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Introduction
Craviteticnal waves resemble eleclromagnetic waves in
meny respects. Thg travedl through space in all directione with

in a vacuaily at least for fields that are not intense encugh

to alstort the space-time continuum, On interaction with
matter, gravitetional waves are split into a reflected and

refracted beany; end the angle of incidence eqguals the angle of

=
m

reflection, However, these similarities to electromagnet
conceal important differences between the behavior of
gravitationmal and electromegnetic waves. For instance, the

optical properties of matter depend on its chemical constitution,

while the gravitetional properties depend only on the density

of matter, Probably the most important difference between

gravity and electromagnetism is that gravitatiopal fields and
mvitational waves contain a negative energy density, so

that work can be obtained from the generation of gravity waves,

Because of their negative energy density, gravitational waves

'y

are intensified rather than attenuated con pessing through &

()]

material medium that converts part of the energy of the waves

into elastic vibrations end thence into heate.
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Wave_ kguations for the QraVLtaulondl eldsl,cnd the mlectromagnetic
Analogy

L(‘

since grevitetional waves in free epace travel with the
velocity of light im all cdirections, the gravite stional field

must follow the general traveling wave equation:

=

; [ 2

- (¢ =velocity of light)

;(f: =

and in acdition, since no matter is present, the divergence of the

gravitational lines of ;oroe,%yﬁi muet be zero. It can be shovh
(see appendix I) that if any vector G saticfies these conditions,

a vector K can be found such Tuat.
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gravitational wave follows liaxwell's Lquations in

"L

so thet the
free space.

To see how these equations can be modified in the presence of

mattery where (-F=9mr ( o =cdensity of matter), let us try to find

values of A and B such thats

where 4 and B are zero when 2 is zero.

irst ecquationg we obtain:

Teking the divergence of the f
)

ViVXE)=0= -5 -5 VKY+ VA= VA

of which a satisfectory solution in A=0,

From the divergence of the &ec@ﬂu we
\\‘/'é Xf&ﬁ”"wng *@@‘?rmf»}‘

obtaing
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Ly the equation of continuity for matter,

Ve V)=
-5 It (V=velocity)

so that HwWV - (pVIt vTig=0

= [ = i
or T (B+ ug v) =0

of which a perfectly acceptable solution ies
@ = ”“Qﬁ",@w
@“"‘“ - ~
Therefore the gravitational equations in the presence of mattie

may be writtens: o DR

Comparing these ing electromagnetic

ones;

we cen see that the two sets of equations become identical if

we define; ‘ . .
P = APg 2 Py = ~Ap
@ = ey
G =-4E oy E = 46
8
K= <4 # m N = 4k

so that as far as the interactions of gravitational waves with
matter are concerned, masses behave like imeg inary charges,
the gravitational field like an imaginary electric field, and
the "K' field like an imagimary magnetic field.

The importance of these redationships lies in the fact that

w0
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we know the behavior of the electromegnetic Iilel 1¢ under a
wide variety of conditions, both in free space and in its
interaction with charges. To find out whet the correspoending
equations are for gravitatiohal fields in their interaction with
mattery it is merely necessary to substitute =im for g, iG for

I, and iK for I in the electromagsnetic eqguationse.

_Reflection and Refraction of Gravitational Waves Ly liatter

Suppose that a plene sinusoidal gravitational wavey
G= Go sinam(nt-x/1l) is passing through o material medium.
If no elastic or viscous forces are acting, all the pargicles
in the medium at & given point are subjected tp an acceleration

-

equel tc Gy and their displacement %} given time is:

-wé’g & 2P )
= = 2@ P z2e 'hu”@ ven 2T ( —jﬁﬁ X/ /& } =
A @%J@ g M

There is a corresponcing optical paenomenon in which a
high-freciency, sinusoidal electric wavey, E=1E, sin fnt-x/1)
acts upon a medium conteining electrens whose netural rescnant
freguency is small compared to the frequency of the incident
light, so thst the resgtoring forces sre negligible compared

to the electribe field forces. In such a case the motion of the

electrons is gover

vhence -
1

The motion of the electrons causes secondary electromagnetic
waves to be set up which lmt@rLare with the primery incident
veve to give & single reflected and refracted beam. The

angle of refraction is given by Snell's Law:




< &/ . A 3 bl
while A= | T Z - w* I= o wm

in whi®& the summation is carried out over all the charges in a
unit volume.

Now, as far as the propagation of gravity waves and their
interaction witu matter is concerned, mass acts like an
imaginary chargey and the gravitatipnesl wave like en imaginary

electromagnetic wave, according to the equations:
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By substituting =im for g, ig for E in the ecquation of moticn

of free charges in an electromagnetic wave, it can easily be
verified that it becomes identicel with the eguation for the
motion of free matter in a gravitational wave. Furthermore,

the motiop of malter sets up secondary gravitationsl waves, which
interfere with the primary one to give a reflected and refracted
beam, and the index of refraction must be tlhe same as for

the electiric case, with -im  for g. So therefore the seuare—ef

the index ot refraction for gravity waves ies

= j&"‘“ v\%’ . {? %i% e
# = g * &ﬂ- o 3 2.

&
2n# (o=density of the nedium)
The angle of incidence equals the angle of reflection, & in
the cptical case, since this law does not involve the electrical

characteristics of the maediuwn in the electromagnetic case, and

e Tk e S ey v TV ® 0 ~ ]
gravitational case, The coefficient of reflection for normal

)
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Liclaence is given in the gravitational case as for the electro-

s»l_

@ gnetic case by the formuls
MR = X v L )
R 4&4@ v dam”
In a practical system of units in which Newton's Universal
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Gravitatioaal Constant is not défined
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as can easily be proved Dy dimensional analysis.

Next let us consider a case in which elastic forces are
present; and let us take up the case of shearing forces first.
suppeee thet a plane sinusoidal gravitatidnal wave is travelin;
1n the x-direction while the field vector, @, points in the
y=direction, i.e. G'%Gyz Go sinar(nt-x{l). The
medium then vibrate in the y-direction, and set up shearing

stresses in this direction, The force over unit volume necessary

to maintain the mediwn in a state of shear is given by the equatio
PR ‘J% - . KR = - P e
o —* ‘where ~=is the shearing coeff,

The gravitetional force per unit volume,o G, must equal the
density of matter times its acceleration, plus the necessary force
per unit volume to maintain the condition of shear.

Let y=-A sin dr(nt-x/1)

Fert
]

bifferentiating twige with respect to distance and twice wit

5.

regpect to time,; we obtaing
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In the absence of elastic forces, Yo %?@
and the ratic is: = Lt = |+ J

Nowi, U}QC 3 1S vnry small for most substanges, of the order

H
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107% or smaller, so that it follows that
represent a very small correction to the motion of the molecules

in a medium under the influence of gravitational forces, Simils

,,'1,,
1t can be shown that other elastic forces, such as tensional or

com.ressional forces at the edge of the region of vibrating matter,
offer an even smaller correction to the motion of the medium. BRBoth
these results: are related to the fact that the velocity of sound
is very/sggli copared Lo the velocity of light, so that a medium

acts perfectly elastic for gravitational waves.

The corrected index of refraction, taking

shearing forces

P P ig’ 7= % !
=1+ Ee= e | i
— e e n 1=+ o= 2
It should be noted that the index of refraction for gravitational
waves does not depend pn thé nature of the moleculsar and sub- i

molecular vibrators and rotators in the nmedium, The reason is

that a gravitational field, unlike an electromagnetic field, always

exerts & resultant force through the center of mass of the moldecule,

P

and hence cannot excite a rotational or vibrational mode. The only

4

e i,

exception would occur wiien the wavelength of the gravitational

wave is of the order of the dimensions of the molecule,

g™



Tnergy Density of Grewvity Waves
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The energy contained 1n an electromagnetic wave, (& %Jijhﬁﬁ
per unit wolume, is aobtained from the principle of conservation
of energy, used in congjunction with Maxwell's Equations and

+he law of force on electric charges, F=Gh. similarly, the

(73
)]

enerzy contained in a gravitational wave can be computed from
the gravitational wave eguations and Tue law of force for masses,

T

W —mG. Sudi a derivation is given in the appendix for the sake of
natnemstical rigor, However, the energy density in a gravitational
wave can easily be obtained from the fact that the electromagnetic
equations become l1dentical Wluﬂ the gravitstional ones 1f we change

he energy density of the

o
@
F

q to -im, E to i@, and H to iK. Sinc

e

electromagnetic wave 15«?é’%u ﬁupiy it follows that the energy density

{

i

£ a gravitational wave isx-w —L¢%OQL, so that the gravitational
Although
wave has a nega ive energy densityl /' the conceplt of negativ

energy is forbidding, it simply means that it take work to
destray a gravitational field, while while can Dbe obtained during
the generation of a gravitational field. A4As 2 simple static
e;angja of the negative emergy density of a gravitational field,
consider two infinite plane sheets of equal density parallel

4o onea nother., From symmetry, it follows that no lines of

(O]

plates, while the gravitational,field is

ke

force exist between the

uaiform outsideyas shown belows

- e
—

ow, the two sheete attract one snother, so that work csn be dome
by allowing the sheels to approech one another. At the same time,
the gravitational field occupies a larger volumey while its

intensity is unaffected




=4
@ ¢ |
L (o 3 —
¢ K- .
w a uw -+ o W
5 a1 €,
@ i 2
[47} ot =
w @© )
= =
&y =11

ne

4
4
{

.z.
(%2

T
ove (as

- o~ -
i =

4

=, (L
I

L0
o
[}
=
i
|
]
+

'h mattery, part

& -+ o i o
3 © © o
N J = T
vw W iy ﬁmw )
= , -
O , £ -
oo a 4] . S
W = o .H m(; }
@ 4= b 3 o~
= weo o L
[} wu .“!m
G @

e

I OAY,

-

Ve e

i

v

A

- e

i @

i o

28] P

© o) =
4 43
1)
22

t

le

3

~ 0w o4

e s

i = ]

O (O]

G =

+ »
w
v 3
~y i -
o o R
o= S

K] b

. @
o ® ~8
: o

o

1
)

|

3 e =i
5 [t -

@
[ v :w )
= =i = o
od = 9




the oscillations occur in the y-direction, then:

Now let y=-A apakﬂimt~x/i)

Thens
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How the gravitational force per unit volume equals, the viscous
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force plus ﬁht/&pluLt fimes the accelepation:
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The rate of dissipation of enersy by the viscous forces per unit

volune is:

A l_; o T J’M -¥ii)

; = =
= v o SN S AN =
Voo YA 4

Pl & = P ¢
whi@ 1is the equation for the inten&ificatien of gravity waves.
The function is of the form: A./@vﬁ N ) and has a maximum forpil/B,
r? yﬂd/a@ This is around lO 90169, which is in the range of

N

amorphous solids such as glass at room temperature,
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ravity waves would have to

so that even under

of solin nmatter to have U hglr

travel through about a light year

intensity appreciably affected.

(1) Gravitational waves follow liaxwell's e equations in a vacuun,
and in the sence of atter &s well if we define:
A c=-~iE, K=<H

the
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in the gravitational
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AalPENDLL
The an_endix contains mathemztical derivations of
statements made without proof i the main boly of the essay.
Due to the length of the essay oroper (2150 words) it is
‘not included for comsideration in the contest, but only as
a reference in @ se of doublt as to the velidity of statements
in the essay.

APPLNDIL T

Derivation of iaxwelli's Tcuations from tihe General Wave Hquation,

. 2 ( JZ(,.
Given: e = =, T = 2
v ¢ See 70
V=0

To find: A vector K such that:
Ty = o3 &
VX@J’ = ”"c i%?
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Flow 42 K: Ty xdf = o 3: ootf = 0
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APTENDTA TIT

Bnergy Density of the Graviltetional Vave iy & T st e D
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