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Abstract

In the gravitational lensing of gravitational waves, wave optics should be used
instead of geometrical optics when the wavelength A\ of the gravitational waves is
larger than the Schwarzschild radius of the lens mass Mj. For example, for the
wave length of the gravitational waves for the space interferometer A ~ 1 AU, the
wave effects become important for a lens mass smaller than ~ 108M,. In this
thesis, we discuss the wave optics in the gravitational lensing and its application
to the gravitational wave observations in the near future.

The wave optics is based on the diffraction integral which is the amplification
of the wave amplitude by the lensing. We studied the asymptotic expansion of
the diffraction integral in powers of the wavelength A. The first term, arising from
the short wavelength limit A\ — 0, corresponds to the geometrical optics limit.
The second term, being of the order of \/M, is the first correction term arising
from the diffraction effect. By analyzing this correction term, we find that (i)
the lensing magnification p is modified to u(1 4 6), where 6 is of the order of
(A/Mp)? and (ii) if the lens has cuspy (or singular) density profile at the center
p(r) o r= (0 < a < 2), the diffracted image is formed at the lens center with the
magnification pu ~ (A\/Mp)3~*.

We consider the gravitational lensing of chirp signals from the coalescense of
supermassive black holes at redshift z ~ 1 relative to the Laser Interferometer
Space Antenna. For such cases, we compute how accurately we can extract the
mass of the lens and the source position from the lensed signal. We consider two
simple lens models: the point mass lens and the SIS (Singular Isothermal Sphere).
We find that the lens mass and the source position can be determined within ~
0.1% [(S/N)/10%~! for the lens mass larger than 108M,, where (S/N) is the signal
to noise ratio of the unlensed chirp signals. For the SIS model, if the source position
is outside the Einstein radius, only a single image exists in the geometrical optics
approximation so that the lens parameters can not be determined. While in the
wave optics cases we find that the lens mass can be determined for My ~ 108M,.
For the point mass lens, one can extract the lens parameters even if the source
position is far outside the Einstein radius. As a result, the lensing cross section is
an order of magnitude larger than that for the usual strong lensing of light.
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Chapter 1

Introduction

Inspirals and mergers of compact binaries are the most promising gravitational
wave sources and will be detected by the ground based as well as the space based
detectors in the near future (e.g. Cutler & Thorne 2002). Laser interferometers are
now coming on-line or planned on broad frequency bands: for the high frequency
band 10 — 10* Hz, the ground based interferometers such as TAMA300, LIGO,
VIRGO and GEO600 will be operated; for the low frequency band 10=% — 107!
Hz, the Laser Interferometer Space Antenna! (LISA) will be in operation; for
the intermediate frequency band 1072 — 1 Hz, the space based interferometers
such as the Decihertz Interferometer Gravitational Wave Observatory (DECIGO;
Seto, Kawamura & Nakamura 2001), and Big Bang Observer? (BBO) are planned.
For the templates of the chirp signals from coalescing compact binaries, the post-
Newtonian computations of the waveforms have been done by many authors. Using
the matched filter techniques with the template, we can obtain the binary parame-
ters such as the mass and the spatial position of the source (e.g. Cutler & Flanagan
1994). The detection rate for the compact binary mergers is also estimated for the
various sources such as neutron star binaries and massive black hole binaries (see
Cutler & Thorne 2002 and references therein). Thus, it is important to investigate
the various possibilities that alter these theoretical calculations. One of these pos-
sibilities is the gravitational lensing which affects the template (e.g. Thorne 1987),
the angular resolution of the detector (Seto 2003), and the event rate (Wang,
Stebbins, & Turner 1996; Varvella, Angonin, & Tourrenc 2003). We study the
gravitational lensing of gravitational waves in this thesis.

1.1 Wave Effects in Gravitational Lensing

Gravitational lensing of light is a well known phenomenon in the astrophysics.
If the light from distant sources pass near the massive objects, the light ray is

1See http://lisa.jpl.nasa.gov/index.html
2See http://universe.gsfc.nasa.gov/be/roadmap.html.



Figure 1.1: The gravitational lensing configuration. M, is the lens mass, D is the
distance to the lens, and rg is the impact parameter.

deflected. We show the lensing configuration in Fig.1.1, the lens is located at
the distance D from the observer. The deflection angle is a ~ Mp/rp < 1,
where M7y, is the lens mass and rg is the impact parameter. From the deflection
angle a ~ Mp /rg and the geometrical relation rg ~ aD in the Fig.1.1, we ob-
tain the Einstein radius as, rg ~ (M;D)"?, which is the characteristic length of
the impact parameter. The Einstein radius rp is typically given by rp ~ 10kpc
(M1 /10" M)Y2, where we set D = H; ' (the Hubble distance).

In the gravitational lensing of light, the lensing quantities (the deflection angle,
the image positions, its brightness, the number of images, etc.) are calculated in
the geometrical optics, which is valid in all observational situations (Schneider,
Ehlers & Falco 1992; Nakamura & Deguchi 1999). However for the gravitational
lensing of gravitational waves, the wavelength is long so that the geometrical optics
approximation is not valid in some cases. For example, the wavelength A\ of the
gravitational waves for the space interferometer is ~ 1 AU which is extremely
larger than that of a visible light (A ~ 1y m).

1.1.1 Double Slit

As shown by several authors (Ohanian 1974, Bliokh & Minakov 1975, Bontz &
Haugan 1981, Thorne 1983, Deguchi & Watson 1986a), if the wavelength X is
larger than the Schwarzschild radius of the lens mass My, the diffraction effect is
important and the magnification is small. To see the reason why the ratio My /A
determines the significance of the diffraction, we consider a double slit with the slit
width comparable to the Einstein radius rg ~ (M. LD)l/ 2 where D is the distance
from the screen to the slit (Nakamura 1998). The illustration of the double slit
is shown in Fig.1.2. When monochromatic waves with the wavelength A pass
through the slit, the interference pattern is produced on the screen. Denoting the



monochromatic double screen
wave slit

Figure 1.2: Illustration of the double slit with the slit width rg ~ (M D)Y?
(Einstein radius). A is the wavelength of the monochromatic wave, D is the distance
between the screen and the slit, and [y is the distance from each of the slit to the
observer.

path length [, as the distance from each of the slit to the observer as shown in
Fig.1.2, [1 is given by,

li: \/(JI:]:’/’E/2>2+D2, (11)
where z is the position of the observer on the screen. Denoting path length differ-
ence as Al = |l — [_|, we obtain from equation (1.1) as,
X
R
where we assume D > rg, x. The width Az of the central peak of the interference
pattern is obtained from equation (1.2) with setting Al ~ X as, Az ~ (D/rg)\.

Then the maximum magnification of the wave flux is of the order ~ rg/Ax ~
My, /A. Thus the diffraction effect is important for

Al ~ (1.2)

8 F N\
s (L) us
where f is the frequency of the gravitational waves. However as suggested by Ruffa
(1999), the focused region by the gravitational lensing would have a relatively large
area because of the diffraction, so that the lensing probability will increase.

Since the gravitational waves from the compact binaries are coherent, the in-
terference is also important (Mandzhos 1981, Ohanian 1983, Schneider & Schmid-
Burgk 1985, Deguchi & Watson 1986b, Peterson & Falk 1991). The length of the
interference pattern on the screen Ax is given by,

D
Axr ~ —)\,
TE
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Here, we assume that the lens is the suppermassive black hole of mass M; =
10°My, at our galactic center (D ~ 10 kpc) and the detector is the ground-based
interferometer (f ~ kHz). Thus it may be possible to detect the interference
pattern by the orbital motion of the earth around the Sun (Ruffa 1999).

1.1.2 Chirp Signal

We consider the inspiraling binaries as the gravitational wave sources. The inspirals
of compact binaries are the most promising gravitational wave sources for the
laser interferometers. As the binary system loses its energy by the gravitational
radiation, the orbital separation decreases and the orbital frequency increases.
Thus, the frequency of the gravitational wave increases with time (df/dt > 0).
This is called a chirp signal. Hence we can see wave effects for different frequencies
in the lensed chirp signals.

1.2 Application to Gravitational Wave Observa-
tions

The coalescence of supermassive black holes (SMBHs) of mass 10* — 107 M, is
the one of the most promising sources for LISA and will be detected with a very
high signal to noise ratio S/N ~ 10% (Bender et al. 2000). The coalescence rate
of SMBHs binaries detected by LISA is estimated to be 0.1 — 10? events yr—!
(Haehnelt 1994,1998; Menou, Haiman, & Narayanan 2001; Jaffe & Backer 2003;
Wyithe & Loeb 2003). Recently, Wyithe & Loeb (2003) suggested that the event
rate was up to some hundred per year, considering the merger rate as exceedingly
high redshift (z > 5 — 10). Since the merging SMBH events will be detected for
extremely high redshift (z > 5), the lensing probability is relatively high (it could
reach several percent, see Turner, Ostriker & Gott 1984), and hence some lensing
events are expected. From the LISA frequency band (f ~ mHz), the diffraction
effect become important for the lens mass smaller than ~ 108M, from equation
(1.3). We will discuss the wave effects in gravitational lensing of the gravitational
waves detected by LISA in §4.

Similarly, neutron star binaries are the most promising sources for the ground
based interferometers (TAMA300,LIGO,VIRGO,GEO). The diffraction effect is
important for the lens mass smaller than 103M, for the ground based detectors
(f ~ 10% Hz). The detection rates for the neutron star mergers are at least sev-
eral per year for advanced LIGO (Phinney 1991; Narayan, Piran & Shemi 1991;
Kalogera et al. 2001,2003). But since the source redshifts are relatively small
(z < 1) for the ground based detectors (e.g. Finn 1996), the lensing probability is



small (it would be less than 0.1 percent), and hence the lensing event rate would be
small (e.g. Wang, Stebbins & Turner 1996). Hence, we do not consider the gravi-
tational lensing of gravitational waves detected by the ground based detectors.

1.3 Differences between the Gravitational Lens-
ing of Gravitational Waves and Gravitational
Lensing of Light

We discuss the differences between the gravitational lensing of gravitational waves
and gravitational lensing of light. The wave effects (diffraction and interference)
are some of these differences, which is discussed in the previous section. Except
for the wave effects, there are some differences as follows:

e Gravitational waves propagate through surrounding matter without absorp-
tion and scattering. Hence, lens objects even in optically thick region can be
detected by lensing.

e In the gravitational lensing of light, in order to detect multiple images, an-
gular resolution 6,,;, of detector should be smaller than the image separation
which is roughly equal to the Einstein angle g = rgp/D ~ (M/D)"Y2. This
condition 6,,;, < 0 is rewritten as,

D Oin
M 2 10" M, el I 1.5
~ © <Gpc) <1arcsec) (15)

Thus, the lens object should be more massive than galactic mass scale. But
the case of gravitational waves, the observable is time delay between the
images. If the time delay 7 ~ 103sec(M/108M) is larger than than the
period of the gravitational waves 1/f, the two signals are detected. This
condition 7 2 1/f is the same as the equation (1.3), and hence the lens
object lighter than the galactic mass (~ 101 M) can be detected in the case
of the gravitational waves.

e The observable for the light is the flux f of the source, while that for the
gravitational waves is the amplitude A. Then, the flux is changed in pro-
portion to the magnification p by lensing, while the amplitude is changed in
proportion to the square root /.

e In the gravitational lensing of gravitational waves, the lensing cross section
to extract the information on the lens object (its mass, its position, etc.) is
an order of magnitude larger than that for the usual strong lensing of light
(Ruffa 1999; Takahashi & Nakamura 2003).



1.4 Organization of this thesis

We outline the organization of this thesis. In §2 we review the wave optics in
gravitational lensing of gravitational waves. We show the results for the various
lens models: the point mass lens, the SIS model, the NF'W model, and the binary
lens model. In §3 we discuss the gravitational lensing in quasi-geometrical optics
approximation which is the geometrical optics including corrections arising from
the effects of the finite wavelength. In §4 we discuss the gravitationally lensed
waveform detected by LISA and mention the parameter estimation based on the
matched filtering analysis. We numerically evaluate the signal-to-noise ratio and
the parameter estimation errors. We also estimate the lensing event rate. Section
5 is devoted to summary and discussions. We assume a (257,24) = (0.3,0.7)
cosmology and a Hubble parameter Hy = 70kms™'Mpc ™! and use units of ¢ =

G=1



Chapter 2

Wave Optics in Gravitational
Lensing

In this chapter, we review the wave optics in gravitational lensing of gravitational
waves (Schneider, Ehlers & Falco 1992; Nakamura & Deguchi 1999). The wave
optics is more fundamental than the geometrical optics, and it has been used for
the gravitational lensing of gravitational waves (see Nakamura & Deguchi 1999 and
reference therein).

2.1 Gravitational Waves Propagating through the
Curved Spacetime

2.1.1 Basic equations

We consider gravitational waves propagating under the gravitational potential of
a lens object (e.g. Misner, Thorne & Wheeler 1973). The background metric is
given by,

ds® = — (1+2U) dt* + (1 — 2U) dr* = ¢ dada”, (2.1)
where U(r) (< 1) is the gravitational potential of the lens object. Let us consider
the linear perturbation A, in the background metric tensor gg) as

G = 95 + . (2.2)

Under the transverse traceless Lorentz gauge condition of A}, = 0 and h*, = 0 we
have
o’ + 2RE) hef =, (2.3)

aufv
where the semicolon is the covariant derivative with respect to g,(;é) and Rgi)ﬁ,j is

the background Riemann tensor. If the wavelength A is much smaller than the
typical radius of the curvature of the background, we have

Bywia®® = 0. (2.4)



7) source

0 ~ A
DLS
L
D
lens /// >< >
D,
observer vV V

Figure 2.1: Gravitational lens geometry for the source, the lens and the observer.
Here Dy, Dg and Dpg are the distances between them, m is the displacement of
the source from the line of sight to the lens and & is an impact parameter. We use
the thin lens approximation in which the gravitational waves are scattered only at
the thin-lens plane.

Following the eikonal approximation to the above equation by Baraldo, Hosoya
and Nakamura (1999), we express the gravitational wave as

h,uu = ¢ €Lv, (25)

where e, is the the polarization tensor of the gravitational wave (e, = 0, e, " =
2) and ¢ is a scalar. The polarization tensor e, is parallel-transported along the
null geodesic (e,,,ok* = 0, where £ is a wave vector) (Misner, Thorne & Wheeler
1973). Then, the change of the polarization tensor by gravitational lensing is of
the order of U (< 1) which is very small in the present situation, and hence we
can regard the polarization tensor as a constant. Thus, we treat the scalar wave ¢,
instead of the gravitational wave h,,, , propagating through the curved space-time.
The propagation equation of the scalar wave is

0 (v —g® g 8,6) = 0. (2.6)

For the scalar wave in the frequency domain ¢(w,r), the above equation (2.6) with
the metric (2.1) is rewritten as,

(V2 + w2) ¢ = 42U¢. (2.7)
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Figure 2.2: Illustration of the volume V which is inside of the dashed line. This V
is enclosed with the lens plane and a sphere at the observer of radius R. Note that
this V' does not include the lens plane. n is the normal vector to the lens plane.

2.1.2 Kirchhoff diffraction integral

We derive the Kirchhoff diffraction integral in order to solve the above equation
(2.7).} In Fig.2.1, we show the gravitational lens geometry of the source, the lens
and the observer. Dy, Dg and Dyg are the distances to the lens, the source and
from the lens to the source, respectively. n is a position vector of the source in the
source plane while & is the impact parameter in the lens plane. We use the thin
lens approximation in which the lens is characterized by the surface mass density
¥.(€) and the gravitational waves are scattered only at the thin lens plane.

We define a volume V' which is inside of the dashed line in Fig.2.2. This V is
enclosed by both the lens plane and sphere at the observer of radius R. Note that
the boundary of V' is very near the lens plane, but V does not include the lens
plane (see Fig.2.2). Since we assume the thin lens approximation, U =0in V.

Then the equation (2.7) is reduced to the Helmholtz equation (V? + w?)¢ = 0 in
V. The Green’s function for the Helmholtz equation is e™" /r and satisfies,

wwr

(V? +w?) S = —4rd*(x) (2.8)

r

where §(r) is the delta function. With equations (2.7) and (2.8), the scalar field at

1For detailed discussions about the diffraction integral, see Born & Wolf (1997), Chapter 8.
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Figure 2.3: The point [ is the intersection point of the ray path and the lens plane.
r is the distance from [ to the observer.
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is written as,

wr wwr
e e

- 1 - -
oL = _E/Vdv {qb \Y%& . . v%}, (2.9)

where r denotes the distance from the observer. The volume integral in the above
equation is reduced to the surface integral by Green’s theorem:

- _i/2 ~geiwr_6iwr3~
obs — 471' Sdg ¢ an r r an ) (210)

where n is normal vector to the lens plane (see Fig.2.2). Here, we set R — oo in
Fig.2.2 and assume that ¢ and 8@/ On vanish at the surface of the sphere. Thus
the surface integral in (2.10) is done on the lens plane.

We use the eikonal approximation to the equation (2.7) in order to obtain the
field ¢ and its derivative 8(;5/071 on the boundary (the lens plane) in equation
(2.10). The field is written as ¢ = AeS? | where the amplitude A and the phase
Sp satisfy the following conditions: |[VA/A| < |VSp/Sp| and |[V2Sp| < |[VSp|*
Then, we have the eikonal equation from the equation (2.7): (VSp)? = w?(1—-2U)>.
The phase is obtained by integrating this equation along the ray path as, Sp =
w [ dl(1—2U). Denoting a point I which is the intersection point of the ray path
and the lens plane as shown in Fig.2.3, we have the phase at [ as,

szw/: d0(1—20) = w V:bs'cede—/:bs'de] (1—20). (2.11)

ource our

Since the wave propagates along the null geodesic, we obtain dt = d¢(1—2U) from
the metric (2.1). Thus, the first term of the integral in equation (2.11) is the arrival
time t; from the source to the observer. The second term is the distance r from [
to the observer as shown in Fig.2.3. Then, the phase (2.11) is rewritten as,

Sp:u)(td—’f’). (212)



The arrival time t; at the observer from the source position n through £ is given
by (Schneider, Ehlers & Falco 1992),

e =55 (= ) = 9O+ dul), 213

Dy, Dg

where Dy, Dg and Dpg are the distances to the lens, the source and from the
lens to the source, respectively, as shown in Fig.2.1. The first and second term in
equation (2.13) is the time delay relative to the unlensed ray. The third term b is
the arrival time for the unlensed ray. The deflection potential ¢(€) is determined
by,

Vi) = 8%, (2.14)

where Vg denotes the two-dimensional Laplacian with respect to &, and () is
the surface mass density of the lens.
The derivatives in equation (2.10) are given by,

0 eiwr ) 6iwr
5 = W cos 6 o (2.15)
% b = iwcosl ¢, (2.16)

where the angles 6 and ¢ are shown in Fig.2.3 and 6,0 < 1. Then, the lensed
field at the observer ¢ . in equation (2.10) is finally given by,

L . wA
¢obs(w7n> - 27T7;DL

d*¢ exp [iwta(€, )], (2.17)

where we assume r ~ Dy,

We used the Kirchhoff diffraction formula to derive the lensed waveform (2.17).
We discuss the path integral formula which is another method to drive the solution
(2.17) in the Appendix A.

2.1.3 Amplification factor
It is convenient to define the amplification factor as

Flw,m) = ﬁ (2.18)

where % and ¢us are the lensed (given in equation (2.17)) and unlensed (U = 0

in Eq.(2.7)) gravitational wave amplitudes at the observer, respectively. Then, the
amplification factor F'is given by (Schneider, Ehlers & Falco 1992),

DS w

D; Dy 2mi / d*¢ exp [iwta(€, )], (2.19)

Flw,n) =



where F' is normalized such that |F| = 1 in no lens limit (U = ¢ = 0).

Though we do not take account of the cosmological expansion in the metric, in
Eq.(2.1), the results can be applied to the cosmological situation since the wave-
length of the gravitational waves is much smaller than the horizon scale. What
we should do is 1) take the angular diameter distances and 2) replace w with
w(1 + zr) where zj, is the redshift of the lens (Baraldo, Hosoya and Nakamura
1999). Then, the amplification factor F' in the above equation (2.19) is rewritten
in the cosmological situation as,

DS (1+ZL)
DLDLS 2mi

where Dy, Dg and Dys denote the angular diameter distances.

Flw,n) =

/d2§ exp [iw(1 + zp)ta(&€,m)] . (2.20)

It is useful to rewrite the amplification factor F' in terms of dimensionless
quantities. We introduce &; as the normalization constant of the length in the lens
plane. The impact parameter € and the source position ) (in Fig.2.1) are rewritten
in dimensionless form,

£ Dr,
X = = 2.21
§o Y 50Dsn (2:21)
Similarly, we define dimensionless frequency w by,
Dg
1 2.22
w= 51+ 2w 2.22)
Then, the dimensionless time delay is given by,
DyD _
Txy) = 33 &% ta(€,m) (2.23)
s
1
= 5 |X - y|2 - ¢(X) + ¢m(Y)> (224)

where 1(x) and ¢,,(y) correspond to 1&(5) and QSAm(n) in equation (2.13): ¢ =
DLDLs/(Dgfg)QZJ and ¢,, = DLDLS/(Dgfg)QASm, respectively. We choose ¢, (y) so
that the minimum value of the time delay is zero.? The dimensionless deflection
potential 1 (x) satisfies,

23
Z—CT>
where V2 denotes the two-dimensional Laplacian with respect to x, ¥ is the surface
mass density of the lens, and X, = Dg/(4nD;Dys). Using the above dimensionless
quantities, the amplification factor is rewritten as,

V2 = (2.25)

F(w,y) /d2x exp [iwT(x,y)]. (2.26)

2 (y) corresponds to the arrival time in the unlensed case in Eq.(2.13) originally. But,
dm(y) is also the additional phase in F, which can be chosen freely (see the sentence after
equation (2.19)). Hence, we choose a convenient value for later calculation.



For axially symmetric lens models, the integral of the amplification factor F' in
equation (2.26) becomes a relatively simple form, since the deflection potential
¥ (x) depends only on z = |x|. F'is expressed as (Nakamura & Deguchi 1999),

, o© 1
F(w,y) = —z‘we“"yQQ/ dz x Jo(wzy) exp [iw (§x2 —(z) + qu(y))] , (2.27)
0
where J; is the Bessel function of zeroth order. It takes a long time to calculate
F numerically in equations (2.26) and (2.27), because the integrand is rapidly os-
cillating function especially for large w. In the Appendix B, we present a method
for numerical computation to shorten the computing time.

We use the Einstein radius (~ v M D) as a arbitrary scale length &, (except for
the NFW lens), for convenience. The Einstein radius is the typical scale length of
the impact parameter in gravitational lensing, and hence the dimensionless quan-
tities x,y become of the order of one. The dimensionless potential ¢)(x) and time
delay T'(x,y) are also of the order of one. Then, the dimensionless frequency is
roughly w ~ M/ from equation (2.22).

2.1.4 Geometrical Optics Approximation

In the geometrical optics limit (w > 1), the stationary points of the T'(x,y)
contribute to the integral of Eq.(2.26) so that the image positions x; are determined
by the lens equation, V,T'(x,y) = 0 or

y =X — V,1h(x). (2.28)

This is just the Fermat’s principle. We expand T'(x,y) around the j-th image
position x; as,

1
T(xy) = T(x;,y) + D 0T (x5, ¥)7a + 5 ) 00T (x;,y)Fady + O(7°) (2:29)

a,b

where X = x — x; and the indices a,b,... run from 1 to 2. The second term in
Eq.(2.29) vanishes because x; is the stationary point of T'(x, y). Inserting Eq.(2.29)
to (2.26) with the Gaussian integral,® we obtain the amplification factor in geo-
metrical optics limit as (Nakamura & Deguchi 1999),

Fueolw,y) = > |1 exp [ iwT; — imn;] (2.30)
J

where the magnification of the j-th image is p; = 1/det (Jy/0x;), T; = T(x;,y)
and n; = 0,1/2,1 when x; is a minimum, saddle, maximum point of T'(x,y),

3]‘00 dxei“””2 _ leiﬂ/4><sign(a)
—o0 la]




respectively. In the time domain the lensed wave is expressed as

Zm] V2 et — ty,1), (2.31)

where t,; is the time delay of the j-th image (t; = Ds&?/(DDyrs) x T). This
shows that the oscillatory behavior of F' in high frequency w is essential to obtain
the time delay among the images.

2.2 Amplification Factor for Various Lens Mod-
els

In this section, we show the behavior of the amplification factor F' for the various
lens models. We consider the following lens models: point mass lens, singular
isothermal sphere (SIS) lens, Navarro Frenk White (NFW) lens, and binary lens.

2.2.1 Point Mass Lens

The surface mass density is expressed as %(€) = Mp6%(€) where My, is the lens
mass. As the normalization constant & we adopt the Einstein radius given by
& = (4MpD;Dps/Ds)'/? while the dimensionless deflection potential is given as
¥(x) = Inz. In this case, Eq.(2.27) is analytically integrated as (Peters 1974),

P = oo [ {n(§) -2
x T (1 — %w) 3 (%w 1 %wyz) : (2.32)

where w = 4Mp.w; ¢m(y) = (m — y)?/2 — Inz, with z,, = (y + /y2 +4)/2;
My, = Mp(1+ zp) is the redshifted lens mass and | F} is the confluent hypergeo-
metric function. Thus, the amplification factor F' depends on two parameters; the
(dimensionless) frequency w and the source position y. In the geometrical optics
limit (w > 1) from equation (2.30) we have

Fgeo(w7y> - |:u+‘1/2 |:u ‘1/2 ZwATu (233>

where the magnification of each image is uy = 1/2 + (y* + 2)/(2y\/y? + 4) and
the time delay between the double images is AT = y+/y? + /2 + In((y/y? —|— 4+
y)/(v/y? +4 —y)). The time delay is typically Aty = 4Mp, x AT = 2 x 103 sec
X (M. /108 My,).

The point mass lens model has been used for lensing by compact objects such
as black holes or stars. Even for the extended lens, this model can be used if the
lens size is much smaller than the Einstein radius, because of Birkhoff’s theorem.
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Figure 2.4: The amplification factor |F| (left) and the phase 0 = —iln[F/|F]|]
(right) for point mass lens as a function of w with the fixed source position y =
0.1,0.3,1 and 3. For w < 1, the amplification is very small due to the diffraction
effect. For w 2 1, the oscillatory behavior appears due to the interference between
the double images.

Hence, this model is most frequently used in wave optics in gravitational lensing
of gravitational waves (Nakamura 1998; Ruffa 1999; De Paolis et al. 2001,2002;
Zakharov & Baryshev 2002; Takahashi & Nakamura 2003). As far as we know, the
analytical solution of F'in Eq.(2.26) is known only for this model.

In the left panel of Fig.2.4, the amplification factor |F'| for the point mass lens
is shown as a function of w with a fixed source position y = 0.1,0.3,1 and 3. For
w < 1, the amplification is very small due to the diffraction effect (e.g., Bontz &
Haugan 1980). Since in this case the wave length is so long that the wave does
not feel the existence of the lens. For w 2 1, |F'| asymptotically converges to the
geometrical optics limit (Eq.(2.33)),

| Foeol” = I + [ | + 2 [y |2 sin(wAT). (2.34)

The first and second terms in Eq.(2.34), |u| = |ps| + |1—|, represent the total
magnification in the geometrical optics. The third term represents the interference
between the double images. The oscillatory behavior (in Fig.2.4) is due to this
interference. The amplitude and the period of this oscillation are approximately
equal to 2|p,p_|"? and wAT in the third term of Eq.(2.34), respectively. As
the source position y increases, the total magnification |u| (= |p| + |¢—|) and the
amplitude of the oscillation 2|p p—|'/? decrease. This is because each magnification
|+ (y)| decreases as y increases.

The right panel of Fig.2.4 is the same as the left panel, but we show the phase



of the amplification factor r = —iln[F/|F|]. The behavior is similar to that of
the amplitude (in left panel), and the wave effects appear in the phase 0 as well

as the amplitude |F'|. For w 2 1, 6 asymptotically converges to the geometrical
optics limit (Eq.(2.33)),

—|p_|*? cos(wAT)
|4 [V2 + [ [/2 sin(wAT) |

0r = arctan (2.35)

From the above equation (2.35), the phase 6 oscillates between — arctan(|p_ /p|'/?)
and arctan(|g_ /p |'/?) with the period of wAT. As the source position y increases,
the magnification ratio |z /| and the amplitude of the oscillation arctan(|u—_ /u,|"/?)
decrease.

2.2.2 Singular Isothermal Sphere

The surface density of the SIS (Singular Isothermal Sphere) is characterized by
the velocity dispersion v as, $(£) = v?/(2£). As the normalization constant we
adopt the Einstein radius & = 4mv?>D;Dys/Ds and the dimensionless deflection
potential is ¥ (x) = x. In this case F in Eq.(2.27) is expressed as,

F(w,y) = —jwe™y /2 /OO dx x Jo(wzy)exp {iw (%ﬁ —x+ qﬁm(y))} . (2.36)
0

where Jp is the Bessel function of zeroth order; ¢,,(y) =y + 1/2 and w = 4M,w
where Mp, is defined as the mass inside the Einstein radius given by My, =
4?0 (1 + 21)DyDrs/Dg. Then, F depends on the two parameters w and y. We
computed the above integral numerically for various parameters. In the geometrical
optics limit (w > 1), F' is given by,

Fgeo(w7y> = |/J“+|l/2 —1 ‘:u—|1/2 6iwAT for y<l1,

= ugl? for y > 1, (2.37)

where py = +1 + 1/y and AT = 2y. For y < 1 double images are formed, while
for y > 1 single image is formed.
The SIS model is used for more realistic lens objects than the point mass lens,
such as galaxies, star clusters and dark halos (Takahashi & Nakamura 2003).
Fig.2.5 is the same as Fig.2.4, but for the SIS lens. The behavior is similar
to that for the point mass lens. In the left panel, for w 2 1, |F| asymptotically
converges to the geometrical optics limit (Eq.(2.37)),

Fpeol> = |pg| + -] + 2 [pap— |2 sin(wAT) - for y < 1,
= |puyl for y > 1. (2.38)

For y < 1, the oscillatory behavior in the left panel of Fig.2.5 is because of the
interference between the double images. The amplitude and period are given in
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Figure 2.5: Same as Fig.2.4, but for SIS lens. We note that even if y > 1 (a single
image is formed in the geometrical optics limit), the dumped oscillatory behavior
appears.

the above equation (2.38) as, 2|uqp—|"? and wAT, respectively. As y increases,

the magnifications |p+| and the amplitude of the oscillation 2|, p_|"/? decrease.
Even for y > 1 (y = 3 in Fig.2.5), the damped oscillatory behavior appears, which
looks like the time delay factor of sin(wAT') although only a single image exists in
the geometrical optics limit (see equation (2.38)). In the right panel, for w 2 1,
Or converges to the geometrical optics limit (Eq.(2.37)),

—|p— |2 cos(wAT)

|14 V2 4 [ |V sin(wAT)
= 0 for y > 1. (2.39)

0r = arctan for y <1,

For y < 1, O oscillates with the amplitude of arctan(|u_/u,|'/?) and the period
of wAT as shown in right panel. We note for y > 1 (y = 3 in the right panel) that
the dumped oscillation is seen in 0p as well as in |F'| (left panel). We discuss the
reason for this dumped oscillations in the next chapter.

2.2.3 Navarro-Frenk-White lens

The NFW profile was proposed from numerical simulations of cold dark matter
(CDM) halos by Navarro, Frenk & White (1996,1997). They showed that the
density profile of the dark halos has the “universal” form,

_ s
) = e T I

(2.40)



where 74 is a scale length and pg is a characteristic density. The scale length r,
is typically 10 (100) kpc on a galactic (cluster) halo scale. The NFW lens is used
for lensing by galactic halos and clusters of galaxies. The surface mass density is
written as (Bartelmann 1996),

= r _ 2 arctan 1—5/7“5_ 1
) = 2’)“_{1_(g/7~5)2}3/2 t h\/1+£/rs 1—(£/rs>2] (241)

for € <rg,

B [ 9 [¢/ry —1 1

= 2p,rs _{(5/7“8)2 - 1}3/2 arctan /i1 + e/ = 1] (2.42)
for &> r,.

The deflection potential is also written as (Bartelmann 1996; Keeton 2001),

P(x) = % {(ln g)Q — (arctanh@)z] for = <1,

— % [<ln g>2 + (arctan m> 2] for x > 1, (2.43)

where ks = 16mps(DyDys/Dg)rs is the dimensionless surface density and we adopt
the scale radius, not the Einstein radius, as the normalization length: £, = ;. With
the above equation (2.43), we numerically integrate the integral of F' in equation
(2.27). F depends on three parameters; w,y and 5. We show the results for
ks = 1 and 10, since k; is of the order of 1 suggested by the numerical simulations
(e.g. Bullock et al. 2001).

We show the lens equation, y =  — ¢'(x), for the NFW lens with x, = 1 (left)
and 10 (right) in Fig.2.6. For |y| < ye- three images are formed, while for |y| > yerit
a single image is formed. The tangential (radial) caustic is y = 0 (y = y.) in
which the magnification becomes infinite. The image positions z;, magnifications
; and time delays T); are numerically obtained from the lens equation. Fi, is also
numerically calculated.

The amplification factor |F| and the phase 6p for the NFW lens are shown
for ks = 1 in Fig.2.7 and for k; = 10 in Fig.2.8. The source position is fixed as
y/yer = 0.1,0.3 and 2 in both figures. The values of w in the horizontal axis of the
Fig.2.7 (Fig.2.8) is about 100 (0.1) times larger (smaller) than that in the previous
figures (see Fig.2.4 and 2.5). This is because that w is proportional to &2 and we
adopt the scale radius, not the Einstein radius (which is adopted in the previous
cases), as the normalization length: £y = r,. From the left (right) panel of Fig.2.6,
the Einstein radius is  ~ 0.2 (x ~ 3), which is determined by y = 0 = x — ¢'(z).
Then r, is about 5 (0.3) times larger (smaller) than the Einstein radius, and hence
the dimensionless frequency w is about 30 (0.1) times larger (smaller) than that
in the case of using the Einstein radius (since w o &2, see Eq.(2.22)). Thus, as
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Figure 2.6: The lens equation for the NFW lens with xs = 1 (left) and x5 = 10
(right). For |y| < yerit three images are formed, while for |y| > y..+ single image is
formed.
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Figure 2.7: Same as Fig.2.4, but for NF'W lens with k;, = 1. We note that even
if y > y.. (a single image is formed in the geometrical optics limit), the dumped
oscillatory behavior appears similar to the SIS model.
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Figure 2.8: Same as Fig.2.7, but for k, = 10.

shown in Fig.2.7, the diffraction effect is important for w < 102 For w > 10?
in y/y. = 0.1 and 0.3, the three images are formed, and hence the interference
patterns between the three images are relatively complicated. We note that for
y/yer = 2 the dumped oscillatory behavior is appeared similar to the case in the
SIS model with y = 3 as shown in Fig.2.5. The reason for this dumped oscillation
is discussed in the next chapter.

Fig.2.8 is the same as Fig.2.7, but for ks, = 10. The behavior of F' and g
is similar to that for K, = 1. The diffraction effect is important for w < 1. The
amplitude of the oscillation in | F| is smaller than that for ks = 1 in Fig.2.7, because
the magnification f; is large in the case of k, = 1.

2.2.4 Binary lens

We consider the two point mass lenses with mass M; and M, in the lens plane. We
assume the two lens positions are fixed with the separation 2L. The surface density
of the binary lens is, $(&) = M;6%(€ — L) + M6?(€ + L), where we set L = (L, 0)
in the lens plane. As the normalization constant we adopt the Einstein radius
& = [4(M; + M)D;Dys/Dg]/?, and the (dimensionless) deflection potential is
(Schneider & Weiss 1986),

Y(x)=viInjx — €] +raln|x+£. (2.44)
The mass ratio v; o and the separation vector £ are defined as,

M, 5 L

=—" = 2.45
M, + M, o ( )

V12



With the above equation (2.44), we numerically calculate the amplification factor
F in Eq.(2.26). Since the binary lens is non-axially symmetric, it takes a long
time to numerically calculate the double integral in Eq.(2.26). Thus, we consider
the equal mass lens (112 = 1/2) for simplicity. Then, the amplification factor F
depends on w,y and /.

The lens equation for the binary lens is obtained from Eq.(2.44) as, y =
x — V,(x). The image positions x;, magnifications p;, and time delays 7; are
numerically obtained.* In Fig.2.9, we show the lensing configurations with fixed
source position y = (1,v/3)/10 and the separation ¢ = 1.2 (upper panel) and
¢ = 0.5 (lower panel). The upper part of each panel displays the source position
(star) and the caustics (solid line) in the source plane. The lower part of each panel
displays the two point mass lenses (filled circle), the image positions (open circles),
and the critical curves (dotted line) in the lens plane. The caustics (critical curves)
are defined as the curves on which the magnification is infinite in the source (lens)
plane. Thus, if the source is near the caustics the amplification factor F' is very
large. The three images are formed in the upper panel, while the five images are
formed in the lower panel. In the binary lens, if the source is inside the caustics the
five images are formed, while if the source is outside the caustics the three images
are formed (see Schneider & Weiss 1986).

In Fig.2.10, we show the amplification factor |F'| and the phase 0 for the binary
lens in the case shown in Fig.2.9. In this case, since the three or five images are
formed, the interference patterns are quit complicated. For ¢ = 0.5, since the source
is near the caustics in Fig.2.9 and the five images are formed, the amplification F
is larger than that for ¢ = 1.2.

In Fig.2.11, we show the amplification factor |F'| with the separation ¢ =
0.3,0.1, and 0 (this corresponds to the point mass lens). The source position
is y = (1,/3)/10 (left panel) and y = (1/3,1) x 0.15 (right panel). In both these
panels, the shape for £ = 0.3 (dashed line) is different from that for the point mass
lens (solid line). But, the shape for £ = 0.1 (dotted line) is very similar to that
for the point mass lens. Thus, if the separation L is about 0.1 times smaller than
the Einstein radius ¢ < 0.1 or L < 0.1 X &, then the amplification factor is quit
similar to that in the point mass lens.

4We use the method developed by Asada (Asada 2002; Asada, Kasai & Kasai 2002) to obtain
X;, 5, and T;. They showed that the lens equation for the binary lens, which is a simultaneous
equation, can be reduced to a real fifth-order equation.
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Figure 2.9: The lensing configurations with the separation ¢ = 1.2 (upper) and
¢ = 0.5 (lower) for the binary lens with equal mass. The source position is fixed
as 'y = (1,4/3)/10. In the upper part of each panel, the source position (star) and
the caustics (solid line) are shown in the source plane. In the lower part of each
panel, the two point mass lenses (filled circle), the image positions (open circles),
and the critical curves (dotted line) are shown in the lens plane.
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ration of the two lenses is £ = 1.2 (solid line) and ¢ = 0.5 (dashed line) with the
fixed source position y = (1,+/3)/10.
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Figure 2.11: The amplification factor |F'| for the binary lens with the separation
¢ =0.3,0.1, and 0 (the point mass lens). The source position is y = (1, v/3)/10
(left panel) and y = (1/3,1) x 0.15 (right panel).






Chapter 3

Quasi-geometrical Optics
Approximation in Gravitational
Lensing

In the previous chapter, we reviewed the wave optics in the gravitational lensing
of gravitational waves. We showed that for A 2 M (where A is the wavelength of
gravitational waves and M, is the Schwarzschild radius of the lens) the diffraction
effect is important and the magnification is small, and for A\ < M}, the geometrical
optics approximation is valid. In this chapter, we consider the case for A < My,
i.e. the quasi-geometrical optics approximation which is the geometrical optics
including corrections arising from the effects of the finite wavelength. We can
obtain these correction terms by an asymptotic expansion of the diffraction integral
(discussed in §2.1) in powers of the wavelength A\.» We note that these terms can
be obtained analytically.

It is important to derive these correction terms for the following two reasons:
(i) calculations in the wave optics are based on the amplification factor F' (in
Eq.(2.26)), but it is time consuming to numerically calculate F' especially for high
frequency w > 1 (see the sentences after equation (2.27)). Hence, it is a great
saving of computing time to use the analytical expressions. (ii) We can understand
clearly the difference between the wave optics and the geometrical optics.

In this chapter, we explore the asymptotic expansion of F'(w,y) (in Eq.(2.26))
in powers of the inverse of the dimensionless frequency 1/w. Here, 1/w is roughly
equal to \/Mp from the discussion at the end of §2.1.3. The first term, arising
from the high frequency limit w — oo, corresponds to the geometrical optics limit
F,e, in the previous chapter. The second term, being of the order of 1/w, is the
first correction term arising from diffraction effect. We study this first correction
term, and do not consider the higher order terms, for simplicity.

!The asymptotic expansion of the diffraction integral has been studied in optics. See the
following text books for detailed discussion: Kline & Kay (1965), Ch.XII; Mandel & Wolf (1995),
Ch.3.3; Born & Wolf (1997), App.III, and references therein.
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3.1 Effect on the Magnifications of the Images

We expand the amplification factor F'(w,y) in powers of 1/w (< 1) and discuss
the behavior of the order of 1/w term. Here, we only consider axially symmetric
lens models because the basic formulae are relatively simple, while the case of
the non-axially symmetric lens models is discussed in the Appendix C. In the
axially symmetric lens, the deflection potential is a function of |x| as ¥(x) = (|x])
where x = (21, x2); the source position and the image position are y = (y,0) and
x; = (z;,0), respectively. The lens equation reduces to a one-dimensional form,
y =z — O1(x). In this case, the expansion of T'(x,y) around the image position
x; in Eq.(2.29) is simply rewritten as,

T(x,y) =T; + a;75 + B;75 + O(i°), (3.1)

where x = x — x;. T}, o; and 3; are defined by,

T; = %(j—y)Q—wﬁ% (3.2)

0 = 5 (1-v)) (33)
Y

w= 50 5) .

where w](-") = d")(|x;])/dz™. The magnification p; and the coefficient n; in Fy., of
equation (2.30) are also rewritten as, p; = 1/(da;3;) = 1/[(1 — ¥7)(1 — ¢ /|z4])]
and n; = 1/2 — sign(«;)/4 — sign(5;)/4.

We expand T'(x,y) in Eq.(3.1) up to the fourth order of Z as,

1
T(x,y) = T; + a;% + B;i3 + S > 0.000.T (x5, y)Eavic

a,b,c

1
+o > 0.000.04T (%, y)EaFpicia + O(E). (3.5)

a,b,c,d

Inserting the above equation (3.5) into (2.26), we obtain,
F(w, T omi Zesz /d2x'exp[ (aﬂxl + B

6\/7 Z 0,00, T (X5, y) X, )2,

a,b,c

o 4w > 0.0,0.04T (x5, )x;xgx;x;+0(w—3/2>>] . (3.6)

a,b,c,d



Here, we change the integral variable from x to x' = ywx = Vw(x — x;). We
expand the above equation (3.6) in powers of 1/w as,

F(U@y) _ 2 Zesz / x z(ajml +ﬂjx2)
)

i
7o Z 0a0p0.T (X, y)xh )2,
a,b,c

2
1
AP BT <§ , 00,0 T(&J)%Qﬂféﬂf@)

a,b,c

i4 > 8a6bacadT(xj,y)x;xé,x’cxii} + O(w‘3/2)] : (3.7)

a,b,c,d

The first term of the above equation (3.7) is the amplification factor in the geomet-
rical optics limit Fi., in equation (2.30). The integral in the second term vanishes
because the integrand is an odd function of x/,. The third term is the correction
term, being proportional to 1/w, arising from the diffraction effect. Thus the devi-
ation from the geometrical optics is of the order of 1/w ~ \/M. Inserting T'(x,y)
in Eq.(2.24) into (3.7), we obtain F' as,

i ; P —1TTN -
Flw,y) =Y |u|"? (1 + EA]-) ety L O(w™?), (3.8)
J

where

.39

(3)
PR P S MO M el /I

16 |2a2 12a3 77 oz |zl a;f; |z;)?
and A, is a real number. We denote dF;, as the second term of the above equation
(3.8) as

dF,(w,y) ZA ;|2 e Timimms (3.10)

Since dF}, is the correction term arising near the image positions, this term repre-
sents the corrections to the properties of these images such as its magnifications,
and the time delays. We rewrite I in above equation (3.8) as,

Fw,y) =Y | [1+ (%)2]

j
where dp = arctan(A;/w). Thus in the quasi-geometrical optics approximation,
the magnification y; is modified to p;[1+ (A, /w)?], where (A;/w)? is of the order of
(A/Mp)% That is, the magnification is slightly larger than that in the geometrical
optics limit. The phase is also changed by dp, which is of the order of \/Mj.
The lensed wave in the time domain is given by,

t—tq,
Oh(tr) = Ok (b, x +ZA /2670 / ot r), (312

eszj—i-z&go—mnj + O(’U)_Q), (311>




where Aj = (DrD1s/Ds)& (1 + zr)tA; and gbgeo is the lensed wave in the
geometrical optics limit in equation (2.31). The second term is the deviation from
the geometrical optics limit. For example, we consider the monochromatic wave
¢(t) with the frequency w as the unlensed waveform: ¢(t,r) = Asin(wt + ¢o),
where A is the amplitude and ¢ is the phase. Inserting this monochromatic wave
into Eq.(2.31) and (3.12), we obtain the lensed wave ¢’ as,

-l (3

where dp = arctan(A;/w), and we note that A;/w = A;/w. From the above
equation, the each lensed image is magnified by 1;[1 + (A;/w)?], and the phase
is changed by dp. These results are consistent with that in the frequency domain
(see the sentences after equation (3.11)).

1/2
sin[ w(t —ta;) + wo + dp] e ™, (3.13)

3.2 Contributions from the Non-stationary Points

In the previous section, we showed that the contributions to the diffraction integral
F arise from the stationary points (or image positions). In this section, we discuss
the contributions from the non-stationary points. We denote x,, as the non-
stationary point, at which the condition |VT| # 0 satisfies. If T'(x,y) can be
expanded at X5, we obtain the series of T" similar to Eq.(3.1) as,

T(x,y) = Tns + T{i1 4 TyTs + ansZ] + Bpsis + O(2°), (3.14)

where X = X — X5, and 17, = 01 2T (X,s,y). Note that either 77 or T does not
vanish because of |VT| # 0 at X,,5. Ths, (s, and [, are defined same as equations
from (3.2) to (3.4), but at the non-stationary point X,,s.

Inserting the above equation (3.14) to (2.26), we obtain,

einns

1
F(w,y) = /d2x’ exp {z {Tl’x'l + Ty + - (aja:'l 2 4 B, 2) + O(w_Q)H ,

(3.15)

where x’ = wx. We expand the integrand of the equation (3.15) in powers of 1/w
as,

2mw

6inn5

Flw,y) =

N ™) 1
2miw /d2X, 6Z(T1$1+T2m2) |:]' + E (Oénsxll2 + 61131/2 2) + O(w‘z)} .

(3.16)
The above equation can be integrated as,

Fluy) =20 [5T08(17) — L (anary + Brory ) STS(TE) + O(u™)
w,Y) = 47 iw 1 2 w ansaTll2 nsaTég 1 2 w :
(3.17)



Thus, if both 7] # 0 and T35 # 0, the above equation vanishes. Even if either
T =0 or T; = 0, it is easy to show that I’ vanishes doing the same calculations
from equations (3.15) to (3.17). Thus, the contributions to the amplification factor
F' at the non-stationary points are negligible.

In the above discussion, we assume that 7'(x,y) has the derivatives at the non-
stationary point x,s (see the sentences before the equation (3.14)). But, if the
derivatives of T are not defined at x,, the result in Eq.(3.17) should be recon-
sidered. If the lens has the cuspy (or singular) density profile at the center, the
derivatives of T" are not defined at the lens center. We will discuss this case in the
next section.

3.3 Central Cusp of the Lens

We consider the correction terms in the amplification factor F arising at the central
cusp of the lens. For the inner density profile of the lens p oc r=® (0 < a < 2),2
the surface density and the deflection potential at small radius are given by,

¥(€) o &M for a #£ 1,
x In¢ fora =1, (3.18)

Y(x) o< 27t fora #1,
« 2’lnz fora=1. (3.19)

We note that the Taylor series of ¥ (x) around x = 0 like Eq.(3.14) cannot be
obtained from the above equation (3.19). For example, in the case of a = 2, the
deflection potential is 1 o x, but the derivative of |x| is discontinuous at x = 0.
Hence we use ¢ in Eq.(3.19) directly, not the Taylor series in equation (3.14). Let
us calculate the correction terms in the amplification factor contributed from the
lens center for following four cases; a =2, 1 <a <2, a=1,and 0 < a < 1.

Case of a = 2 If the inner density profile is p oc 772 (e.g. the singular isothermal
sphere model), the deflection potential is given by ¥ (x) = gz (1) is a constant)
from equation (3.19). Inserting this potential ¢ into equation (2.26), we obtain,

el 2Hon )] [ |
F(w,y) = o /dw’ exp {—z {yx’l + Yo/ xR + 2P + O(l/w)H ,
(3.20)

where we changed the integral variable from x to x’ = wx. We denote dF.(w,y)
as the leading term of the above integral which is proportional to 1/w. dF, is

2We do not consider the steeper profile o > 2, since the mass at the lens center is infinite.



obtained by integrating the above equation as,

W[y /24 ém (y)] 1
dFE,(w,y) = " (y2 — Y23/ for |y| > [tol, (3.21)
w2 /2+bm (y)] i for |y| < [v| (3.22)
_ or |y| < |Yo|- )
w (W5 — y?)*2

Thus, the contributions to the amplification factor F' at the lens center is of the
order of 1/w ~ A/Mj. This is because of the singularity in the density profile at
the lens center. The correction terms dF, in equation (3.21) and (3.22) represent
a diffracted image which is formed at the lens center by the diffraction effect. The
magnification of this image is of the order of ~ \/Mj.

Case of 1 < a <2 The deflection potential at the small radius is (x) =

o 7T (¢hy is a constant) from equation (3.19). We insert ¢ into equation
(2.27),

F(w,y) _ _i eiw[y2/2+¢m(y)]/0 dx’x’Jo(ya:’) 61/(2w)m/2 e—iwa72w0m/7a+37 (3'23>

where 2’ = wz. We expand the integrand in powers of 1/w as:

Flw,y) = o en () / dz'z’ Jo(ya') [1 — iw® ey /7% + O(w%a_m)} :

w 0
(3.24)
The above equation can be integrated analytically (e.g. Gradshteyn & Ryzhik
2000). ® The first term in Eq.(3.24) vanishes, and the second term is the leading
term. We denote the leading term as dF.(w,y):

dF.(w,y) = —% <%)a_5 Pow®? /2 omy)] %, (3.25)

where I' is the gamma function. Thus, the diffracted image is formed at the lens
center similar to the case of a = 2. The magnification is roughly ~ (\/Mp)3~<.

Case of a = 1 1If the inner density profile is p oc ! (e.g. the Navarro Frenk
White model), the deflection potential is given by ¥(x) = x?Inz (1 is a con-
stant) from equation (3.19). Inserting this ¢ into equation (2.27), we have,

F(w, y) _ _i eiw[y2/2+¢m(y)] /O dx'a:’]o(yx’) 6i/(2w)x/2[1_2w0 ln(;,;//w)]7 (3.26)

3A formula for the Bessel function, x"Jo(yz) = [d/(ydy)]"(y"Jn(yz)), where n is a integer
(Abramowitz & Stegun 1970), is useful to integrate F.



where 2’ = wz. We expand the integrand of Eq.(3.26) in powers of 1/w:

/

Flw,y) = —i ¢ /24 0m ) / da'z’' Jo(ya') {1+ix’2{1—27/)o m%}
0

+0(w—2)] . (3.27)

The above equation can be integrated analytically (e.g. Gradshteyn & Ryzhik
2000), similar to the previous case of 1 < a < 2. The first term in Eq.(3.27)
vanishes and the second term becomes the leading term. Denoting dF.(w,y) as
this leading term, dF, is written as,

— W0 il /2 0m )]
ch(w,y) = W e vl (328)
Thus, the diffracted image is formed at the lens center similar to the previous cases.
The magnification is roughly ~ (A/Mp)?2

Case of 0 < a < 1 The diffraction potential is the same as that in the previous
case 1 < a < 2, and the amplification factor is similarly given in equation (3.23).
We expand the integrand of Eq.(3.23) in powers of 1/w as:

F(w,y) = _% ez‘w[y2/2+¢m(y)]/0 dx,l’/Jo(y(I}/) {1+i$/2

—iw* 2Py 2T 4 O(1 /w2)] , (3.29)

where we note that the leading correction term in the integrand is ~ 1/w, not
~ w2 (this is the case for equation (3.24)), since 0 < a < 1. The above equation
can be integrated similar to the previous cases. The first and the second term in
Eq.(3.29) vanish, and the leading term is the third term. Denoting dF.(w,y) as
this leading term, we have dF, as,

LN s il atem(y) LB — @)/2)
dF.(w,y) = . <§> Pow® 3 el /2Hém W)l T(a—3)2) (3.30)

This is the same as dF, in Eq.(3.25).
From the discussion for the four cases, the diffracted image is always formed at

the lens center for the inner density profile p o< 1= (0 < o < 2). The magnification
of this central image is roughly given by, p ~ (A\/Myp)3~«.



3.4 Results for Specific Lens Models

We apply the quasi-geometrical optics approximation to simple lens models. We
consider the following axially symmetric lens models: point mass lens, singular
isothermal sphere (SIS) lens, isothermal sphere lens with a finite core, and Navarro-
Frenk-White (NFW) lens. Since the amplification factor F' and that in the geo-
metrical optics F., are discussed in the previous chapter, we derive only dF}, (in
§3.1) and dF, (in §3.3) for the above lens models. We define dF' for convenience
as the sum of dF,, and dF,:

dF (w,y) = dF(w,y) + dF.(w,y). (3.31)

3.4.1 Point Mass Lens

The surface mass density is given by, 3(€) = Mp6%(€), where M, is the lens mass.
F and Fj, are given in equation (2.32) and (2.33), respectively. In this model
dF. =0, and dF (= dF,,) is given from equation (3.10) by,

1 422 —1
dF(w7y> = = . 1) |:u+‘l/2 +

_ b 1 da? —1 1/2 jiwAT
3w (2% +1)3(2

3w 1P =1 M

Y

(3.32)
where 71 = (y £ \/y? +4)/2 is the position of each image, pus = 1/2 4 (y? +
2)/(2y\/y%? +4) is the magnification of each image, and AT = y\/y?+4/2 +
In((\/y? +4+vy)/(\/y? + 4—y)) is the time delay between the double images. The
first and second terms in Eq.(3.32) are the correction terms for the magnifications
of the two images as discussed in §3.1.

In Fig.3.1(a), the amplification factor is shown as a function of w with a fixed
source position y = 0.3. The solid line is the full result |F| in Eq.(2.32); the dotted
line is the geometrical optics approximation |Fye,| in Eq.(2.33); the dashed line is
the quasi-geometrical optics approximation |Fye,+dF'| in Eq.(2.33) and (3.32). The
oscillatory behavior (in Fig.3.1(a)) is due to the interference between the double
images (see also the discussion in §2.2.1). For large w (2 10), these three lines
asymptotically converge.

In Fig.3.1(b), the differences between F', F,., and Fy., + dF' are shown as a
function of w with y = 0.3. The thin solid line is |F' — F,|, and the thin dashed
line is |F — (Fyeo + dF)|. The thick solid (dashed) line represents the power of
w™(w™?). From this figure, for larger w (> 1) F' converges to F., with the error
of O(1/w) and converges to F,, + dF with the error of O(1/w?). These results
are consistent with the analytical calculation in section 3.1.

3.4.2 Singular Isothermal Sphere

The surface density of the SIS model is characterized by the velocity dispersion
v as, (&) = v?/(2€), and the deflection potential is given by, ¢(x) = z. F and
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Figure 3.1: (a) The amplification factor |F'| for a point mass lens as a function
of w with a fixed source position y = 0.3. The solid line is the full result F'; the
dotted line is the geometrical optics approximation Fi.,; the dashed line is the
quasi-geometrical optics approximation Fy., + dF. (b) The differences between F,
Fyeo and F, + dF for a point mass lens as a function of w with y = 0.3. The thin
solid line is |F' — Fj,|, and the thin dashed line is |F — (F,e, + dF')|. The thick
solid (dashed) line represents the power of w™!(w=2).
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Figure 3.2: Same as Fig.3.1, but for SIS lens with a source position y = 0.3.

F,., are given in equation (2.36) and (2.37), respectively. In the quasi-geometrical
optics approximation, dF' is given by,

i |y S T 1 iwly?/2
dF (w, L e I ——U R )
(,9) Swyly+ 12 Swy(l—y)? w(l—g?)p2 ©
for y < 1,
i 11 wly?/2+ b )]
- s 1w m f > 1
Bwyly+1)2 " w(yZ—1)32 © oy ==

(3.33)

where py = £1+1/y, AT = 2y, and ¢,,(y) = y+1/2. For y < 1, the first and the
second term in Eq.(3.33) are correction terms for the magnifications of the images
formed in the geometrical optics (i.e. dF,, in §3.1), and the third term corresponds
to the diffracted image at the lens center (i.e. dF. in §3.2). For y > 1, the first term
is correction term for the magnification dF;,, and the second term corresponds to
the diffracted image at the lens center dF,.. Thus, in the quasi-geometrical optics
approximation, for y < 1 the three images are formed, while for y > 1 the double
images are formed in the SIS model.

Fig.3.2 is the same as Fig.3.1, but for the SIS lens with a source position y = 0.3.
In Fig.3.2(a), the behavior is similar to that in the point mass lens (in Fig.3.1(a)).
The oscillation of |F.,| is because of the interference between the double images,
while the oscillation of |F., + dF| is because of that among the three images. But,
since the diffracted image is fainter than the others, the difference between |F,|
and |Fye, + dF'| is very small for w 2 10 as shown in Fig.3.2(a). As shown in
Fig.3.2(b), the errors decrease as w increases, and the results are consistent with
the analytical calculation.
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Figure 3.3: Same as Fig.3.2, but for y = 2.

Fig.3.3 is the same as Fig.3.2, but for the source position y = 2. In Fig.3.3(a),
the damped oscillatory behavior of |F'| appears, which looks like the interference
between the images, although only a single image exists in the geometrical optics
(see the behavior of |Fj,|). For large w (> 1), |F'| converges to |F, + dF'| which
is given from Eq.(2.37) and (3.33) by,

w

|Feo + dF| = |py |V + :

cos [ (y+ 1)2] LO(1/w?).  (3.34)

1
Wl =177

The first term is the magnification of the single image formed in the geometrical
optics. The second term is the interference between this image and the diffracted
image formed at the lens center in the quasi-geometrical optics approximation.
Hence, the damped oscillatory behavior is due to the interference between these
images. The amplitude and the period of this oscillation are 1/[w(y? — 1)%/?]
and w(y + 1)2/2 (in equation (3.34)), respectively. As shown in Fig.3.3(b), the
errors decrease as w increases, and the results are consistent with the analytical
calculation.

3.4.3 Isothermal Sphere with a Finite Core

We investigate the effect of a finite core at lens center on the amplification factor.
We consider the isothermal sphere having a finite core. The deflection potential is
() = (22 + 22)Y/? where z, is a dimensionless core radius, and we set z. = 0.2.
The amplification factor F' is numerically calculated in equation (2.27).

Fig.3.4 is the same as Fig.3.1, but for the isothermal sphere with a core model
(core radius is . = 0.2). The source position is y = 2, and the single image
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Figure 3.4: Same as Fig.3.1, but for the isothermal sphere with a core lens. The
core radius is . = 0.2 and the source position is y = 2.

is formed in the geometrical optics. In this model, the central core of the lens
contributes the integral of F' in Eq.(2.26). Denoting dF. as the contribution of F’
at the lens center, we obtain,

iwy? /2
dF.(w,y) = 62 : /dx’2 exp {—z’ {yx’l + /2R + 2B + (wx,)? + O(l/w)}] .
Tiw
(3.35)
For wz, < 1 the above equation is the same as dF, in the SIS model (see equation

(3.20)) and dF, < 1/w, but for wz,. 2 1 dF, exponentially decreases as w increases.
Thus, for the small core 2, < 1/w the wave does not feel the existence of the core,

and the behavior of dF, is similar to that for the lens without the core. The results

for F', Fyeo, and dF are consistent with the analytical calculation as shown in
Fig.3.4(b).

3.4.4 NFW lens

The density profile is given in Eq.(2.40) as, p(r) = ps(r/rs)~*(r/rs +1)72 where
rs is the scale length and p, is the characteristic density. The deflection potential
is given in Eq.(2.43), and the amplification factor F' is numerically obtained with
Eq.(2.27). In the quasi-geometrical optics approximation, dF is given by,

(wy?)?

where kg = 16mps(DDrs/Dg)rs is the dimensionless surface density. The first
term in Eq.(3.36) is the corrections for the magnifications of the images (i.e. dF,

AF(w,y) = = 37 Ay |72 €T 4 D il e o) (3.36)
J
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Figure 3.5: Same as Fig.3.1, but for the NFW lens for k, = 10 with y/y.. = 2.

in §3.1). p;, T, and n; are numerically obtained from the lens equation. The
second term corresponds to the diffracted image at the lens center (i.e. dF, in
§3.2).

Fig.3.5 is the same as Fig.3.1, but for the NFW model for ks = 10 with the
source position y/y.. = 2. A single image is formed in the geometrical optics. In
Fig.3.5(a), the dumped oscillatory behavior of |F| is appeared, similar to the case
of the SIS. For large w, |F'| asymptotically converges to |Fye, + dF'|, which is given
from Eq.(3.36) as,

A S
|EFyeo + dF| =~ |pa|Y? + 2—1;2\/11\1/2 + (WZQ)Q cos{w (T1 — y*/2 — dn(y))} (3.37)
where we set j = 1 in Eq.(3.36) since the single image is formed in the geometrical
optics. The first and the second term in Eq.(3.37) correspond to the image formed
in the quasi-geometrical optics approximation. The third term is the interference
between the single image formed in the geometrical optics and the diffracted image
formed at the lens center. The amplitude and the period of the oscillation are
ks/(wy?)? and w (Ty — y*/2 — ¢m(y)), respectively. As shown in Fig.3.3(b), the
results are consistent with the analytical calculation.






Chapter 4

Wave Effects in the Gravitational
Lensing of Gravitational Waves
from Chirping Binaries

In the previous chapters 2 and 3, we discussed the physical aspect of the wave
optics in the gravitational lensing. In this chapter, we apply the wave optics to the
real observational situations. We consider the gravitational lensing of gravitational
waves from chirping binaries. We take the coalescence of the super massive black
holes (SMBHs) of mass 10*—107 My, at the redshift = = 1—10 as the sources. SMBH
binary is one of the most promising sources for LISA and will be detected with
very high signal to noise ratio, S/N ~ 10® (Bender et al. 2000). Since the merging
SMBHs events will be detected for extremely high redshift (z > 5), the lensing
probability is relatively high and hence some lensing events are expected. We
consider two cases for lens models: 1) the point mass lens for compact objects (such
as black holes), and 2) the SIS (Singular Isothermal Sphere) lens for galaxies, star
clusters and CDM (Cold Dark Matter) halos. The wave effects become important
for the lens mass 10 — 10 M, which is determined by the LISA band, 10~* to 107!
Hz from Eq.(1.3). The frequency of the gravitational waves from the coalescing
SMBH binary chirps so that we could see wave effects for different frequency in
the lensed chirp signals.

We calculate the gravitationally lensed waveform using the wave optics for the
two lens models: the point mass lens and the SIS. Then, we investigate how ac-
curately we can extract the information on the lens object from the gravitational
lensed signals detected by LISA using the Fisher-matrix formalism (e.g. Cutler
& Flanagan 1994). Cutler (1998) studied the estimation errors for the merging
SMBHs by LISA (see also Vecchio & Cutler 1998; Hughes 2002; Moore & Hellings
2002; Hellings & Moore 2003; Seto 2002; Vecchio 2003). Following Cutler (1998),
we calculate the estimation errors especially for the lens mass and the source posi-
tion. We also calculate the lensing effects on the signal-to-noise ratio. We assume
the 1 yr observation before the final merging and consider the lens mass in the

39



Figure 4.1: Orbital configuration of the LISA antenna. From Hughes (2003).

range 10 — 10°M,. Then the typical time delay between the double images is
10 — 10* sec which is much smaller than 1 yr. Throughout this chapter, we assume
a (Qr, Q) = (0.3,0.7) cosmology and a Hubble parameter Hy = 70kms™'Mpc .

4.1 Gravitationally Lensed Waveform and Param-
eter Estimation

4.1.1 Gravitational Wave Measurement with LISA

We briefly discuss the gravitational wave measurement with LISA (see Cutler 1998;
Bender et al. 2000). LISA consists of three spacecrafts forming an equilateral
triangle and orbits around the Sun, trailing 20° behind the Earth (see Fig.4.1).
The sides of the triangle are L = 5 x 10® km in length, and the plane of the triangle
is inclined at 60° with respect to the ecliptic. The triangle rotates annually. The
gravitational wave signal is reconstructed from three data streams that effectively
correspond to three time-varying armlengths (0L, Ly, dL3). We basically analyze
two data streams given by s;(t) = [0L1(t) — 6La(t)]/L and s;;(t) = [6L1(t) +
§Ly(t) — 26L3(t)]/(3)Y/2L. These data can be regarded as the response of two 90°
interferometers rotated by 45° to one another (Cutler 1998). The data sy /()
contain both gravitational waves signals hy ;(t) to be fitted by matched filtering
and noises nysr(t). The latter is constituted by the detector’s noise and binary
confusion noise. As in Cutler (1998), we assume that the noises are stationary,
Gaussian and uncorrelated with each other.
The gravitational wave signals hy ;(f) from a binary are written as

hI,H@) = ? [Fl—t_ll(t)h-i-(t) + FIX,U(t)hX (tﬂ ) (4-1)



where F ;r ;7 (t) are the pattern functions which depend on the source’s angular
position of the binary, its orientation and detector’s configuration. The quantities
hy «(t) are the two polarization modes of gravitational radiation from the binary.
The direction and the orientation of the binary and the direction of the lens are
assumed to be constant during the observation in a fixed barycenter frame of the
solar system. Further discussion and details about the pattern functions are shown
in Cutler (1998).

4.1.2 Gravitationally Lensed Signal Measured by LISA

We consider the SMBH binaries at redshift zg as the sources. We use a restricted
post-Newtonian approximation for the in-spiral waveform (Cutler & Flanagan
1994). The coalescing time for circular orbit is typically ¢, = 0.1yr (M, /10M) 5/
x(f/107*Hz)~8/3 where M, = (M M>)*/5(M; + My)~/5(1 + zg) is the redshifted
chirp mass. At the solar system barycenter, the unlensed waveforms h, . (f) in
the frequency domain are given by

ha(f) = A[1+(L-n)?] f7/0ev0),
hy(f) = —20A(L-n) /50, (4.2)

where L (given by 0, 1) is the unit vector in the direction of the binary’s orbital
angular momentum and n (given by fg, ¢g) is the unit vector toward the binary.
These vectors are defined in a fixed barycenter frame of the solar system. The
amplitude A and the phase W(f) depend on six parameters; the redshifted chirp
mass M, and reduced mass p, = M Mo(1+zg)/(M;+ Ms); the spin-orbit coupling
constant ; a coalescence time t. and phase ¢.; the angular diameter distance to
the source Dg. The amplitude is

5 n1—2/3 2/6‘
A=y |5 M (4.3)
96 Dg(l + 25)2
where Dg(1 + 2g)? is the luminosity distance to the source. The phase ¥(f) is

given by,

U(f) = 27rftc—q§c—%+2 (8r M. f) 3 [1 +

20 (743 1lu, »

5 (336+4M2)x+(4ﬁ 16m) /=] |
(4.4)

where M, = (M; + My)(1 + zg) is the redshifted total mass, and x = (7 M, f)*/3

is the post-Newtonian expansion parameter which is roughly O(v?/c?).

The gravitationally lensed waveforms ﬁix (f) in the frequency domain are given

by the product of the amplification factor F(f) and the unlensed waveforms h  (f)
(see §2): .
RE () = F(F) hex (£). (4.5)



where the function F(f) is given in Eq.(2.32) for the point mass lens and in
Eq.(2.36) for the SIS lens. The dimensionless frequency w in these equations (2.32)
and (2.36) is related to the frequency f as, w = 87 M, f, where My, = M (14 zp)
is the redshifted lens mass. We note that the amplification factor F(f) includes
the two lens parameters: the redshifted lens mass M. and the source position
y' as discussed in §2.2.1 for the point mass lens and §2.2.2 for the SIS. Using
Eq.(4.1),(4.2) and (4.5), the observed lensed signals hZ(f) (o = I, 1I) with LISA
are given in the stationary phase approximation as,

- V3Dg & (1+ 2z f
LL _ 0 d?x t t —i(¢p+¢p,a)(t+ta(x,y))
Hy = PPe8UE iy €

% Af 7/6 Z‘I’ 27r7«ftd(xy (46)

where

[ 2L-n)EX()
Op.o(t) = tan L T n)2F;(t>]

Ao(t) = [2 L-n)*FX 2(t) + {1 + (L-n)*}2FF *(1)]'° .
The Doppler phase is
¢p(t) = 27 f(t)Rsin fg cos (qg(t) — qgs) ,

where R =1 AU, ¢(t) = 27t/T (T =1 yr), and t = t(f) is given by,

4 (743 11 32m
— 4 —-8/3 142 (122 Mz . 3/2 4
t(f)=t.—58nf) MZ{ +3<336+4Mz)x g T } (4.7)

In the no lens limit of |[F| = 1 in Eq.(4.5), the lensed signals hL(f) in Eq.(4.6)
agree with the unlensed ones h,(f) in Cutler (1998). We assume the source posi-
tion y is constant during the observation, since the characteristic scale of the in-
terference pattern, ~ 107AU(My,/108Mg)~Y2(f/mHz)~! [(DsDy/Dys)/Gpc]*/?,
is extremely larger than the LISA’s orbital radius (1 AU).

Since the lensed signals hL(f) in Eq.(4.6) are given by double integral, we
approximate hZ(f) in the two limiting cases; 1) geometrical optics limit (f > t7%)
and 2) the time delay being much smaller than LISA’s orbital period of (t; < 1
yr). In the geometrical optics limit, from Eq.(2.30) we obtain,

Z| ]‘1/2 t+t ) 27riftd’j—i7rnj6—i(¢D+¢p,a)(t+td}j) % Af_7/6€i\1l(f).

(4.8)

!The source position y is defined in Eq.(2.21) and Fig.2.1.



If the time delay is much smaller than LISA’s orbital period (¢4 < 1 yr), we expand
Ao, ¢p and ¢, , around t; = 0 as,

hE(f) = ﬁf\ ( )e~ @D Hona)(t) 5 A §=T/661V()
fd ( (f)

omidf \_ f

Since we consider the lens mass M;, = 105—10° M, the time delay is much smaller
than 1 yr. Thus we use the above equation (4.9) as the lensed waveforms for the
following calculations.

In Fig.4.2, the lensed signals |hL(f)| (o = I,1I) and the unlensed ones |hq(f)]
are shown. We show the results from one year before the final merging to the
inner most stable circular orbit (the binary separation is r = 6(M; + Ms)). We
set typical parameters at the SMBH binary masses M o, = 105M,,, the lens mass
M, = 108M, and the source position y = 1 for the point mass lens. The angular
parameters are cosfg = 0.3,¢05 = 5.0,cosf;, = 0.8,¢, = 2.0, and the source
redshift is zg = 1 (the angular diameter distance is HyDg = 0.386). Therefore the
frequency range is from 5x 1075 to 2x 1073 Hz and the time delay is 4 x 10® sec. The
strange behavior in the lower frequency f < 107* Hz is due to the LISA’s orbital
motion. In this frequency region, however, the difference between the lensed signal
and the unlensed one is small due to the diffraction (see Fig.2.4). On the other
hand, the oscillatory behavior appears in the higher frequency region f > 10~* Hz.
This critical frequency is determined by the inverse of the lens mass 87 M, (see
Fig.2.4). The oscillatory amplitude and the period are determined by the product
of the magnifications 2|, p_|"? = 2/(y+/y? + 4) and the inverse of the time delay,
1/Aty (see the third term of Eq.(2.34)).

x | F(f)+ % {InAy —i(¢p + ¢pa)} =— ) +0 ((td/lyr)2)] . (4.9)

4.1.3 Parameter Extraction

We briefly mention the matched filtering analysis and the parameter estimation
errors (Finn 1992; Cutler & Flanagan 1994). We assume that the signal hZ(f) is
characterized by some unknown parameters 7;. In the present case, there are ten
source parameters (M., (., 3, ¢e, to, Ds, Os, ¢s, 01, ¢1) and two lens parameters
(Mp.,y). In the matched filtering analysis the variance-covariance matrix of the
parameter estimation error A~y; is given by inverse of the Fisher information matrix
Iij as (A Av;) = (T'71),;. The Fisher matrix becomes

Iy=4> R /Sdf Ohg (f )(%a(f), (4.10)

a=I,IT 2l 9

where Sn(f) is the noise spectrum. The noise spectrum Sn(f) is the sum of the
instrumental and the confusion noise, and we adopt the same noise spectrum as
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Figure 4.2: The lensed signals |AL(f)| (o = I,11) (solid line) and unlensed ones
|ho(f)] (dashed line) measured by LISA. The signals are shown from lyr before
coalescence to ISCO of r = 6(M;+ Ms). The redshifted masses of the SMBH binary
is My, = 10%M,, the redshifted lens mass is My, = 103 M, and the source position
y = 1. The angular parameters are cosfs = 0.3, ¢g = 5.0,cos0; = 0.8, ¢, = 2.0,
and the source redshift is zg = 1 (distance is HyDg = 0.386). The strange behavior
for f < 107* Hz is due to the LISA orbital motion, and the difference between the
two signals is small due to the diffraction. On the other hand, the oscillatory
behavior appears for f > 10~* Hz which is determined by the inverse of the lens
mass 8w M, (see Fig.2.4). This oscillation is due to the interference between the
double images.
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Figure 4.3: The noise spectrum for LISA. The solid line is the instrumental noise,
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that in Cutler (1998). We show Sn(f) in Fig.4.3, and the solid (dotted) line is
instrumental (confusion) noise. The signal to noise ratio (S/N) is given by

(S/N) ? 42/—) f)

=I,11

2
) (4.11)
We computed the variance-covariance matrix I';; for a wide range of the lens pa-
rameters (Mp,,y), using the lensed waveform in Eq.(4.9). Since the S/N is very
high for the SMBH merger, the Fisher matrix approach to calculate the estima-
tion errors is valid (Cutler 1998). We integrate gravitational lensed waveform (in
Eq.(4.10) and Eq.(4.11)) from 1 yr before the final merging to the cut-off frequency
feuwr when the binary separation becomes r = 6(M; + Ms). Then, the initial fre-
quency is given by,

M —5/8
_ -5 z
fimit = 4.1 x 10 (106M®) Hz, (4.12)

and the cut-off frequency is

My, + My, \
g) Hz. (4.13)

it = 4.4 x 1073
feu 8 < 1060,



4.2 Results

In this section, we present numerical results to compute the signal to noise ratio
(S/N) and the errors in estimation parameters. We randomly distribute 100 bi-
naries over various directions and orientations on celestial spheres at zg = 1 (the
distance is HyDg = 0.386). We present the mean value averaged for 100 binaries.

4.2.1 Lensing Effects on the Signal to Noise Ratio

We demonstrate the gravitational lensing effect on the signal to noise ratio (S/N).
In Fig.4.4, the increasing factor of S/N by the gravitational lensing for the point
mass lens is shown for the fixed source position? y = 0.1,0.3, 1, and 3 as a function
of the lens mass Mp,. The vertical axis is the S/N with the gravitational lensing
divided by the unlensed S/N. Four panels are shown for the various SMBH binary
masses Mo, = 10%,10%,10%, and 10" M. We only show the mean value averaged
for 100 binaries, but the dispersion is negligibly small (less than 5 %). For the lens
mass smaller than 10°M, the magnification is very small irrespective of the SMBH
binary masses due to the diffraction effects. In this case the Schwarzschild radius
of the lens mass M, is smaller than the wavelength of gravitational waves \ ~ 1
AU, and the waves are not magnified by lensing. This critical lens mass (105M)
is mainly determined by the inverse of the knee frequency of the LISA’s noise
spectrum, 1/(87f) ~ 8 x 105My (f/mHz)™! (see Fig.2.4). But for 107+ 10" M, the
SMBH binary coalescences at the lower frequency (f ~ 1074 Hz), thus the critical
lens mass is shifted for a larger mass (10" M) as shown in the right bottom panel of
Fig.4.4. This tells us that if the lens mass is smaller than 105M,, the effect of the
lens is very small. If the lens mass is larger than 107M), the damped oscillatory
behavior appears due to the interference between the two images, and the S/N
converges to the geometrical optics limit, |u|'? = (y* + 2)V2/[y/2(y> + 4)'/4],
which is independent of the lens mass. As y increases from 0.1 (solid line) to
3 (dashed line), the amplification decreases since the magnifications of the two
images (|u+(y)|) decrease as y increases (see also Fig.2.4).

Fig.4.5 is the same as Fig.4.4, but for the SIS lens model. The behavior is
very similar to that in the point mass lens. For the lens mass larger than 107 M,
the S/N converges to the geometrical optics limit, |u|'? = (2/y)Y/? for y < 1 and
\u|V? = (1 +1/y)Y/? for y > 1. As y increases from 0.1 (solid line) to 3 (dashed
line), the amplification decreases (see also Fig.2.5).

4.2.2 Parameter Estimation for the Lens Objects

In this section, we show the parameter estimation for the lens objects. We show the
results for the SMBH binary with masses 10 + 10°M,, because we found S/N is
higher than the other binary masses (Mo, = 10% 10° and 10" M). We distribute

2The source position y is defined in Eq.(2.21), and see also Fig.2.1.
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Figure 4.4: The increasing factor in S/N due to the gravitational lensing by the
point mass lens for the various SMBH binary masses M;,, = 10% 10°, 10°, and
10"My. The horizontal axis is the redshifted lens mass; the vertical axis is the
lensed S/N divided by the unlensed S/N. The source position is fixed at y =
0.1,0.3,1, and 3. For M. < 10°M,, the magnification is very small due to the
diffraction effect irrespective of the SMBH binary masses. For M. 2> 107M,,
the damped oscillatory patterns appear due to the interference between the two
images, and this behavior converge in the geometrical optics limit, |u|'/? = (3 +
2)'2/[y'2(y* + M.



107 T \\\HH‘ T \\\HH‘ T T T TTTTT T \\HHL 107 T \\\HH‘ T \\\HH‘ T T T TTTIT T \\HHL
[ 104+10% SIS ] [ 10%+10% SIS ]
I y=0.1 | | y=0.1 |
v - y=0.3 v - y=0.3
© | _____ [0 R
Q )
S S
@] @)
£ k=
Z Z
O O
v |\ =z  TT--TTTT-== 02
= * e *
L L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\HHT L L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\HHT
104 105 108 107 108 104 108 108 107 108
MLZ (MO) MLZ (MO)
107 \\\\\H‘ T T T TTTT \\\\HL 107 \\\\\H‘ L \\\\HL
[ 108+10% SIS ] [ 107+107" SIS ]
I y=0.1 i I i
(O] )
n n
© ©
Q )
S S
@] @)
£ k=
Z Z
O O
VP 02
1 ] 1
\\\\\H‘ \\\\H\‘ \\\\\\\7 \\\\\H‘ \\\\\H‘ L1111l
108 10¢ 107 108 108 107 108 10°
MLZ (MO) MLZ (MO)

Figure 4.5: Same as Fig.4.4, but for the SIS lens model. For M, > 10"M,, the
results converge in the geometrical optics limit, |u|'/? = (2/y)/? for y < 1 and
|u'? = (14 1/y)"/? for y > 1.
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Figure 4.6: The estimation errors for the redshifted lens mass AM . (left panel)
and the source position Ay (right panel) for the point mass lens. The results are
presented for the SMBH binary of masses 10° + 10°M at zg = 1. The errors
are normalized by S/N = 10° and simply scale as (S/N)~*. For M, < 107M,
the errors are relatively large, since the effect of lensing is very small due to the
diffraction. For M, > 103M, the geometrical optics approximation is valid, and
errors converge to constants.

the 100 binaries over the various directions and the orientations at zg = 1, and the
mean value of the S/N without lensing is 2600 in these 100 binaries. We show the
mean value of errors averaged for 100 binaries, for M, < 107 M, the dispersion is

relatively large (< 40%), but for My, > 107 My, the results converge to that in the
geometrical optics limit and the dispersion is negligibly small.

In Fig.4.6, the estimation errors for the redshifted lens mass AMy, (left panel)
and the source position Ay (right panel) are shown as a function of My, with
y =0.1,0.3,1, and 3 for the point mass lens. We use the units of S/N = 103, and
the results (AMp,,, Ay) scale as (S/N)~!. For My, < 107 My, the estimation errors
are relatively large 2 10%, since the effect of lensing on the signals is very small
due to the diffraction. For My, > 108M,, the geometrical optics approximation is
valid, and the errors converge to a constant in Fig.4.6. The redshifted lens mass
and the source position can be determined up to the accuracy of ~ 0.1%, as shown

in Fig.4.6. The errors in the geometrical optics limit are well fitted by (see the
Appendix D),

AM. L V20 + 4)>/
M, S/N 27 ’
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Figure 4.7: Same as Fig.4.6, but as a function of y. We note that even for y = 10
we can extract the lens information. Then the lensing cross section (o< y?) increases
an order of magnitude larger than that for the usual strong lensing of light (y = 1).

Ay L VY2 +2(y% +4)34 (4.14)
Yy S/N 2./y ’ '

where S/N is in the unlensed case, and 7 = At,/4M, = y/y? + 4/2+In((\/y? + 4+
y)/(v/y? +4—1y)). Thus, one could determine the lens parameters, the redshifted
lens mass and the source position, up to the accuracy of ~ (S/N)~!. The above
equations (4.14) are valid if the time delay Aty is much smaller than the LISA’s
orbital period 1 yr. If the time delay At,; becomes comparable to 1 yr, the LISA’s
orbital motion affects the results.

Fig.4.7 is the same as Fig.4.6, but as a function of y. For y = 1, the errors
are convergent to the geometrical optics limit of Eq.(4.14) irrespective of the lens
mass. As y increases, the time delay t; increases, and the geometrical optics
limit (fty > 1) is valid. We note that even for y 2 10 one can extract the lens
information. For light the observable is the lensed flux which is proportional to the
magnifications, o« |u+|, while for gravitational waves the observable is the lensed
amplitude which is proportional to the square root of the magnifications, oc | |'/2.
Thus, it is possible to detect the faint image || < 1 by the gravitational waves.
For example, let us consider the case where the flux ratio of a brighter image to a
fainter one is 100 : 1. Then the amplitude ratio is 10 : 1 so that the fainter image
can be observed even if the source position is far from the Einstein radius in the
case of gravitational waves. Denoting the largest source position for which one can
extract the lens parameters as y.,, we approximate the errors in Eq.(4.14) for the
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Figure 4.8: The estimation errors for the redshifted lens mass AMp, (left) and
the source position Ay (right) for the SIS model. The results are presented for
the SMBH binary of masses 10% + 10M, at zg = 1. The errors are normalized
by S/N = 10* and simply scale as (S/N)~!. Even for y = 3 (a single image is
formed in the geometrical optics limit), the lens parameters can be extracted at
M. ~ 10° — 108 M, due to the wave effects.

large y limit; Avy /v ~ (S/N)~'y?, where v = M}.,y. Then we obtain

A/ 2 7 g/ M2
Yor = 10 (0—{) 1/03 . (4.15)

Thus the lensing cross section (o< y2,) increases an order of magnitude larger than
that for the usual strong lensing of light (y.. = 1) (e.g. Turner, Ostriker & Gott

1984).
In Fig.4.8, the estimation errors for the SIS model are shown. For My, < 107M,
the behavior is similar for the point mass lens. But for M. > 108M,, the behavior

strongly depends on y. The errors in the quasi-geometrical optics approximation
are well fitted by (see the Appendix D),

AMp. Ay 1 2¢/1 — 12

My y S/N>< 2u+1 "7

(4.16)

for y < 1. We note that even for y = 3 the lens parameters can be extracted for
M;, ~ 10° — 108M,, as shown in Fig.4.8. This is because the diffracted image
is newly formed at the lens center by the wave effects (see the discussion §4.3).
Hence the double images are formed even for y > 1, and the information on the
lens can be extracted. The errors for y > 1 are given in the quasi-geometrical
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Figure 4.9: Same as Fig.4.8, but as a function of y. We note that even for y > 1 we
can determine the lens parameters. Then the lensing cross section (o< y?) becomes
larger than that in the geometrical optics approximation (y = 1).

optics approximation as (see the Appendix D),

AMp. 1 2my(y — 1)%/y2 — 1
M. ~ SN X 5y 1 1 M. (f), (4.17)

Ay 1 16m(y* 1)y —1)
> ~ SN X 2y 1 1 M. (f), (4.18)

where (f) is defined by,

-1

. 2
df  |hi(f)
2= (S/N)?*x |4 / o ,
(f)” = (S/N) a;} Sf) |~ f
and the mean value of (f) averaged for 100 binaries is 1.2 mHz. For y = 1,

the errors decrease as lens mass increases as shown in Fig.4.8, because the errors
converge to the results in the quasi-geometrical optics limit of Eq.(4.16) - (4.18)
which vanish at y = 1. As a result, if y > 1, the errors asymptotically increase
with the increase of the lens mass, but if y < 1, they asymptotically converge to
constants.

Fig.4.9 is the same as Fig.4.8, but as a function of y. We note that even for
larger y 2 1 we can extract the lens information. Thus the lensing probability
(x y?) to determine the lens parameters increases as compared with the results in
geometrical optics limit for the lens objects in the mass range 10 — 10%M,.



4.2.3 Lensing Effects on the Estimation Errors of the Bi-
nary Parameters

We discuss the gravitational lensing effects on the estimation errors of the SMBH
binary parameters. We study five binary parameters; the redshifted chirp mass
M., the reduced mass i, the distance to the source Dg and the angular resolution
(0, ¢s). We find that the estimation errors of these parameters decrease because
S/N increases by lensing (see Fig.4.4 and 4.5). The error A~ is roughly proportional
to the inverse of the S/N as Ay o< (S/N)~! (see Eq.(4.10) and (4.11)).

4.2.4 Results for Various SMBH Masses and Redshifts

So far we presented the results for equal mass SMBH binaries with redshift zg = 1.
In this section, we comment on the results for the case of various (unequal) SMBH
masses 10* — 107M, and redshifts zg = 1 — 10.

The critical lens mass in which the wave effects become important (10°—10%M,)
is mainly determined by the inverse of the knee frequency of the LISA’s noise
spectrum, ~ 8 x 105M, (f/mHz)~!, independent of the binary mass. But for
the massive total mass binary (M, + M,.) 2 10"M,, the binary coalescences at
the lower frequency (~ 107%Hz), thus the critical lens mass is shifted for larger
mass (107 — 10°M,,). For the larger lens mass My, = 108M, the results (the S/N
increase and the estimation errors) converge to that in the geometrical optics limit
irrespective of the binary mass. The estimation errors in Fig.4.6-4.9 are the case
of 10% — 10M,, binary at redshift zg = 1 and are normalized to S/N = 10% and
simply scale as (S/N)~!. In order to translate the results into the various unequal
SMBH binaries, we present the S/N for binary masses Mo, = 10* — 107 M, with
redshifts z¢ = 1,3,5,10 in Table.4.1. We assume 1 yr observation of in-spiral
phase before final merging. The results are the mean value of 100 binaries which
are randomly distributed at each redshift, and the dispersion is relatively large
~ 50%. From Table 4.1, one could translate the results in Fig.4.6-4.9 into errors
in real situations.

We also comment on the results for the case with only h; data available, as
opposed to the combination of h; and h;; data that we used. In this case, the
S/N increase in Fig.4.4 and 4.5 is not changed, but the estimation errors are
slightly larger (~ 30%) than that in Fig.4.6-4.9 for M, < 107 M, if the errors are
normalized to S/N = 103. We note that the S/N is /2 times smaller than that in
the case of the two data available in Table 4.1.

4.3 Lensing Event Rate

We discuss the event rate of merging SMBHs and estimate the lensing probability
and the lensing event rate. The expected rate of merging SMBHs detected by LISA
is in the range 0.1 — 102 events per year (Haehnelt 1994,1998). Recently, Wyithe



Binary Masses (M) zg =1 2g = 2s =05 zg =10

107 4 107 1038 270 147 66
107 4 106 519 135 74 33
107 + 10° 175 46 25 11
107 + 10* 52 14 7 3

106 + 106 2575 669 365 164
108 + 10° 1517 394 215 97
108 4 10* 508 132 72 32
105 + 10° 877 228 124 56
105 + 10* 310 81 44 20
10* 4 10* 132 34 19 8

Table 4.1: The signal to noise ratio (S/N) for the various binary masses 10*—107 M,
with redshift zg = 1,3,5,10. We assume 1 yr observation of in-spiral phase before
final merging.

& Loeb (2003) suggested that some hundreds detectable events per year could be
expected, considering the merger rate at exceedingly high redshift (z > 5 — 10).
Thus we take ~ 300 events per year as the merging event rate.

We consider the lens objects distributed over the universe and calculate the
lensing probability for each lens model. For the point mass lens, we take the
compact objects (10¢ — 10M) such as black holes as lens. Denoting the mass

density parameter of compact objects as {2co, the lensing probability for a source
at redshift zg is (Schneider, Ehlers & Falco 1992),

(1 —+ ZL)2 HQDLS(ZL, ZS) HODL(ZL)
H(zr)/Hy HyDs(zs) ’

3 =5
P(zs) = 3ot /0 iz (4.19)

where H(z) is the Hubble parameter at redshift z. The cosmological abundance of
the compact objects in the mass range 10° —10° M, is limited by Qco < 0.01 by the
search for multiple images in radio sources (Wilkinson et al. 2001; see also Nemiroff
et al. 2001). In Table 4.2, we show the upper limit on the lensing probability for
the point mass lens. Since we set y.,. = 10 (Eq.(4.15)), the lensing probability
is one hundred times larger than that normally assumed for the strong lensing of
light (y.- = 1). As shown in Table 4.2, the upper limit of the lensing probability is
very high (almost 1) and is typically ~ (Qco/1072). The lensing event rate is the
product of the merging rate (~ 300 per year) and the lensing probability, so that
the lensing events will be 1 event per year if Q¢o = 1074,

For the SIS model we take CDM halos (10% — 10°M,) as the lens objects (e.g.



Lens Model zg =1 zg =3 zg =5 zg = 10

Point mass lens < 0.21 < 1.1 < 2.0 <39
SIS 7.2 x107° 8.1 x107* 2.0x 1073 4.7 x 1073

Table 4.2: The lensing probability by the lens mass in the range 106 — 109 M, with
the source redshift zg = 1,3,5,10. For the point mass lens, we give the upper
limit which is determined by the observational constraint on the abundance of the
compact objects. When the lensing probability is more than one, the lensing occurs
sometimes. For the SIS, CDM halos are assumed to be lenses. The presented values
are for the case of S/N = 103, and hence the results are somewhat overestimated
for the binaries of S/N < 102 in Table 4.1. If the expected rate of merging SMBHs
is ~ 300 per year (Wyithe & Loeb 2003), then the lensing events will be detected
1 event per year.

Narayan & White 1988). The lensing probability is

’ 9
P(z5) = ”yf,«/ s iz (14 z)* HyDps(z1, zs) HyDp(z1) /10 Mo
0 H(zr)/Ho HoDs(zs) 1

dMpvN,(v, z),

(4.20)
where N, is the comoving number density of the lens and is assumed to be given
by the Press-Schechter velocity function (Press & Schechter 1974) with og = 1.
In Table 4.2, we show the lensing probability for the SIS model. We set y.,. = 3
(see Fig.4.8) and hence the lensing probability is almost ten times larger than that
for light (y = 1). As shown in Table 4.2, the lensing probability is typically
~ 107 — 1073, The merger rate is ~ 300 events per year at high redshift (z > 5),
then the lensing events would be 1 event per year.

We note that the results in Table 4.2 are for the case of the S/N = 103, and are
somewhat overestimated for the binaries of S/N < 10® in Table 4.1. For example,
the lensing probability is proportional to (S/N) from Eq.(4.15) for the point mass
lens, and it is appropriate to use y.. = 1 for S/N < 10 in the SIS. In the case
of the high event rate (~ 300 events/year), many fainter signals (S/N < 103) are
expected, and the errors in Fig.4.6-4.9 are worse for these binaries.

Next, we discuss how we can identify the lensing signal. If the lensing event
occurs, the amplitude and the arrival time of the gravitational waves are changed
by lensing. But the other features (such as binary mass) are not changed. Thus, if
the two signals have the same binary parameters (such as chirp mass) except for the
amplitude and the arrival time, that would be a signature of gravitational lensing in
the geometrical optics limit. More generally, oscillatory behavior in the waveform
|W(f)| is a signature of gravitational lensing (see Fig.4.2). However it will be
difficult to identify the source and the lens objects in the sky, since the angular
resolution of the LISA is ~ 1 deg (see Cutler 1998). Furthermore, the gravitational
wave amplitude is changed by the lensing magnification and hence one must assume

06 M,



the lens model in order to determine the distance to the source. (Effect of lensing
on measuring the distance is recently discussed in Holz & Hughes (2002).) As
one determines the distance to the source Dg(zg), The redshift zg(Dg) could be
determined if the distance to the source Dg(zg) could be measured assuming the
cosmological parameters (see Hughes 2002).



Chapter 5

Summary

In this thesis, we discussed the wave optics in gravitational lensing of gravitational
waves and its application to the gravitational wave observations in the near future.

We review the wave optics in the gravitational lensing, which is more funda-
mental than the geometrical optics, in §2. If the wavelength X\ of the gravitational
waves is larger than the Schwarzschild radius of the lens mass M|, the wave optics
should be used. In the short wavelength limit A — 0, the wave optics is reduced
to the geometrical optics limit. We use the diffraction integral formula to obtain
the gravitationally lensed waveform. We show the wave optics for the various lens
models: the point mass lens, the SIS model, the NF'W model, and the binary lens.

In §3, we studied the gravitational lensing in the quasi-geometrical optics ap-
proximation which is the geometrical optics including the corrections arising from
the effects of the finite wavelength. Theses correction terms can be obtained an-
alytically by the asymptotic expansion of the diffraction integral in powers of the
wavelength A. The first term, arising from the short wavelength limit A — 0,
corresponds to the geometrical optics limit. The second term, being of the order
of \/My, (M, is the Schwarzschild radius of the lens), is the first correction term
arising from the diffraction effect. By analyzing this correction term, we obtain
the following results:

e The lensing magnification p is modified to p(1 + 6), where § is of the order
of ()\/A]\/[L)2

o

e If the lens has cuspy (or singular) density profile at the center p(r) o r—
(0 < a < 2) the diffracted image is formed at the lens center with the
magnification pu ~ (A/Mp)3~®. Thus if we observe this diffracted image by
the various wavelength (e.g. the chirp signal), the slope o can be determined.

In §4, we discussed the gravitational lensing of gravitational waves from chirping
binaries. The SMBH binary is taken as the source detected by LISA, and the two
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simple lens models are considered: the point mass lens and the SIS model. We
calculate the lensing effects on the signal to noise ratio (S/N) and how accurately
the information of the lens object, its mass, can be extracted from the lensed
signal. As expected, for the lens mass smaller than 1080, the wave effects are
very important to calculate the S/N and the errors in the estimation parameters.
We obtain the following results:

e For the lens mass smaller than 106 M, the signals are not magnified by lensing
due to the diffraction effect. For the lens mass larger than 108M, the lens
parameters can be determined within (very roughly) ~ 0.1% [(S/N)/103]71.

e The lensing cross section to determine the lens parameters is order of mag-
nitude larger than that for light.

Cutler & Thorne (2003) suggest that the mergers of compact binaries will
be detected before ~ 2010 or sooner by the ground based interferometers. This
is because in about 2007 the first generation interferometers (TAMA300, LIGO,
VIRGO, GEO) will be upgraded to produce the second generation detectors (ad-
vanced LIGO, LCGT), and the neutron star mergers will be detected by these
upgraded detectors. The space interferometer LISA will be launched in ~ 2011.
There are some known Galactic binaries which LISA is guaranteed to observe. The
mergers of SMBHs are also some of the promising candidates. Furthermore, the
space interferometer DECIGO/BBO is planed to construct in ~ 2020, and will de-
tect ~ 10° events yr~! of the neutron star mergers. Hence, the gravitational wave
astronomy will be established at the broad frequency band in the near future, and
the lensing events will also be expected for these various detectors.
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Appendix A

Path Integral Formula for the
Wave Optics

We present the path integral formula which was developed by Nakamura & Deguchi
(1999) to derive the diffraction integral.

A.1 Basic Wave Equation

We consider the scalar wave ¢(t,r) propagating under the curved space-time due
to the gravitational potential U(r) of the lens objects (see also §2.1.1). The wave
equation in the frequency domain is given in equation (2.7) as,

(V2 +w?) ¢ = 4°Ug. (A.1)

where w is the frequency.

We show the lensing configuration in Fig.A.1 for the source, the lens, and the
observer. The source is located at the center of the coordinate system. r;, r,, and
1, are distances to the lens, to the observer, and from the lens to the observer,
respectively. We use the spherical coordinate system (r, 6, ¢), then the observer is
located at r, = (7, 0,, ¢,) With 0, < 1.

In the no lens limit (U = 0), the solution of the wave equation (A.1) is,

wwr
e

by =A—, (A.2)
T

where A is the amplitude. With the above equation (A.2) and the amplification
factor F' of the wave amplitude due to the lensing, the gravitationally lensed wave

¢ is written as,
wr

H(w,r) = F(w,r)" (A.3)
T
Inserting this ¢ into the equation (A.1), we obtain,
PF  _9F 1_, ,
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obs.

0] source X,y

Figure A.1: Lensing configuration for the source, the lens, and the observer. r;, r,,
and r;, are the distances between them. The angles are very small: 6,,60, < 1.

where

11 1 0?
Vi=-— (6= —.
"= 500 ( ae) T 952
We assume that the wave length ~ 1/w is much smaller than the scale on which
F varies, then we have |0*F/0r?| < |w OF/0r| and the first term in Eq.(A.4) is
negligible. The equation (A.4) is rewritten as,
OF 1
“or T " 2wr?

The above equation (A.5) is the same as the Schrédinger equation, if we consider
r as the time, wr? as the mass, 2wU as the potential, and F as the wave function.

ViF +2wUF (A.5)

A.2 Path Integral

The wave equation (A.5) can be solved by using the path integral (e.g. Saku-
rai 1994). From the analogy of Eq.(A.5) with the Schrodinger equation, the La-
grangian is given by,

L(r,0,0) = §wr2\0\2 —2wU(r,0) (A.6)

where 8 = 6(cos ¢, sin ¢) and 0 = do /dr. Then the solution of the wave equation
(A.5) at the observer r, is obtained with Eq.(A.6) as,

Flw,r,) = / DO(r) exp (z /0 " er). (A7)



obs.

lens plane

0] source ro (:X7y>

Figure A.2: The thick solid line is the path in the integration of Eq.(A.7). The
dashed line is the lens plane on which the wave is scattered.

We assume the thin lens approximation in which the gravitational potential of the
lens U does not vanish only on the lens plane. Then, the potential U is rewritten
as,

U(r,0) - %5@ — )00, (A8)

where v is the deflection potential as defined in Eq.(2.14).

We calculate the integration in Eq.(A.7) along the path denoted the thick solid
line from the source to the observer as shown in Fig.A.2. The wave is scattered only
on the lens plane at r = r;. We note that @ in the Lagrangian (A.6) corresponds
to the slope of this thick solid line. Hence we obtain,

0 = 0, for 0 <r <,
1 rr,
_ ﬁiﬁ; 0, —06,), forr,<r<r,. (A.9)

From Eqs.(A.6), (A.8) and (A.9), the integrand of Eq.(A.7) is written as,

/ CarL =000 - 0, — i) (A.10)
0

Tlo

Thus, the amplification factor F' at the observer r, is obtained from Eqs.(A.7) and
(A.10) as,

Flo,r,) = — 1 /d201 exp {m {;"”; 16, - 0,)> — W)H , (A.11)

2T 1, T

~

where F is normalized such that F' = 1 in the no-lens limit (¢» = 0). The result
(A.11) is coincident with the amplification factor in Eq.(2.19) which is derived by
using the Kirchhoff diffraction integral.



0] source ro (:X7y>

Figure A.3: Same as Fig.A.2, but for the multi-lens system with N lens planes
(dashed lines).

A.3 Application to Multi-Lens System

We present the application of the path integral formula to the multi-lens system
which was developed by Yamamoto (2003). We consider N lens planes which are
located at 7 = r;; (j = 1,2, ---, N) with the deflection potential 1;(8) (see Fig.A.3).
Then, the gravitational potential U in Eq.(A.8) is rewritten as,

N

U(r,0) =5 6(r —r;)¢;(0). (A12)

j=1
6 in Eq.(A.9) is also rewritten as,

0 = 0, for 0 <r < ry,

1 ryrigen
= - 01'1—01', fOl"Tl'<T<Tl'1,
r2 1 G+) ( (3-+1) J) J (G+1)

1 0
- _2TZNT (6 — Oin), for miy <1 <, (A.13)
" TIN,o
where 741y = T+ — 15 for j = 1,2, N — 1, and rin, = 7o — riy. From

above equations (A.12) and (A.13), the equation (A.10) is rewritten as,

To N—-1 N
Ti5T1(+1) 2 TINTo 2 N
drL = w ) Qi) — O]+ 210, — 0 —wd 1;(0).
/0 [; 27"lj,l(j+1) } 1(5+1) l]‘ erNp | ZN‘ ; ]( l])
(A.14)



The amplification factor is obtained from Eqs.(A.7) and (A.14) as,

w T ) T R
F(w,r,) = nre /d29l1 exp {W{Q” 216, — 65| —zpl(ell)H

21 711,12

711,12
W T23 2 . 2713 2 0
X — d°05 exp |iw 1012 — 013]" — 12(0,2)
2T 712,03 212,13

W TINT R 5
X IV /d201N exp [zw {QZN 0,x — 6, —¢N(91N)H ;

2T TN TIN,0

~

where F' is normalized such that F' = 1 in no lens limit (¢); = 0 for all j).






Appendix B

Numerical Computation for the
Amplification Factor

We present the method for the numerical integration of the amplification factor F
discussed in §2.1.3. The amplification factor is given in Eq.(2.26) as,

Flu,y) = - / iz explinT(x, y), (B.1)

271

where w is the frequency and y is the source position. The time delay T is given
in Eq.(2.24) as,

T(x,y) = 3 b~ yI* = 6(x) + duly), (B2)

where 1) is the deflection potential of the lens and ¢,, is the additional phase in F'.
Since the integrand of F' is rapidly oscillating function especially for large w, it is
time consuming to numerically calculate F'.

B.1 Axially Symmetric Lens Model

If the lens is axially symmetric, the potential ¢)(x) is a function of z = |x| and the
amplification factor F' is reduced to the simple form given in Eq.(2.27):

F(w,y) = et /2 om )] / dz x Jo(wxy)eiw[IQ/Q_w(x)] (B.3)
0

where Jy is the Bessel function of zeroth order. Changing the integral variable
from x to z = 2%/2 in the above equation (B.3), we obtain,

Flwg) = [ dof(z:w,y) e (B.4)
0
where the function f is defined by,

f(z w,y) = —iwe™W 12HomW I (wy\/22)e V22 (B.5)
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Thus, we obtain the Fourier integral (B.4). We present the method for computing
Fourier integral in Numerical Recipes (Press et al. 1992). The equation (B.4) is
rewritten as,

b o0
F(Uby) = / de(z : w’y) elwz +/b de(Z : w’y) 6iwz,

0
b iwb / iwb
_ . Wz f(b : U),y)@ f (b : U},y>€
=/ dzf(z:w,y) e o + (iw)? :
(B.6)

where f' = 0f/0b. The first term of the above equation (B.6) is evaluated by
numerical integration directly. For the series of the above equation, we use the
integration by parts. Since f(b : w,y) o< b=* for b > 1 from Eq.(B.5),! the
asymptotic expansion in Eq.(B.6) converges for large b.

B.2 Non-axially Symmetric Lens Model

For the non-axially symmetric lens model, the amplification factor F' in Eq.(B.1)
is rewritten as,

0o 2
F(w,y) _ ﬂ eiw[y2/2+¢m(y)] dr = eiwx2/2 Ao 6—iw[xycos9+¢(x,9)}7 (B7)
271 0 0

where 6 is defined as x -y = zycosf. Similarly for the previous case, we use the
integral variable z = 2%/2 in the above equation (B.7), we obtain,

Flw,y) = / dzf(z :w,y) e™* (B.8)
0
where f is defined by,
27
flz wy) = Qi el /2+6m(¥)] / df e iwlyv2z cos0+4(v226)] (B.9)
) 0

Thus we can evaluate the above integral (B.8) using the method in the previous
section.

Note that Jo(z) oc 272 for 2 > 1 (e.g. Abramowitz & Stegun 1970).



Appendix C

Asymptotic Expansion of the
Amplification Factor for

Non-axially Symmetric Lens
Models

In §3.1, we considered the asymptotic expansion of the amplification factor F' in
powers of the inverse of the frequency 1/w for the axially symmetric lens model for
simplicity. In this Appendix, we consider the expansion of F' for the non-axially
symmetric lens model.

In this case, the expansion of T'(x,y) around the j-th image position x; in
Eq.(2.29) is rewritten as,

1 . )
T(xy) =T+ 3 X;Tabxaxb + O, (C.1)

where X = x — x;, T} = T(x;,y), and T, = 0,0,T(x;,y) is a 2 x 2 matrix. We
change the variable from z, to z, = >, AwTp in order to diagonalize the matrix
T.p in the above equation (C.1). Here, Ay, satisfies,

Z TabAacAbd - Acécda (CQ)
a,b

where \. is the eigenvalue of T,,. Thus, the equation (C.1) is simply rewritten as,
1
T(x,y)=T;+ 3 (M2 4+ Xz5) + O(2%). (C.3)

The above result is similar to the equation (3.1) in the case of the axially symmetric
lens. The magnification p; and the coefficient n; in Fy., of equation (2.30) are also
rewritten as, p; = 1/|A\1As] and n; = 1/2 — sign(\y)/4 — sign(A2) /4.
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We expand T'(x,y) in Eq.(C.1) up to the fourth order of 7 as,

Tx,y) =1+ = ZTabxaxb—i- Z@ 00T (X, y)TaZpTe

abc

+—4 Z 0a000:04T (X5, y) oty + O(F°). (C.4)

a,b,c,d
Changing the variable Z, to z,, the above equation (C.4) is rewritten as,

T(x,y)=T;+ = 5 ()\121 + )\222 + Z Mape zozp2e + Z Nabed Zazpzeza + O(2°),

a,b,c a,b,c,d

(C.5)

where M. and N4 are defined by,

1
Mae = 2D 0:0.0;T(%},y) AutAeAey,

d787f

1
Nabcd = ﬂ Z aeafagahT(Xj>Y) AaeAbfAchdh'

e,f,9,h
Inserting the above equation (C.5) to (2.26), we obtain,
F(w’y) - sz /d2z’ exp [ { ()\121 + )\22 ZMabc Z;ZII)Z;

2m
abc

+ E Z Navea 25247070 + (’)(w_3/2)}] : (C.6)

a,b,c,d

where we change the integral variable from z, to 2/, = y/wz, and we use d*x =
det A d*z = d*z. We expand the above equation (C.6) in powers of 1/w as,

sz 2/7,)\z’2+)\z s
) = g [0 1 S
abc
2
1 1 Mo sl ol , N I, O (w32
w) 2 abeZqZpZe | 1 abedZaZy%c%q ¢+ O(w™7)
a7b7c a,b,c,d

(C.7)

The first term of the above equation (C.7) is the amplification factor in the ge-
ometrical optics limit Fj., in equation (2.30). The integral in the second term
vanishes because the integrand is an odd function of 2. The third term is the



leading correction term, being proportional to 1/w, arising from diffraction effect.
Integrating the above equation (C.7), we obtain,

where

i o )
Flw,y) = Z |,uj\l/2 <1 + EAj) e Ti=imny L O(w™?), (C.8)
J

15 [ M? My M Mg Mgy M3
A, = = 111 +3 11141122 +3 11 + 299
o2 (Allw M T AP AfAf?
Nllll N1122 N2222)
-3 + 2 + C.9
<\A1\2 e TP (C.9)

and A; is the real number.






Appendix D

Estimation Errors in the
Geometrical Optics Limit

To evaluate the estimation errors AM; ., Ay in the geometrical optics limit, we
consider the simple waveform

RECP) = (2 = a2 208 ) s (), (D.1)

where h oc A is the unlensed signal and Aty o< M., with three parameters v; =
(InMy.,y,In A). Then, the Fisher matrix I';;(é,j = 1,2,3) in Eq.(4.10) can be
analytically obtained as,

'y = (QWAtd)Q 1| (fﬁ‘fﬁ)>
0At,

L = An?At, =l | (FhIR),
I's = 0,
Y A P DL (el L (O g
2 = (” ay) =t (FRIFR) + 5 w( oy ) *\m( oy ) (hlh).
10
3

P U R ) (lh),
Y

Lo = (el + 1)) (ifh), (02)
and I';; = I';;. (h|h) and (fh|fh) in the above equation (D.2) are,

)2

Y

(i) = (53 = 4 [ 5o (i)
i) =4 [ 5o || (03)

The S/N is the signal to noise ratio for the unlensed signal h. The estimation er-
rors can be analytically obtained by the inverse of the Fisher matrix, AM, /M, =
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[(T79)11]Y2 and Ay/y = [(T71)9]"/2/y. Using the geometrical optics approxima-
tion, fAt; > 1, we obtain the errors with Eq.(D.2) and (D.3) as

M. |M+/~L | y -
y S/N o] |

The above equations (D.4) are used for the general lens model when the double
images form.

(D.4)

Estimation errors in the quasi-geometrical optics approximation

We evaluate the estimation errors in the quasi-geometrical optics approximation
for the SIS lens. We take into account the effect of the diffracted image formed at
lens center on the estimation errors. Then, the lensed waveform (D.1) is rewritten
as,

. 5, . .
) = (el 2 R s g e @nie ) hp), (D)
Msz
where p_ =0 for y > 1. 6. is defined as,
i 1
55 == S_WW for Yy < 1,
1 1
= ————— fory>1,

87 (y2 — 1)3/2

and t, = 2Mp.(y + 1)? for the SIS lens (see §4.4.2). The third term in Eq.(D.5)
corresponds to the diffracted image. The Fisher matrix I';;(z,7 = 1,2, 3) can be
obtained similar to equations (D.2) as,

Pu = AW || (FRIFR) + (2r)? 6. (t ) iy 2 i,

MLz M[%z

Ot S te Ot

[y = 47T2Atd d |u \ (fh\fh)+(27T|5c\)2M2 ay (hlh)
Lz

(5 8(5* -1 —-17

Mgza_(f hlfth),
Py = <Ll gy iy
13 — M% ‘ ’
o — (s IAL, 2| | (fRIfR) + 1 (9|u+| 2+ L (O] (h|h)
2 =\, ) M- 14| | \ Oy

a6, |?

i (f7'hlf~'h),

16| Ot.\" - - 1
2 < -
" < ﬂ—MLZ dy (hlh) + Mz,




5. 95%

P . .
Loy = 5 el bl (BIR) + -5 (717D,
N I A T
Do = (el + D) (hfR)+ 2o (b1, (D.6)
Lz
where (f7'h|f~'h) is defined as,
- _ d _
bR =4 [ gt (1| (D.7)

The estimation errors AMp, /M, = [(F_1)11]1/2 and Ay/y = [(F_1)22]1/2/y are
obtained from Eq.(D.6) as,

AA]\4Lz
MLz

Ay

Y

= X
S/N 1 9 172
Ly | o) 2 (8 c
R (a_yln e ) +16m2(0c | 375 <8_y In | 37 )
_ 2/y
S/N | |pyp—| d Pt 2 215 |2 2 8 t 212
a1+ (a_yln i ) +16m[0c]* 37 (a—y In | x5 )
(D.8)

for y < 1. If we set 6. = 0, the results in Eq.(D.8) coincide with the previous

results in Eq.(D.4). For y > 1, the errors is also obtained from Eq.(D.6) as,

AA]\4Lz

MLz

Ay

Y

(0/0y) Int. M.
0c(0/0y) In (tde/ s |V2) | = (f~2h|f—h)
M;,

0c(0/0y) In (tcde/|p4]'/?)

X = .
(f=thlf=1h)
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