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The Universe’s matter inhomogeneity gravitationally affects the propagation of gravitational waves
(GW5s), causing the lensing effect. Particularly, the weak lensing of GWs has been studied within the range
of the Born approximation to constrain the small-scale power spectrum. In this work, the validity of the
Born approximation is investigated by accounting for the higher-order terms in the gravitational potential
®. To do so, we formulate the post-Born approximation and derive the magnification K and the phase
modulation S up to third order in ®. We find that the average of S and K is nonzero and that the average of §
depends on the size of the point mass. Due to this size dependency, the signal is enhanced, and the number
of GW events required for detecting the average of S decreases. We find that this number can become
comparable to or even smaller than the number required for detecting the variance of S in certain scenarios.
In addition, it is verified that, for lensing by dark low-mass halos, the post-Born corrections are a few orders
of magnitude smaller than the Born approximation at f > 0.01 Hz. However, in the presence of the point
mass, there is a condition under which the Born approximation fails. We derive the correction terms to the
Born approximation and identify the condition under which the Born approximation no longer holds.
For the magnification, the Born approximation is valid as long as the wavelength of GWs is larger than the
Schwarzschild radius of lenses, while for the phase modulation, this condition is modified due to the

physical size of the point mass.
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I. INTRODUCTION

When light travels across the Universe, its trajectory is
bent by the gravitational potential of intervening massive
objects. This phenomenon called gravitational lensing (GL)
is quite useful in astrophysics and cosmology (e.g., [1-3]).
For instance, it can be used to measure the cosmological
parameters. It can probe the abundance of dark compact
objects.

According to general relativity, GL also occurs for the
gravitational waves (GWs) [4]. One notable feature of the
GL of GWs is that geometrical optics, which is a perfect
approximation in most cases for light, no longer holds for
GWs in some cases since the wavelength of GWs is
typically much larger than that of light and the diffraction
effect becomes important [5—7]. In such cases, wave optics
must be used to deal with the GL. In wave optics, contrary
to the geometrical optics where the starting point is the lens
equation, the lensing signal is represented by the so-called
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amplification factor defined as a ratio of the lensed wave-
form to the unlensed one (e.g., [8]). This quantity is a
complex number and all the information of the lensing is
encoded in it. Its absolute value and argument represent the
amplification and phase modulation of the lensed wave,
respectively.

In [9], GL of GWs caused by dark matter fluctuations
was studied. It was shown that there is a length scale of the
matter power spectrum below which the contribution to the
lensing signal is suppressed due to its wavy nature. This
scale, the “Fresnel scale,” depends on the GW frequency.
Thus, by measuring the lensing signal at multiple frequen-
cies and its frequency dependence, we can probe the matter
power spectrum at the Fresnel scale. This idea has been
investigated in more detail by updating the matter power
spectrum as well as adding the compact objects in [10].
In [11], it was shown that the lensing signal of the dark
matter fluctuations is hugely amplified by a massive object
located on the line of sight which itself causes strong
lensing.

When the lensing signal is weak, it is natural to keep only
the terms first order in the gravitational potential ® (i.e.,
Born approximation). The contributions of the higher-order
terms are expected to be suppressed compared to the
leading-order contribution. In geometrical optics, this has
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been explicitly demonstrated in [12-16]. One naively
expects that a similar conclusion can be drawn for the
case of wave optics.

In [9], the amplification factor sourced by the dark matter
fluctuations was obtained under the Born approximation
(thus the variance of the lensing signal is second order
in @). Typical magnitude of the amplitude and the phase
fluctuations was found to be O(1072 — 1073). Thus, the
lensing signal is weak and this would naturally justify the
validity of the Born approximation. However, there are
two issues that need to be investigated regarding the Born
approximation. First, although the post-Born corrections
are expected to be small, it is not known how much they are
suppressed actually. When the measurements of the lensing
signal become available in the future, quantitative compu-
tation of the magnitude of the post-Born corrections is
indispensable to correctly extract the matter power spec-
trum as well as to understand the level of the precision
under consideration. Second, the Born approximation used
in [9] apparently breaks down at large wave frequency since
the gravitational potential in the wave equation is associ-
ated with the frequency. Notice that this issue does not
appear in the geometrical optics since the lens equation is
independent of the frequency of light. While it is known
how the lens equation emerges in the wave optics, it is not
obvious how the breakdown of the Born approximation for
the large frequency in the wave optics is reconciled with the
Born approximation in the geometric optics. In this paper,
we take a first step toward addressing these issues by
extending the previous studies to next higher orders in the
gravitational potential. We first reformulate the wave
equation to make its structure more tractable. We then
derive the expression of the lensing signal up to third order
in the gravitational potential. Expansion to this order is
necessary to evaluate the variance of the post-Born cor-
rections. As we will demonstrate, the post-Born corrections
are suppressed by a few orders of magnitude compared to
the leading-order signal except in a high-frequency region.
Interestingly, when the post-Born corrections are included,
the average of the lensing signal does not vanish. This
average depends on the frequency in a nontrivial manner
and thus cannot be absorbed into the change of the
parameters characterizing the unlensed waveform. Our
analysis suggests an interesting possibility to make use
of the average of the lensing signal as an additional
observable to probe the matter power spectrum.

II. FORMULATION

A. Lensing signal beyond the Born approximation

In this section, we reformulate the wave equation and
show how the post-Born corrections are derived.
Throughout this paper, we assume that the gravitational
potential is small (® <« 1) and the Universe is flat. We also
ignore the polarization of GWs since the polarization tensor

in the geometrical optics is parallel transported along the
null geodesics [17] and hence the change of the polarization
tensor would be suppressed by a factor of O(®) and
observationally irrelevant.

The presence of mass fluctuation creates the distortion
on spacetime, causing the deviation from the Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric. This effect is
small in most of the astrophysical situations and it is a good
approximation to write the metric as [18]

ds* = gB,dx*dx”

= a’(n)[~(1 +2®)dn* + (1 =2®)dx?],  (2.1)
where 1 and x are a conformal time and a comoving
coordinate, and a(#) is a scale factor. If the wavelength of
GWs is much smaller than the typical radius of the
curvature of the background metric, the propagation of
GWs becomes the same as the wave equation of the

massless scalar field ¢: 9,(\/—¢® ¢ 0,¢) = 0. The expan-
sion of the Universe causes attenuation of ¢ as ¢ « 1/a.
We extract this effect by redefining the GW amplitude ¢ as
¢ — ¢/a. Then, the wave equation becomes [8]

(V2 + 0?)g = 40’ Do, (2.2)
in the frequency space. (}(w,x) is the Fourier transform of
¢(n.x)" and the higher-order terms in ® have been ignored.
It is common to represent the lensed waveform in terms of
the amplification factor, which is the ratio of the lensed and
unlensed waveform, namely, F = ¢/, [8], where the
unlensed waveform is given by ¢, = ¢’ /y in terms of
x> which is the (comoving) distance from the source. Using
the amplification factor F, Eq. (2.2) is rewritten as

oF 1
2io— +— V3F = 4’ ®F, (2.3)
d x
where the polar coordinate (y,0,¢) is used and

V2 =0%/00% + sin07'0/00 + sin029/d¢* is the two-
dimensional Laplace operator on two-sphere. In Eq. (2.3),
we have assumed GWs propagate along the line of sight and
are confined in the region 6 < 1. Therefore, V, can be
interpreted as the operator on a two-dimensional flat surface
perpendicular to the line of sight.

In order to evaluate the effects of the post-Born approxi-
mation, we find it convenient to deal with a new variable J
defined as F = ¢'®’. Using this new variable J, Eq. (2.3)
becomes

1

d i
————V2)J =20 VyJ)%. 2.4
(5-3273)7 TP (4

"It is defined by d(n,x) = f‘zl—’;’e‘i“’”g;ﬁ(a),x). Thus, @ is the
comoving (angular) frequency.
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This differential equation can be written as an integral
equation by Green’s function of the linear operator acting
on the right-hand side,

s w Y
J(xs,0) = /OX dy exp [17(}(’2)3) 9]

« (-2@(;(, 0) —#(VQJV), (2.5)

where W(y.y,) = )l(—ll In geometric optics, W(y,y,) is
sometimes called the lensing efficiency function [15]. The
change of variable to J allows us to partially take into
account the higher-order terms in the gravitational potential
which are not included in the previous studies [9,10,19].
Defining J(") as the term proportional to nth order of the

gravitational potential, /" can be calculated iteratively
order by order as

s 2
1) (y,.0) = A dyexp {i%}(—ﬂb(zﬁ)), (2.6)

J0(y..0) = — A d)(exp[ Otzxs)vz} (VI (1.0))?

V2
G)(y,,0) = — / " dyexp [iiw(’(’ﬁ) ‘9}
0

y VoJ W (r.0) - VyJ@ (r,0)
2
X

’

(2.8)

In the geometrical optics limit (i.e., large @), lim,,_, o, J) of
any n becomes real and the correction term at O(1/w)
becomes imaginary. Thus, lim,_ J is nothing but the
difference between the arrival time of the geodesic under
the influence of ® and the one without ®@. At the leading
order, this reduces to the standard expression of the Shapiro
time delay. At O(1/w), J gives the magniﬁcation in
geometrical optics. In particular, iwJ(") reduces to the
standard formula of the convergence (e.g., [1,2]).

In the literature, the Born approximation refers to the
approximation to truncate the expansion of F up to first
order in ®. Meanwhile, since our expansion is performed
for J, even the truncation at J(!) partially captures the
higher-order terms not included in the previous studies
(see also footnote 2). In spite of such a difference at the
conceptual level, there is practically no difference as to
whether the Born approximation refers to the first-order
truncation for F or J since the variation of F in the former
case is nothing but J(1),

Our aim is to investigate the leading correction to
the Born approximation of the lensing signal caused by
the dark matter fluctuations. To this end, we compute the
average and the variance of J and investigate how they are
affected by the post-Born approximation by treating @ as a
random variable. The average trivially Vanishes in the Born
approximation. Since the average of J(?) does not vanish in
general, we truncate the evaluation of the average at this
order. The leading post-Born correction to the variance
comes from the cross term J()J?) and thus it is O(®?).
This is nonvanishing only when @ is non-Gaussian. The
next leading correction, which is O(®%), remains finite
even when @ is Gaussian. Thus, the correction at O(®*)
may dominate over the one at O(®®) in some cases,
especially when @ is nearly Gaussian. Because of this
reason, we compute the variance up to O(®*). To make our
calculation consistent up to this order, we need to keep the
expansion up to J since the cross term J(VJ©) is O(®*).

For clarity, we define new differential operators (WV)(®?)
and (WV)©)

(WV)( W(Z Zs)vzlz + W(Zl Z)vm + W(Zz )() 62
(2.9)
(WV)S) = W(r, ) V10 + W3, Vs + W' 0 Vi,

+ W)V + W x') Vi, (2.10)

Using these notations, we obtain the following expressions
of J up to third order:

J<1)()(5,0):—2/% d)(exp[ ()“(S)
0

o d wv)@
1 (y,.0) = —2/” —f/ld)m / drzexp [zi}
o X Jo 0 2w

X VQICI)I . v‘gzq)z, (212)

®)(1..0) :_4/“11/ / /d;n/ dz»

:| v612(v01¢1 VBZ(DZ)

}cp(;( 0). (2.11)

xexp[(T
w

- V3 @s3. (2.13)
Note that ®; = ®(y;,0) and Vy; only acts on ®@; (when
there are more than two subscript numbers at the corner of
Vy, it means the operator acts on the gravitational potentials

that have the corresponding subscripts). J(!) corresponds
to the Born approximation and subsequent terms (J(?) and

(3)) are the post-Born corrections.
The information about the phase and the magnification
of GWs is encoded in the real and imaginary part of J,
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respectively. Conventionally, the phase modulation and the
magnification are denoted as S and K [9], and we follow the
same notation in this paper. S and K are related to J as

S(w) = wRe(J). (2.14)

K(w) = —olm(J). (2.15)
In this definition, the amplification factor is written as
F(w) = eK@eiS@) 2 As we have already pointed out,
the Shapiro time delay describes the time lag caused by
the gravitational potential. In the observation of GWs, the
Shapiro time delay is not measurable. Therefore, this
degree of freedom needs to be removed from the phase
modulation. We redefine the physical phase modulation as
Spn (@) _ S(o) tim S(w) .
0] 0  o-x @

(2.16)

From now on, the term phase modulation always means
this physical quantity even if it is not explicitly mentioned.
With these in mind, the phase modulation and the mag-
nification are then explicitly given by

2
s — _20,/)“ dy [cos {M} - 1]@, (2.17)
0 20

s V)2
st :_2“’/}( diz(/xd)m /Zd)Q{COS[(W ) } —1]
0o X Jo 0 2w

X VQICDI . ngq)z, (218)

sd dy' ! g
S(3)_—4a)/x _’2‘/1%/”%/1 d;(,/xd;(z
o X Jo 0o X~ Jo 0

wv)®
x [cos [( 5 ) ] - 1]V912(V91‘I’1 Vo ®,) - V3 @5,

w
(2.19)
s v2
K =20 /x dy sin {M]d), (2.20)
0 2w
s )
K(Z) =2w /X d—}z{/l d){l /X d){z sin |:(WV) :|
o X Jo 0 20
X Vo ®; - Vg @y, (2.21)

’In [9,10,19], F was written as F = 1 + K + i, then K and §
were obtained up to first order in ®, and finally, exponentiation
F =~ (1 +K)e™ was done. In our approach, the exponentiation
procedure is naturally incorporated from the outset by using the
variable J.

xsdy [r xdy' [ 7
KO =40 |7 d)(3/ —),(2/ d;m/ dy
o X Jo 0o X~ Jo 0

(WV)©)

X sin{ ]sz(vel‘l’l V@) - Vg3 @s.

(2.22)

S and K(") have been derived in the previous works [9,10]
and ours reproduce their results. To the best of our knowl-
edge, higher-order terms S, &) K K©G) are the new
results. In the high-frequency limit of Egs. (2.20) and (2.21),
the magnification computed from the above expressions
reproduces the result derived in [12—16] under the post-Born
approximation in geometric optics, which is demonstrated
in Appendix A.

B. Statistics of K and S

The situation we have in mind is the lensing caused by
the dark matter inhomogeneities randomly distributed in
the whole Universe. This means that the K and S behave in
a stochastic manner for individual GW events. Thus, the
comparison between the theoretical prediction and obser-
vation is possible only for the statistical quantities. This
motivates us to compute the average and the variance of the
lensing signal.

To this end, we first notice that, for the ensemble average
of the functions of the gravitational potential, the following
equations hold under the Limber approximation. For
arbitrary functions F(x), G(x), H(x), I(x) of differential
operator x, we have

(F(Vg1)®,G(Vg)@,)
=6 (x1 —x2) /%F(iZIkL>G(_i)(1kL)Pd>(kl’ll)7

(2.23)
(F(Vo1)®,G(Vgp ) D, H(V3)®D3),
d*k d*k
_ sD(, _ D(, 1L 21
=6"(n )(3)5 (12 )(3)/@”)2/(2”)2
X F(iysky )G (iysko )H(=iysky | — iysk, )
X Bo(kyy kyis ki +kaoyl ), (2.24)

(F(Vg1)@ G (V) D, H(Vy3)D31(Vis ) ®s).,
ki [ ks
=6"(v1 = x4)8" (2 — x4)6° (13 _)(4)/@/@
d’ks; . . .
X | —=—=5F(ixsk,1)G(iyskr 1 ) H (iysks.)
Gn)
X I(—iysky) —iyakoy —iysks,)

X To(ky koy k3, —ki —ky) —ks i, x1). (2.25)
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Here Pg, B, T¢ are the power spectrum, bispectrum, and
trispectrum of @, and (- - ). indicates the connected term.
They are characterized by

(®(ky. x)®(ky. y)) = (27)°6° (ky + ky) Poy (k. x).  (2.26)
<q~><k17)()q~)(k2,)()q~)(k3’)()>c
= (27)°6" (ky + ky + k3)Boy (k1. ko k3. ). (2.27)

<(b<k171)&)(1627)()&)0(37%)&)(k4’)()>c
= (27)36P (ky + ky + ks + ky) T (ky . Koy K3 Ky ),
(2.28)

where ®(k) is the Fourier transform of ®. With these
definitions, we are ready to derive the average and the
variance of the post-Born corrections, which we will
address in the following.

1. Average

At the level of the Born approximation, the average of K
and S is zero. This does not happen beyond the Born
approximation. Thus, the average of K and S fully represents
the effects of the post-Born corrections. The leading-order
correction is O(®?), and we evaluate (K), (S) at this order.
From Egs (2.18), (2.21), and (2.23), we obtain the following
expressions:

tsdy [r d*k
S>:2w/0 ){2/ d;(lﬁ/lzki

X (1 —cos [wk2]>l’q>(kl,)(l), (2.29)

ya

rsdy [x 4’k
K) :—260/ —)2(/ d)m)(%/ﬁki

X sin {wﬁ] Po(ki 1)

s (2.30)

At this stage, there are three things worth mentioning. First, it
is suggestive to rewrite the above relations in terms of the

filter functions F §2>, F 3?) as

xsdy [x dk
S _2/ / d//3 ) /
) A 2 =25
od
=—2/ 1/ Ay =2

where

FOIPy(k.y).

(2.31)

kSPq,(k )()

(2.32)

(2) 1 —cos kerF 2) sin k2 rlzg
Fg' = 22 ) Fg = 22
F F

(2.33)

and rp defined by r% = y'(y —x')/(wy) is the Fresnel
scale [9]. By writing in this way, it is manifest that the
frequency dependence of (S) and (K) is solely encoded in the
filter functions. These filter functions are suppressed below
the Fresnel scale k~! < rp. Physically, the filter functions
describe the diffraction effect that lowers the lensing signal
when the size of matter fluctuations is below this scale. In [9],
it was argued that (S?) and (K?) (within the Born approxi-
mation) are insensitive to the matter fluctuations below the
Fresnel scale. Our result demonstrates that a similar con-
clusion holds for (S), (K). Second, since, unlike in the case
of geometric optics, both (S) and (K) depend on the GW
frequency due to the frequency dependence of the Fresnel
scale, we can extract the matter power spectrum at the Fresnel
scale by measuring (S) and (K) at multiple frequencies and
how they vary as the frequency is changed. This suggests a
possibility that, in addition to (S?) and (K?), (S) and (K) can
be used as new observables to probe the matter power
spectrum at the Fresnel scale. Notice that, contrary to the
case of the cosmological perturbations where the average of
the perturbations is absorbed into the FLRW background, (S)
and (K) cannot be absorbed into the unlensed waveform since
(i) the frequency dependence of the average is different from
that of the unlensed waveform and (ii) each merger event has a
different unlensed waveform. Third, (S) is a positive definite
for any w. Thus, if the measurement of (S) gives a negative
value, we can robustly conclude that it is not due to the lensing
by the matter fluctuations but due to something else.

We also derive the expressions of the next leading-order
contributions to the average coming from the higher-order
statistical quantities (bispectrum),

<t [ 1 [

/dku (kiy-kis)Bo(ky ko ks, x)
(2”) kzukiz

X (1 —Cos {w (K3, + K2y + (kyy +kyo)?)

2wy
){ /
b= )ku ku] )
wxy'

= [T L ] e [

/dku (kyy-ki2)Bo(ky ky ks x)
(2”)2 kilkiZ ’

(2.34)

Nl —x3)
X sin [37/ (K1) + K, + (ky +k1o)?)
/
B =D ku] (2.35)
oy
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By incorporating the bispectrum contributions to the
average of S and K, we are able to assess whether the
effects of the non-Gaussianity terms on (S) and (K) are
significant.

2. Variance

In the same way, the rms of the magnification up to
fourth order in @ is given by

(K2) = ((K)2) 4+ 2(KDK®) 4+ 2(KKO) + (KO)2).
(2.36)

The variance of the magnification up to the same order is
then written as A% = (K?) — (K?))2. We define the post-
Born corrections to the variance as A% = (K3 ) + 2. In
this definition, it is possible that 6> < 0. As we mentioned
earlier, the third-order term in @ is necessary because it
couples with the first-order term. At this order, the result
will depend on whether @ is Gaussian or non-Gaussian.
In the diagrammatic language, the variance contains both
disconnected (02 4.) and connected (02 ) parts,

02 = 02 gc + 02 ¢ (2.37)
As for the disconnected part, we find that it consists of three
distinct terms,

5K2.dc = <(K(2))2>dc + 2<K(1)K(3)>dc - <K(2)>§c’ (238)
where the subscript dc should be understood that the
corresponding quantity is obtained by treating ® as a
Gaussian variable. The connected part also consists of three
terms,

O = 2KWK) + 2(KVKD) + (KPP (2.39)

o

The first term in Eq. (2.36) is nothing but the variance
in the Born approximation and has been already derived in
the literature [9]. For completeness, we will provide its
expression below. For the Gaussian variable, the n-point
correlation function is completely specified by the two-
point function, i.e., the matter power spectrum. Using this
fact, we find that each term can be written as

w0 [ 8

(K P)oe= (KON 1607 [ % [*2
[()(sz )(1))(1k ()(s

s

XX 0

s =
k?
xsm[ 2w LT

N

X sin 1.+

s

X)(])(z(ku 'ku) Po(ky1 )P (k).

Vd
:—160)2/)1 ){A / d){]/ d){z/

(s —x2)12 @

20 oY

- X202 2
2/},,3'60 21

~sin { : sCU) k2:|P(I)(kl) (2.40)

d)( 1 dy»

)(2))(2 ()(v - ))(1)(2 =202y ku}
(s

.
. X ))/mm ki 'ku]
wy

S,

2
kZJ_

(2.41)

XSlI’l|: 2 w

2y @

X (rix3(kiy kot )* + xixakt (ki g ko) ))Po(kiy)Po(kay).

As these expressions show, the computation of dg2 4
requires multiple integrations in eight variables. Among
these eight variables, the integral with respect to the
angle between k| and k,, can be analytically performed
and the result is written in terms of the Bessel functions.
Thus, practically, the number of variables in the integration
is six. The concrete expression of 2,4, which we will

] in [()( — X212 @+ (){ —))(( ))/(1)(2 ki ok b (x —);1 1 kﬁ]

(2.42)

I
evaluate numerically in the next section is given in
Appendix B.

The connected part 62 . given by Eq. (2.39) comes from
the non-Gaussianity of the matter fluctuations: the matter
bispectrum, trispectrum, and so forth. The first term in
Eq. (2.39), which is O(®%), is written in terms of the
bispectrum as
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<K(1)

X sin

[(){sz VEVE (

s

X (ki1 Ky  )Bo(kii ko,

I, +hk3,)+

ki, +kyl).

s dy d’k d’k,, . s— X3
/ / dysx 3/ IL/ u sin w Zw;(S) ks + ko 2

()(s _)())(3 le 'k2L:|
wxsx

(2.43)

The other two terms, which are O(®%), are written in terms of the trispectrum as

<< ( :—Sa) /)(sd){/ / ){Z /dzle dszL/de?aL
0 i 2r)?* ] (2x)?

xsin{
S

X sin
{ 20y

X (kyykoy )lksy - (kyy kot +ksy )| To(ky Koy ks, ko —ky — ks ),

Qs _){ ))(4 |k1 +ki|2 ()(_)54»(4 (k%J_+k%J_):|

brs =20 ki, +kyy [* + w(k + ki ko +k3¢|2)]

2wy

2wy’
(2.44)

MVCIL +ky k3 P+ b -

X -1
4k2£|‘<){ ) k) + ko, |? td

7 d Phy, [k, [ Phay | [(r -
/ )(/ / Ay 4/ u/ u/ 3; Sin {(Z 2a)is ki +kyy +k3J_|2]
0 (2”) zw)(s

xsin[

In order to evaluate the connected part, we need to
determine the bispectrum and the trispectrum of the matter
fluctuations. In this paper, we only focus on the lowest-
order term in the non-Gaussianity part, which is the
contribution from the bispectrum.

The above formulation is for the variance of K. The
variance of S can be formulated in exactly the same manner.
The quantities of S corresponding to Egs. (2.40)—(2.45)
are obtained by replacing all the sine functions as
sin(--+) => 1 —cos(--).

III. HALO MODEL

Our results in the previous section are described by the
power spectrum and bispectrum of the potential Py (k, ¥)
and Bg(ky, ks, k3, ). As mentioned, the bispectrum is the
only term considered in this paper to capture the non-
Gaussianity. In the actual computations of the average and
the variance of S and K, we need the spectra of matter
instead of the gravitational potential and they are obtained
through the Poisson equation,

Ps(k, ),

3H}Q,\? 1
") G.1)

Pd)(k’)() = < 3 az()()k4

2wy : 2wy
X (kyy ki )[(kyy +koy) ks Tk ko ks —ky —ky —ks)).

/
—Xa)x
IR

20y 2w
(2.45)
|
B¢(k17 k27 k:%,’{’)
3H3Q,\ 1
- B . 2
( 2 > a3()(>k%k%k§ §<k1’k27k37},/) (3 )

The precise dependence of the matter power spectrum at
a small scale, which is important for the frequency range
of our interest, is very difficult to compute from the first
principle due to complex physical processes such as
baryonic physics. To circumvent this issue, we adopt the
formulation of the halo model described in [10] which
provides a useful phenomenological approach with rea-
sonable computational costs.

While it is advisable to refer to [10] for more detail, we
would like to give a brief summary of their findings.
In [10], the power spectrum was computed using their halo
model, which incorporates subhalos and baryonic matter
such as galaxies and stars. Their model’s power spectrum
shows a close match to the one computed through hydro-
dynamical simulations within the range covered by the
simulation (k < 30h Mpc™!), confirming the reliability of
the model at least within this range. Then, they compute the
power spectrum at an even smaller scale (up to as small as
k ~ 108h Mpc~!) with their halo model assuming that the
halo model approach provides a reasonable estimation of
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the power spectrum. Under this assumption, they found that
the power spectrum at k ~ 10%% Mpc™! is predominantly
determined by the two components: dark low-mass halos
(1h"'M o < M < 10*h~' M g, no stars within them, thus dark)
and the point mass (ordinary stars, neutron stars, and black
holes which causes the shot noise in the signal). Considering
that the weak lensing effect on GWs is highly sensitive to the
matter power spectrum at the corresponding scale [9], they
show that, within a certain frequency range of GWs
(10 £ f £ 100 Hz), the lensing dispersion is also sensitive
to the abundance of dark low-mass halos and primordial black
holes (point mass) and can be used to probe them.

Following their result that dark low-mass halos and the
point mass are important, we only focus on their contribu-
tions to the matter power spectrum and bispectrum, and we
ignore the effect from other sources such as the density
distribution within a galaxy. In addition, we separately
compute the lensing signal from the halos and the point
mass (shot noise) for the following two reasons. First, the
power spectrum and bispectrum for these two components
exhibit different characteristics (the power spectrum with
subhalos included is strongly suppressed at small scales,
while the shot noise contributes to all scales of the spectra
equally). By analyzing their effects separately, we can gain a
clearer understanding of the individual contributions.
Second, there is a technical aspect to consider. While
analytical computations can be partially carried out for the
shot noise contribution, full numerical computation poses
challenges due to rapid oscillation in the integration proc-
esses. On the other hand, the subhalo contribution cannot be
evaluated analytically due to the lack of a simple analytical
form for the power spectrum and bispectrum, leaving
numerical calculations the only option. Consequently, sepa-
rating the calculation of these two components allows us to
effectively address the computational challenges associated
with each contribution (the contribution from the shot noise
is separately studied in Sec. IV E).

Following [10], we estimate the effect of subhalos by
computing the analytic subhalo mass function based on the
extended Press-Schechter theory with the tidal stripping
and the dynamical friction effects included.

Figure 1 shows the matter power spectrum used in this
paper evaluated at z = 0, 1 (solid line). The dotted lines are
the power spectrum without the subhalo contributions,
illustrating the enhancement of the small-scale power
spectrum due to the subhalos. We also show with the red
dashed lines the power spectrum computed by the halofit
model [20]. Halofit is a fitting formula whose functional
form is motivated by the halo model and is calibrated against
the N-body simulation at k < 302 Mpc~'. The halo model is
indeed consistent with the fitting formula within the cali-
bration range. Note that, in this figure, the vertical axis is
scaled k*Pg(k) as this is the contribution to gravitational
lensing per log k. At k ~ 10722 Mpc~!, a slight hump can be
observed. This scale represents the peak of the linear power

10* :
—— w/ subhalo
—_ 3 z2=0 —== Halofit
& 10° oL smooth halo 3
2 ~~~~~~ == shot noise
= 10°} - !
I - S N /
= -
= 10}
A
« 0
= 10 .
10_1 | | ] R
10 10° 10° 10* 10° 10°
k[/(h~"Mpo)]
FIG. 1. The power spectrum for the halo model with subhalos

included (solid) is significantly enhanced by the presence of
subhalos at small scales compared to the power spectrum of the
halo model without subhalos (dotted). At large scales, the halo
model is fairly accurate with the halofit (red dashed). The halofit
is a fitting formula given in [20] whose parameters are calibrated
on the N-body simulation results at k < 30k Mpc~!. The shot
noise effect (compact object with mass 0.5M , and mass fraction
fp» =0.01) on the power spectrum is illustrated by the dash-
dotted line emerging at k ~ 10°42 Mpc™'. The hump seen at k =
1072-10"'h Mpc~! represents the peak of the linear power
spectrum, while the peak at k ~ 10'h Mpc™! represents the scale
of the biggest halos considered in the model.

spectrum, while the peak observed at k ~ 10h Mpc™! indi-
cates the scale of the largest halos. As the scale moves toward
the lower side (high k), the power spectrum decreases as the
contribution from the larger halos (halos whose radius is
greater than the scale of interest) becomes less and less
significant. The dash-dotted straight line emerging at k =
10%h Mpc~! represents the shot noise effect due to the point
mass. The shot noise is evaluated using a simple model,
where all point masses are the same type of object and are
randomly distributed throughout the Universe. This model
does not take into account the time evolution of the point
mass either. The power spectrum based on this model is
simply given by a constant Py, = f f, /i, where f, and 71 are
the mass fraction of the point mass to the total matter and the
number density of the point mass, respectively. In order to
compute 7i, we use the relation pQ,,f, = m, i, and Hg =
S”TG/') with mass m = 0.5M and mass fraction f, = 0.01.
The fiducial value of f, is consistent with the measured
abundance of stars [21].

Next, we would like to provide an approximation
formula for the power spectrum,

K\ 7t i
Ps(k,y) = Ps(ko. x) % =B(p)k”. (3.3)

This is equivalent to the Taylor expansion of log Ps with
respect to log k and is useful to approximately evaluate the
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asymptotic behavior of the average and the variance of §
and K (particularly, &g 4., the correction term to the
variance of the phase modulation). &, is an arbitrary scale
around which P(k,y) is expanded, thus we can take
ko = /How ~ 1/(Fresnel scale) so that the variation of
the power spectrum around the Fresnel scale is properly
evaluated.

In addition to the power spectrum, we also need to
evaluate the bispectrum for calculating the lensing
dispersion. In the halo model formulation, the total bispec-
trum is the sum of so-called 1-halo, 2-halo, and 3-halo terms,

Bs = Biy + Boy + Bin. (3.4)
where each term is calculated by following the formalism
presented in [22]. Since we are interested in the small-scale
bispectrum, we need to incorporate the subhalo contribution
to this expression. To do so, we follow the formulation
in [23], where the 1-halo term is separated into seven
terms as
BIH:BSSS +Bssc +lec+BSZC +Blc+B2c +B3C' (35)
The notation used here is the same as the one in [23] (s and ¢
mean smooth and clump, respectively). We evaluate each
term using the same mass function and density profile of the
subhalos in [10].

Note that we have ignored the contributions from
subhalos to the 2-halo term and 3-halo term.

The rationale for this assumption is as follows: The
2-halo term refers to the three-point correlation involving
two points from the same halo and the third point from a
different halo. In the case of an equilateral or flattened
configuration of a triangle, this term becomes subdominant
compared to the 1-halo term. For instance, when k4, k,, and
ks are equal (equilateral), and their corresponding scales are
smaller than the size of a main halo, the 2-halo term is
significantly suppressed due to a very small correlation
between these two halos. However, the 1-halo term remains
relevant because of the matter density fluctuation and the
presence of subhalos in a main halo. The only triangle
configuration where the 2-halo term becomes relevant is
when the scales corresponding to k; and k, are of the order
of the halo size, while the scale corresponding to k3 is much
larger than the size of a main halo. In such cases, the
contribution of subhalos can be ignored because, at scales
much larger than the size of a main halo, even the main
halos can be treated as point mass objects. Similar con-
siderations can be made for the 3-halo term. The 3-halo
term only becomes relevant when the scale corresponding
to ky, ky, and ks is significantly larger than the size of a
main halo. In such cases, the structure of individual main
halos becomes irrelevant.

In Fig. 2, we show the bispectrum evaluated at three
different configurations (equilateral, flattened, and squeezed)

and two different redshifts (z = 0, 1). The squeezed con-
figuration is set to k; = ky = k, k3 = 0.01k. The solid
(dotted) lines show the bispectrum with (without) subhalos.
The red dashed lines are the BiHalofit model given in [24]
(a fitting formula for the matter bispectrum calibrated on the
simulations at k < 30h Mpc™'). The trend observed in the
bispectrum is the same as the one in the power spectrum:
The inclusion of subhalos enhances the small-scale bispec-
trum, while the large-scale behavior (the small hump
representing the peak linear bispectrum and the peak
representing the largest scale of halos) is compatible with
the fitting formula. However, there is a notable difference
from the power spectrum which is intrinsic to the bispectrum.
In one squeezed configuration (k1 = k2 = k, k3 = 0.01k), it
is observed that the subhalo enhancement to the bispectrum
has the peak at k; = k, ~ 10 and k3 ~ 10h Mpc~'. This
represents the correlation within the main halo where the
larger scale corresponds to the scale of the largest halos,
while the smaller scale involves the subhalo scale. The
straight dash-dotted lines are the shot noise effect, which is
calculated by assuming that it is given by a constant By, =
f3/n* withm = 0.5M and f,, = 0.01. Precisely speaking,
the shot noise effect on the bispectrum contains not just the
constant term, instead, it is given by [25]

3
f_ff(Pé(kl) + Ps(ka) + Ps(k3)) +%,

Bshot = (36)

where P§(k) is the power spectrum without the shot noise
effect. In fact, the first three terms in Eq. (3.6) come from the
coupling of the non-shot-noise effect and the shot noise
effect. However, as mentioned earlier, we treat the shot noise
separately, and the isolation of the shot noise from the rest of
the terms results in ignoring the coupling terms.

Up to this point, we have assumed that the halo model
can be a reasonable estimation for such a small scale as
k~ 10h Mpc~!. However, it is not clear whether the
uncertainty of the spectra based on the halo model is
reasonably suppressed even at scales much smaller than the
ones covered by the simulations. Since our aim in this paper
is to provide formalism to compute the post-Born correc-
tions given that the matter power spectrum and bispectrum
are properly evaluated, we simply take it for granted that
our matter power spectrum and bispectrum models are valid
at all scales.

Thus, the numerical values of the post-Born corrections
that will be given later should not be understood as the robust
quantitative prediction of the post-Born effects.” Once the

*In addition to the uncertainty of the matter power spectrum
caused by the use of the halo model, there are other types of
uncertainties coming from our ignorance about the microscopic
properties of dark matter and primordial power spectrum on small
scales, both of which affect the shape of the matter power
spectrum at small scales.
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k4B (k, k. K)[(h~*Mpe)]

—_— W/ subhaloi"z...., )
---BiHalofit
......... smooth halo

== shot noise
I I

107 10° 10 10* 10° 108
k[/(h~"Mpc)]

(a) Equilateral

k*B(k, k,0.01k)[(h~*Mpc)?]

107 10° 10 10* 10° 108
K[/(h~"Mpc)]
(c) Squeezed

FIG. 2.

k4 B(k, k, 2k)[(h~'Mpc)?]

k[/(h~"Mpc)]
(b) Flattened

In all configurations of a triangle [(a) equilateral, (b) flattened, (c) squeezed)], the halo model with subhalos (solid) is

significantly enhanced at small scales compared to the smooth (without subhalos) model (dotted). At large scales, the halo model is
fairly consistent with the BiHalofit model [24] (red dashed) in all configurations at different redshifts (z = 0, 1). The shot noise
(dash-dotted) becomes relevant above k ~ 10”h Mpc~!. In this squeezed bispectrum (k, = k, = k, k3 = 0.01k), there is a peak at

k ~103h Mpc~! due to the subhalo enhancement.

correct matter power spectrum and bispectrum are obtained,
it is straightforward to evaluate the post-Born corrections by
using the formulation given in this paper. We emphasize that
our general conclusion that the post-Born corrections are
subdominant compared to the Born approximation remains
unaffected by the refinement of the matter power spectrumin
the absence of the shot noise.

The cosmological parameters we use to compute the halo
model, as well as the lensing dispersion, are & = 0.6739,
Q,,=0.3147,Q, = 0.6888,n, = 0.9665,and g = 0.8102.

IV. POST-BORN EFFECT ON S AND K

A. Numerical computation

In order to evaluate the lensing signal, it is essential to
compute the multivariable integral over a considerably wide
range for highly oscillatory functions. To achieve this, we use
the Monte Carlo algorithm to compute the lensing dispersion.
We ensure that the error of our calculation is smaller than

10% by progressively increasing the number of sample
points until the fluctuation in the results is less than 10%.
In the case of (S®)) and (Spo,S?)), which exhibit a slow
convergence rate, the computation error is ensured to be less
than 30%. Additionally, we assess the impact of the inte-
gration range on the final result by varying its width and
we confirm that the results remain unchanged (the default
integration range is setto 107*4~! < k < 1024 Mpc™!). By
undertaking these checks, we can guarantee that the results
are indeed converged. We have to keep in mind that the error
in our calculation, which we estimate to be 10%, arises
from the slow convergent rate of these integrals. Thus, this
number cannot be interpreted as the error of the actual
observed S and K.

B. Born approximation

For completeness, we first evaluate the variance of S
and K under the Born approximation. Formally, (K3 ) is
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given by Eq. (2.40) and (S3,,,) is given by the same
equation with the sin function being replaced with 1 — cos.
In Fig. 5, we show (S3,,) as a function of f with the
corresponding Fresnel scale 1/7x = \/Hyw represented by
the second horizontal axis at the top. Irrespective of the
source redshift, (S3_ ) exhibits a general behavior pertain-
ing to the power spectrum. As the frequency increases
from f = 107'8 Hz, it initially rises and forms a hump
around f = 10~" Hz (k ~ 1072k Mpc~!). It then reaches a
peak at f=10""" Hz (k~10'2 Mpc™!) and gradually
decreases as the frequency moves toward higher values.
As seen in Fig. 1, these scales correspond to the peak of the
linear power spectrum and the largest scale of the halos,
respectively.

In order to understand this feature, let us write (Sg,.) in

terms of the matter power spectrum as

3H2Q,\2 [n dy [ dk
SZ —4 2 0=%m / /
< Born> w ( 2 ) 0 020() 271'k3

(1= cos [ 2222 ). o)

2y @

The integration over k is dominated by the integrand around
the scale where the argument of the cosine function becomes
O(1). Thus, approximating P at that scale as a single power

1/75[/h ~Mpc]

2 m) & '7%, which
explains the behavior of the purple curve in Fig. 3 and the
reason why it reflects the matter power spectrum at the
corresponding Fresnel scale. Notice that the Taylor expan-
sion of the cosine in 1/w in the high-frequency regime,
which naively gives the scaling (S3_,.) o w2, does not
make sense due to the divergence of k integration stemming
from the coefficient of w=2.
The fact that the scaling of (S3_,.) depends on b is one of
the advantages of the weak lensing of GWs as the
measurement of the frequency dependence of (S3 ) at
a detectable frequency range of GWs provides a direct
probe of the slope of the matter spectrum at small scales (as
small as or smaller than k ~ 103-10°2 Mpc™).
The orange solid line in Fig. 6 shows (K3 ) as a
function of f with the corresponding Fresnel scale at the
top. Contrary to the phase modulation, the variance of K
approaches a constant value in the high-frequency limit,
which is nothing but the variance of the convergence « in
geometrical optics. Also, we can observe a hump at
f ~ 107" Hz in the same way as the phase modulation.
At frequencies below f = 107!! Hz, (K3 ) decreases as
the frequency is lowered. In order to understand this
feature, let us write (K3 ) in terms of the matter power

Born
spectrum as

law P; o kb, we find the scaling (S3

1/78[/h ~*Mpc]

L, 100 10" 100 100 10 10> 10" 100 100 10° 5
10 : : : : : : : : : ——10
10" zs =1
o 10°
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s
S I
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FIG. 3. Itis clear that (S®)) (green) is a few orders of magnitude smaller than (S®)) (cyan), confirming the validity of using (S(®))
as an approximation of (S). In both figures, (S®)) experiences a hump at f ~ 10~"° Hz (k ~ 10~k Mpc~") and reaches the peak at
f~10""" Hz (k~10"h Mpc™"), tracing the behavior of the power spectrum. (S®)) also exhibits a similar behavior (the hump at
f ~ 1071 Hz and the peak at f ~ 10~'! Hz). However, the change of signature at f ~ 10~ Hz seems to be a reflection of enhancement
on the squeezed bispectrum caused by subhalos. The solid (dashed) line indicates the +(—) value.
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3H2Q,\? [z dy dk
K2 =4 2 0=%m / /
Kom) = 40 ( 2 ) o a(r)) 22k’

x sin? {M kz] Ps(k,y).

4.2
ZZSO) ( )

The difference between the magnification and the phase
arises from the difference in the filter function. As
mentioned above, (S3,.,) is predominantly determined
by the power spectrum at the Fresnel scale due to the
filter function being relevant only when k is comparable to
the Fresnel scale. On the other hand, the filter function for
(K%,.,) indicates that it provides relevant contributions
whenever the argument of sin(---) is comparable to or
smaller than unity. Thus, (K3.,,) computes the weighted
sum of the power spectrum at all scales above the Fresnel
scale. For this reason, the magnification in wave optics can
be viewed as the convergence in geometric optics with
the smoothing radius being replaced by the Fresnel scale.
Since the scale above the Fresnel scale contributes to the
magnification, the strong lensing due to galaxies might
cause relevant effects, even if the Fresnel scale for typical
GWs (k ~ 101 Mpc?) is much smaller than the size of a
galaxy (k ~ 103h Mpc~3). However, as partially mentioned
in [10], the removal of strong lensing by galaxies allows us
to extract the underlying lensing signal primarily due to the
dark matter halos and the point mass.

C. Average

Having understood the behavior of the magnification and
phase modulations in the Born approximation, let us proceed
to the post-Born corrections. The cyan curve in Fig. 3 shows
the nontrivial leading-order term of (S)(= (S®)) and the
green line shows their non-Gaussian correction (S®)). They
are both shown as a function of GW frequency f and are
numerically computed based on Egs. (2.31) and (B15)
combined with Egs. (3.1) and (3.2). The source redshift is
taken to be z; = 1 for the left and z = 3 for the right. As
mentioned in the previous section, (S)) should be always
positive and our numerical result also confirms this property.

Figure 3 implies that (S) shows close similarities to
(S%om): it has a hump around f = 10~"° Hz and a peak at
f = 107! Hz, representing the hump and peak of the power
spectrum as (S3.) does. Based on the same analysis, we
found that (S®)) scales as w>~?)/4, thus, the scaling behavior
is the same as (53 ) as well as (S®)) and (S, ) having the
same order of magnitude (S) ~ (Sg,..). We also evaluate
(S3)) (the correction term to (S)) that originates due to the
bispectrum contribution. (S®)) is shown to be about 2 orders
of magnitude smaller than (S®)), which guarantees that the
correction to (S) due to the non-Gaussian effect is negligible
and the estimation of (S) solely by the power spectrum term
is still reliable.

Based on the result of (S3,.) and (S?)), it is expected
that the frequency dependence of (S®)) also reflects the
behavior of the bispectrum. Indeed, (S©®)) traces the general
behavior of the bispectrum: it initially increases with a
small hump at f = 107" Hz and reaches a peak at
f = 107" Hz, after which it decreases. However, there
is a frequency scale at f ~ 10~7 Hz (corresponding Fresnel
scale is 10°~10°h Mpc~!) where the signature of (S©))
flips. Our numerical computation reveals that this change of
signature (S©)) is attributed to the squeezed bispectrum.
Nevertheless, the precise influence of different squeezed
bispectrum configurations, such as the ratio of the larger
and smaller scales, on the change of signature has not
been elucidated yet. However, it is worth noting that this
scale significantly exceeds the scale of our interest
(f ~0.01-1000 Hz) and would also be predominantly
influenced by galactic structures. For this reason, the
specific behavior of (S)) around this frequency is not
particularly relevant in our analysis compared to the scale
around f ~ 1 Hz. Also, as we will see later, the hump in
(8G)) at f ~ 10715 Hz is relatively smooth compared to the
hump seen in g ., though its specific physical meaning is
unclear to us yet.

The olive curve in Fig. 4 shows the nontrivial leading-
order correction to (K), while the brown dashed line is the
next leading-order contribution. As observed in (K3,,.),
(K) initially increases and approaches a constant.

We find that (K) is always negative within the frequency
range of our calculation, which is not obvious from the
formulation of (K). Although the exact reason for this
negative sign is still unclear, a similar result appears in
geometric optics. In geometric optics, the mean conver-
gence (k) is shown to follow the simple relation
(k) = =2(k?) < 0, hence negative, as demonstrated ana-
lytically [26] and in N-body simulation [27]. Since K is
reduced to the convergence « in weak lensing when taking
the geometric optics limit (w — o), (K) should be neg-
ative, at least when @ — oo is taken.

While (K®)) (the correction to (K)) also shows similar
behavior to (K?)), it is smaller than (K®)) by about 2
orders of magnitude. Similar to the case of (S), the
correction to (K) from the non-Gaussian effect is small,
and therefore the estimation of (K) solely by the power
spectrum term is reliable.

D. Variance

Before discussing the significance of the post-Born
corrections to the variance solely due to the presence of
the dark matter halos, it is important to clarify that we have

4By performing integration by parts for the integration over y,
in Eq. (2.30), we can verify that (K) and (K3,,) derived in this
paper reproduce the relation (K)= —(K3,,) in the high-
frequency limit.
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) (brown) approach a constant value as the frequency increases. Since (K (3)> is more

than an order of magnitude smaller than (K()), it is reasonable to use (K(®)) as an approximation of (K). At the low end of these figures,
K®) decreases more rapidly than (K(?)), indicating the small non-Gaussian effect at large scales. We can see that the hump also exists
(f ~ 10715 Hz) for the average of K. The solid (dashed) line indicates the +(—) value.

successfully calculated the post-Born corrections numeri-
cally for almost all cases using the expressions for &g 4,
02 ¢» Ok2 gc» Og2 o Presented in Appendix B. However, there
is one case that poses computational challenges when
computing the Gaussian correction to the phase Jg g4,
particularly above frequency f = 10~7 Hz The reason for
this difficulty arises from the cancellation of significant
digits. Specifically, ((S®))?)4. and 2(SMS®) . in dg 4
have very similar values but differ in their signature at high
frequency, causing the cancellation of almost all contribu-
tions from each term and leaving very small differences. It
is known that, in geometric optics, the translation invari-
ance of the correlation functions plays a key role in this
type of cancellation for K [12-16]. To overcome this issue,
we employ an alternative approximation method to obtain
Og 4. at frequencies above f ~ 1077 Hz. In Appendix C, we
develop a method to approximately obtain Jg2 4. given the
power spectrum following a singe-power law at high wave
number. On the other hand, the power spectrum can be
approximated by a single power law around an arbitrary
reference scale k, using Eq. (3.3). Due to the expectation
that the power spectrum at the Fresnel scale dominates the
contribution to dy2 4., we chose the reference scale to be the
approximated value of the corresponding Fresnel scale,
namely, ky = \/Hyw. By utilizing the approximated power
spectrum, which takes the form of a power law around the
Fresnel scale and our developed computation method, we

can effectively compute dg 4. with reasonable accuracy
using the following expression:

H3Q,, s v WAoo 1
052 4o = < )/ Xl/dz (Xl )12

)a*(x2) (27)?
{B(Zz) IzW(Zz,)(s)] 31
w? 0

dk1k1pa(k1,)(1)[ )

x<1—2§)r<1 b;>sm{bz]+(1ez)} (4.3)

where b, = b(y,) and B(y,) are calculated using Eq. (3.3).
Note that, in analyzing the frequency dependency of Jg2 g4,
it can be regarded as a constant with respect to the
variations in y due to the relatively small variation of
b(y) with changing y.

Figure 5 shows the variance of § including the Born
approximation (S3 ) and two types of post-Born correc-
tions (Gaussian dg 4. and non-Gaussian &g . with the
non-Gaussian correction only containing the bispectrum
contribution). The source redshift is taken to be z, = 1,3
for the left and right graphs, respectively. This result
suggests that the post-Born corrections to the variance of
S are subdominant at all frequency ranges considered in the
paper. Also, it implies that the smallness of the post-Born
corrections remains valid regardless of whether the matter
density is Gaussian or non-Gaussian, as long as the
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FIG. 5. In the frequency range of our interest f > 0.01 Hz (k ~ 1034 Mpc™!), (S%,.,) (purple) is more than 2 orders of magnitude
larger than both dg 4. (blue) and &g . (green), showing that the Born approximation remains valid under the halo model. In this
frequency range, the post-Born corrections &gz 4, and 8¢ . mainly enhance the amplitude of (3, ), which is interpreted as the effect of
the halos being distributed unevenly. While (S3,,) and 8 . show the hump and the peak at f ~ 107> Hz (k ~ 10°h Mpc~!, the scale
corresponding to the peak of linear spectra) and at f ~ 10! Hz (k ~ 103k Mpc™!, the scale corresponding to the size of the largest

halos), 5 4. changes its signature multiple times in this range. Also, at f ~ 10~ Hz, there is a sudden change of the slope of 02 ¢»

respecting the effect of the enhanced squeezed bispectrum by subhalos. The solid (dashed) line indicates the +(—) value.

contribution to the variance is primarily attributed to the
dark matter halos. Note that the computation of 5 4. using
Eq. (4.3) is reliable as it nicely coincides with the result of
the numerical computation of 5 4. at f ~ 1077 Hz.

The behavior of 52, is drastically different from (S3.)
below f = 10~ Hz. While (S3,,,) exhibits a hump and
peak at f = 1071 and f = 10~!'! Hz, the Gaussian cor-
rection dg 4. changes its signature multiple times in this
region. On the other hand, the non-Gaussian correction J2
shows generally the same behavior as (S§,,): it increases
with a small hump at f ~ 10~'> Hz and reaches the peak at
f = 107! Hz, after which it gradually decreases. However,
there is a frequency scale at f = 10 Hz corresponding
to k~ 10*h Mpc™"' where the behavior of 8¢ . changes.
Similar to (S©®)), it appears that this change of behavior
represents the effect of subhalos through the dependence of
(8G)) on the squeezed bispectrum. Moreover, by compar-
ing Figs. 3 and 5 at f ~ 10~ Hz, it is clear that the hump
observed in Fig. 3 is relatively less prominent than the one
observed in Fig. 5.

Since the frequencies f ~ 107! and f ~ 10~!'! Hz cor-
respond to the peak that appears in the linear spectrum and
the scale of the largest halos in the halo model (b ~ 0 and
b ~2 for each scale), it is suggested that 5 4. encodes
information about this scale. In fact, Eq. (4.3) partially

captures this behavior. For example, the sine function in
Eq. (4.3) enforces this term to be suppressed when b ~ 0.
Note that this estimation should not be taken too seriously
as Eq. (4.3) cannot be used when b < 2. In addition,
identifying the exact scale is also challenging since the
error of the numerical calculation inevitably increases at
this specific frequency. Thus, further investigation is
needed for understanding the more precise property of
Og 4o at around this frequency.

On the other hand, the frequency above f = 10~ Hz
provides important physical insight. By examining the
frequency dependence of §g 4. in Eq. (4.3), it is clear that
852 e scales as @' /2, the same scaling property as (S3,,.).
The underlying reason for this scaling can be understood as
follows. In the case of (S ..), the main contribution arises
solely from the power spectrum (thus two-point correlation
function) evaluated at the Fresnel scale. However, as
Eq. (4.3) implies, the main contribution to &g 4. comes
from the product of the power spectrum evaluated at two
scales: the Fresnel scale and the scale that primarily
contributes to | dkkP (k). This leads to the power spectrum
evaluated at the Fresnel scale producing o'~%/2, while the
other one contributes mainly to the amplitude of d¢ 4.

The significance of this cross term contribution is that
information about large-scale density fluctuation is encoded
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in the variance of S through higher-order terms. The above
discussion about the behavior of the Gaussian correction
Og g. immediately implies that the correlations between
density fluctuations at the Fresnel scale and much larger
scales are the main contributing factor to &g 4.. Physically,
this correlation arises from the fact that small-scale density
fluctuations are more likely to grow in regions with a high
matter density (i.e., large-scale density fluctuations are
significant). In fact, the main contribution to the non-
Gaussian correction Jg2 . at high frequencies also comes
from this correlation, since ég .. is particularly affected by the
squeezed bispectrum, which is by definition the correlation
between large- and small-scale density fluctuation.

In order to understand this effect more intuitively, let us
consider a universe in which lensing only occurs by dark
matter halos. In this case, (S, ) fails to capture the uneven
distribution of the halos. The rationale for this is that (S )
is solely determined by the abundance of halos at the
Fresnel scale, and information about unevenness (such as
bispectrum) is absent. However, it is expected that the true
(8?) would deviate from (S3_ ) simply because the lensing
effect is enhanced (suppressed) in regions with a high (low)
halo number density compared to regions with average
number density. Our analysis indicates that the post-Born
approximation can capture the uneven distribution of lens
objects by accounting for the correlation between the
density fluctuation at the Fresnel scale and the density
fluctuations at much larger scales.

1/75[/h~Mpc]

In terms of the frequency range of our interest, which is
above f = 0.01 Hz and corresponds to the scale dominated
by the dark low-mass halos, our result suggests that the
post-Born corrections to the variance are estimated to be
8¢/ (S3,m) S O(1072). Also, it is important to mention
that the Gaussian correction term &g 4. and the non-
Gaussian correction term g  are relatively the same order
of magnitude in this frequency range.

Let us next investigate the variance of K. Figure 6 shows
the correction to (K3} in the case where the source
redshift is z;, =1 and z; = 3, respectively. Similar to
(K%,..) and (K), the correction to the variance is sup-
pressed at low frequency and approaches a constant value
in the high-frequency limit. One difference between the
post-Born correction to the magnification and the phase
modulation is the relative magnitude of the non-
Gaussianity term to the Gaussianity term. In the case of
the magnification, the non-Gaussian term &g . is almost 2
orders of magnitude larger than the Gaussian term 62 4. in
the frequency range f = 0.01-1000 Hz, while those terms
are relatively the same order of magnitude for the phase
modulation. Due to this effect, the post-Born correction to
the variance of K in the high-frequency range is mainly
caused by the non-Gaussian term 0y = o2 .. The relative
magnitude of the post-Born correction is given by
Sx2/ (K3om) < O(107!) in the frequency range where the

magnification can be treated as a constant. On the other
hand, when the frequency is smaller than f = 10~° Hz, the
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FIG. 6. The Born approximation (K3

Bormn
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) (orange) is the dominant effect on the K, with Ok2 . (brown) being the second. Gaussian

contribution o2 . (red) is more than an order of magnitude smaller than the non-Gaussian term. The solid (dashed) line indicates the

+(—=) value.
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non-Gaussian term exhibits a faster decrease compared to
the Gaussian correction term, which can be seen by the
reduction of the difference between Jg2 . and g2 4. in
Fig. 6. This behavior reflects the fact that the non-
Gaussianity is less significant at larger scales.

E. Shot noise contribution

Up to this point, we have not considered the effect of the
shot noise coming from the Poisson distributed stars (or any
other dark compact objects) because (i) the low-frequency
GWs are not strongly affected by the point masses and
(i1) numerical integrations face technical challenges asso-
ciated with the highly oscillatory behavior of the integrand.
However, the shot noise may become important at high
frequencies, as suggested in [10], and the effect of the post-
Born correction needs to be considered. Thus we discuss the
contribution of the shot noise in this subsection. At the level
of the post-Born approximation, the lensing signals have a
dependency on not only the terms purely representing the
shot noise but also the cross term between the shot noise
terms and the smooth halo terms. This is due to the fact that
the higher-order corrections to S and K contain the bispec-
trum and the product of the power spectrum. The evaluation
of the cross terms is beyond the scope of this paper and we
will only focus on the pure contribution of the shot noise.

Formally, the shot noise is given by adding a constant to
the matter power spectrum and the bispectrum, namely,

2

P5 - %, (44)
3

B(; - 2—[2), (45)

where 7 is the average number density of an individual star
and f, is the mass fraction of the point mass to total matter
density. For simplicity, we ignore the time variation of 7
due to stellar evolution. As mentioned earlier, we chose
f»=0.01 and m = 0.5M, as a fiducial value, which is
consistent with observations [21]. The shot noise effect on
the lensing signal is caused by the point mass, which, in
reality, possesses a finite physical size. To account for this
finite size, it is reasonable to introduce a cutoff scale k.,
which characterizes the regime where the point mass
approximation holds, since the cutoff scale represents
the size of stars in this case, and we chose k. =4 x
10834 Mpc™! (~107% km™).

We first evaluate the shot noise contribution to (S3.,,)
and <K§0m> As long as it is smaller than the Fresnel scale,
the size of the stars k. does not have a relevant contribution
to the results, allowing us to effectively take k., — oo.
Substituting Eq. (4.4) for the power spectrum that appears
in Eq. (4.1), we can analytically perform the integral over k
by using the formula [§°% (1 — cosx*)* = 1/(4x). Then,

we obtain

1 (3HQ,\2 (7 d 12
0 _ L 0%&m X 5 P
<SB0m>sh0t - 4 < 2 ) A az()())( W(Zv)(s) X w 7i .

(4.6)

Similarly, using the formula [§* %sin® x* = 1/(4x), we

find that (K3 )0 = <S%0m>shot. Thus, both the variance
of § and K under the Born approximation diverge in the
high-frequency limit. Note that this divergence comes
from neglecting the size of stars. In reality, the point mass
approximation breaks down when the Fresnel scale
becomes smaller than the size of stars. By properly
incorporating the size of stars, (S§o.)snor @04 (K om ) shor
can be shown to remain finite in the high-frequency limit.

1. Shot noise contribution to average

Let us next investigate the average (S) and (K). Plugging
Egs. (3.1) and (4.4) into the expression (S) given by
Eq. (2.29), we find that the integration over k diverges
logarithmically at large k. Hence, we need the cutoff wave
number k. which physically represents the inverse of the
size of the stars. With this cutoff, we can perform the
integration over k and the result is given by

<S>shot_2<3HOQ> / dx/ % 20{,

12 / 2
x Cin (kg’(iww ’”)) x wa”,
w n

(4.7)

where Cin(x) is the cosine integral defined as Cin(x) =
f(;‘ dt @ When x is sufficiently large, the cosine integral
is approximated as Cin(x) =~ log (¢”x), where y is Euler’s
constant. We usually consider the case where y, takes the
cosmological distance (y, =% 1/H,). In this specific case,
we can further approximate this expression by

Shaw~ 5 (222) [ [F o

2 2
X w@log (L) .
n Hyw

Since the cutoff scale k. only appears in log(---), it
can be eliminated by the weighted subtraction of
S evaluated at different frequencies. For example, when
(S(w)/w; — S(w,)/w,) is computed using the shot noise
power spectrum, k2/Hyw that appeared as an argument of
log(- - ) is replaced by w,/w;.

As for (K), the integral over k does not diverge and we
can practically take k. — oo. Then, the result is given by

(4.8)
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3HyQ,\? (5 7?1 13 (S 4o = O, (4.10)
<K>shot: < ) / / d)(/ 2 2()(/ Xw_‘ shot
3HZQ,\? [ dy f?,
(4‘9) <K<3)>shot = 8w? <T> ()()3)(2W()( )(s) r_lz s
The third-order terms (S©)) and (K®)) can be calculated in (4.11)
a similar way. Using Egs. (3.2) and (4.5), we obtain the
following expressions: where J is just a number given by the following integral:

= dfy / dé /h depsin(&) + sin(£2) + sin (& + & + 25,8, cos §) — 2sin (& + & + £,&, cos §)
f1§2(§2+§2+2§1§2005¢) ’

which is found to be J ~ 0.0021. Note that (S®)), . becomes exactly zero. In fact, (S®))  is formally written in the same
way as (K3)),  is given,

(4.12)

3
W xs)L % f—2 (4.13)

3H2Q,\? [z dy
S(3) = 8w? 05%m
< >shot @ < ) a (){)3

where L is given by an integral

1/ g, / s, /Zﬂ dep 2sin (E2 + &5 + €&, cos ¢p) — sin?(E2) — sin?(E3) — sin® (&7 + & + 2£,&, cos ) (4.14)
&6 (8 + & +28& cos )
|
However, this integral is found to be exactly zero. This Figure 7 shows the shot noise contribution to the average
implies that the corrections to <S > come from much higher- of §S. For both cases (the source redshift z;, = 1, 3), the
order terms, but it is not clear the rationale for (S®)) being ~ shot noise effect becomes dominant at slightly above
7ero. f = 0.1 Hz. This frequency that the shot noise takes over
1/7F[/h~"Mpc] 1/7¢[/h~"Mpc]
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FIG.7. The cyan line shows the value of (S) including the halo and the shot noise terms. The shot noise is represented by the thin cyan
straight line ascending in the upper right direction. The shot noise term overcomes the halo term at f ~ 10~! Hz. Compared to the shot
noise effect on (S ) in Fig. 9, the onset of the shot noise effect for (S) occurs at a lower frequency than (S ) due to (S?)) depending
on the size of the point mass k.. The shot noise effect on (S(3)> (green) vanishes, indicating that the higher-order terms are necessary to
provide the corrections to (S)). The solid (dashed) line indicates the +(—) value.
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is lower than the one for the variance. This is due to the
enhancement of the shot noise effect on (S), which arises
from the logarithmic factor in Eq. (4.8).

Figure 8 shows the shot noise contribution to the average
of K. The shot noise effect is hidden until the frequency
becomes f = 10* Hz. Thus, the frequency lower than this
is not affected by the shot noise effect. When the frequency
is above f ~ 10, the shot noise effect becomes dominant.
However, soon after the shot noise effect dominates <K ),
the higher-order contribution (K®)) overcomes the lower-
order term (K®). When the higher-order terms dominate
the lower-order terms, it is an indication that the perturba-
tive approach fails. Taking the ratio of Eq. (4.9) to
Eq. (4.11) and assuming the redshift is not too large
(truncating the second- or higher-order terms in z;), we
find the following condition for the validity of the pertur-
bative approach for the computation of (K):

’ <K(3)>shot (415)

<K<2) >shot

- 1.7Gmpa)(l +%) <1

As we will show later, this condition is analogous to the
condition under which the Born approximation for the

2. Shot noise contribution to variance

Finally, we evaluate the post-Born correction to the
variance. First, we consider the corrections to the phase
modulation. For the same reason as (S, the integral for
052 de.shot ANd O . nor TEQuires the cutoff scale k. to avoid
divergence.

We can compute the approximation of the Gaussian
correction dg2 4., using the property of Eq. (B10). When k;
and k, are large enough, the main contribution to g 4¢ shor
comes from the factor ﬁ due to the cancellation by

oscillations. In other words, it is possible to make the
following approximation:

1 1 1
{klszs.lz _EFS,I —k%fs,z}

1 )(%W(Zl’)(')
1= Al MDAS) 12
2k, < COS( 2w N

2
y (1 _COS<M@>>,
2w

where k| and k, are taken to be sufficiently large due to the
dominant contribution to &g 4. o cOmMing from such a
region. Using this approximation as well as other simpli-

(4.16)

magnification can be reliably applied. fications used in the computation of (S)g,.,, we obtain
1/7F[/h~"Mpc] 1/7r[/h~"Mpc]
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FIG. 8. The back lines show the total (K). (K®) (olive) is dominated by the halo term until f ~ 10* Hz. However, (K®)) (brown)
exceeds (K?)) around f ~ 5 x 10* Hz as well, indicating that the perturbative approach fails around this frequency. Equation (4.15)
provides a condition under which (K®)) is a reliable approximation of (K), which is equivalent to the weak lensing condition presented
in [10] up to a constant prefactor. Note that the precise behavior of (K) around frequencies where the halo and the shot noise are of
similar magnitude (transition frequency) is not captured in these figures due to the exclusion of cross terms. The solid (dashed) line

indicates the +(—) value.
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1 /3H2Q,\* [#dy [zdy
5Sz,dc,shot~_2_”2<%)l / /d)h/ dy»
X ] 1 2 1
- ) )
2y 7)) e How

(4.17)

The correction from the bispectrum term can be
calculated using Eq. (4.18) and the expression for the
bispectrum Eq. (4.5). Since we consider the bispectrum
term as the main contribution to the non-Gaussian correc-
tion 8 ¢ ot = 2(SpomS®) holds. Adopting the same
|

approximation we used to calculate (S)y, and g2 4 shors
we have the following result:

1 (3H2Q, %5 dy
6S2,c,shot ~ R < g ) ‘/0 ?I2W(){’){s)

X a)zé <log{ K ])2
Hoa)

Similarly, the logarithmic factor arises due to the presence
of the cutoff.

As for the Gaussian correction g2 4, it does not diverge
even if we take k. — oo. Taking this limit, the formal
expression is given by

(4.18)

3HQ,\* (7 dy ! !
Sor i — 16 202m d d
K*.dc,shot < 2 > A / / X1 / x2 2(){ 2()(2) (2”)

w [Cae [Tan| e tr g xaw? L.
A IA 2|:k1k2 K,12 k% K,1 k% K,2:|

The definition of Fg 15, F 1, F g is given in Appendix B.
We have not been able to find an analytic method to
approximately compute the integration over k;, k, because
it requires careful analytical treatment. Although it is, in
principle, possible to compute the integral numerically, it
turned out to be quite complicated to achieve it. This arises
from the fact that the expression is highly oscillatory at
large k. However, it is expected that the non-Gaussian
correction Og2 4. is sufficiently smaller than the Gaussian
correction g2 . o due to the reason we discuss below.

|

S (4.19)

[
On the other hand, o2 . ghor =
using Eqgs. (2.43) and (4.5) as

3H3Q,\? [rd 3
5K2,c.shol = 16( 2 m) / )( 2W(Z )(s)l X a)Zf
0 a

2(KpomK®) is computed

2
(4.20)

where / is just a number given by the following integral:

1/ dfl/ d§2/2ﬂdg{)sm (&1 + & + 2818, co8 @) sin (& + &3 + &18; cos @) sin (&8, cos )
&6 (8 + & +281&c089)

which is found to be I ~ —0.0038.

Figure 9 shows the shot noise effect on the variance of
the phase modulation, indicating that the shot noise is
subdominant until f becomes greater than f ~ 1 Hz. As for
the post-Born corrections, it can be seen that the non-
Gaussian contribution Jg . is the dominant contribution
compared to the Gaussian contribution d¢ 4.. This can be
understood by considering that &g g, i proportional to
By While 82 4. o IS proportional to P4 . Since P2, is
smaller than By, by a factor of f,(= 0.01), as we can see
in Egs. (4.4) and (4.5), the effect from the non-Gaussian
term Jg2 . o 18 dominant compared to the Gaussian term
02 geshor- Thus, it can be concluded that the post-Born
correction is primarily determined by the non-Gaussian
term (ész,shot ~ 5S2,c~shot)'

. (421

|

An important observation is that, in this point mass
scenario (m, = 0.5Mq, f, =0.01,k, =4 x 1032 Mpc™),
the post-Born term &g o, surpasses the Born approxima-
tion (83,0 at around f ~ 20 Hz. This indicates the
breakdown of the Born approximation around this
frequency.

A similar trend can be observed for the variance of
K in Fig. 10. In this case, the post-Born term &2 .
exceeds the Born result (K3,,) at around f = 10000 Hz.
It is expected that Og2 g o 18 sSmaller than Sg- . o for
similar reasons as g 4cghot DeINg smaller than g . gor
(bispectrum is much larger than the square of the power
spectrum). Therefore, we can consider the correction to the
variance of K to be dominated by the non-Gaussian
term 5K2,sh0t ~ 6K2,c,shot'
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FIG.9. The black lines show the total {S?). The shot noise effect dominates (S%.) (purple) above f ~ 1 Hz, while for 5 . (green) the
shot noise takes over the halo term at f ~ 0.3 Hz. The shot noise from the Gaussian correction d2 4. (blue) is subdominant compared to
8¢ due to By > P% . At f ~20 Hz, 55 (= 852 + 82 4.) exceeds (S3,,,), indicating the breakdown of the Born approximation.
Since 8¢ is enhanced by the log(- - -) factor which reflects the physical size of the point mass, the breakdown frequency for (S?) is lower
than that for (K?) under the same point mass scenario. Note that the precise behavior of §g 4. and g . evaluated at the transition

frequency are imprecise due to the exclusion of the cross term. The solid (dashed) line indicates the +(—) value.
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FIG. 10. The black lines show the total (K?). The shot noise effect on (K3,) (orange) is subdominant until f ~ 10* Hz, while the
non-Gaussian correction g2 . (brown) takes over (K 2 ) atasimilar frequency, implying the breakdown of the Born approximation. We
do not show the shot noise effect on the Gaussian correction o2 4. due to computational challenges but it is expected to be smaller than
the non-Gaussian correction g . because By, > P2, For the magnification, the condition under which the Born approximation holds
is given by Eq. (4.23), which ensures that the point mass does not cause strong lensing. Thus, the breakdown of the Born approximation
can be attributed to the variance of K being dominated by rare strong lensing events to which the weak lens approximation cannot be
applied. Note that the precise behavior of 62 4. and 2 . evaluated at the transition frequency is not accurate due to the exclusion of the

cross terms. The solid (dashed) line indicates the +(—) value.
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Based on these considerations, it is possible to provide
the general condition under which the Born approximation
holds for the shot noise. This condition can be derived by
computing the relative magnitude of the post-Born correc-
tions 8 o Sk shot 1O the Born approximation (S, o
(K3 om)shor- By assuming that the source redshift is not
exceedingly large and truncating the second- or higher-

order terms in z; is justified, we obtain the following

conditions:

352 shot ( Z>< [ k? D2
———| =csGm,w( 1 +—])|log|— <1,
<SzBom>shol s P 2 HO(I)

(4.22)

552,5hot = cKGmpa)(l +é) <1, (4.23)
<KBorn>shot 2

where a factor of order unity ¢y and cg are found to be
approximately ¢y = 4/7 and cg = 3.1 in this study. Note
that the presence of the Hubble parameter H,, in Eq. (4.22)
arises from the assumption that the source and the lens
redshifts are of cosmological order y(z,)~ 1/H,. The
general trend observed in Egs. (4.22) and (4.23) is that
the Born approximation provides a reliable estimation
when Gm,w is small. Physically, there are two ways to
interpret the factor Gm ,w. One is to consider this as a ratio
of the Schwarzschild radius of the point mass to the
wavelength of GWs, while the other views it as a square
of the ratio of the Einstein radius of the point mass to the
Fresnel scale of GWs. In the second interpretation, the
distances to the source and lens from the observer are
assumed to be the same order of magnitude. Also,
Eq. (4.23) is the same as the one derived in [10] up to
constant, which is based on the requirement that strong
lensing by the point mass does not occur.

V. DISCUSSION

In this section, we summarize our main findings and
discuss the possibility of the applications and the detect-
ability of the post-Born effect.

A. Validity of the Born approximation

The weak lensing of gravitational waves offers the
advantage of probing the scale corresponding to the
Fresnel scale. In the case of typical GWs seen by
the ground-based detectors (f = 10~ 1000 Hz), the
Fresnel scale can reach values as small as a few parsecs.
At such a small scale, a high degree of non-Gaussianity is
expected. However, strong non-Gaussianity does not auto-
matically indicate that the post-Born corrections are large.
To gain a better understanding of this, let us begin by
examining the general case of statics before delving into
our specific cases.

Suppose X[5] is a physical quantity such as K and S
evaluated by a random variable § (in this case, it is the
matter density fluctuation 6). Here, the Born approximation
XBom[6] is usually interpreted as an approximation of X6
by the leading-order terms of its Taylor series, thus
X[6] = Xpom[6] + 6X[6], where 6X[6] is the post-Born
correction.

For non-Gaussianity, it can be characterized by compar-
ing the skewness of X with its variance while ensuring
that they have the same dimension. In other words, the
dimensionless parameter (X3)%/3/(X?) can be used to
quantify the degree of non-Gaussianity in X. If this quantity
is sufficiently small compared to 1, it suggests that X is
almost Gaussian. When this is comparable to 1, it indicates
a strong deviation from Gaussianity.

On the other hand, the post-Born corrections to (Xg,.,)
are given by the higher-order terms, which in this case are
2(XgomdX) + (6X?). Since non-Gaussianity and the post-
Born corrections are intrinsically different, even if X,
exhibits strong non-Gaussianity ((X3,.)%/> ~ (X3,u))s
the post-Born corrections can be still small ((X3,,) >
2<XBorn5X> + <5X2>)

Now, let us turn to more specific cases, particularly
those involving the presence of dark matter halos and the
shot noise.

1. Without the shot noise

When considering only the dark matter halos, we found
that the corrections to the Born approximation are signifi-
cantly small, especially for the phase modulation. For
frequencies higher than f = 0.01 Hz, the ratio of the
correction terms to the leading-order term is 8¢ /(S3,,,,) <
O(1072). Similarly, the corrections to the magnification
are small, although not excessively so: g2/ (Kg,.) <
O(107"). Note that the frequencies below f = 0.01 Hz
correspond to scales larger than k ~ 102 Mpc™' and may
be strongly influenced by baryonic matter, specifically in
the form of galaxies [10].

Our findings indicate that, in the absence of the shot
noise, the Born approximation remains still valid across the
frequency ranges where the primary contributions to (S?)
and (K?) are attributed to dark matter halos. Since the post-
Born corrections account for the effect of the halos being
unevenly distributed, the suppression of the post-Born
corrections implies that halos can be treated as though
they are uniformly distributed when computing the lensing
signal.

This result does not contradict the expectation that
the matter distribution is highly non-Gaussian at small
scales. In fact, our analysis revealed that S and K show
significant non-Gaussian behavior. Figure 11 shows the
degree of non-Gaussianity in § and K. As these figures
unity at high frequencies, exhibiting a strong deviation
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FIG. 11. For the phase modulation (left), the degree of non-Gaussianity exhibits a rapid increase, followed by a deceleration at
f ~107!2 Hz, and reaching a peak at f ~ 10~* Hz. After that, it gradually decreases. A similar trend can be observed for the non-
Gaussianity of K (right). However, (K3, .. )*/%/ (K3, ) reaches a constant value once the frequency exceeds f ~ 107" Hz. In both cases,
the degree of non-Gaussianity is large at f > 1079 Hz (k ~ 10'h Mpc™!), which is intuitively true. Also, it is observed that the non-
Gaussianity in S and K decreases as the source redshift becomes larger. This is because S and K become more Gaussian when they are
able to pass many dark matter halos on average due to the central limit theorem. This behavior is also consistent with the discussion

about the non-Gaussianity of § and K found in [10].

from Gaussian behavior. Note that, in Fig. 11, it can be seen
that the degree of non-Gaussianity decreases as the source
of GWs moves further away (at higher redshift). This
behavior is consistent with [10]. Essentially, when the
source of GWs is distant, they are more likely to traverse
multiple halos. When they pass through many halos, the
overall lensing effect is described by the sum of each
individual lensing event that occurs during their propaga-
tion. Due to the central limit theorem, this summation
process leads to the reduction of non-Gaussianity.

2. With the shot noise

In the presence of the shot noise, we found that the
applicability of the Born approximation depends on two
factors: the satisfaction of the weak lensing condition
[Eq. (4.22) for S and Eq. (4.23) for K] and the dominance
of the shot noise contribution to the variance. For simplic-
ity, let us focus on the validity of the Born approximation
for the magnification. The same argument can be applied to
the phase modulation as well.

For the magnification, the Born approximation remains
valid if the shot noise effect is subdominant or Eq. (4.23) is
satisfied. However, if Eq. (4.23) is not satisfied and the shot
noise is the dominant contribution to the variance, the Born
approximation breaks down. In this context, the breakdown
of the Born approximation specifically refers to the

situation where the variance of S and K computed using
the leading-order terms of S and K in @ no longer provide a
reliable estimate of the true variance. This also implies that
the perturbative approach fails since adding up a finite
number of higher-order terms does not necessarily improve
the accuracy of variance estimation. At this stage, a full-
order analysis or simulation is required to obtain the true
distribution of S and K. The simulation approach has been
taken in geometric optics [27], but further investigation is
needed within the framework of wave optics.

A similar condition to Eq. (4.23) is also derived in [10]
(the only difference is a unity-order prefactor) under the
requirement for the absence of strong lensing. Thus, the
violation of Eq. (4.23) implies the existence of a specific
configuration of lenses and a GW source that can lead to
strong lensing such as the point mass being very close to
the line of sight. It is important to note that the violation of
Eq. (4.23) does not by itself imply the breakdown of the use
of the Born approximation for the variance. As mentioned
above, the breakdown requires not only the violation of
Eq. (4.23) but also the dominance of the shot noise effects
on the variance over other effects. Therefore, even if there
are objects that can potentially cause strong lensing, the
Born approximation is still valid as long as the contribution
of these lenses to the variance is subdominant compared to
the contribution of other lenses that do not cause strong
lensing (such as dark low-mass halos).

043511-22



WEAK LENSING OF GRAVITATIONAL WAVES IN WAVE ...

PHYS. REV. D 108, 043511 (2023)

Due to this property, the shot noise signal can help
constrain the nature of point masses. For example, if
Eq. (4.23) is satisfied and the shot noise effect dominates
the variance (this is true for the phase modulation when the
parameters for the shot noise is f, = 0.01,m = 0.5M, and
the frequency of GWs is around f = 1 Hz), it is possible to
estimate the parameters of the point masses such as m and
S, [10]. In addition to this, our analysis provides a method
to include the correction to the Born approximation. By
using the post-Born terms calculated in this study, the shot
noise contribution to the variance is modified as

<S2 > shot — <S]230rn > shot

4 Z. k2 2
1—- 1+=2)1(1 =
X{ ”Gmpw< +2><Og|:H0a):|> }’

s
<K2>shol = <K2B0rn>shot{1 - 3'1Gm17w<1 + E) } (52)

In the moderately high-frequency region, where the per-
turbative approach is still useful but the accuracy of the
Born approximation is uncertain, this modification will
enable us to more accurately estimate the variance of S and
K produced by the point masses with specific parameters
mp, k., and f,.

On the other hand, the scarcity of strongly lensed signals
can place constraints on the abundance of lens objects
capable of causing strong lensing. For example, if we
consider a scenario where m = 50M instead of m =
0.5M, while maintaining f, = 0.01, Eq. (4.23) indicates
that the frequency at which the breakdown of the Born
approximation for the magnification shifts is from f ~ 10000
to f ~ 100 Hz. This scenario (m = 50M, f,, = 0.01) cor-
responds to the universe in which the 50 solar mass black
holes as part of dark matter are as prevalent as the stellar
components.

As this frequency range falls within the sensitivity of
current ground-based detectors, there is a possibility of
detecting the strong lensing signal caused by such black
holes. If the number of strong lensing events is small
enough so that their impact on the variance is subdominant,
the abundance of such black holes can be constrained by
this information.

Such a scenario (m =50Mg, f, =0.01) has been
attracting great interest recently after the observations of
such massive black holes by the GW experiments. It is
under active investigation whether the abundance of pri-
mordial black holes comparable to f, ~0.01 is consistent
with the existing observations [28]. GL of GWs studied in
this paper provides an alternative path to test this possibility
(see also [10]).

B. Average as an additional probe

We found that the ensemble average of K and S is no
longer zero at the level of the post-Born approximation.
This provides the possibility to detect the average of S and
K and use them as an additional probe for matter abun-
dance. However, it is crucial to assess the validity of the
approximation of the average by only considering the
power spectrum term. Therefore, we will now examine
the reliability of this approximation.

In the absence of the shot noise, the main contribution to
the average of S and K comes from the power spectrum and
the contribution from the higher-order terms containing the
bispectrum is subdominant. This is consistent with the
behavior observed in the variance, where the correction
terms to the Born approximation are found to be subdomi-
nant. In this case, the average of S and K is roughly of the
same order as their variance ({S) ~ (S?), (K) ~ —(K?)).

In the presence of the shot noise, we found that there are
cases where the computation of the average of K by
accounting only for the matter power spectrum breaks
down, which is the same condition as the breakdown of the
Born approximation for (K?) up to a constant prefactor.
Therefore, if the Born approximation for the variance
of K is valid, then the computation of the average of K
by accounting only for the power spectrum contribution
remains valid.

Regarding the phase modulation, the contribution from
the bispectrum term due to the shot noise becomes exactly
zero (S®)) = 0. This suggests that including higher-order
terms such as trispectrum would be necessary to capture
the corrections to (S) in the presence of the shot noise.
However, as long as the Born approximation for (S?) holds,
it is expected that the approximation of (S) using the power
spectrum contribution alone is valid. This presumption is
reasonable because if the Born approximation for the
variance holds, it implies that the lensing signal is weak
and the first term in the perturbative approach offers a
reliable approximation.

Based on these considerations, the average calculation is
valid as long as the Born approximation for the variance
also holds. Now, let us shift our focus to the average of S, as
it can play a significant role in probing the properties of the
point masses. Specifically, by combining (S) and (S?), we
can probe the size of the shot noise constituent, as well as
its mass and abundance, since the shot noise has different
effects on (S) and (S?). This analysis cannot be performed
by considering the variance alone because the size depend-
ency does not appear in the variance. The obtained proper-
ties of the shot noise can be compared with the properties
of stars inferred by other astronomical observations. This
provides the test of whether the sources causing the shot
noise in the gravitational lensing of GWs are stars or other
types of compact objects that have not been detected by
non-GW observations.
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It is also important to mention that, according to our
formulation, (S) is always positive. If the negative value of
(S) is detected, it means an indication of the presence of
something outside the lensing effect. It could mean the
presence of new matter that interacts with gravity in an
unusual way or the violation of general relativity, which
could lead to new physics.

C. Detectability of the post-Born effect

In [29], it is suggested that the amplitude and phase
fluctuation of GWs can be measured with an accuracy
of 1/SNR, where SNR is the signal-to-noise ratio.
According to [10], the accuracy of measurement is
improved by combining many gravitational events.
In [10], it is argued that the required accuracy is written
as ~(2/Neyent)'/*(1/SNR), which yields Neyen ~ 3 x 10°
as the number of GW events (with SNR = 50) required for
detecting the lensing signal. We would like to perform a
similar estimation of N, required to detect the post-Born
effect.

First, let us consider the number of GW events required
for detecting the average of S and K. Since our purpose is to
estimate N, by the back-of-the-envelope calculations,
we will consider the following toy model which simplifies
the situation without losing the essential point. Suppose
we have succeeded in inferring the source parameters and
hence the unlensed waveform from the GW measurement.
Then, the residual signal, which we denote by s, remains
after subtracting the unlensed waveform from the measured
waveform and consists of the uncertainties n of the
unlensed waveform and the lensing signal X, namely,

sX,i = n,’"‘X,’, (53)
where i labels the GW events, while X takes either S or K.
For simplicity, we assume that both n; and X; are Gaussian
random variables and each GW event is independent of the
others. In this case, the ensemble average of the quantities
computed from #n; and X, is given by

(nn;) = (SNLR>25’7’ (5.4)
(Xi) = ux, (5.5)
(XiX;) = ox8;j + uy. (5.6)
(n,X;) = 0. (5.7)

Here, iy and oy are the values of both the average and the
standard deviation of the phase modulation and the
magnification. All the other quantities can be computed
from the combination of these relations. The first relation
(nin;) = 5;;/SNR? is about the accuracy of detecting the

phase and magnification fluctuation mainly discussed
in [29].

In reality, we are only able to detect a finite number of
GW events. Thus, it is convenient to introduce the estimator
of the average uy defined as

1 Nevenl

5}4 = N Sx.i-
event j—|

(5.8)

This quantity is an approximated version of the ensemble
average, thus taking Ngye, — oo reproduces uy. Indeed,
computing the average and the variance of £,, we obtain

<g>y = Hx,

I \? 1
2\ _ 2 o -
<Sﬂ> <gﬂ> <SNR> Nevent .

It is important to mention that we have used the assumption
1/SNR > puy, oy to derive the second equation. This result
shows that £, fluctuates around ux with a fluctuation width

(5.9)

(5.10)

of about (5iz) \/N—#—T In order to confidently conclude that
1y 1

the average is nonzero, uy > (gxg) —Zy— needs to be
event

satisfied. Using this restriction, we can estimate that
1

~ ()2 L
Neventyy ~ (snR) a7 s at least necessary to detect the

average of K and S.

Next, we consider the number of events for detecting the
variance. In this case, we need at least two independent
measurements of the residual for the same GW event if it is
difficult to distinguish the lensing signal from the uncer-
tainty associated with the unlensed waveform by using one
measurement alone. In the following, we assume measure-
ments by two detectors. For this purpose, we denote the
signals from two different measurements (1 and 2) to be
Sx1;=n1,; +X;, Sxp;=ny; +X; and assume that one
measurement noise is independent of the other’s
(nyny ;) = 0. The detectability is calculated in the same
way above by introducing the estimator of the variance,

1 Nevenl 1 Nevenl Nevenl
565( = N SX.1iSX2,i N SX,1,i S$X.2,j
event ;—1 event ;—| j=1
(5.11)

From this expression, we obtain the expressions of the
ensemble average of £,

(5.12)

I \* 1
E2) — (E2)2 ~ (—) . 5.13
€)=’ ~ (o)) v 1)

The interpretation of this result is exactly the same as &,
that £, fluctuates around c% with a width of about
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12 1 fats
(sxw) 7w— Therefore, the number of gravitational
wave events required to detect the variance is given by

~ (=L )4 L
N, event,o-i (SNR) 0-;1( .

Now, let us examine the detectability of the phase
modulation and the magnification. Table I presents the
order of magnitude for the average and variance of S and K,
along with the post-Born corrections to the variance. We
consider the scenario where the source redshift is z, = 3,
and the signal-to-noise ratio is SNR = 50. The shot noise
effect we include corresponds to lensing by point masses
with m = 0.5M, f, = 0.01, and k, = 4 x 10"*h Mpc™".

For the phase modulation, we focus on the frequency
range of f = 0.01-10 Hz, which falls within the range
where the Born approximation is valid. Within this fre-
quency range, the lensing signal is dominated by both the
dark low-mass halos and the point masses, with specific
dominance depending on the frequency. At the lower end of
this range (f = 0.01 Hz), the signal is primarily attributed
to the dark matter halos. However, as the frequency of GWs
increases, the shot noise effect becomes more significant,
taking over the halo contribution at around f = 1 Hz for
the Born variance and f = 0.3 Hz for the average.

In this frequency range, the variance remains relatively
stable, while the average increases moderately. The typical
order of the average is around O(1073), but at the higher
end of this range f = 10 Hz, it can be enhanced by up to
O(107*). On the other hand, the order of the Born variance
remains O(107%), even at the higher end of the range. This
difference arises from the dependency of the average on the
size of the point mass. Using the formalism we developed
above, the number of GW events required to detect (S) is
estimated to be O(10°) in the middle of this frequency range.
However, at the higher-frequency end, the required number
reduces to O(10*). On the other hand, the number of events

TABLE I. In the scenario where the shot noise consists of point
masses with my, = MG,fp =0.01, and k, =4 x 1083h Mpc‘l,
with z, =3 and SNR = 50. In this case, the number of GW
events required to detect (S?) and (S) can be comparable to
O(10*) at f~ 10 Hz due to the enhancement of (S) by its
dependence on the physical size of the point mass. On the other
hand, the magnification can be much more easily observed.
However, a similar number of GW evens is expected to be
required to extract the wave-dependent part from K.

102 < £<10' Hz Nevenss(SNR = 50)

($) O(1075-107%) O(105 ~ 10%)
<SzB0m> 0(10_6) 0(105 ~ 104)
532/<51230m> NT);{Z 20(105) % (%)2
1072 < f <10° Hz Neyents(SNR = 50)
(K) -5x 1073 0(10%)
<K1230m> 5% 10_3 O(l)
5K2/<K1230m> 5x 10_2 (9(10)

required to detect (S?) is O(10%) in the middle-frequency
range and O(10%) at the high end. As a result, the detection
cost for the average is comparable to the detection cost for
the variance at high frequencies in which the shot noise
dominates. In a slightly different scenario, the detection of
the average might be easier than the detection of the variance.
For instance, if the point masses we considered here are
not ordinary stars but black holes with the same mass and
mass fraction (thus, k. becomes much bigger), the required
number for detecting the average decreases while the number
for the variance remains the same.

Note that, if the signal-to-noise ratio is much larger than
SNR = 50, the number of GW events required to detect the
variance becomes significantly smaller compared to the
number required for the detection of the average. This is
because the number of required events for the variance
scales as 1/ SNR2, while the number for the average scales
as 1/SNR?. Hence, the situation where the average might
be easier to detect is when the SNR is not excessively high.

In the case of the post-Born corrections to the variance,
their relative magnitude compared to the Born variance
prior to the onset of the shot noise is O(1073). However,
once the shot noise effect becomes dominant, their relative
magnitude is described by f/20 Hz. In this case, the ratio
of the number of GW events required to resolve this
correction to the number required to detect the Born
variance scales as (20 Hz/f)?. This means that, even if
the corrections to the Born variance are 10%, resolving it
would require 100 times more GW events than those
needed to detect the Born variance. If the SNR is 100,
which is expected to be achieved in the future [30], the
number of events to resolve the Born variance reduces to
O(1073). Assuming a total of 10> GW events are observed,
it would be possible to resolve the post-Born corrections
that exceed 1% of the Born variance. This corresponds to
frequencies around f ~ 2 Hz, which is already close to the
breakdown frequency (f ~ 20 Hz).

These considerations indicate that the post-Born correc-
tions are challenging to detect except in the vicinity of the
breakdown frequency. In the frequency range where the
perturbative approach holds but the accuracy of the Born
approximation becomes less reliable, including the post-
Born correction [Egs. (5.1) and (5.2)] can yield a more
accurate estimate of the variance caused by the point
mass lens.

Next, let us consider the magnification. In Table I, we
consider the frequency range of f = 0.01-1000 Hz. This
frequency range is chosen based on the validity of the Born
approximation, which holds until Eq. (4.23) breaks down,
which occurs at around f = 10000 Hz. As shown above,
the magnification has a broader frequency range within
which the Born approximation is valid compared to the
phase modulation.

The order of magnitude of the magnification is much
larger than that of the phase, making SNR = 50 sufficient
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to resolve (K?), while around 100 GW events are required
to resolve (K). Even the post-Born correction to the
variance can be resolved with just O(10) GW events.
However, there is an important consideration to make.
The magnification approaches a constant value as the
frequency increases, representing the geometric optics
limit. Since the geometric optics limit lacks frequency
dependence, it cannot be used to probe the matter abun-
dance at the Fresnel scale. In order to extract the pure
wave effect, which can be used to probe the scale
corresponding to the Fresnel scale, the constant term in
the magnification needs to be subtracted. However, as
calculated in [10], this pure frequency-dependent part is
of the same order as the phase. This can be also understood
by considering the consistency relation for the variance
of the phase modulation and the magnification, namely,
<K2B0m(2f)> - <K%0rn<f>> = <S%0rn<f)> [19]. Therefore,
the magnification needs to be determined at the same level
of accuracy as the phase to extract the wave-dependent part
that is superimposed on the constant part. Consequently, a
similar number of GW events is required to make the
magnification as useful as the phase in extracting informa-
tion about the matter abundance at the Fresnel scale.

VI. CONCLUSION

In this paper, we have investigated the weak lensing of
GWs beyond the Born approximation by including the
higher-order terms in the gravitational potential ®. To do
this, we adopted a new formulation for the equation
governing the GL of GWs. Instead of using the amplifi-
cation factor F' defined as the ratio of the lensed to unlensed
waveform, we introduced a new variable J defined as
F = e’ This process allows us to partially include the
nonlinear effect of ® and reduces the complexity of
calculating the higher-order terms. We then derived the
expression of the phase modulation S and the magnification
K up to third order in ® and calculated the post-Born
corrections to the average and variance. In computing the
post-Born corrections, we considered both Gaussian (prod-
uct of the bispectrum) and non-Gaussian (bispectrum)
terms up to the lowest nontrivial order in ®@. To evaluate
the validity of the Born approximation, we numerically
computed (S), (K), 52,55 by using the matter power
spectrum and bispectrum obtained by the phenomenologi-
cal halo model including subhalos.

We found that, at the level of the post-Born approxi-
mation, (S) and (K) are no longer zero. We also confirmed,
by computing the contribution to (S) and (K) from the
bispectrum terms, that evaluating (S) and (K) by solely
using the power spectrum still provides a reliable estima-
tion. While (S) and (K) typically have the same order as
(8?) and (K?), the presence of the point masses (shot noise)
can particularly enhance (S), due to the dependency of (S)
on the physical size of the point masses. We then estimate
the number of GW events required to observe (S) and (K)

and found that, while detecting the average generally
requires a larger number of events than the variance, the
number required to observe (S) can be of the order of
O(10*) at f~10 Hz with SNR = 50. This number is
comparable to, or potentially even smaller than, the number
required to detect (S?), depending on the nature of the point
masses.

As for the post-Born corrections to the variance, we
found that their primary contribution comes from uneven
distributions of the target halos with the corresponding
Fresnel scale. Our findings show that the corrections to (S?)
in the absence of the shot noise are 2 orders of magnitude
smaller than the Born approximation at f > 0.01 Hz and
z, < 3. This also indicates that the halos can be treated as if
they are uniformly distributed when computing (S?) and
(K?). In addition, the post-Born corrections do not pose
relevant issues in the absence of the shot noise unless SNR
for GWs is excessively high.

In the presence of the shot noise, we determined the
conditions under which the Born approximation fails.
The validity of the Born approximation is guaranteed when
the point mass does not dominate (S?) and (K?) or when
strong lensing by the point mass does not occur. However,
when these conditions are violated simultaneously, the
variance is predominantly determined by rare strong lensing
events, and the Born approximation no longer predicts the
true variance. Furthermore, the breakdown frequency for
(8?) is lower compared to the one for (K?) due to the
enhancing factor pertaining to the physical size of the point
masses. Since the breakdown frequency may fall within the
sensitivity range of current detectors in certain scenarios
(such as f ~ 20 Hz for (§?) with m, = 0.5M, f, = 0.01,
and k, = 4 x 101*h Mpc™!), careful analysis of the lensing
signal is required. For example, when the frequency of GWs
approaches the breakdown frequency from below and the
accuracy of the Born approximation becomes less trustable,
the modification to the Born approximation given in
Egs. (5.1) and (5.2) can be used to provide a more accurate
estimation of (S?) and (K?). When the frequency is above
the breakdown frequency, a perturbative approach fails to
provide a reliable result. Thus, in this case, a separate study
involving a full-order analysis is needed to effectively
constrain the property of the point masses.
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APPENDIX A: GEOMETRIC OPTICS LIMIT

In [12-16], the post-Born approximation is discussed
under geometric optics. Although geometric optics has
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been widely used in the gravitational lensing, a fundamen-
tally more accurate description for the GL of GWs is wave
optics. In this sense, wave optics should be able to encompass
everything that could be derived in geometric optics.

In geometric optics, we take the large frequency limit
(w — o0) from the outset and start from the geodesic
equation which does not contain w. In this appendix, we
|

X.‘
W (0. 1) =[) AW (. ) @i (x),

demonstrate explicitly that the magnification in the high-
frequency limit under the post-Born approximation in wave
optics coincides with the one derived based on geometric
optics. In order to calculate the magnification under geo-
metric optics, we need the convergence x and shear y up to
second order and first order in @, respectively. According
to [12-16], they are given by

(A1)

Xs X
@) (09, x,) = -2 / dy / AW x )W )@ ()@ ()

2 / dy / AW a )W 1)@ ()P,
1V (@.1,) = Ax“ Ay W (xxs) (@11 (x) —Paa (7)),

Xs
75 (00.5) = 2A Ay Wy xs)@a(x).

(A2)

(A3)

(A4)

The gravitational potential is evaluated at the straight line along which the unlensed ray propagates, namely,

D) = @

(1=x=n =272 and, up to second order in @, Heeo is given by

—72+Q 1—k+y,

Hoeo(Bs 1) = 1+ 2k 4 2@ 4 3(x(1))2 +<y“))2

=1+ 2 (0. ,) +2(x(00. 1))

Xs X
+4A d)(% d)(/ZZ)(/ZW()(J(s)2q)ij()()q)ij()/)'

Up to this order, € does not appear in the magnification as
Q itself is already second order in ®.

We now show the magnification computed in wave
optics based on the formulation given in this paper reduces
to Eq. (A5) in the high-frequency limit. Prior to that, we
write the approximated solution of the lens equation up to
first order in @,

56/(8.7) = ~2 /0 LW )V (00.r).  (A6)

(6o x). The magnification f,,(0y.x,) is the inverse of the determinant of the Jacobian matrix A(6y,y) =

(1))2

/ dy / T W x )W) @i () @i )

(AS)

|

In wave optics, the magnification effect is encoded in K as
Hywave (0, @) = €K, where 0 is the position of the source on
the source plane 6 = 6, + 50(0,, y,). Taking @ — o of
Egs. (2.20) and (2.21) yields

KD(0.7, 0 — o0) = 2 / W () ®(0.7)
0

=« (0.%,). (A7)
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s d
K(z)(e,)(s,w—’m)—A )(/ d)(l/ dy» W()H{s) 912+W()(1’Z)V91+W()(2J{) az]velq)l V@,

:_/0 | dXIW()Kl’XS)v@(v(%(D()(l))'(—2)A dew()(z,Zs)Va‘D()(z)

‘2/ "y / A x WO x )W 20 @i () @i () +2 / dy / AW ) @GPy (')
— _V,k().50-2 / dy / YW a )W )@@

w2 ["ay [ oW e )
0 0

(A8)

The magnification in wave optics up to second order is then given by

Hrave (0, s 0 = 00) = 142K 4+ 2(KV)? 4- 2K

=1+2c1(0-60,y,) +2(x"

(00 )(S

/ dy / LW 2V )i

‘4 / dy / AW (1, P ()03 (1)

= .ugeo(OOv)(s)-

Therefore, the result of geometric optics is indeed derived
by taking the high-frequency limit of wave optics. It is
important to mention again that the lens plane 6, is used in
geometric optics whereas, in wave optics, the source plane
0 is the fundamental variable. This difference manifests
itself in the argument of both pge, and pyay.. We have
shown that, at least up to second order in @, our
formulation reduces to the well-known result in geometric
optics. This consistency strongly supports the validity of

(A9)

[

the discussion about the post-Born approximation of the
lensing in wave optics.

APPENDIX B: POST-BORN VARIANCE
OF S AND K

The correction of the variance of K to the Born
approximation is described by Eq. (2.38), and a similar
relation holds for S. This equation is rewritten by using the
matter power spectrum given in Eq. (3.1),

5X2d0—16(3HZQ) /X‘ d;(/zd;(/ d)h/ dy, 2(11 2(1)(2) (2,1,)

where

2 ddp KW xs
Fi2 :)(%)(%/ 2COSZ¢{F< Wi )k%—k
0 T 2w

e <)(%W()m Zs) k%) e <)(%W(;m Xs)

2w

1 1 1
sz/ dkl/ dk,Pgs(ky, x1)Ps(ka, x2) {k—kfu—ﬁ}]—ﬁfz}, (B1)
0 0 1K2 1 2
2W W
X2 é}(a?’)(s)k%_F)(lXZ w()(’)(s)klkzcosqﬁ)
2W 2W W /7
F(Zl 1ot o BVt 4 | 20W 0 )‘Y)klkzcosd))
20 ) w
IW(y,. W',
LEOPWE: gz X g ik w()( 2) ke cos 4,)
(B2)

2w

2W , 2W , 2W , w /’
F(Xz (x> xs)k%>F<)(2 é)(z xs)k%+)(1 .x) @ 40 ' x) k1k2c0s¢>},
0] w (0]
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2”d 2W sAs 2W sAs ZW ) W /’
£ =xw§% Z—fcospr(’“ (1 )(A)koF()m (1 )a)kHJ(z a(;)(z )()k%+)(1)(2 w(;( X)

o o kyk, cos ¢>, (B3)

2 2 /

= 101} / —cosng()(zW(Zz Js) k2>F<)(2WO(2J(s) K2 +Z1W()(1J() K2 +)(1)(2W()( ) Kk, cos¢>. (B4)
2w 2w 0] 0]

Here, X is either K or S. F(x) is defined as F(x) = sinx for the magnification K and F(x) = 1 — cosx for the phase

modulation S. Even though y; and y, are symmetrical and can be expressed by either one of two terms, we explicitly write

both terms so that the symmetry can be captured easily. The integral with respect to ¢ can be performed analytically by

using the identities regarding Bessel functions,

2r d¢ .
—cos¢sin(xcos @) = J;(x), (B5)
0 2
wdgp 1
—cos?¢pcos(xcos p) = = [Jo(x) — J»(x)]. (B6)
0 2 2
In addition to this, 2” ‘21‘/ cos ¢ cos(x cos ¢p) = 02” % cos?¢ sin(x cos ¢) = 0 holds by virtue of the antisymmetric nature of

the integrand.
For the magnification, F 15, Fx. 1. F g, are given by

2W 5 2W ) 2W NS 2W ’
sz—x'b | = cos [V 02) 12\ (2 022) 4 +eos[X (11 xﬂ)kum U2.2) 1
s 0) 1 W 2 W 1 P 2

W (x2. 15 W (x,, Wy, Wy,
+COS<)(2 (r2 )a)k%w (rx) k?)) {Jo ()(1)(2 ' x) klkz) 1, ()(1)(2 ' x) k1k2>:|
w w w w
W (r1xs IW (oo s W(y.x, Wy .z,
_COS<)(| (21 ){A)k%#(z (2 )m)k%> [J()(;m(z (-Xs) T x1 (;(;m)klk2>

w w

w
W(x, xs W', xs
_J2<)(1)(2 (e xs) Wl x )k1k2>]}, (B7)
[0
3 2W , 2W , 2W , W /’
Fr :)(1;(2 {Sin ()m (i()l )(s)k% W a())(z X) k%> i ()@ gz X) k%> }Jl ()(1)(2 w(x X) k1k2>’ (BS)

3 2W , 2W , ZW , w /’
j:Kz:%{sin (XZ (2 X‘Y)k% _|_)(1 1 )()k%> — sin <)(1—Mk%> }jl <wklk2>' (B9)
' 2 0] 0] 0] w
In exactly the same way, the similar equations are derived for the phase modulation,

1 1 X ()(lJ(S) 1 XZW(XZJ() 1 W()(h)() ZW(XZ’Z.V)
Furo =]y qeos (I ) oo (PG ) e (M R

8 [ Js (xwzvz)()(,)m) K k2> Ly ()(1)(2 W'oxs) k2> 1, ()(1)(2“;()( Hs) ) ()(1)(2W()( Xs) k2>]

1 s 2W (x0, 1, W,z W 1
4 Los ()m (i()l)()kz Ve (Zz)( k2>[ <)(1)(2 (. xs) +)(1)(2 ()()()klk2>

W k] W ’ CAS 2W CAS ZW ’
g, (1 (rxs) Hxuxa ()( Xs) Kk L. Mk% cos (1 ()n;()k%Jr)(z (r2 )()k%
@ 4 ) 20 10}
W (12, W, 2.
—l—sin2 X2 ()(2 Zs)k% cos X2 0(2 )(s)k%+ 1 ()(1 )()k%
4w 2w w
Wy, W',
5 [J()(w(z (r )()klk2> _Jz(mrz b %)klk2>:|}v (B10)
w w
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4w

W (x1. 1 W (x1. 45 W (y,, Wy,
Fgp = 2;(1;(§sin2 ()(1 (Zl )()ko sin ()(1 ;)2 X)k% +)(2 gz x) k%)]l <)(1)(2 w()( X) k1k2>,

(B11)

2W Y ZW s ZW , 1% /’
Fa = 2o sin? (’(72 b2 ”‘)kg) sin (XZ gg 2s) g 10 (0’)“ 7) k%)Jl (’(7‘“ w(” %) k1k2>.

4w

(B12)

For the non-Gaussian correction, we only consider the bispectrum term as the only relevant contribution, thus
Syre = 2(XgomX?)).. Based on this assumption, Eq. (2.43) can be rewritten as

3H29 /xs dy / dk, / dk, /Zﬂd¢35 ky k. ks, x)
5s2 —8(0
ky ko k2

2 2 2
X (1 — cos { kz]){ 2k - ky — 2sin [%kl 'kz] cos [%—kl —|—k22+k3} }

(B13)

6 2 :160)3 % 3/){le1/ dkl/ dk2/2ﬂd¢35 kl’k27k37 )
K-c 2 0 a3 0 kkzk

2 2 k2 k2 k2
X sin [”_21: k%} sin {E&] i [rF k- kz},

2 2

(B14)

where k3 = k% + k3 + 2k ky cos ¢ and k, - ky = k k; cos . The bispectrum contribution to the average of S and K,

Eqgs. (2.34) and (2.35), can be rewritten in a similar way as

m%:%)”p WWV"“V"%/”M%hh&%
ki kok2
2 2

{4k%sin2(% (k2 + k3 + k2))
i

(kf + k3 + k3)

(KO — 4o 3H3Q,, 3/)&-(1_;(/ dkl/ dk2/2nd¢35 ki ky ks, x)
¢ 2 o @ Jo kykok3

X {sin [rEk3] + sin [rEk3] + sin [rEk3] — 2 sin [2 (k2 + k3 + kz)] }

Note that, in computing bispectrum contribution numeri-
cally, symmetrizing the wave number variables &y, k,, k3
reduces the computational cost.

APPENDIX C: HIGH-FREQUENCY
BEHAVIOR OF &g, 4,

In this appendix, we would like to approximately derive
the high-frequency behavior of ds2 4. in order to avoid the
difficulty of numerical computation associated with the
cancellation of significant digits. When the frequency of
GWs is high, &g 4. is mainly affected by the large k region
of the matter power spectrum. Given that the corresponding
Fresnel scale mainly contributes to the lensing, we can
expand the power spectrum around the approximated

Fresnel scale (1/v/Hyw) as

2k
—2sin? BB T )iz (B15)
2 2
(B16)
|
k dlog Pgs(kox)
dlogk,
Py(kor) = Pylko.) (;7) " Bk, (C1)

where (k) = \/How). In this way, B(y) and b, are both
functions of redshift and the frequency of GWs. We
compute B(y) and b(y) numerically using our power
spectrum at each frequency. Keeping this in mind, we
only consider the case that is relevant to our discussion.

We usually deal with the GW sources whose dis-
tance from Earth is roughly given by 1/H,, so the
corresponding Fresnel scale is 1/y/wH,. The high-
frequency behavior in this context is then interpreted as
the satisfaction of the condition k; <« /H Oa) Defining

3H sz 4 o d
f f_]6 X Xf())( fO dj{l fO d)(Z 2()() 2()(2)(2:,)2’
the post-Born approx1mat10n of the variance of § is given by
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o0 oo 1 1 1
052 gc = //602/ dkl/ dkyPs(ky, 1) Ps(kys x2) {kkfs.lz _pfs,l T2
0 0 1K2 1 2

The definition of F 5, Fg 1, F s is the same as the ones in Appendix B. Change of variables k; =

and separating the integral area at k; yields

1 1 1
Os2.de = / / /fdfl fdfﬁ&(ffp)(l)%(ffz )(2)[ =71 __2F2:|

L 1 1
/ / “B(x,) fd§1 /L d&Ps(vVwéy x1)&E [ Fio—-5F ——2]:2]

, o0 % ! !
b [ [ortet) [T de [ anpivan [ Fo-zFi __2]:2]
\/_1;_) 0 é 52 fl 52

oo oo 1 1 1
"‘/"‘/wz_bB()(l)B()(z)/ dfl/ d&&bE” [»7:12—27:1 —2]:2}
L L2 §16 & &

Since these four terms contribute to 2 4. in a different way,
we will compute the contribution from each term sepa-
rately. To begin with, we consider the first term. In the high-

kL
frequency limit, the integral range foﬁ is restricted in a very
small area so the contribution from the first term in Eq. (C3)
comes from the region where &, &, << 1 holds. Since &
and &, are both order 1//w in this integral range, the
expansion of F in 1/\/w up to leading order yields

]-"5,2} (C2)
Vg and ky = /&,
55 T8’ g
§1& & &
(C3)

|

F = O(1/w*). Considering that »® is multiplied in the
expression, we can conclude that the first term is propor-
tional to w™2.

The second and third terms in Eq. (C3) are symmetrical
with respect to the subscript 1, 2, so they have the same
contribution. In the second term, &, is still restricted in the
area where £, < 1, whereas &, is no longer small. In this
case, we can expand F only in terms of &; and keep the &,
term untouched, then we have

sl ) ()

in (2Ver) 2\
. (SlIl ( —5 52) _sin BW (2. x5)83)

25 45

where C, D, are

3
C=37 X0OW (0 x)W(O xs),

05-W' x) + Wl x,)}

Combining these notations, the second term is calculated as

on) = [ [t [Faepivon [ e eFemgfi-nR

J L

Ble) [ dkkiPs(b) [T de (-

:/.../FB(XZ)AwdklklPﬁ(kl,)(l)<

)Dl + Cé&,sin? ( Wi2s) g £2>] + O(&), (C4)
(C5)
(C6)
iy S
7 )C+ (- )Dy + (--)C]
2
W(XZ )(s) = 2
T ) {CI + 7W()(2’%) DI, + Cle] . (C7)
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From the first line to the second, we used Eq. (C4) and took the integral range from zero to infinity. We can safely perform
this approximation due to the fact that the integral converges. Here, I., I, I, are just numbers defined as

o  cosx? — cos? x2
IC = /0 dx _xb—_l N (CS)
©  2sinx? — sin 2x2
©  sin?x?

The fourth term in Eq. (C3) is calculated in a similar way,

D F T (G

Note that the fourth term is essentially determined by k;, which is the arbitrary scale. However, the second and third term are
determined by the scale at which P changes from an increasing function to a decreasing function due to the dependence on
f0°° dkik,Ps(k,). Since we can take k; to be sufficiently larger than this scale, it is justified to ignore the contribution from
the fourth term, and we have the following expression for dg 4.:

3HZQ,\* [% dy 1
S q. =2%x16 M) / / / d / d
e ( 2 0 “ 2 2()(1 2()(2) (27)?

B S
(){2)/ dklklpﬁ(klv)fl)[CIc"'

w? 0

DI, + Cle} +(le 2)}. (C11)

2

by
2 W "As 2

R - D11d+Cle] (X—Z U2 ”) o

)(2W()(2’)(s) 2

This expression can be further simplified by changing the order of integral and using some formula for the gamma function,
and finally, we have

Os2dc = & <3HZQ> /S I /)“ W4()(1 )(sz)())((lz)gz( 1)

x {i)(j(ﬁ/omdklkng(kl,;(l)[)%W}T_l<1—2;72)1“(1 b;) sin{i] (1 <—>2)} (C13)

between the large- and small-scale matter fluctuations
arises from the fact that the regions where the large-scale

(C12)

It is clear from this expression that this term depends not
only on the scale corresponding to the Fresnel scale but

also on the factor [5®dkik;Ps(ky,y;) that is mainly
contributed by the large-scale matter fluctuation. This
means that the information pertaining to the larger-scale
fluctuation is encoded within the small scale through the
higher-order terms. In the physics context, the correlation

matter fluctuation is significant have higher matter density
than areas with small fluctuation, and in this region,
the small-scale matter fluctuation is more likely to grow
and be amplified simply due to the abundance of matter
available.
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