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The effect of gravitational wave of cosmological wavelength on the gravitational lensing is investigated.

When the source, deflector, and observer are aligned in a highly symmetric configuration, an Einstein ring

will be observed by the observer. There will be no time delays between different locations on the Einstein

ring in the absence of gravitational wave. Otherwise, time delays between different locations on the

Einstein ring will emerge if cosmological gravitational wave propagates through the system. Previous

studies demonstrated that the time delay resulting from the aligned source-deflector-observer configuration

in the presence of gravitational wave of cosmological wavelength could be equivalent to that of a similar

lens with a nonaligned source-deflector-observer configuration in the absence of gravitational wave.

Results in this work show that gravitational lens with the aligned source-deflector-observer configuration

could serve as a potential gravitational wave detector when the whole Einstein ring observed by the

observer is taken into account.
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I. INTRODUCTION

Primordial gravitational waves (PGW) with a nearly scale-
invariant spectrum [1-7] are one of the key predictions of
inflation which gave rise to the structure in Universe by
producing seed perturbations [8—11]. Detection of PGW
background is of great significance in cosmology due to the
fact that information of the early Universe could be deduced
based on PGW, allowing one to determine the energy scale
of inflation and test different scenarios associated with the
origin of the initial perturbations. The widely considered
indirect method of detecting PGW with extremely low
frequency in the range of 107! Hz-107'® Hz is the signature
imprinted on cosmic microwave background (CMB) polari-
zation pattern, the so-called B-modes of polarization [12,13].
Direct detection of inflationary gravitational waves at deci-
Hertz frequencies is one of the ambitious goals of spaced-
based gravitational-wave detectors.

Although CMB polarization shows to be a promising
probe of extremely low frequency PGW, finding a com-
plementary observational feature induced by PGW besides
its effect on the polarization of CMB will provide an
alternative confirmation. Galaxy-galaxy n-point correlation
functions with an upper limit on the stochastic gravitational
wave background are investigated in [14]. [15-17] studied
the proper motion of distant astrophysical objects influ-
enced by gravitational wave. A perspective of using
gravitational lensing of the CMB has been proposed by
[18] for the detection of such gravitational wave.
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Propagation of light through gravitational waves produced
oscillations in apparent position of the source at the period
of the gravitational wave, causing a characteristic pattern of
apparent proper motions given that intervals of time is
much shorter than the gravitational wave period with the
condition that the frequency of the gravitational wave is
limited to @ > § (w > 10717 if I = 1 Gpc) where [ is the
distance from the source to the observer [19]. The idea to
detect gravitational waves via microlensing has been
proposed by [20,21], where the gravitational waves are
emitted by binary sources.

Another possible way to detect extremely low frequency
PGW was proposed by Allen [22,23]. Perturbation induced
by such PGW to the metric of gravitational lens would
cause additional time delays between different images
besides time delays by the difference in geometric path
between, and in the gravitational potential of the deflector
traversed by, the different light rays of a distant quasar.
Thus, Allen [22,23] suggested that gravitational lenses
could serve as detectors to probe such PGW using time
delays between different images of a quasar. Later on,
Frieman [24] showed that the method proposed by Allen
[22,23] could not detect such PGW with the conclusion that
the time delay induced by cosmological gravitational wave
cannot be observationally distinguishable from the intrinsic
time delay arising from the geometry of the gravitational
lens given that source and observer are equidistant from
and aligned with the deflector with the assumption that
wln <« 1 and h < n where L is the distance from the
source/observer to the deflector (the speed of light is set
to be ¢ = 1), 5 is the Einstein radius, and @, h are the
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frequency and the dimensionless amplitude of the gravi-
tational wave, respectively.

In order to measure the time delay due to PGW in
gravitational lens, the observer should be able to separate
the gravitational wave induced time delay from the one
originating from the lens geometry. Results in Frieman
[24], with a model of a two dimensional plane consisted
of the two images of a lensed quasar, demonstrated that
the time delay resulting from the lens equation for a point
(or thin axially symmetric) deflector with the aligned
source-deflector-observer configuration in the presence
of gravitational wave of cosmological wavelength can be
equivalent to that of a similar lens with a nonaligned
configuration and no cosmological gravitational wave.

In this work, we study the effect of extremely low
frequency PGW on the time delay in gravitational lensing
with the same aligned configuration as that in Frieman [24].
With such configuration, an Einstein ring will be observed
by the observer. Results from this work present that
the gravitational lens with the aligned source-deflector-
observer configuration in the presence of extremely low
frequency PGW is observationally distinguishable from a
similar lens with the source out of alignment in the absence
of gravitational wave, meaning that PGW could be detected
by such gravitational lens. That is to say, such gravitational
lens could act as a potential PGW detector.

II. TIME DELAY DUE TO GRAVITATIONAL
WAVE

We follow the same lens geometry as that in Frieman
[24] with the source, deflector, and observer aligned in a
highly symmetric configuration shown in Figure 1. A point
gravitational deflector with mass M is located at the origin
of coordinates while the source (quasar) and the observer
are at (x=0,y=0,z=-L) and (x=0,y=0,z=1L),
respectively. Given such kind of gravitational lens geom-
etry, the observer sees an Einstein ring image of the source

A

FIG. 1. S, G, and O represent the source, the deflector and the
observer, respectively. S, G, and O are on the z axis with
coordinates S (x =0,y =0,z=-L), G (x=0,y=0,z=0)
and O (x =0,y =0,z=L). A, B, C, and D are on the Einstein
ring with the condition that the line consisted of A, G, and B is
perpendicular to the line consisting of C, G, and D. A, G, and B
are on the x axis with coordinates A (x = Ln,y =0,z =0),
and B (x =—-Ln,y =0,z =0) while C, G, and D are on the
y axis with coordinates C (x =0,y = Ly,z =0), and D (x = 0,
y=-Ln,z=0).

with an angular radius of # = /7% without time delay

between different locations on the FEinstein ring in the
absence of gravitational wave where n < 1 and the speed
of light is set to ¢ = 1. We set the gravitational potential of
the deflector to be U and consider a gravitational wave
that propagates with an inclination angle ¢ with respect to
the lens axis (z axis). The direction of propagation of the
gravitational wave lies in the x-z plane. As a result, the
metric induced by the gravitational wave is given as follows

—cos?>ph,  —cosph, singcosph,
hi; = —cos ¢ph, hy sin ¢ph
singcosph,  sinph, —sin® ¢ph_,.
x cos(wt — Kk - X) (1)

where k = w(sin ¢, 0, cos ¢) is the propagation vector, @ is
the frequency, A and h, are the amplitude of the two
polarizations of the gravitational wave, respectively.

With the above expression, we obtain the total metric
given by

ds* = (1 +2U)dt* — (1 = 2U)(dx* + dy* + dz?)
+ hydxidx. (2)

Then, the time of travel of light is written as

L 1 /dx\2 1/dy\? 1 dx'dx/
Ta [ de| 4= (E) 42 (D) 4on, 2 oyl
/_L Z{ +2<dz> +2(dz> 2"z
(3)

The first three terms in the bracket of Eq. (3) are due to
the lens geometry while the fifth is the contribution from
the gravitational potential of the deflector. The effect of the
gravitational wave on the time of travel is represented by
the fourth term. In order to approach the level of approxi-
mation, we replace t in Eq. (3) by t = ¢, + (z + L) where ¢,
is the time the photons were emitted at (x =0,y =0,
z=-L).

We study the time delay along unperturbed photon
trajectories by approximating the path of photon by straight
segments shown in Fig. 1 with the same method in [24].
Then the photon trajectories are

xap=En(z+L), z<0 (4)
Xap = Fn(z—L), z>0 (5)
yep = En(z+L), 7<0 (6)
yep=Fn(z-L), z>0 (7)
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where the subscripts represent the trajectories of photons
traveling through different locations on the Einstein ring.

With the symmetry of the light paths shown in Fig. 1, the
only contribution to time delay is from gravitational wave
represented by the fourth term in Eq. (3). Integrating Eq. (3)
combined with Eqgs. (4)—(7) in the case of ¢ =7, h, #0,
and h, = 0 for simplicity, we get the time delay with the
condition of WLy <« 1 and h <«

h
ATpg = —;’7 [sinw(t, + 2L) + sinwt,

—2sinw(t, + L) coswLn|

h L
~ 4 in? <a)7) sinw(t, + L) (8)

w

h L
AT pc = ATap =~ 2;11sin2 (%) sinw(t, + L)

_ %cos (t, + L) sin(wL) )

h L
ATep = ATpg ~ ZEnsinz (%) sinw(t, + L)

2

h
+ cos o(t, + L) sin(wL) (10)
o)

where h = ]’l+, we define ATMN = TSMO - TSNO in which
M/ N represents A, B, C, and D on the Einstein ring, T'syo
represents the time travel of the light traveling from the
source S through the point M on the Einstein ring to the
observer O.

Based on the conclusion in Frieman [24], the time delay
resulting from the lens equation for a point (or thin axially
symmetric) lens with the aligned source-deflector-observer
configuration in the presence of cosmological gravitational
wave is equivalent to that of a lens with a nonaligned
configuration with an effective misalignment angle f, in
the absence of gravitational wave. With such equivalent, we
obtain the effective misalignment angle

By = ———sin’ (%) sinw(t, + L). (11)

The corresponding time delay between A and B is
h L
AT g = —4fnL = 4 sin? (w?) sino(t, +L).  (12)
w

We focus on the relic gravitational wave which origi-
nated from quantum fluctuations in the early Universe and
was amplified during the inflation expansion. The charac-
teristic strain of the isotropic stochastic gravitational wave
background can be written as [25,26]

he(f) = A(%) (13)

where A, ranging from 107'7 to 107", is the strain
amplitude at a characteristic frequency of 1 yr~!. a ranges
from —1 to —0.8.

When choosing & = 1077, @ = 10~'® Hz according to
Eq. (13) and setting 7 = 107>, L = 1 Gpc, and assuming
sinw(, + L) = 1, we get f, 2.5 x 107 and

ATAB ~ 1O4S (14)
ATAC = ATAD ~5x 103S (15)
ATCB = ATDB ~5x 103S. (16)

The perpendicular distance between the equivalent
misaligned source and the line consisting of G and O is
Luis = 2L|B,| ~ 1.5 x 10'm ~ 5.8 x 10° light days which
is much larger than the typical physical size of a quasar
(light hours to light days) [27], thus, a complete Einstein
ring would not be observed by the observer if there indeed
exists such misalignment in the absence of a gravitational
wave, meaning that the gravitational lens with the aligned
source-deflector-observer configuration in the presence of
gravitational wave of cosmological wavelength could not
be equivalent to a similar lens with a nonaligned configu-
ration and no gravitational wave.

Especially, when sinw(#, + L) =0 and cosw(r, + L) =1,
we get

ATAB — 0 (17)

h 2
ATAC = ATAD ~ —%Sln(a)L) = _ATCB = _ATDB

(18)

If setting =107, h=10"7, @ =10"" Hz and
L =1Gpc, we obtain ATy =ATpp, =ATcg =ATpg =~ 1s.
When ¢ = 0, we get the follows based on Egs. (2)—(7)

ATpp =0 (19)

AT pc = AT ap = ATy = ATgp = —2Lhn? cosw(t, + L)
(20)

It shows that AT y¢ = 25 with parameters of 7 = 107>,
h=10"7, @w=10"""Hz and L =1Gpc when
cosw(t, + L) = —1.

The time delay between arbitrary two images with
locations which are symmetrical about the gravitational
lens is
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h L
AT ~ —4ﬂgi7L — 4ﬂcosgsin2 (%) sina)(tg + L)
w

(21)

where 6 is the angle between line consisted of the two
images and the projection of the direction of propagation
of gravitational wave on the plane containing the Einstein
ring, and

h. ) oL\ .
B = —Ecosesm2 <7) sinw(t, +L)  (22)

Throughout the above, we adopt the condition of
wln <1 and h <7, and assume the same constant
deflection of each light ray as the way adopted by [24].
In reality, photon trajectories would be perturbed by
gravitational wave [24], but the resulting time delays are
consistent with Eq. (21) in the limitof wLy < 1 and h < 7
[24]. The image angular positions are as follows when
perturbation from a gravitational wave is taken into
account [24]

1
0, xin—i—iﬂg (23)

With the parameters above Eq. (14) and combined with
Egs. (22) and (23), it shows that , < 17, meaning that the
relative deflection % B, 1s negligible compared with 7. Thus,
it is expected that a full Einstein ring could be observed
by the observer, resulting that the difference of fluxes/
magnifications between specific images on the Einstein
ring in the presence of gravitational wave is negligible since
propagation of light through gravitational waves preserves
surface brightness and total intensity of a source [28-30].
Therefore, the conclusion that results derived above with
assumption of the same constant deflection of each light ray
is equivalent to those obtained from the real photon
trajectories perturbed by gravitational wave, is valid only
when the condition of wlny <« 1 and h <« 5 is satisfied
(in fact, the condition of wLy <« 1 and h < 7 could be
satisfied easily in the case of gravitational wave of
cosmological wavelength).

In the general case of an aligned source-deflector-
observer configuration with a gravitational wave of arbi-
trary polarization and direction of propagation, the time
delay between arbitrary two images with locations which
are symmetrical about the gravitational lens is
AT ~ —4p L = 4—a?sin¢ {th cos@ + h, %}

L
x sin? [a)z (1 —cos (/))] sinw(t, + L)

(24)

where

1. 2sin6
ﬁg = —ESIH¢|:h+COSH+th:|

x sin? [% (1 —cos ¢)] sinw(t, +L). (25)

Let us reconsider the lens geometry shown in Fig. 1.
Assuming that the angle between the line AGB and the
projection of the direction of propagation of gravitational
wave on the plane containing the Einstein ring is 6, the
angle between the line AGB and the line CGD is ZAGC =
a (a is an arbitrary angle and not limited to 7 in this case)
and the angle between the line CGD and the line EGF is
ZCGE = b, we obtain the following relationship between
AT 5, ATcp, and AT based on Eq. (24)

sinacos(a + b)

ATcp = AT -
b AB | oS4 sin(a + b)
sina

ATpp——-
+ EFsin(a + b)

(26)

which is a unique feature possessed only by an aligned
source-deflector-observer configuration in the presence
of gravitational wave with extremely low frequency and
where sin(a + b) # 0.

From the results in [31], it is expected that an aligned
lens in the presence of large scale structure fluctuations is
equivalent to a nonaligned lens with an effective misalign-
ment angle in the absence of perturbations from large scale
structure. But the large scale structure cannot produce the
particular relationship shown in Eq. (26), meaning that
large scale structure perturbations could not mimic the time
delays resulting from cosmological gravitational waves and
could not rule out the possibility of using lensed quasars as
gravitational wave detectors.

III. CONCLUSION AND DISCUSSION

We study the time delays in an aligned lens configuration
where the source and the observer are equidistant from the
deflector. In contrast to the conclusion from Frieman [24]
where the time delay resulting from the lens equation for a
point (or thin axially symmetric) deflector with the aligned
source-deflector-observer configuration in the presence of
gravitational wave of cosmological wavelength could be
equivalent to that of a lens with the source out of alignment
in the absence of gravitational wave, results of this work
show that gravitational lens where the source, lens and
observer are aligned could serve as a possible detector of
cosmological gravitational wave.

In order to use gravitational lens as a gravitational wave
detector, the observer should be able to separate the time
delay induced by gravitational wave from the intrinsic time
delay due to the lens geometry. When only considering the
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time delay between the images in the two dimensional plane
consisted of the two images and the aligned source-deflector-
observer, the observer could not distinguish the origin of the
time delay due to the fact that the lens geometry is not a priori
and should be deduced from detailed observations, resulting
that the observer cannot tell whether the time delay originates
from the gravitational wave in the aligned source-deflector-
observer geometry or it is a natural outcome of the gravi-
tational lens with a small misalignment in the absence of
gravitational wave. When the whole Einstein ring is taken
into account, images from different locations on the Einstein
ring have different time travel with the relationship shown in
Eq. (26), meaning that such gravitational lens could be used
as a possible detector to confirm the presence of gravitational
wave with extremely low frequency.

Up to now, only dozens of Einstein ring systems have
been discovered [32-34], showing complete or nearly

complete ring morphology. In the future, many gravita-
tional lenses with nearly perfect Einstein rings of distant
quasars may be discovered [35,36]. Quasars usually exhibit
variability originating from the inner accretion disk sur-
rounding the central supermassive black hole and the time
resolution in observation could approach minutes [37,38]
which is far less than the time delay due to cosmological
gravitational wave from inflation shown in Eq. (24).
Thus, it is possible to use a gravitational lens with an
aligned source-deflector-observer configuration to detect
an extremely low frequency gravitational wave.
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