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Gr avit y Waves:
A New Way of  Sear ching f or  Black Holes and
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The Cosmos
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Mat hemat ical Basis of  Gr avit y Waves
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LI GO
Laser  I nt er f er omet r y Gr avit y-wave Obser vat or y

Built  by MI T/ Calt ech, science being done by
Collabor at ion including Univer sit y of  Or egon
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Hanford, WA

Livingston, LA

LI GO
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Laser  I nt er f er omet er

Compar e lengt hs of  t wo ar ms

arm 1
arm

 2
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Laser  I nt er f er omet er

LI GO’s ar ms ar e
4 kilomet er s long
(about  2.5 miles)
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Space-t ime is war ped
by mat t er  and ener gy

LI GO is measur ing space wit h
unpr ecedent ed pr ecision
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Let t er  of  I nt r oduct ion

13 Apr il 1901
Pr of essor  Wilhelm Ost wald
Univer sit y of  Leipzig
Leipzig,  Ger many

Est eemed Her r  Pr of essor !

I  shall st ar t  by t elling you t hat  my son Alber t  is 22 year s old,  t hat  he st udied at
t he Zur ich Polyt echnikum f or  4 year s,  and t hat  he passed his diploma examinat ions in
mat hemat ics and physics wit h f lying color s last  summer .   Since t hen,  he has been
t r ying unsuccessf ully t o obt ain a posit ion as Assist ent ,  which would enable him t o
cont inue his educat ion in t heor et ical & exper iment al physics.   All t hose in posit ion t o
give a j udgement  in t he mat t er ,  pr aise his t alent s;  in any case,  I  can assur e you t hat
he is ext r aor dinar ily st udious and diligent  and clings wit h gr eat  love t o his science.

Please f or give a f at her  who is so bold as t o t ur n t o you,  est eemed Her r
Pr of essor ,  in t he int er est  of  his son.



River Road, J. Brau, November 13, 2001 10

Let t er  of  I nt r oduct ion

My son t her ef or e f eels pr of oundly unhappy wit h his pr esent  lack of  posit ion,  and
his idea t hat  he has gone of f  t he t r acks wit h his car eer  & is now out  of  t ouch get s
mor e and mor e ent r enched each day.   I n addit ion,  he is oppr essed by t he t hought
t hat  he is a bur den on us,  people of  modest  means.

Since it  is you,  highly honor ed Her r  Pr of essor ,  whom my son seems t o admir e and
est eem mor e t han any ot her  scholar  cur r ent ly act ive in physics,  it  is you t o whom I
have t aken t he liber t y of  t ur ning wit h t he humble r equest  t o r ead his paper  published
in t he Annalen f ur  Physick and t o wr it e him,  if  possible,  a f ew wor ds of
encour agement ,  so t hat  he might  r ecover  his j oy in living and wor king.

I f ,  in addit ion,  you could secur e him an Assist ant ’s posit ion f or  now or  next
aut umn,  my gr at it ude would know no bounds.

I  beg you once again t o f or give me f or  my impudence in wr it ing t o you,  and I  am
also t aking t he liber t y of  ment ioning t hat  my son does not  know anyt hing about  my
unusual st ep.

I  r emain,  highly est eemed Her r  Pr of essor ,  your  devot ed

Her mann Einst ein
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Alber t  Einst ein
1879-1955

• 1901-1902
– t empor ar y high school

t eaching j obs

• 1902-
– “t echnical exper t  t hir d class”

– Swiss Pat ent  Of f ice
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E = mc2

Special r elat ivit y

SPECI AL RELATI VI TY

As t his cent ur y began, Alber t  Einst ein was a young
physicist  in Eur ope t hinking about  t he Univer se.

He developed t wo ver y successf ul t heor ies about  t he
nat ur e of  space and t ime, special r elat ivit y in 1905,
and gener al r elat ivit y in 1915.

• The speed of  light  is const ant
– (t his is t r ue no mat t er  what  your  r elat ive mot ion)

• Not hing can move f ast er  t han t he speed of
light

• Space and t ime ar e mixed

• Time slows down when a syst em is in mot ion
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Michelson and Mor ely
at t empt ed t o measur e t he
mot ion of  t he Ear t h
t hr ough space, 1887

The Speed of  Light  is Const ant
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• 186,000 miles per  second
– 300,000 kilomet er  per  second

• Whet her  you ar e sit t ing at  r est  on t he
Ear t h, or  moving r apidly on a spaceship,
you will always f ind light  t r avels at  t his
speed

The Speed of  Light  is Const ant

•And, NOTHI NG can t r avel f ast er  t han light
•Univer sal speed limit  = 186,000 miles per  sec
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Time Tr avel?

Ther e once was a lady named Br ight

who t r aveled much f ast er  t han light .
She depar t ed one day in a r elat ive way,
and came home t he pr evious night .

I f  we could t r avel f ast er  t han light ,

we would be able t o t r avel int o t he past
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Time Dilat ion
• We could measur e t he speed of  light  by t iming t he

per iod light  t akes t o bounce bet ween mir r or s
• Now imagine t he clock is moving.
• Since t he speed of  light  is unchanged, it  t akes

longer , and t ime is slowing down
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Fir st  Quiz
• Two spaceships ar e moving t owar d one

anot her  at  90% of  t he speed of  light

• Fr om t he Mar t ian ship, what  is t he
appar ent  speed of  t he Ear t h ship?

– A.  180% of  t he speed of  light

– B.   99% of  t he speed of  light

– C.   I  don’t  know

– B.   99% of  t he speed of  light
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E = mc2

• The speed of  light  is const ant
– (t his is t r ue no mat t er  what  your  r elat ive mot ion)

• Not hing can move f ast er  t han t he speed of
light

• Space and t ime ar e mixed
• Time slows down when a syst em is in mot ion

SPECI AL RELATI VI TY
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GENERAL RELATI VI TY

• Pr incipal of  Equivalence:

 Consider  t hese t wo syst ems
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GENERAL RELATI VI TY

• Pr incipal of  Equivalence:

 Einst ein ->  You can’t  t ell which syst em you
ar e in f r om inside t he enclosur e

 The Laws of  Physics ar e t he same wit hin
each syst em
 acceler at ion  =  gr avit y
 iner t ial mass = gr avit at ional mass
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Pr edict ions of  Einst ein’s Gen. Rel.

• I  will t alk about  six pr edict ions
– t hr ee ar e t he classic t est s of  GR t hat

convinced physicist s of  it s validit y
– t hr ee ar e of  cur r ent  act ive scient if ic int er est

   including t he pr edict ion of  gr avit y waves,
our  f ocus t oday
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Einst ein’s Thr ee Test s of  GR

� Mer cur y’s or bit al pr ecession
– known but  unexplained pr ior  t o Gener al Relat ivit y
– in Newt on’s physics

t he or bit  would not
pr ecess
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Einst ein’s Thr ee Test s of  GR
� Bending of  st ar light

– t he f abr ic of  space is bent  near  massive obj ect s
and t he bent  space will t ur n light ’s t r aj ect or y

– 1919   Eddingt on mount s t wo expedit ions dur ing
Solar  eclipse

• Pr incipe (West  coast  of  Af r ica)
• Nor t her n Br azil

– Einst ein’s pr edict ion conf ir med
– BI G NEWS

• (New Yor k Times)
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Einst ein’s Thr ee Test s of  GR

� Gr avit at ional r edshif t
– Time r uns slower  in a gr avit at ional f ield,

• t he st r onger  t he gr avit y, t he slower  t ime r uns
• at  t he cr it ical point , t ime will appear  t o st op

– Har var d Tower  exper iment  (Pound and Rebka)
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Cur vat ur e of  Space

• Einst ein int r oduced a dif f er ent  idea (Gener al Relat ivit y)

However , space is st if f , 
so it  t akes a lot  of  mass t o bend space

• Newt on viewed
gr avit at ion as act ion
t hr ough a dist ance

• Mat t er  “t ells” space how t o cur ve

and space “t ells” mat t er  how t o move
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Ot her  Pr edict ions of  Gener al Relat ivit y
� Expanding Univer se

– Einst ein did not  like t his concept  and put  a f udge
f act or  int o his equat ions t o keep t he Univer se
f r om expanding

– Einst ein calls his invent ion of  t his f udge f act or  his
gr eat est  blunder

– 1925 - Hubble discover s t he Univer se is expanding
– Big Bang
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Ot her  Pr edict ions of  Gener al Relat ivit y
5 Gr avit at ional Lenses (and ar cs)

– Double quasar  discover ed in 1979

– Recent  phot os f r om Hubble Space Telescope
• 120 gr avit at ional ar cs
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Gr avit at ional Lens
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Ot her  Pr edict ions of  Gener al Relat ivit y
� Gr avit y Waves

– Ripples on t he f abr ic of  space-t ime
– Tr avel at  t he speed of  light

– The cur vat ur e of

space is not  st at ic
if  t he mass which

cur ves it  is not

st at ic
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• Dist ance changes 100-1000 t imes per  second
L  ®   L ± DL           st r ain,  h = DL /  L

Gr avit y Waves
(dist ances ar e changing)

3

L = 150 yar ds

• But , h is only 0.000000000000000000001   =   10-21

•  DL = h L = 1.5 x 10-19 yar ds

•  DL = diamet er  of  t he at om /  1,000,000,000  !!!!!
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Det ect ion of  Gr avit y Waves

• Maybe t he hist or y of  t he discover y of
elect r omagnet ic waves is usef ul
– 1864 Maxwell pr edict ed exist ence of  

elect r omagnet ic waves

– 1886 Her t z cr eat ed pr imit ive t r ansmit t er  and
r eceiver  of  elect r omagnet ic wave and 
det ect ed t he elect r omagnet ic waves

– 1879 Pr ussian Academy of  Science of f er ed a
pr ize f or  exper iment al pr oof  of  
Maxwell’s t heor y

• Can we envision a similar  labor at or y
demonst r at ion of  gr avit y waves
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Labor at or y demonst r at ion
• Gr avit y waves ar e gener at ed by moving masses, as

elect r omagnet ic waves ar e gener at ed by moving
char ges

1 t on mass 1 t on mass

2 met er s

1000 r ot at ions per  second
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Labor at or y demonst r at ion
• Now look f or  waves f r om t his sour ce

• This syst em would only cr eat e a st r ain of  10-38

• No hope of  det ect ing such a small change in lengt h

h = DL /  L = 0.00000000000000000000000000000000000001 = 10-38

300 kilomet er s
Gr avit y wave

det ect or
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Pot ent ial sour ces of  Gr avit y Waves
• We cannot  cr eat e in t he labor at or y a sour ce of

det ect able waves

• We ar e t her ef or e compelled t o t ur n t o
ast r onomical bodies
– much lar ger  masses

• We need lar ge mass acceler at ing r apidly

• Binar y black-hole or  binar y neut r on-st ar
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Black Holes
• J ust  as Ear t h has an escape velocit y,

ever y massive obj ect  has an escape velocit y
– escape velocit y of  t he Ear t h

• 7 miles/ second = 25,000 miles/ hour

• Massive st ar s may collapse t o black holes at
t he end of  t heir  bur ning phase

• Now, imagine you gat her  so much mass int o
such a small space t hat  t he escape velocit y
exceeds t he speed of  light .  Then, not hing can
escape, not  even light
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Neut r on St ar s

• At  t he end of  lif e, some st ar s do not
collapse t o a black hole, but  only t o nuclear
densit y
– 1 t easpoon of  t his mat t er  weighs a t on

• Such st ar s ar e seen

as r adio pulsar s
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Exper iment al evidence f or  Gr Rad
Taylor -Hulse Binar y (PSR 1913+16)
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Ripples in Space f r om t he Binar y Pulsar
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Radiating grav. energy

Not much today

In 300,000,000 yrs
    coalesce with a burst
of gravitational radiation

Fut ur e of  t he Taylor -Hulse
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Det ect or s

• Bar s • Laser
I nt er f er omet er s
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Hanford, WA

Livingston, LA
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Laser  I nt er f er omet er  (Beam Tube)
• Light  pat h in vacuum (10-6  t or r  init ial)

• Beam t ube wit h 1.22 met er  diamet er
• 10,000,000 lit er  vacuum syst ems



River Road, J. Brau, November 13, 2001 43

LI GO Vacuum Chamber s
• All opt ical component s ar e mount ed in high

vacuum chamber s
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LI GO Vibr at ion I solat ion
• All opt ical component s ar e mount ed on

spr ing st ack in high vacuum
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1995 NSF funding secured ($ 360M) 
1996 Construction Underway (mostly civil) 
1997 Facility Construction (vacuum system) 
1998 Interferometer Construction (complete facilities) 
1999 Construction Complete (interferometers in vacuum) 
2000 Detector Installation (commissioning subsystems) 

LHO 2km commissioning
Single arm test (summer 2000)
Power-recycled Michelson (Winter 2000)

2001 Commission Interferometers (first coincidences) 
PRM with FP arm cavities (Summer 2001)

2002 Sensitivity studies (initiate LIGO I Science Run) 
2003+ LIGO I data run (one year integrated data at h ~ 10 -21 )
2005 Begin LIGO II upgrade installation

LIGO SCHEDULE
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LI GO and t he Wor ld-wide Net wor k
of  Laser  I nt er f er omet er  Det ect or s
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Laser Interferometer 
Space Antenna (LISA)

(the next generation)
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?   ? ?         ? ?
?   ?                ??

?    ? ?
??            ??

Gr avit y waves open a new window

radio

infrared

visible

X-ray

gamma

Gravity waves
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Gener al Relat ivit y “pr edict s” t he
exist ence of  gr avit at ional r adiat ion

•Newt on’s laws assume act ion at  a dist ance,
–pot ent ial r eact s inst ant ly
–t her e is no wave equat ion, no r adiat ion

•Gener al Relat ivit y, being a r elat ivist ic
t heor y, assumes a char act er ist ic t ime f or
f ield r esponse (c=speed of  light ), and yields
a wave equat ion f or  t his r esponse



River Road, J. Brau, November 13, 2001 50

• Wave will dist or t  a r ing of  t est  masses like
t idal def or mat ion

• specif ic movement  of  t he t est  masses dur ing
one per iod of  t he wave depend on polar izat ion

Two polar izat ions

�

u
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EM and Gr av. r adiat ion

Gr avit at ional
• acceler at ing mass
• oscillat ing space-t ime

• negligible int er act ion
wit h mat t er

• f   < 104 Hz
• det ect or s omni-

dir ect ional
• measur e amplit ude

Elect r omagnet ic
• acceler at ing

char ge
• oscillat ing f ield

pr opagat es t hr u
space

• absor bed,
scat t er ed by
mat t er

• f   > 107 Hz
• det ect or s

dir ect ional

• measur e int ensit y

•Source
•Nature

•Interactions

•Frequency
•Detector

•Measure of
strength
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Ast r ophysical Sour ces

• Binar y compact  st ar  syst ems
– composed of  neut r on st ar s and/ or  black holes

• Non-axisymmet r ic super nova collapse

• Non-axisymmet r ic pulsar  (per iodic)
• Ear ly univer se

– st ochast ic backgr ound r adiat ion

Þ  most  sour ces ar e not  seen as EM emit t er s
Þ  good chance f or  sur pr ises (unexpect ed sour ces)
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Near by st ellar  mass dist r ibut ion

• These event s ar e r ar e, so we need a r each
t o lar ge dist ances t o have a chance (r  » 65
Mly)
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Back t o t he binar y st ar  syst em

• A benchmar k syst em f or  gr av. Radiat ion is
a binar y neut r on st ar  (compact )

• consider  t he st r engt h

40 km

M = 3 ´  1030 kg
R = 20 km
f = 400 Hz
r  = 1023 m (10 Mly)
  h »  6 ´  10- 21 (10 Mly / r)
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Ear ly univer se
(st ochast ic backgr ound r adiat ion)
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Laser  I nt er f er omet er

• Requir ement s f or
sensit ivit y (h = DL/ L)

The r elat ive phase change of  light
emer ging f r om t he t wo cavit ies
is Df  = B DL /  l  = B h L /  l

So we need t o maximize B and  L,
and minimize l

eg. B = 200, L = 4 km, l  = 1.06 mm

    Df  =  7.6 ´  1011   h

DL = L1 -  L2 = cavit y lengt h dif f .

B   = number  of  t imes light  bounces
(ef f ect ive ar m lengt h BL)

l    = laser  wavelengt h

Power recycled Michelson
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Laser  I nt er f er omet er  (Noise)
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LI GO
• km-scale Laser  int er f er omet er s at  t wo sit es

• Built  by collabor at ion of  Calt ech and MI T
• Science will be done by LI GO Science

Collabor at ion: ACI GA, Calt ech, Car let on, Cor nell,
Flor ida, GEO, Har var d, I AP, I ndia I UCAA, I owa St at e, J I LA,
LSU, La. Tech, MI T, Michigan, Moscow St at e, NAOJ -TAMA,
Or egon, Penn St at e, Sout her n, St anf or d, Syr acuse, Texas-
Br ownsville, Wisconsin-Milwaukee

• (Or egon gr oup: J B, R. Fr ey, M. I t o, R. Rahkola, R. Schof ield,
D. St r om)
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Sensing and Cont r ol Syst em
• 4 lengt h and 12 alignment  degr ees of

f r eedom must  be cont r olled t o maint ain
st r ain sensit ivit y

• Must hold lengths to 10-13 m
in presence of 10-5 m
seismic noise

• Test masses controlled by
electromagnets driven by
feedback Eigenfreq. of suspension

0.5 - 0.7 Hz
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Cosmic Ray Monit or

Look for coinicidences to
prevent false discovery
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Dat a Acquisit ion

• Gr avit y wave channel is digit ized at  16 kHz,
but  many ot her  channels (about  2000 chan.)

Þ  ver y lar ge dat a r at e
– monit or  and cont r ol
– PEM channels

• 14 Mbyt e /  sec

• st or e f ull dat a st r eam on disk f or  ~1 day
• r educe dat a t o mini-dat a set s f or  analysis

– ar chive r est
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LI GO Sensit ivit y t o Binar ies



River Road, J. Brau, November 13, 2001 63

LI GO Sensit ivit y t o Bur st s
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LI GO Sensit ivit y t o Pulsar s
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CONCLUSI ONS

• Gr avit at ional r adiat ion should be
discover ed in t his decade

• Wit h it  should come advances in
under st anding Gener al Relat ivit y

• and, per haps, discover ies of  new
phenomena in t he univer se

WATCH FOR SURPRI SES
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Gr avit at ional Lens


