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ABSTRACT. Our understanding of how gravitational waves interact with matter is still incomplete.
In this work, we study simple models and investigate whether we can find an analogue of a dielectric
medium for gravitational waves. We begin by studying, in the linear regime, the propagation of a
plane gravitational wave through a wall of paired up masses, each pair coupled by a spring with
viscous damping. We find that the wave is phase-shifted by the wall, and conclude that this reflects
a change in its phase velocity, which allows us to calculate the associated refractive index. We then
generalize the model to different spring orientations and find that the refractive index is, in general,
a tensor with complex components, whose real part phase-shifts the wave, and whose imaginary
part changes its amplitude. We apply this model to a galaxy of binary systems, and conclude that

its effect on the wave is too small to be measured.

I. INTRODUCTION

The discovery of electromagnetism is one of humanity’s
greatest achievements. It is at the foundation of almost
all technological devices that we use on a daily basis. This
is possible due to the strong coupling between matter and
the electromagnetic sector, which has made it easy to in-
vestigate their interaction experimentally. On the other
hand, the interaction of gravitational waves with mat-
ter remains largely unexplored. This is mainly because
gravity is much weaker than the electromagnetic force
and therefore hardly produces any noticeable effects that
can be measured in a laboratory setting.

To address this issue, Press tried to envision gravi-
tational conductors [1]. Through this work, he hoped,
among other things, to build mirrors capable of reflecting
gravitational waves and to find materials that respond
strongly to gravity. This has yet to be achieved exper-
imentally. Alternatively, the recent work [2] presents
an alternative way to reflect gravitons in a laboratory
setting, by converting them first into photons using the
Gertsenshtein effect [3].

In this work, we aim to explore, from first princi-
ples, the interaction of gravitational waves with matter.
Specifically, we consider, in the linear regime, the forced
excitation of pairs of masses coupled with springs by a
plane gravitational wave. First, we discuss the case where
the gravitational wave travels perpendicular to the plane
of oscillators. We compute the resulting field, including
the secondary emission of gravitational radiation by the
masses. Then, we consider springs that have generic ori-
entations with respect to the incident gravitational wave
polarization, and also average over this orientation angle.
The results are compared with the interaction of a dielec-
tric medium with electromagnetic waves. Using these re-
sults, we estimate in Sec. V the effects of the interaction
of gravitational waves with a galaxy, and find them to
be negligible. We use geometric units G = ¢ = 1, Greek
indices u, v, a, ... run from 0 to 3, Latin indices 1, j, k, ...
run from 1 to 3 and the index x represents either the +
or x polarization of a gravitational wave.

II. FRAMEWORK

Following Schutz [4] (see Ch. 9), we begin by pictur-
ing a gravitational wave propagating in the positive z

direction in flat spacetime with Cartesian coordinates
(t,z,y,2). The z = 0 plane is filled with oscillators ori-
ented along the z axis (see Fig. 1). The oscillators are
very close to each other, so we regard them as a continu-
ous distribution of ¢ oscillators per unit area. We assume
that the oscillators do not interact with each other. Each
oscillator consists of two point particles of mass m con-
nected by a massless spring that has spring constant &
and damping constant v. We define £ as the spring’s
stretch relative to it’s unstretched length [y at a given
moment in time (see Fig. 2).
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FIG. 1: Incident wave on a plane of oscillators at z = 0.

To compute the equation of motion of an oscillator, we
begin with the equation of geodesic deviation. Consider
a local inertial frame, with local coordinates (7, X ), con-
structed around a reference timelike geodesic. To leading
order in the separation from this geodesic, the relative
acceleration of a nearby freely falling particle is

dei i LTTV Y J 2
o = R, UMUYXT + O(X°VR), (1)
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FIG. 2: Oscillator at rest (top); Stretched oscillator
(bottom).

where 7 is the proper time along the reference geodesic,
the tangent vector is U, and R is the Riemann curvature
tensor. We also impose a slow motion approximation, so
U — (1,0,0,0) is also the four velocity of the particle.
We assume the deviations from the Minkowski metric 7,,,
are small, so we take the expansion

uv = Nuv + h,uu ) (2)

where g,,,, is the full metric and h,, the perturbation.
Since we are only interested in the linear order effects of
the gravitational wave h we get

ngi

o =X+ 0(h?), (3)

where we use dots to denote derivatives with respect to
the coordinate time t. Along the reference geodesic, the
spatial axes of the local inertial frame are chosen to be
aligned with the background Cartesian axes. Thus, if

X = (¢,0,0) and X =0 at ¢ = 0, Eq. (1) becomes
Xi= RiomE = _Rioloi? (4)

Consider now two particles of mass m, and take the freely
falling local inertial frame to follow their center of mass.
Let )?1 and )?2 be the connecting vectors between the
center of mass and each of the masses which, initially,

are given by
= 1
Xl — (210,07()) P

. 1
X9 — (—2l0,0,0) .

For the physical setup we are interested in, at linear order
in h, the independent components of R are

()
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where h;gT are the components of the wave in the
transverse-traceless gauge. The coordinate system we use
doesn’t correspond to TT gauge, but since the Riemann
tensor is gauge invariant, we are free to express it in a

different gauge from our coordinates. Notice, however,
that the masses are not freely falling, due to a spring
acting on them. To compute the spring’s contribution to
the motion of the masses, we simply use Newton’s second
law, since we are in a local inertial reference frame and
in the slow motion limit. At ¢ = 0 the masses lie within
the X! axis, and so, modifying Eq. (4), we get

.. 1 . 1
X, = Zzohgfg;f + —F,
1. " (7)
Y, = ZthEyT ,
and
%=ttt _ Lp
o (8)
}/2 = _zlohgfl’/ra
where
F = —kEé—VE. (9)

One might worry that these equations are only valid at
t = 0, since the wave will cause the oscillator to tilt along
the y axis and so the spring force will also act in that di-
rection. However, these corrections depend on the force,
which depends on the stretch caused by the gravitational
wave, times a function of the angle by which the wave
tilts the oscillator. Since we are working on linearized
theory, this means that all these quantities depend lin-
early on the wave, and so any corrections to Egs. (7)
and (8) are of higher order in h and can be neglected.
The masses will oscillate about their mean equilibrium
positions, given by Eq. (5), so we expect the solution to
Egs. (7) and (8) to be of the form

X1(t) = glo + F(HED),
Yi(t) = (L),

(10)

and

Xa(t) = —glo — F(RED),
Yé(t) = 7g(hgg;r)v

where f(h1, ) and g(h;,") are linear functions of h); and
h;r;“ , respectively. Since we are in a local inertial frame,

the spring’s proper length will be given by

(11)

(1) = | %1 = %o = /13 + dlof +4f2 +4g2, (12)
which, to first order in f and g, gives
W(t) =lo+2f = Xa(t) — Xa(t). (13)
Thus, we can express the spring’s stretch as

() =1(t) — lo = X1(t) — Xa(t) — o (14)



Using Egs. (7) and (8) with Eq. (9), we then obtain

. . 1 . 2k 2 .
) =X1—-Xo= johgg - —&——¢ (15)
m m
Defining the spring’s resonant frequency wy and damping
rate v by

% v

Wi — vE= (16)

the equation of motion of an oscillator becomes
. . 1 .
§+ 298 +wil = Slohy, - (17)

We assume a general monochromatic incident plane wave
with frequency €2, given by

Ar Ag 0\
RTT = | Ay —A, 0002 (18)
0 0 0

in the TT gauge, where Ay and Ay are each polariza-
tion’s complex amplitudes. The steady state solution for
each oscillator is

£(t) = Rye'(t+9), (19)
Defining the complex constant
R, =R, e" (20)
and plugging Egs. (18) and (19) into Eq. (17) gives

R, = g (21)
T — wg — 29 +

If we want to compute the wave generated by such os-

cillator, we need to find the solutions for the weak-field

Einstein equations in Lorenz gauge,

Or* = —167TH (22)

where TH¥ is the oscillator’s stress-energy tensor and h
is the trace reversed metric perturbation, defined as

. 1
R = B = S, (23)

Outside of the region where there is matter, we can use
the residual gauge freedom to impose the TT gauge,
where

hpw =hy (24)

since the trace h<, vanishes. This means that we can
freely interchange between hEVT and hEVT .
The quadrupole approximation for gravitational radi-

ation tells us that, for a stress-energy tensor given by

Ty = S, (X)e ¥, (25)

4

with S, # 0 only in a small region compared to %", the
solution to Eq. (22) is

efiQr B

hij = 21, — o =0, (26)

where 7 = /2% + y% + 22 is the coordinate distance to
the center of mass and I is the quadrupole momentum
tensor, defined as

I'(t) = / TOX XId*X, (27)
PP

and X; is a constant time 3-surface. According to
Eq. (19), each mass will oscillate with an amplitude of g
about their mean equilibrium position on the x axis:

1 1s
Xa(t) = Slo+ §R+emt,

1

Lo (25)
Xz(t) = _510 - §R+€l t.

The steady state solution to the movement in the y di-
rection given by Egs. (7) and (8) is trivially

1~ .
Yi(t) = inelm

) (20)
Ya(t) = fiRXeiQt
where we have introduced
~ 1
RX = §ZOA><. (30)

Since the oscillating masses are point particles with mass
m, the 00 component of the stress-energy tensor, i.e., the
energy density of the system, is

T X)=m |6(X — X)) +6(X - X3)|.  (31)

Thus, according to Eq. (27), the nonzero components of
the quadrupole momentum tensor of each oscillator are,
to first order in A, Ay,

1 -
Iy = 5ng + milg Ry e ™,

T (32)
Iy = §ml0RXel b — Iy

Eq. (26) then tells us that the wave generated by one
oscillator will be'

_ N iQ(t—r)
Ohae = —20%miy Re ——,

_ - eiQ(t—T) _ (33)
by = —Pmly R ——— = Sl

1 Note that here we use lowercase x,y, the Cartesian coordinates,
again. This had to be the case because the local inertial frame
is, as the name indicates, only defined locally. Moreover, it is
valid because the components of the quadrupole tensor in both
bases (local/Cartesian) differ only at O(h?).



We can now calculate the wave generated by the plane
of oscillators at a point P whose distance from the plane
is d. Starting with the zz component, using polar coor-
dinates (R’, ¢) in the XY -plane gives

2
Shiotal — / / 00hy, R'AR dg = (34)

=—47Q mloR+/ oetSHt= nf dR’
0

To evaluate the integral, we change variables to r =

(R)? + d?, and use dr = R%dR’ . This result would
be undefined if o was constant, so we make it propor-
tional to e™¢" for some constant € and then take the limit
€ — 0 after the integration. This is justified if we assume
that distant oscillators will have less impact on the wave
generated at point P. Thus, Eq. (34) becomes

Shtotal — jamomQig Ry e =D, (35)

Doing the exact same calculations for the zy and yx com-
ponents gives

577,‘;;;&1—Z27T0'm9l0R><6 Qt—d) — 5ht°tal. (36)

Finally, 55;‘;}5‘1 = 0 at linear order. This result is evi-
dently not in the TT gauge. To obtain the additional
wave in the TT gauge, we can use the projection tensor

Pij = 6ij — ninj (37)
and the equation
_ - 1 -
hit = PPy — §Pij(Pklhkl)’ (38)

where 7 is the unit vector pointing in the direction of
propagation. In this case, 7 = (0,0, 1), so the additional
wave in the TT gauge will be

) Ry Re 0 _
ST = [ Ry —R, 0| i2momQlpe™ =9 (39)
0 0 0
so that the components of the net wave at P will be
hnct — hnct hnct (40)
= hIT+6hT" = (Ay +i2nomQloRy ) )

for the + polarization, and
Briet . hnet hnet (41)
= ATT 4 6hTT = (A + i2romQlo R, )™=

for the x polarization. Since the amplitude of the addi-
tional wave comes with extra factors of 4, the plane will
also introduce a phase shift to the wave.

We will use this setting as a starting point to study the
transmission of a gravitational wave through a wall with
finite thickness Az in the z direction (see Fig. 3). We will
begin with the assumptions that QAz < 1, such that AL T
will be approximately constant throughout the wall, and
that dh < h, such that the oscillations will occur mainly
due to the incident wave at any given position inside the
wall.

Incident Wave

FIG. 3: Incident wave on a wall of oscillators.

IIT. WAVE THROUGH A WALL OF
OSCILLATORS

The first thing to note is that now Eq. (39) represents

n “additional wave at point P per unit length” and will

be approximately constant inside the wall due to our as-

sumption QAz < 1, resulting in the following equation
for 0 < z < Az:

Ry Ry 0

= RX —R+ 0
0 0 0

dBTT
dz

i2mpmQloeH =D (42)

where p = - is the number density of oscillators inside

the wall. By integrating Eq. (42) we obtain the additional
wave at point P:

_ R+ RX 0 .
AR = | R, _RJr 0 | i2rpmQlgAze™ =D (43)
0 0 O

Thus, the transmitted wave at point P will be given by

Btransm

=heT+ ART (44)
=(A, + i2mpmQlo R Az)e =),

We still find a phase shift in the transmitted wave.

We now ask what is the collective effect of the oscil-
lators on the gravitational wave. The answer follows
closely the argument by Feynman on the refractive in-
dex of light [5]. As the wall shifts the wave’s phase, it
changes its phase velocity to v, = n—l*, where we define n,
as the wave’s x polarization’s refractive index, (so * = +
or * = x). This means that instead of taking the time
Az to travel through the wall, it will take the time nAz.



In other words, the wave will take an additional time of
At = (n — 1)Az to cross the wall, compared to the case
where there is no wall, delaying it’s phase by a factor of
At. Thus, the transmitted wave at point P is given by

Biransm :A*eiﬂ(t—(n*—l)Az—d) (45)

:A*e—iﬂ(n*—1)Azeiﬂ(t—d).

Since QAz <« 1, we have
e —DAZ 1 _iQ(n, — 1)Az, (46)
and Eq. (45) becomes
ptransm (A, —iA,Q(n, — 1)Az)e 0D, (47)
Comparing Eq. (44) with Eq. (47), we see that
i2rpmQUy R, Az = —iA.Q(n, — 1)Az, (48)

and, substituting R, by Eqs. (21) and (30), we get an
expression for the refractive index mn:

wpmQ2 12
n = <n+> (1t W§*92+2’39i . (49)
nex 1 — mpml?

The first thing we notice is that the wall is birefringent,
that is, the refractive index is different for the + and
X polarizations, which is to be expected as the system
is not isotropic and the oscillations along the x and y
axes obey different equations of motion. A similar phe-
nomenon occurs with electromagnetic waves in crystals
such as calcite, where we observe a single light-ray scat-
tered along two different directions due to anisotropies
in its crystalline structure. A detailed discussion on this
topic can be found in Hecht [6]. We should also note that
if there is no spring, i.e. wy = v = 0, then n is isotropic:

ny =ny =1—mpml. (50)

This means that, since the masses respond to excita-
tions equally in every direction, each polarization gets
refracted in the same way. Another interesting detail is
the complex nature of n, which depends on the damping
constant of the spring . This, similarly to an electro-
magnetic wave, tells us that part of A, will be absorbed
by the wall if v > 0.

IV. TILTED OSCILLATORS

We can now start thinking about other more compli-
cated situations. If we say that the oscillators are now
oriented along [ = (sin, 0, cos ), the component of the
wave along that axis will be

byt =UVURLT = by} sin® 6, (51)

and so, neglecting changes in ¢ with time and in AET
along the spring, Eq. (17) becomes

.. . 1 . 1 .
E+ 296+ wit = 5zohﬁT = 510/1;53 sin? 6, (52)

which gives
€ = R, sin? g, (53)
The previous setup is recovered for § = 7/2. We should

also determine the geodesic deviation equation on this
basis. We note that the masses are initially at

= 1

X — ilo(SiDQ,O,COS 0), (54)
= 1

X; — —ilo(sin 0,0, cosb). (55)

It is useful to define a new rotated basis such that the
direction of the X’ axis is oriented along the I vector:
€x = sinfex + cosbéy,
ey = ey, (56)

€z = —cosfex + sinbey.
The associated coordinate transformation is

4 sinfd 0 —cosf
(sz,):: 0 1 0
cosf) 0 sinf

= (R (57)

Since we are neglecting changes in 6 with time, this ba-
sis and its associated coordinate transformation are con-
stant. The equations of motion for the masses, the equiv-
alent of Egs. (7) and (8), become

.. 1. . 1
X{,==%(-lohy, sin®0+ —F

1,2 <4 0/lzy SII + m )
. 1 .
Vi, = illohf; , (58)
. 1 .
Zy o= :leohfg sin § cos 6,

where the top (bottom) sign refers to mass 1 (mass 2).
The spring force F' is given by Eq. (9). Since the masses
will oscillate around their initial position

1
Xi,z = :‘:510’ Y1/,2 = Zi,z =0, (59)
the solutions to these equations are
I 1 1~ 2.2 10t
Xia== 510 + §R+ sin” fe ,
1~ .
Y/, = iiRX sin fe™?, (60)
1 .
Zyg= $ZZOA+ sin @ cos Bt

Following Eq. (31), on the primed basis, the non-
vanishing components of the quadrupole moment tensor
are, to first order on A,,

1 .
) - 5mlg + milp R, e sin? 0,

1 ~ .
Izlyl = imloRX QZQt = Iy’x’» (61)

iQt:I

z'x!s

1
Iy = —ZmlgA+ sin 6 cos fe



which, by Eq. (26), generates the wave

N eiQ(tfr)
Ohyra = —2R, mlyQ? sin? 6 —
iQ(t—r)

(&

677/1:'y' = _RX m1092 sin 6 = 677/1/y/7

iQ(t—r) B
= 0hyryr,

(62)
We could then rotate the basis back to our original coor-
dinates using

- 1
Ohgyry = §l0A+ml092 sin 6 cos 6

Shij = RY R Shyv, (63)

and integrate the wave afterwards. However, we note
that the wave on the original basis is a linear function
of the wave on the rotated basis, so we can integrate the
wave before rotating the basis. The procedure is largely
identical to the one to obtain Egs. (35) and (36). In this
case, we get

dhyrgr = idmpmloQR . sin? 0e =)z
dhyry = 2w pmloQ R, sin G t=D) gz = dhyrgr,
Al = —implZmQA ; sin 0 cos 0’ =Dz = dh .
(64)
We can then compute the generated wave projected onto
the TT gauge using Eqgs. (38) and (63) and integrating
along the z axis, giving

ABET = 12w pmlyQ Az sin? 0 x
1 - , 65
(210A+ cos? 0 + R, sin2 9) i (t—d) ( )

for the + polarization and
ARTT = i27pmlyQAZ R, sin? et (66)

for the x polarization. Proceeding as before, the trans-
mitted wave at point P will then be given by

REPE™ = hiJ + AR, (67)
= (Ay/x +i2npmQUo R,/ Az) sin® g’ (=D,

and, substituting R, by Egs. (21) and (30), the refractive
index n is now

2 2 2 Q2 sin” 0
ne (17 wpmlg sin® 6 (COS 0+ m) - (68)
1— mel% sin2 0

Once again, the wall is birefringent, unless there is no
spring (wp = v = 0), in which case we have

ny =ny =1 —mpmidsin® 6. (69)

Since lpsinf is the initial displacement between the
masses in the x axis, setting § = 0 gives no additional
wave: at this order, the masses are only sensitive to os-
cillations along their unperturbed direction I. We also

notice that setting § = 7 returns us to the case of aligned
oscillators.

Notice that until now hy had no role in the spring’s
motion, and consequently had no impact on the plus
polarization of the transmitted wave, which would not
be the case if the oscillators were not in the xz plane,
ie. = (X,Y #0,Z). We can check this by substituting
anew [ = (X,Y,Z) in Eq. (51). We also notice that h.
had no impact on the x polarization of the transmitted
wave, which would also not be the case if the oscillators
were not in the zz plane. However, this turns out to
be the same situation as before since we can always
rotate the X and Y axes so that the oscillators are again
aligned with the X axis.

However, since it will turn out to be useful, we will now
compute the case where the oscillators are aligned along
an arbitrary direction. Suppose that the oscillators are
oriented along

I:= (sin 6 cos ¢, sin fsin ¢, cos ), (70)

where 6 and ¢ are the usual spherical angles. We want
to recover the coordinate basis where the oscillators lie in
the X’Z’ plane, since we know that the generated wave
will then be given by Egs. (65) and (66). We then con-
sider the new rotated basis

€x’ = COS p€x + sin pey
y/ = —sinpéx + cos pey (71)

S

®L

7' =€z.
with the associated coordinate change
cosp —sing 0

(R',) = [sing cosp 0 :(Ri;)t. (72)
0 0 1

On this new basis, the vector ['is therefore given by
['=sin&x: + cos 08z, (73)

so, by Egs. (65) and (66), we see that the generated wave
is

AR =i2mpmloQAzsin® 0 (74)
1 ~ )
X (2loA+/ cos? 0 + R, sin® 9) eSHt=d)
for the -+ polarization and
ARTT = i27pmloQAZR o sin? g2t =D (75)

for the x polarization. Here, R+//X/ and A,/ are given
by the amplitudes of the respective polarization of the
wave on the primed basis, which are given by

(47) = (4r) = (e snizo (ﬁ:)<»
76)



where we used
Ay = R R, A (77)

We will see that it is convenient to define AA, and AA,/
as the amplitudes of each polarization in the original and
the primed basis, such that

ARTT = AA, ™ (78)

and identically for the primed basis. Using Eqgs. (74) and
(75) we get

(2’:&) = iQAzZ\ (16’ ?) (;‘t) , (79)

where

\ = mpml3 sin? 6,
02 sin? 0 (80)

2
= 0+ ———5———.
Yi=cosmf+ 02 —wg — 290

Rotating back to the original basis, the generated wave
is given by

AAL\  [AAys\  [cos(2¢) —sin(2¢)) [AAL
AAy ) \AA,, ) \sin(2¢) cos(2¢) AAy )

(1)
where we used

AAi; = R% RV A Ay (82)

After using Eqs. (76) and (79), Eq

AAL\ A,
(AAX) = iQAZAM (AX) , (83)

with M given by

. (81) becomes

M = (w cos?(2¢) + sin®(2¢)

3 sin(4p) (¢ — 1) )
L sin(de) (1~ 1) |

sin?(2¢p) 4 cos?(2¢p)

(84)
so that the amplitudes of the transmitted wave at point
P are given by

Atransm — A+ AA, . (85)
As predicted, the + and x polarizations of the incident
wave alter both polarizations of the transmitted wave.

This means that the refractive index is now a tensor IN.
Defining it as

N — (n++ n+><) 7 (86)

Nx+ Mxx

we can generalize Eq. (48) to give

(ﬁﬁ:) — —iQAx(N —1I) (ﬁi) s

where [ is the identity matrix.
Eq. (85) gives

Comparing this with

N=1-)\M. (88)
In the case where there is no spring, we have
Pp=1= M=1. (89)

This tells us two things. Firstly, we see that the polariza-
tions no longer mix in the transmitted wave. Secondly,
we see that IN is a scalar that no longer depends on ¢
and is given by the equation we found for the case in
which the oscillators were in the xz plane, Eq. (69) -
the wave is sensitive only to the distance between the
masses on the xy plane, but not to their orientation.

The case where the oscillators are perfectly aligned
with each other seems rather restrictive, so we can now
think of a wall where the oscillators are randomly ori-
ented, such that each orientation is equally likely. To do
this, we compute the mean generated wave directly from
Eq. (83):

(gﬁﬁii) — iIOA(AM) (ﬁi) , (90)

which gives the mean refractive index
(NYy=1I-(A\M). (91)

To compute (A\M) we average AM along the unit sphere
to get

1 T 2m
</\M>:—/ AM sinf dpdf =
0 0 0 (92)

_ 2mpml} 34+ 20?2 I
15 D2 —w—27i)

We see that on average, the + polarization of the inci-
dent wave only contributes to the + polarization of the
transmitted wave. The same applies to the x polariza-
tion. We also notice that the refractive index is now the
same for the + and x polarizations, i.e it is a scalar and
the wall is no longer birefringent, even when we assume
the existence of springs.

We conclude that matter and gravitational waves can
interact much in the same way as dielectrics and electro-
magnetic waves. Indeed, Eq. (92) is qualitatively similar
to the refractive index of a dielectric in terms of its mi-
croscopic quantities [5]. Perhaps the main fundamental
difference is that, while in EM, n  ¢2/m, for ¢ and m the
charge and mass of the carriers, here it is o« m. This is
a direct consequence of the equivalence principle. Other
than that, in theory, one could reproduce a plethora op-
tical phenomena resulting from the interaction of light
and matter to happen for gravitational waves. However,
as we show next, this is very hard to do in practice.




V. WAVE GENERATED BY A GALAXY
COMPOSED OF BINARY SYSTEMS

We can now use this last result to model the contri-
bution of a galaxy composed of binary systems to the
transmission of an incident gravitational wave. To model
the binary systems, we will use values similar to those of
the two biggest stars of the Alpha Centauri triple sys-
tem, Alpha Centauri A and B [7]. The separation be-
tween the two stars is [y ~ 10?m, so we will assume that
the incoming wave has frequency € ~ 107°Hz such that
its wavelength, ~ 10'®m, is bigger than the separation
in order for previous assumptions to hold. The orbital
frequency is ~ 4 x 10719Hz « Q and there is vacuum be-
tween the stars, so we will consider the system as two in-
dependent static masses and neglect dissipation, namely
through gravitational wave emission, which would be a
higher order effect, such that wy and 7 are set to 0. This
means that if we want to calculate the refractive index
using Eqgs. (91) and (92) we get the following expression:

2mpml3
—3

n=1 (93)

Note that n will always be a real quantity, which means
that the galaxy will only phase shift the wave’s phase
without changing its amplitude. We choose both star
masses to be around the mass of the sun, and consider the
galaxy to be a disk of radius ~ 8 x 10**m and thickness
~ 3 x 10'%m (these are upper estimates for the Milky
Way’s dimensions [8]). If the number of these systems
is ~ 10!, then the number density of systems will be
p ~ 1.8 x 107°!m~3. Given these values, the refractive
index is given by

n—1~-13x10"%, (94)

which means that the effect of the galaxy on the wave
would be too small to measure - the wave does not see

the galaxy.

VI. CONCLUSIONS AND FUTURE IDEAS

In this work, we investigated the interaction of gravi-
tational waves with matter by studying the simple model
of a gravitational wave exciting pairs of masses coupled
with springs, and found that this interaction is similar to
the interaction between dielectrics and electromagnetic
waves.

In particular, we found an expression for the refractive
index of a medium of identically oriented pairs of coupled
masses, which is, in general, given by Eq. (88), although
we can always choose our axes such that it assumes the
simpler form given by Eq. (68). If the pairs of masses are
randomly oriented, the refractive index becomes a scalar
given by Eq. (91).

However, by applying this model to a galaxy of binary
star systems, we see that this interaction proves difficult
to detect, as we see from Eq. (94).

Future work could include studying the resulting
changes in the energy flux of the wave and studying other
phenomena such as the possibility of reflection of gravi-
tational waves.
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