object, a pland, a star, ablack hole andyou
rolled it aroundin thefabric of space and time you can also build upwavesin
gpace andtime. These waves as they propagate throughspace can actudly
cause objects to contract and expand out as the waves pass throughthem.

So thewaves tha hewas predicting rippling on this sheet of rubbe could jus
indudeavacuum Butif there hgopened to bethingson that sheet of rubbe
like planets or stars or anything, those would aso bedistorted. So it@ notlike
theunderlying space undenegth is different from the stars and planeis and so on
it al jud gets distorted.

Andthisisactudly kind of new to ourway of thinking. When we talk aboutthe
expangon in theuniverse we undestand that things tha are gravitationdly
boundtogeher, they are going to stay their same size.

But this space that they®e embedded within is expanding because of the Hubble
Congant and because of dark energy and because of alot of other things With
gravitationd waves, everythingis expanding and contracting. If a gravitationd
wave passes throughme, | will expand and contract.

Theway it works outistha for every onemeter long object you@e going to get
an expandon or contraction that@ actualy way smaller than a proton; like a
hundeed thousndth the width of a proton. Tha@ oneof thelittle pieces of an
atom.

So |®n notreally worried aboutgetting naticeably expanded or contracted by
gravitationd waves. But when you start looking at planet sized objects, then
you start to be able to actudly get measurable expandonsand contractionsfrom
these gravity waves.
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But theexpanson and contraction would be hard to perceive because everything
aroundyou is beng expanded and contracted at the same time, right?

But thewave is actudly moving at the speed of light So it@ notlike the entire
planet expeaiencesthewave al at onee. If you have a high speed enoughway
of measuring this, then | can see me expand and contract and then youway over
in Vancouve athousnd plus miles away you@e going to expand and contract
later in time if that® thedirectionthewave is passingin. Or youd expand and
contract first andthen |® doit later.

Sointryingto look for gravity waves, we actudly look for this Ot happens
there now it hgppens hereOchangein when we make the measurements.

Did Eingein know why this would happen? Was this jus something tha poppel
out of his calculations?

Weéll it did come out of his calculations but it actudly makes sense when you
start thinking of gravity as beng ageometric effect. There are two different
waysto look at gravity.

You can seeit either as a standard force where you®e flinging boonsall over
the place and the bosonswandeing from object to object are wha are
conveying theforce. Thisisastandad modd way of looking at thingsthat all
forces are mediated by bosons

Fraser: S0 you have particles zipping back and forth, which are creating theforce.

Pamela:

Right. Or at least carrying theforce.

Fraser: Carryingtheforce.

Pamela:

There@ another way to look at gravity. Theother way to look at gravity isto
see it as ageometric propaty of howtheuniverse is puttogeher.

When thesun sitsin the center of our solar system, it is actudly warping space
and time aroundit to create thisthree-dimensond bowl. If we were ableto see
thegrid of space and time fromoutside, that grid would ge& denser aroundthe
sun and thingswould fall into the denser pat of the grid as they are attracted to
thesun, and the planets are jud rolling aroundingdethis bow.

In this different way of looking at the universe where really space andtimeisa
fabric tha can be deformed, that can be stretched, tha can be squinched
togaher.

In tha view, once you start getting a massive object, something tha deforms the
fabric aroundit, tha moving object can create waves jug like a moving object
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onanomal stretchy surface can create waves. Here it jug sort of comes out of
looking at space geometrically and seeing masses as creating deformitiesin the
geometry of space.

How far could these waves propagate?

Tha@thereally cool thing Thereis nothing outthere to stopthem. If | try to
shineaflashlightfrom me to you, tha flashlight beam is going to get stopped
by theearth. [t@ gangto get stoppel by scattering in theair. 1t@ goingto get
stoppel by alot of things In fact lightfrom themog distant gdaxiesis getting
affected left andright Its getting gravitationdly bent by intervening objects.
ItsCcolor is beng affected by thedus and matter tha it goes through 1tsCcolor
is even sometimes changed by the effects of gravitationd objects tha it passes
near.

All of these different effects alter thelightthat isbetween usandthemost
distant objectsin theuniverse. Now a gravitationd wave jug doesn@care. 1tQ
jug going to blow throughthe universe, expanding and contracting everything
tha gesinits pah. Butitsef, itisnotgoingto bechanged at all.

Soit doesn@care aboutdug. It doesn®care if it@ going througha vacuumor
it@ going throughplands. Whether it@ going through an area tha has high
gravity like could it jus pass throughablack hole?

Yes.

And not even notice and not get sucked into a black hole?

Unlike lightand matter, gravitationd waves are the only thing that can jugt
blindly pass throughanything.

Tha® cool.

So it givesusatod to find out aboutevents on the edgeof theuniverse tha we
might not otherwise have any way of knowing about

Okay, so it soundslike agreat tod so why haven®we been ableto use it so far?

[t@ that whole Gatwo meter long object is only goingto get deformed abouta
hundeed thousndth the width of a proton.O

Tha small?

Yeah, tha@real small. ItG really, really hard to detect and the problem is there
are so many thingsthat are goingto interfere with our detections WeQe trying,
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weredly aretrying, butthese are stubbomn and elusive creatures. We have
however detected them indirectly.

Okay, well let@talk abouttha then. What are theways that weQve detected it
outin space? | think | know where thisis going.

Weéll, waves carry energy. They carry momentum with them. Thisiswhy when
you get hit with alarge ocean wave it actudly knocks you onyour butt
sometimes. 1t@ because theenargy in tha wave isbengtranderred to you.

Now tha energy had to come from somewhere and the energy in gravitationd
waves has to come fromthe systems tha they are in. When we look at really
high math systems they contain a couple of different objects. Youcan®have a
gravitationd wave if you jug have thisloneblack hole hanging out spinning by
itself. It hasto beinteracting with something tha creates an asymmetry.

Okay. Andwould tha bebecause like | know that we talked aboutfindng extra
solar plands aroundstars, we can see the star because it is beng yanked back
and forth by theplang. We can see its motionthisis sort of theway thewave
lengthsof itslight is changing as the star is being pulled away and towardsus

And in the case of two compact objects, thetwo of them are goingto be orbiting
oneanother right? They will be movingin space or in some common point of
gravity.

1t@ themotiontha is so important here. If you can imagineyou have a perfectly
still cup of coffee andyou very carefully drop cream in and you want to stir it
in. Themod effective way to stir it in isto take your flat spoonand moveit
away 0 that you muck up thefluid and get it moving the mod.

Now if you take your pencil and putyour pendl in end first androll it between
your handslike youQe trying to start afire so that the pendl is rotating aboutits
center axis butisn®moving left, right, forward, backward, any of those things
1t@ jud rotating aboutthat axis, that pendil is going to do nothing to mix up
your coffee unessit realy has aroughsurface.

Fraser: Andso we want the situation where you have two very massive objects moving

Pamela:

very quickly in space.

Aroundand around,moving the fabric of space and time around.

Fraser: All right So we can have two neutron stars or two black holes or two white

Pamela:

dwarves or some combinaionE

They@e redlly just low energy ones. Asthe earth goes aroundthe sun, we®e
creating gravitationd waves with an energy of about three hunded watts. But
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that® kind of boring and small andthe sunis giving off like ten to thetwenty-
sixth watt that@ a onefollowed by twenty-six zeroes worth of watts compared
to something my garagefloodlightgives off. So you can®@really detect that.

So what are theobijects tha astrononers have seen so far?

Back in the seventies a grad student and his advisor came across an object tha
contained two neutron stars, oneof which was a pulsar. Pulsars are fast rotating
neutron stars tha we can measure the rotation cycles because for reasonsthat
we think are assodated with their magneic field they have ahot spotthat
flashes past usand beams light at usas many as severa hunded times a second
in some cases.

We can use these flashes, these pulses that make these neutronsstarsOpulsars to
measure the very careful, very small ddails of thedynamics of the system
because those pulses are going to get Doppler shifted. They are going to get
sped up and slowed down depending on whether the pulsar is moving toward us
or away fromusin its orbit. We can measure changes in the orbit by watching
thisover longperiodsof time.

Wha the graduae student and his advisor were able to observe was the period
was actudly decaying in this system. Thetwo neutron stars were getting closer
and closer to oneanother over time and the only way tha@ going to happen is if
the system is somehow radiating energy. Therate at which the stars were
getting closer and closer to oneanother matched with wha you would expect if
they were radiating energy in theform of gravitationd waves.

So regular energy gets converted into gravitationd wave energy that gets
radiated out and causes sort of aloss of energy in the system.

Exactly. We have these starsthat are orbiting, shaking up. They areripplingthe
fabric of space and time.

Jud asit takes energy for youor | or ripple our sheets as we are trying to spread
them out over our bed, it takes energy for these high mass objects to ripple the
fabric of space and time and so they®e losng energy and tha energy is
propagaing throughspace causng objects to contract and expand and hopdully
someday be observed here on earth directly.

Rightnow, all we@e observed is these systems losng energy and we have
assumed that energy is getting lod to gravitationd waves.

Right, but can we see tha distortion of the gravity waves that would be
changing the size or the shgpe of the pulsars?

We hope We haven®doneit yet butwe®e trying.



Thisiswheethere are these two neat gravitational twin observatories tha act as
asingle obervatory, truth betold, called LIGO. Laser Interferometer
Gravitationd-Wave Observatory. 1t@ actudly apair of different facilities one
located out onthewest coast and onelocated out on the east coast in
Washington state and L ouisiana state respectively here in the United States.

Each facility conssts of a par of twin arms off at right anglesto oneanothe.
Insgdeof these arms there are tubes tha have no air inthem. They are complete
vacuums and they@e shooing laser beams back and forth down these tubes. At
theendsof thetubes thelasers can interfere with one another. When laser
beams are allowed to interfere in specific ways you get nice little diffraction
pdterns

Y ou can very precisely measure the distance between where the laser is emitted,
where it reflects, and where it eventudly endsup getting detected by looking at
these interference pdterns Y ou hopeto use thefact tha you have two beams so
oneon oneaxis hopdully is goingto ge contracted and the othe beam onthe
other axisis hopdully goingto get expanded at the same moment and wed be
able to measure this.

In acertain period of time corresponding to the amountof time that it takes to
get from Hanford, Washingtonto Livingdon, Louisianaor visaversa, wedl see
the exact same thing happen onthe other coast of the United States.

Fraser: Oh, | gdit. Thebeamsare at arightangle and if the length of oneof these arms
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gets shortened or lengthened jugt adlightlittle bit, it@ going to throw off the
precision of thetwo lasers, how they®@e interacting with each other in a
measurable way.

So you might get the onegravity wave passing over theonefacility andthen a
fraction of a second later it@ going to hit the secondfacility andin theory they
should see the exact same length changein the onefacility asthey seein the
other facility.

Now the problem is, you also have thingslike UPS trucks. Y ou have thingslike
dight groundtremors, or al sorts of thingsall over the planet that are congantly
caudng bumpsand jitters and skitters and all sorts of little motionsin the
system. All of these motionscan wipeouttheactua gravitationd waves.

| guess tha@@ why they have to have thetwo facilities. If youjus have one
then any little fluctuaion, any bunp, 1@®n sure me jumping up and down over
thefacility would probably mess up their measurement enoughto make it look
like a gravitationd wave. But by having thetwo, then they can try and see one
changeand then the second. So have they turned up anything yet?
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anything because it@ not sendtive enough?

1t@ acomplicated issue. They@e been workingonLIGO for alongtime. It has
anew set of ingruments. TheyQe been working very hard to tuneeverything to
get everything lined up and find things But, it@& hard work and they®@e still
working on tuning the system.

They@e till trying to figure out howto calibrate for everything tha 3
happening here on theplane Earth that® mudking with their system. And
there@®e going to get there, hopdully. 1t@ been alongride When | was at
Michigan State University as an undegrad oneof my classmates was actudly a
summer intern down in LouisianaworkingonLIGO. TheyQre been working to
dothisforalot of years.

How many events and what kindsof events were they hoping to see by now?

It dependson where you look. Right now they®e estimating that once
everythingisfully opeationd, they should be seeing something a couple times
ayear. It also dependsonwha theuniverse decides to throw at us

Rightand wha kind of thing would they be seeing?

Well, for insance when two black holes merge. Tha@® gaing to send out an
amazing, whopphg amountof gravitationd waves. In some cases supg novas
tha are asymmetric can send out gravitationd waves. If youhave an
asymmetrical disk outside of asupe massive black hole, youmay aso beable
to see thd.

All sorts of different thingsprodue specific sets of gravitationd waves. The
shgpe of the waves the distribution of the wavesis very specific to thetype of
object you are observing. Hopdully, some of these will become appaent.

There are d <o theorists outthere tha are condantly tuningthdr modds. Tha®
the other thing that is funto watch. Thetheorists come up with an idea Of this
happens we should seeQ and then they lay outther plan and exactly what types
of thingswill produe wha size, or what type of black hole. Wede still
workingonhoningin ontha aswell. Or wha size, or wha typeof gravitationd
wave welde still onhomingin ontha.

But even when they don®see something that® still very interesting because that
jugt meansthat this prediction mightbeincorrect or that prediction might be
incorrect and that jud lets them continueto focusthar prediction.
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At least theyQre got some kind of insrument that is checking that they can
compae thar theories againg which the string theorists should be so lucky,
right?

Y eah, we are in the postion where there have been afew events where |Qe
seen press releases that have said, Q.1GO did nat detect something. That means
the gravitationd waves from this specific event tha were also detected in light,
could not have been bigge thanGand then they give error bars.

So nowwe know at least the gravitationd waves are smaller than a certain
amount Andtha@ still new information that we didn®have prior to LIGO
being condructed.

But once they did make very specific predictionson how strongthese should be

Theproblem isfiguring outthe physcs of how exactly dothingsmerge What
are thetime scales? What are thefluid dynamics of your combining two
different objects that are spinning, orbiting each other, or there might bea disk
of material aroundthem. It starts to get complicated when you®e not desling
with nonspinning clean black holes.

Fraser: All right SoweQe learned aboutL|GO and wede still waiting onthe result
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fromthem, are there any other missionsor any other experiments in theworks?

Weéll there are some other groundbased observatories. But thegreatest hope
that we haverestsin amission called LISA.

LISA isgoing to bethe space-based version of tha and LISA in fact standsfor
Laser Interferometer Space Antenna

Fraser: SotheHubble Space Telescopeistheoptical detector of gravitationd waves?

Pamela:

Basically, except there@ notgoing to bealot of optical detectorsinvolved. All
they need to be able to see isthar own laser.

Fraser: Soit® kind of thesame thingasLIGO. You®e goingto have space craft

Pamela:

separated by alongdistance pointing lasers at each other hoping to see that
contraction and expanson.

It@ arealy neat system. |f you®e ever played with Tinker Toys, LISA really
lookslike a giant Tinker Toy congruction where you have these three little
disks (and they®e notall that little), on orbit separated by hugeamount and
each disk is connected to the other two disks in this equilateral triangle with
laser beams.
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What they®e looking for is any gravitationd cause that will changethe
separation of these three spacecraft from oneanother. Now unfortunaely, even
though it@ nowin space, it@ notas simple as you mightthink. Therewill still
be stuff interfering with out ability to detect gravitationd waves. Thisis not
going to bean easy task no matter wha.

Once you get into space you have to start worrying aboutsolar particles, drift in
the spacecraft over time where thar orbits aren®quite as precise as we thought
TheEarth®@ gravitationd field isn® perfectly symmetric asyou fly over
different parts of the pland thegravitationd pull is going differ from place to
place. All of these different thingshave to be completely accounted for in trying
to make sense of thedaatha we get out of LISA.

Now wha will bethe sengtivity of LISA?

LISA isactudly goingto be so senstive that it may beable to, athoughit@ nat
designdl for this, actudly be able to detect a continuumof gravitationd waves
tha started back when theuniverse had jug formed.

Wha@ nest aboutgravitationd wavesiis, if they were given off during the Big
BangQduring thewhole period of inflation and during the three hundeed
thousand years leading up to the formation of the coamic microwave
backgroundwe can detect them.

We can®detect anything before the cosmic microwave backgroundin light
because the universe was opague We couldn®see throughit. But,
gravitationd waves don®©care aboutthe universe being opaque They jud go.

And s0 it possible onae LISA isin orbit we may see this whole rangeof
twittering in different frequencies of gravitationd waves tha are a signaure of
how our universe was formed and tha@ jug kind of cool.

It soundslike gravity waves offer astronamers awhole new way of seeing. It&
notjus thewhole visible spectrum, it@ a brand new way to beable to see the
universe and in many cases, | guess they could look at somethingininfrared or
visible and then also look at it with gravity waves.

Wha@ so cool aboutthisisif you®e ever looked at apondon areally still day,
you can tell when the motorboa goes by because you see thewaves. You can
tell when there® abund of rodks between you and the motorboa because of
the paternsin thewaves. Y ou can actudly start to guess wha@ going on outin
the middle of thelake without actudly having to look up and looking at the
middle of the lake by looking at the waves that are hitting the shore.

1N
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Weéll, we can look out across theuniverse and seewhqé going onin other pats
of the cosnoswithoutactudly being able to see wha(@ goingonin other parts
of the coamoswith narmal light [t awhole new tool.

| talked to aresearcher onetime and hesaid it Waslikeyou(’t)elistening.jha it
issuch acompletely differentway. If you@e usngyour telescopg youde
seeing and if you@e usng gravity waves, you®e listening.

It@ anew senxe. 1t@ something that@® gaing to bereally funto play with as we
begin to develop thetechnology to do this efficiently.

Fraser: Well, let® hopethat we make a detection in the next few years and this whole
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new science opansup.

Thereal thingto hopefor is added budgé for NASA. LISAG notdoing so well
inthebudgd. We hopeto beableto laundh it somewhere around2015but it
till in theformulation phase.

Themoney isn®@there to start building a spacecraft yet so hopethat NASA all
aroundgets more funding so projects like LISA will have thefunding they need
to alow astrononersto explore the universe in awhole new way.

Fraser: All right so NASA if youQe listening, make sure you fundLISA. Let® see if

Pamela:

tha hdps All right, well thanksPamela. Wedl talk to you next week.

SoundsgoodFraser, talk to you later.

This transcript is not an exact match to the audio file. It has been edited for clarity.

Transcription and editing by Cindy Leonard.
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