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P
hysical N

ature of G
ravitational W

aves - 1
•

W
aves push freely floating objects apart and together

–
L

ocal inertial fram
es do not m

esh

•
L

ike non-m
eshing of C

artesian coordinates on E
arth’s

surface
–

E
arth’s curvature causes non-m

eshing

•
Spacetim

e curvature causes
inertial-fram

e non-m
eshing

•
G

ravitational w
aves are ripples of spacetim

e curvature

D
L

 / L
 = h(t)
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P
hysical N

ature of G
ravitational W

aves - 2
•

G
reat richness to a w

ave’s spacetim
e curvature:

–
H

euristically:

ß
Stretch and squeeze of space

ß
Slow

ing and speeding of rate of flow
 of tim

e

ß
…

–
M

easure stretch and squeeze w
ith light beam

s

ß
D

oes light w
avelength get stretched and squeezed the

sam
e as m

irror separation, so no effect is seen?

ß
N

O
!  Spacetim

e curvature influences light differently from
m

irror separations.

–
M

athem
atically:

ß
C

urvature described by rank-4 R
iem

ann tensor, R
a

bgd

D
L

 / L
 = h(t)
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P
hysical N

ature of G
ravitational W

aves - 3

•
Stretch and squeeze are:

–
transverse to direction of propagation

–
E

qual and opposite along orthogonal axes (trace-free)

–
Force pattern invariant under 180

o rotation

–
C

ontrast w
ith E

M
 w

aves: invariant under 360
o rot’n

•
(Spin of quantum

) = (360 degrees) / (invariance angle)
= 1 for photon,   2 for graviton

–
Irreducible representation of L

ittle Subgroup of L
orentz grp

•
T

w
o polarizations: axes rotated 90

o E
M

–
45 o G

W
                   plus               cross

D
L

 / L
 = h

E

E
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P
hysical N

ature of G
ravitational W

aves - 4

•
E

ach polarization has its ow
n gravitational-w

ave field

•
T

hese fields’ evolutions h
+ (t) &

 hx (t) are the w
aveform

s

D
L

 / L
 = h+

W
aveform

s
carry detailed
Inform

ation
about source

DL / L = hxD
ouble tim

e
integral of certain
com

ponents of
R

iem
ann tensor
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P
ropagation of G

ravitational W
aves

•
H

igh-frequency w
aves  (w

avelength l << radius of curvature R
 of

background spacetim
e; geom

etric optics): propagate at light speed
–

=>  graviton has rest m
ass zero (like photon)

–
R

edshifted and grav’ly lensed, like light
•

If  l ~ R
, scattered by spacetim

e curvature
•

A
bsorption by m

atter in our universe:
–

N
egligible …

 even back to big bang

•
D

ispersion due to interaction w
ith m

atter:
–

N
egligible

–
E

xam
ple: U

niverse filled w
ith neutron stars or black holes:

ß
In propagating around the universe once:
ß

D
ispersion delays the G

W
 by about

one w
avelength l
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T
he G

ravitational W
ave Spectrum

•
Spectrum

 of know
n and expected sources extends

over 22 decades of frequency

D
oppler

T
racking of

Spacecraft

L
F

•
Prom

ising sensitivities are being achieved in four
frequency bands
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10 +
8

1

10 -5

10 -10

10 -15

10 -20

10 -25

Frequency, H
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C
M

B
A

niso-
tropy

E
L

F

P
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T
im

ing

V
L

F
Interfer-
om

eters
[L

IG
O

…
]

L
ISA

H
F

W
eber

B
ars
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Som
e Sources in our F

our B
ands:

  H
F

L
IG

O

    L
F

D
oppler

  L
ISA

V
L

F
P

ulsar
T

im
ing

E
L

F
C

M
B

A
nisotropy

T
he B

ig B
ang Singularity in w

hich the U
niverse w

as born, Inflation of U
niverse

E
xotic Physics in V

ery E
arly U

niverse:   Phase transitions,
cosm

ic strings, dom
ain w

alls, m
esoscopic excitations,  …

 ?

M
assive B

H
’s

(300 to 30 m
illion

suns),

B
inary stars

Soliton stars?

N
aked

singularities?

Sm
all B

H
’s (2 to

1000 suns),

N
eutron stars

Supernovae

B
oson stars?

N
aked

singularities?
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C
altech F

aculty Involved in G
W

 R
esearch

•
L

IG
O

 (high frequencies, ~10 H
z to ~1000 H

z):
–

B
arish, D

rever, L
ibbrecht, W

einstein, K
ip

•
L

ISA
 (low

 frequencies, ~ 10 -4 H
z to ~ 0.1 H

z):
–

Prince, Phinney, K
ip.  +  heavy JPL

 involvem
ent

•
D

oppler tracking (very low
 frequencies)

–
K

ulkarni

•
C

osm
ic m

icrow
ave polarization anisotropy

–
K

am
ionkow

ski, L
ange, R

eadhead

•
C

aJA
G

W
R

:  C
altech/JPL

 A
ssociation for G

ravitational W
ave

R
esearch

–
Sem

inars  ~ every other Friday  [alternate w
ith L

IG
O

 sem
inars]

–
http://w

w
w

.cco.caltech.edu/~cajagw
r/

ß
L

inks to L
IG

O
, L

ISA
, and other G

W
 sites
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M
ultipolar D

ecom
position of W

aves

•
E

xpand h in m
ultipole m

om
ents of source’s m

ass and m
ass-

current (m
om

entum
) distributions: M

0 , M
1 , M

2 , …
; S

1 , S
2 , …

•
h is dim

ensionless; m
ust fall off as 1/r  =>

–
  h ~ (G

/c 2)(M
0 /r)  &

 (G
/c 3)(M

1 /r) &
 (G

/c 4)(M
2 /r)  &

 …

–
                             &

 (G
/c 4)(S

1 /r)  &
  (G

/c 5)(S
2 /r)  &

 …

•
T

heorem
 in canonical field theory:

–
( W

aves’ m
ultipole order ) ≥ (spin of quantum

) = 2  for graviton

.

M
ass can’t

oscillate
M

om
entum

 
can’t oscillate

M
ass quadrupole

M
om

ent dom
inates

A
ngular M

om
entum

 
can’t oscillate

C
urrent quadrupole

r
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Strengths of W
aves

•
Source:  m

ass M
, size L

, oscillatory period P,

–
quadrupole m

om
ent   M

2  ~ M
 L

2

•
Q

uadrupole m
om

ent approxim
ation:

–
h ~ (G

/c 4)(M
2 /r) ~ (G

/c 4)(M
 L

2/P
2) /r

~ (G
/c 4)(internal kinetic energy) / r

~ (1/c 2) (N
ew

ton potential of [m
ass-equivalent] kinetic energy)

    ~ (1/c 2) (N
ew

ton potential of [m
ass-equivalent] potential

energy)

•
H

igher m
ultipoles:  dow

n by (v/c) to som
e pow

er

•
M

agnitude:

-
C

olliding B
H

’s or N
S’s @

 r ~ 100 M
pc ~ 3 x 10

8 ltyr ~ 3 x10
27 cm

-
[M

ass-equivalent] K
inetic energy ~ M

sun
-

h ~ few
 x 10

-22
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International N
etw

ork of B
ar D

etectors
N

ow
 in O

peration [~1000 H
z]

U
. W

est A
ustralia - N

iobe

L
ouisiana State U

. - A
llegro

C
E

R
N

 - E
xplorer

U
. Padova - A

uriga

U
. R

om
e - N

autilus
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 H
ow

 a L
IG

O
 Interferom

eter W
orks

•
Schem

atic
description
of detector:

Fabry-Perot
C

avity
Fabry-Perot

C
avity

B
eam

 
Splitter

Phase of
excitation

C
avity eigenfrequency

- L
aser eigenfrequency
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L
IG

O
C

ollaboration of ~
350 scientists at ~

30 institutions

H
anford W

ashington 

4 km

2 km
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L
IG

O

L
ivingston,

L
ouisiana

•
F

irst searches for G
W

’s: 2002  to  2006 -- sensitivity w
here plausible to see w

aves

•
U

pgrade to advanced interferom
eters: ~

2007;  3000 higher event rate

–
new

 search: 2008 ... -- sensitivity w
here should see rich w

aves from
 w

ide
variety of sources

4 km
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L
IG

O
 O

rganization
•

L
IG

O
 L

aboratory
–

R
esponsible for F

acilities; and for D
esign, C

onstruction, &
 O

peration of
Interferom

eters

–
C

altech &
 M

IT
;  D

irector: B
arry B

arish [C
altech]

•
L

IG
O

 Scientific C
om

m
unity (L

SC
)

–
F

orm
ulates science goals

–
C

arries out Interferom
eter R

&
D

–
~350 scientists and engineers in ~25 institutions

ß
C

altech, C
alifornia State U

niversity, C
arleton, C

ornell, F
erm

iL
ab,

U
. F

lorida, H
arvard,  Iow

a State, JIL
A

 (U
. C

olorado), L
SU

,
L

ouisiana T
ech, M

IT
,  U

. M
ichigan, U

. O
regon,  P

enn State,
Southern U

., Stanford, Syracuse, U
. T

exas-B
row

nsville, U
.

W
isconsin-M

ilw
aukee,  A

C
IG

A
 (A

ustralia), G
E

O
600 (B

ritain &
F

rance), IU
C

A
A

 (India), N
A

O
J-T

A
M

A
 (Japan), M

oscow
 State U

. &
IA

P
-N

izhny N
ovgorod (R

ussia)

–
Spokesm

an: R
ai W

eiss [M
IT

]
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International N
etw

ork of Interferom
etric D

etectors

•
N

etw
ork

R
equired for:

–
D

etection
C

onfidence

–
W

aveform
E

xtraction

–
D

irection by
T

riangulation

L
IG

O
 

H
anford, W

A

L
IG

O
 

L
ivingston, L

A

G
E

O
600

H
anover G

erm
any

T
A

M
A

300
T

okyo

V
IR

G
O

P
isa, Italy
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L
IG

O
’s International P

artners

V
IR

G
O

: Pisa, Italy [Italy/France]
G

E
O

600, H
anover G

erm
any [U

K
, G

erm
any]

T
A

M
A

300, T
okyo [Japan]

A
IG

O
, Jin-Jin W

est A
ustralia



19

•
H

ave been installed
(H

anford 4km
, 2km

;
L

ivingston 4 km
)

•
A

re being
debugged;
first search
underw

ay
(at poor
sensitivity)

L
IG

O
: Initial Interferom

eters

h
rm

s  = h(f) ÷f º
10 h(f)

Square root of
Spectral density of h(t)

[“theory of 
random

 processes”]
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Seism
ic Isolation
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T
est-M

ass M
irror and its Suspension
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M
irror Installation and A

lignm
ent
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P
rotection from

 E
lem

ents
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L
IG

O
: F

rom
 Initial Interferom

eters to A
dvanced

R
&

D
 underw

ay; install in ~2007

h
rm

s  = h(f) ÷f º
10 h(f)

Initial Interferom
eters

A
dvanced Interferom

eters

O
pen up w

ider band

R
eshape
N

oise

300 in h
~10 7

 in rate

M
ost 

O
ptim

istic
Source

Strengths

15 in h 
~3000 in rate

M
ost Pessim

istic
SourceStrengths

SR
 M

irror



25

A
dvanced IF

O
s: T

he T
echnical C

hallenge

•
In advanced interferom

eters:
M

onitor m
otions of 40 kg saphire m

irrors  to:
–

  ~10
-17 cm

 ~ 1/10,000 diam
eter of atom

ic nucleus

–
  ~10

-13 of the w
avelength of light

–
  ~ the half w

idth of the
m

irror’s quantum
 w

ave
function

•
Q

uantum
 N

ondem
olition

(Q
N

D
)  T

echnology

–
B

ranch of quantum
inform

ation science
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  L
ISA

: L
aser Interferom

eter Space A
ntenna

•
Joint A

m
erican/E

uropean
•

U
S: M

anaged at G
SF

C
 (M

d)
–

P
ayload &

 Science:
JP

L
/C

altech
–

T
om

 P
rince: M

ission Scientist
•

L
aunch: 2011

•
T

hree “drag-free” spacecraft

•
5 m

illion km
 separations

•
1 W

att laser, 30cm
 diam

eter
telescopes

•
R

elative m
otions of spacecraft:

~ 1 m
illion w

avelengths / sec

•
L

ight beam
s beat against each

other (heterodyne detection);
beat signal fourier analyzed
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L
ISA

: T
he T

echnical C
hallenge

•
M

onitor the relative m
otion of the satellites’ “proof

m
asses”, 5 m

illion kilom
eters apart, to a precision

–
 ~ 10 -9 cm

 [in frequency band f ~ 0.1 - 10 -4 H
z ]

–
 ~ 10 -5 of the w

avelength of light

–
 accelerations ~ 10 -16 g

•
G

uarantee that the only forces acting on the proof
m

asses at this level are gravitational, from
 outside the

spacecraft
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L
ISA

 N
oise C

urve

0.0001
0.001

0.01
0.1

10
-21

10
-20

10
-19

Frequency, H
z

h(f) √f

Shot noise

Random
 forces on proof  m

asses

W
hite-dwarf binary

Stochastic background
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G
ravitational-W

ave D
ata A

nalysis

•
M

atched filtering:

–
If w

aveform
s slip by ~ 1 radian, it is obvious in cross correlation

–
L

IG
O

: up to ~20,000 cycles (~100,000 radians)

–
L

ISA
: up to ~200,000 cycles (~1 m

illion radians)

•
T

heoretical challenge:  com
pute w

aveform
s to this accuracy

•
If w

aveform
s poorly know

n:
–

M
ust use other analysis m

ethods: significant loss of signal strength!

ß
e.g. Flanagan’s excess pow

er m
ethod: filter h(t) then square &

integrate.

2
0

4
0

6
0

8
0

1
0
0

1
2
0

-
1
.
5

-
1

-
0
.
5

0
.
5 1

1
.
5

T
heoretical

w
aveform

W
aveform

 in
N

oisy data
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Scientific G
oals of L

IG
O

 and L
ISA

•
A

stronom
y: O

pen up a R
adically N

ew
 W

indow
 O

nto
the U

niverse

•
P

hysics: C
onvert the study of highly curved

spacetim
e

–
F

rom
 a purely theoretical enterprise (exploring

general relativity theory)

–
T

o a joint observational/theoretical enterprise

•
E

xam
ples:  Sources organized by science w

e expect to
extract, not by w

hen they m
ight be detected --
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T
he Inspiral of a W

hite D
w

arf (W
D

), N
eutron Star (N

S),
or Sm

all B
lack H

ole (B
H

) into a Superm
assive B

H
•

A
strophysical phenom

enology:
–

O
ccurs in nuclei of galaxies

–
Provides a probe of the environm

ents
of superm

assive holes

–
R

ates: a few
 per year; perhaps far m

ore

•
F

requency band and detectors:

–
L

ow
 frequencies; L

ISA

•
Inform

ation carried by the w
aves:

–
H

igh-precision m
ap of the spacetim

e curvature of the superm
assive B

H

•
Science to be done:
–

M
ap black holes, test “no hair theorem

”, test theory of evolution of black-hole
horizons w

hen gravitationally perturbed, observe extraction of spin energy
from

 black holes.

•
M

ethod of com
puting w

aveform
s:

–
B

lack-hole pertubation theory;  radiation-reaction theory
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 L
ISA

 Inspiral E
xam

ple: C
ircular, E

quatorial orbit;
10 M

sun / 10 6
 M

sun; fast spin -- @
1 G

pc [optim
istic]

(pessim
istic: signal 10 tim

es w
eaker)

1 yr before plunge:
r=

6.8 rH
orizon

185,000 cycles left,
S/N

 ~ 100

1 m
o before plunge:

r=
3.1 rH

orizon
41,000 cycles left,

S/N
 ~ 20

1 day before plunge:
r=

1.3 rH
orizon

2,300 cycles left,
S/N

 ~ 7

M
ight lose factor

10 in S/N
, even

m
ore, due to

nonoptim
al signal

processing

F
requency, H

z

h

LISA
 Science R

equirem
ent 
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Inspiral W
aves:

W
hy m

ight signal processing be non-optim
al?

•
C

orresponding W
aveform

 [schem
atic]:

tim
e

•
T

ypical O
rbit in

last year:

•
E

xtrem
e sensitivity of orbit to initial conditions =

>

?? C
oherent m

atched filtering no longer than a few

days ?? L
ess?

•
M

any distant inspirals m
ay give troublesom

e

stochastic background; hard to separate strongest

inspirals

•
To explore &

 quantify this: need w
aveform

s.   W
ill

take ~2 years of concerted effort to produce them
 &

quantify loss of S/N
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B
inary B

lack H
ole M

ergers
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B
inary B

lack H
ole M

ergers [cont.]
•

A
strophysical phenom

enology:
–

Stellar-m
ass holes: in bodies of galaxies (``field’’),

in globular &
 other clusters.

–
Superm

assive holes: as result of m
erger of galaxies

•
F

requency band and detectors:

–
Stellar-m

ass: H
igh frequencies; L

IG
O

 &
 partners

–
Superm

assive: L
ow

 frequencies; L
ISA

•
R

ates, Signal to noise ratios:
–

L
IG

O
, initial interferom

eters: seen to 100M
pc, ~1/200yr to ~1/yr;

S/N
 ~ 10 or less

–
L

IG
O

, advanced interferom
eters: seen to z~0.4, ~2/m

o to ~15/day;
S/N

 ~ 10 to 100

–
L

ISA
: seen to z~10s (earliest objects in universe), ~few

/yr;
S/N

 ~ 100 to 100,000
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B
inary B

lack H
ole M

ergers [cont.]
•

Inform
ation carried by the w

aves:
–

Inspiral: M
asses, spins, surface areas,

and orbits of initial holes

–
M

erger:  T
he highly nonlinear dynam

ics
of curved spacetim

e

–
R

ingdow
n:  M

ass, spin, surface area, …
of final hole

•
Science to be done:
–

T
est Penrose’s cosm

ic censorship conjecture

–
T

est H
aw

king’s second law
 of black hole m

echanics (horizon area increase)

–
W

atch a new
born black hole pulsate, radiating aw

ay its excess “hair”

–
Probe the nonlinear dynam

ics of spacetim
e curvature under the m

ost
extrem

e of circum
stances that occurs in the m

odern universe

–
Probe dem

ography of black hole binaries

•
M

ethods of com
puting w

aveform
s:

–
Inspiral: post-N

ew
tonian expansion; m

erger: num
erical relativity; ringdow

n:
black-hole perturbation theory
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N
eutron-Star / B

lack-H
ole M

ergers

•
A

strophysical phenom
enology:

–
Stellar-m

ass objects: in field,
in globular &

 other clusters.

•
F

requency band and detectors:

–
H

igh frequencies: L
IG

O
 and partners

•
R

ates:
–

Initial IFO
s: 43M

pc, 1/2500yrs to 1/2yrs

–
A

dvanced IFO
s: 650M

pc, 1/yr to 4/day

•
Inform

ation carried by w
aves:

–
Inspiral: m

asses, spins, orbit

–
T

idal disruption of N
S:  neutron-star structure (e.g. radius)

•
Science to be done:
–

Probe neutron-star structure, equation of state of m
atter

•
M

ethods of analysis:
–

Inspiral: post-N
ew

tonian; disruption of N
S: num

erical relativity



39

N
eutron-Star / N

eutron-Star Inspiral
•

A
strophysical phenom

enology:
–

M
ain-sequence progenitors in field,

capture binaries in globular clusters

•
F

requency band and detectors:

–
H

igh frequencies: L
IG

O
 and partners

•
R

ates:
–

Initial IFO
s: 20M

pc, 1/3000yrs to 1/3yrs

–
A

dvanced IFO
s: 300M

pc, 1/yr to 3/day

•
Inform

ation carried by w
aves:

–
Inspiral: m

asses, spins, orbit

–
M

erger: probably lost in L
IG

O
’s high-frequency noise

•
Science to be done:
–

T
est relativistic effects in inspiral [also for N

S/B
H

 and B
H

/B
H

]

•
M

ethods of analysis:
–

Post-N
ew

tonian expansions
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Spinning N
eutron Stars: P

ulsars

e = 10 -6, 10kpc

e = 10 -5
, 10kpc

e = 10 -7
, 10kpc

•
A

strophysical phenom
enology:

–
Pulsars in our galaxy

•
F

requency band and detectors:

–
H

igh frequencies: L
IG

O
 and partners

•
D

etectability:
–

G
overned by ellipticity, spin

–
E

llipticities thought to be

e
 <

10 -6; possibly  10 -5

•
Inform

ation carried by w
aves:

–
N

S structure

–
B

ehavior in quakes

•
M

ethods of analysis:
–

Slow
-m

otion, strong-gravity

~
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Spinning N
eutron Stars:

L
ow

-M
ass X

-R
ay B

inaries in O
ur G

alaxy [L
IG

O
]

Signal strengths for 
20 days of  integration

Sco X
-1

•
If so, and steady state: X

-ray
lum

inosity ~ G
W

 strength

•
C

om
bined G

W
 &

 E
M

obs’s =>
 inform

ation about:

–
crust strength &

 structure,
tem

perature dependence of
viscosity, ...

•
R

otation rates ~250 to 700
revolutions / sec

–
W

hy not faster?

–
B

ildsten: Spin-up torque
balanced by G

W
 em

ission
torque
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N
eutron-Star B

irths:
R

-M
ode Sloshing in F

irst ~1yr of L
ife [L

IG
O

]

•
N

S form
ed in supernova or accretion-induced

collapse of a w
hite dw

arf.

–
If  N

S born w
ith P

spin <
 10 m

sec:
R

-M
ode instability:

–
G

ravitational radiation reaction drives
sloshing

•
Physics com

plexities:
W

hat stops the grow
th of sloshing &

 at
w

hat am
plitude?

–
C

rust form
ation in presence of sloshing?

–
C

oupling of R
-m

odes to other m
odes?

–
W

ave breaking &
 shock form

ation?

–
M

agnetic-field torques?

–
…

.

D
epending on this,G

W
’s 

m
ay be detectable out to 
V

irgo (supernova rate
several per year). B

U
T

recent research 
pessim

istic

G
W

’s carry inform
ation

about these
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C
O

M
P

A
C

T
 B

IN
A

R
IE

S IN
 O

U
R

 G
A

L
A

X
Y

: L
ISA

•
C

ensus of short-period com
pact binaries in our G

alaxy; rich astro

hrm
s

frequency

•
Inspiral (&

 M
chirp ) w

ill be m
easured if f >

 0.003 H
z

W
D

/W
D

 @
G

alaxy C
tr

•
3000 W

D
/W

D
 binaries w

ill stick up above the W
D

/W
D

 noise

A
M

 C
 V

n

B
rightest

B
H

/B
H

•
B

H
/B

H
 studies: e.g. m

erger rate; com
pare w

ith L
IG

O
•

N
S/N

S studies -- e.g. m
erger rate; com

pare w
ith L

IG
O

 et al

B
rightest
N

S/N
S

N
S/N

S:
4U

1820-30
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T
he F

irst O
ne Second of U

niverse’s L
ife
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W
aves from

 P
lanck E

ra, A
m

plified by Inflation
•

C
osm

ological phenom
enology:

–
V

acuum
 fluctuations (at least) created in Planck era

–
A

m
plified by interaction w

ith background spacetim
e curvature of

universe during inflation

•
F

requency band and detectors:

–
A

ll bands, all detectors

•
Strength predictions:
–

“Standard Inflation”: detectable
only in E

L
F band (C

M
B

)

–
“Pre-big-bang”, etc: m

ore optim
istic

•
Inform

ation carried:
–

Physics of big bang, inflation; equation of state of very early universe

•
M

ethods of analysis:
–

C
osm

ological perturbation theory; quantum
 gravity
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P
hase T

ransitions in V
ery E

arly U
niverse

•
C

osm
ological P

henom
enology:

–
A

s universe expanded, fundam
ental forces decoupled from

 each other;
phase transition at each decoupling produced gravitational w

aves;
G

W
’s redshifted w

ith expansion

•
F

requency bands and detectors:
–

L
ISA

 probes E
lectrow

eak Phase T
ransition (~100 G

eV
) at universe

age ~10
-15 sec

–
L

IG
O

 probes any phase transition that m
ight have occurred at ~10

9

G
eV

 and age ~10
-25 sec

•
Science:
–

Probe high-energy physics, e.g. strength of electrow
eak phase

transition; probe topological defects &
 evolution of inhom

ogeneities
produced by phase transition
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M
esoscopic O

scillations in V
ery E

arly U
niverse

•
R

ecent speculations about our observed universe as a 3-
dim

ensional defect (brane) in a higher dim
ensional universe:

•
E

xcitations of our brane: [C
raig H

ogan]

–
B

rane form
s w

rinkled on all
scales up to b.   W

rinkles evolve dynam
ically, producing G

W
’s,

w
ith energy densities ~ those in other form

s of radiation.

–
G

W
’s from

 excitation scales ~ 10 A
  to 1 m

m
 get redshifted to

L
ISA

 band w
ith G

W
 strengths easily detected by L

ISA
.

–
G

W
’s from

 scales ~ 10
-10 to 10

-13 m
m

 redshifted to L
IG

O
 band.

•
A

ll fundam
ental forces except gravity are confined to the brane.

–
G

ravity is confined to som
e  distance b<

 1 m
m

 from
 the

brane,   in the higher dim
ensions, and feels the shape of the

brane.


