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Wave effect in gravitational lensing by a cosmic string
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The wave effect in the gravitational lensing phenomenon by a straight cosmic string is investigated. The
interference pattern is expressed in terms of a simple formula. We demonstrate that modulations of the
interfered wave amplitude can be a unique signature of the wave effect. We briefly mention a possible chance
of detecting the wave effect in future gravitational wave observatories.
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I. INTRODUCTION conclusions. We use the conventi@n=c=1, otherwise we
express them explicitly.

The standard model of elementary particle theory in-
volves the mechanism of spontaneous symmetry breaking,
which predicts phase transitions in the early Universe. In
general, such phase transitions produce topological defects, The properties of a cosmic string in a vacuum spacetime
depending on the symmetry spontaneously broken. The cogvas studied by Vilenkif21]. He showed that the local na-
mic string is the topological defect produced whetJ@l) ture of the solution is same as that of the Minkowski space-
symmetry is brokefil]. Historically, the cosmic strings were time, but the conical singularity arises around the cosmic
well investigated, motivated by a possible mechanism to exstring. This is the origin of the deficit angl=8mu of the
plain the structure formation of the Univerf2]. However, —SPacetime, wherg is the energyline) density of the cosmic
this possibility is severely limited or rejected by the obser-String. The energy density. depends on the individual
vation of large scale structure of the galaxies and the medl©del of the cosmic string, however, the constrainton

surements of the cosmic microwave backgroui@vB) from cosmological observations of the galaxy large scale

; - ; ; tructure and the cosmic microwave background anisotropies
anisotropie$3,4]. Thus the cosmic strings cannot pla acen-S & .
pie$3,4] 9 piay s ©=10"° ([12] and references thergin

. . . . .
tral role in structure formation, which constrains the cosmic ! . . ) .
We consider the simple configuratioisee Fig. 1 A

string energy density. But, we also note that a CosrnOIOgICaétraight string is located parallel to tlzeaxis. The source is

model with a non-negligible defect contribution has not beer]ocated on the coordinatd\=(— L cog&/2],L si{&/2],0)

rejected completely. It is argued that the model with a mix-and B=(—L cog 2], — L sin[8/2],0), where bothA and B

tu.re of mflatlon' and topological defects can be compatlbleare identical because this spacetime has the conical singular-
with a CMB anisotropy dat@5].

) _ity. Denoting the coordinate of an observery(,z), the dis-
On the other hand, other possible roles of the cosmig,.q betweer(B) and the observer is

strings are considered. For example, Saztial. have re-
ported detection of the source which is naturally explained
I‘1= \/

II. WAVE SOLUTION
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by lensing effect of a cosmic strings]. The gravitational

lensing effect due to the cosmic strings has been investigated

by several authorg7—11]. Actually the gravitational lensing

phenomenon is known as a possible unique probe to detect

the cosmic strings. The prospect to detect the cosmic string M= \/
with wide field galaxy surveys is discussgt2,13. In the

present paper, we investigate the wave effect in the gravita-

tional lensing by the cosmic string. Recently wave effect in

gravitational lensing has been investigated, motivated by the Y
gravitational wave observatidii4—18. These works focus

on wave effect by isolated lensésee alsd19,20]). How-
ever, the wave effect in the lensing by the cosmic string has
not been investigated, as far as we know.

This paper is organized as follows: In Sec. Il we present a
solution of the wave equation on the background spacetime
with a straight static cosmic string. Then we show the con-
dition that the interference occurs as a wave effect. In Sec.
I, we demonstrate typical numbers of gravitational lensing  F|G. 1. Configuration of the lensing system: The cosmic string
by the cosmic string. We also discuss a possibility of detectis located parallel to the axis. This figure shows a projection on
ing the interference in the lensing of gravitational wavesthe x-y plane. The dashed two lines should be identified due to
from a compact binary in Sec. IV. Section V is devoted toconical singularity with the deficit anglé.
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respectively. We assume that the amplitude of the wave field 2D o
is expressed as =10'(1+z)| —= - T
1075/ \cHy
cog wt—Kkryq) )
A Y D gsing
E=A, - O (y+ xtand/2) X( Ls ) sec ©
DOS
cog wt—Kr,) )
Aor—®(y—xtan5/2), (3 with the Hubble constarti;=70 km/s/Mpc.
2 On the other hand, Eq6) is the condition for the maxi-

mum peak of the wave. Therefore the wave effect is charac-

where® (X) is the Heaviside function and, is a constant. terized by the length between two neighboring peaks,

The interference occurs in the regiges —x tand/2 andy

<xtand/2. Within this region we have - / os Hz\ /105
AY= K ST 6/2]\ D si 6):3 1015<_)(T
2A, 4o, K(ry—rs) sin 8/2]| D ssin v
E=——-—co03| ot—k—5—||cO§ ——— (4)
r 2 2 Dos 10
D.ssing) ™ (10

with r=\/(x+L)%2+Z%. Thus the amplitude of the wave is
determined by the phas€r,—r,)/2 because of the interfer- where v is the frequency of the wave. Thusy can be an

ence. Using Eqgl) and(2), the path difference is astronomical distance and the observed amplitude of the
wave changes in this periodic interval due to the wave effect.

_ L _ D, ssing If the string moves in a direction perpendicular to the line of

r1—r2=2y sin 8/2]————=—= =2y sin /2] : sight direction, the amplitude of the wave will modulate pe-

(x+L)"+z oS riodically. Assuming that the cosmic string moves in the di-

©) rection ofy axis with a speed near the velocity of light, the
typical period of the modulation is roughly estimated as

10°°
S

where we assumeylk<z,x,L, in the last equality, we usef
to denote the angle between the string direction and the line
of sight, andD g and Dgg to denote angular diameter dis- T,
tances from observer to source and string to source, respec-
tively. The condition that the wave amplitude has a maxi-

DOS

A
el ST, .
D gsing

sec. (11)

0.01H2)

The statistical probability of gravitational lensing by a

mum is . . ) -
cosmic string can be estimated as follows: The probability
_ _ for lensing for a single source at the redstzft due to an
k(ry=rg)f2=nm © infinitely long cosmic string located at the redslaftis [12]
with integer n=0,=1,=2, ..., Ny, Wheren,,, is the 25D D
largest integer satisfying P(Ze 7 )~ s =5~ 2% 1076 (ﬁ) (12)
(25,21)  Dos 05/ \Dos
) D ssing
7|n|<kxsin’ 6/2] Dos () Thus the probability for a cosmic string is very small. How-
ever, numerical simulations of string networks show the pos-
sibility that more strings can exist within the horizon effec-
Il. TYPICAL NUMBERS tively [10,22.

In this section we estimate quantitatively physical hum-
bers of the gravitational lensing system by the cosmic string. V. WAVE EFFECT IN GRAVITATIONAL WAVES

It is well known that the angular separation of two images is Now let us consider a gravitational wave from a massive

' binary with an equal madd as a source. We assume that the
(DLSs'n 9)_ (8  binary angular frequency corresponds to the frequency of
Dos the gravitational waver of an observer byw=2mv(1

+2zg). The lifetime of the binary systefh; must be longer
The path difference causes time delay, definedThy=|r;  than the time delayl 4 so that the interference occurs. The
—r,|/c. To estimate its typical number, we sgt=(1 binary lifetime is estimate@23]
+2)D osin 82]/2 as a typical value in Eq5), whereD | o
—5/3 v —8/3
(H_z) sec.
(13

) D ssiné o
Aa=2 siq 6/2] =2"

10°°

DOS

M

is the angular diameter distance between the string and ob- 1.3X 10°
e M—O

server. Then, we have T)i~0.02V ~53, 83~ — —
(1+z5)

_ (1+2z)sin[8/2]D o ( D ssin .9)
dl—

c Dos Then, the conditiorT ;> T, yields
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120 v -85/ 5 |\ 5 modulation can appear in a chirp gravitational wave by the

< 75 8/5<0 oL Hl) — gravitational lensing by a galaxy hal@5]. However, in this
(1+2)"(1+2zg) : 10 case, the flux ratio of two waves must be almost 1 for the

—3/5

) _35 clear modulation. Namely, a configuration of a lensing sys-
Dio DLSs'na) . (14)  tem near the Einstein ring must be required. This means that
cHg1 Dos the lensing probability is relatively small and the flux is am-

plified by the magnification effect. Thus, in principle, it can
The DECIGO planed as a future gravitational wave observabe discriminated whether the lens causing the modulating
tory has an excellent sensitivity aroume=0.1 Hz[24]. For  signal is a cosmic string or a galaxy halo.

v=0.01 Hz and5=10"°, Eq. (14) yields the maximum In the present work, we have considered an idealized situ-
mass of the binary larger tharMl; . Thus the neutron stars ation. We have assumed a point source, neglecting the finite
(NS-NS binary can be the source for the wave effect. size effect of the source. For the gravitational wave from a

Due to emission of the gravitational waves, the binarycompact binary, however, the assumption will be plausible.
orbit changes, then the angular frequency of the wavéVe have considered the interference of two waves with the
changes. Namely, waves with different angular frequenciesame amplitude. The change of the orbit of compact binary
interfere because of the time delay effect. This causes amesults in a difference between the two wave amplitudes due
other modulation of the wave amplitude as a wave effectfo the time delay effect. However, it can be negligible for a

whose period is approximately written as low frequency binaryw~0.01 Hz withM~Mg, .
Various sources of gravitational waves and their detect-
T = 4m ability have been considerdd.g.,[26] for a recent review
P(ri—ry)de/dt Binaries of massive objects will be the most stable source of

a periodic wave, and NS-NS binary is the most promising
source. The ground based detectors, such as LIGO and
VIRGO, have the sensitivity in the high frequency band,
1 Hz=f=<10* Hz, which corresponds to that of gravita-

Dos tional waves from the NS-NS binary at final coalescing
(DLSSinH) ec (19 stage. On the other hand, the gravitational wave observato-

ries in space, such as LISA and DECIGO, will detect gravi-

For v=0.01 Hz andM~Myg,, 7, is shorter than the period tational waves in the low frequency band, foHz=f

M\~ 5/3

Mo

1.5x 10° v\ THB
2(1+zg(1+zgﬁﬂ(001 HJ
10—5 2

2

cHo !

X
DLO

of the modulation due to the string motiaf) . =1 Hz. The modulation will not be observed by the facility
with the high frequency band because it appears in stable and
V. CONCLUSION periodic gravitational waves. However, the facility with the

) ) ) ) _low frequency band might have a chance to observe the
In this work we have investigated wave effect in gravita- modulation, if the sensitivity was sufficient. The detectability
tional lensing by a cosmic string. Our investigation is limited of 5 signal depends on the distance of a source and a method
to the simplest case of the static and straight cosmic stringyf data analysis, therefore more details are needed for the
In this case the interference of the wave field is expressed iefinite conclusion. Actually, when the angular resolution is
a very simple form(5). The condition that the interference pot sufficient, modulations of gravitational waves can appear

occurs is Eq.(6). When the string moves in the direction qye to superposition of waves from different individual bi-
perpendicular to the line of sight direction, the wave ampli-nary sources.

tude for an observer will modulate by a wave effect in gravi-

tational lensing. A chirp gravitational wave from a compact

binary at a cosmological distance is a possible source in
which we might detect the wave effect. However, concerning
this source, the change of orbit due to gravitational wave The authors thank Y. Kojima for reading the manuscript

emission causes another modulation of the wave amplitudend useful discussions and comments. This work is sup-
These modulations can be a unique signature of the cosmjmorted in part by Grant-in-Aid for Scientific research of Japa-

string when a detector with sufficient angular resolution anchese Ministry of Education, Culture, Sports, Science and
sensitivity is assumed. Due to the same mechanism, a simildtechnology, Grant No. 15740155.
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