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Abstract: Current and forthcoming observing runs at ground-based laser interferometry detectors are starting to uncover gravitational waves from
binary black hole (BBH) mergers at cosmological distances, and a fraction of them are expected to be gravitationally lensed by intervening galaxy
or cluster lenses with multiple images. Such strongly lensed events, if discovered, may offer a precious opportunity to localize BBH host galaxies
and probe global and small-scale property of the lens mass profile. We investigate multiple BBH events showing parameter coincidence in the
LIGO/Virgo O2 run, and search for additional sub-threshold signals that may be fainter lensed images. For the first time, we factor in the effect of
the Morse phase shift in the analysis, and demonstrate how to measure the relative Morse phase via joint parameter inference. We confirm curiously
high level of intrinsic and extrinsic parameter coincidence between GW170814 and GW170104, and uncover athird sub-threshold candidate lensed
image, GWC170620, in a single-template search, which amounts to an estimated 10"-4 overall chance of statistical fluke. The measured relative
Morse phases among the three events, although consistent with ray-optics lensing, point toward a complicated and unexpected image topology with
a magnified image at alocal maximum of the Fermat potential, which however casts doubt on the lensing hypothesis. The long time delays on the
order of months necessarily require a massive lens of galaxy cluster scale. If a genuine set of multiple lensed images, we localize the source to ~ 16
deg"2 on the sky and suggest a range 0.4 &It; z &It; 0.7 for its redshift. Optical follow-up observations are encouraged to collect any additional
information that may further shed light on the case.& nbsp;
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Search for Lensed Gravitational
Waves from LIGO/Virgo Binary
Black Hole Mergers

Liang Dai
UC Berkeley

Recent work with Barak Zackay (Weizmann), Tejaswi Venumadhav
(UCSB), Javier Roulet (Princeton) and Matias Zaldarriaga (IAS)

Seminar at Perimeter Institute, Sep 2020
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Qutline

* Lensing of gravitational wave signals: (short introduction)

* Previous search efforts

* Our new analysis of O2 BBHs and intriguing lensed
candidates pai++ 2007.12709
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“strong” lensing

g}.

“weak” lensing

—
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Gravitational Lensing of (General) Waves

iIntervening
mass

~
wave sSource

strong lensing: wavefront strongly
perturbed, hence significant
(de-)amplification in the wave flux
vavefront
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Strong Lensing of Extragalactic Sources

critical surface density ; - 10% M, /kpc?

strong lensing if
super-critical

optical depth from
these cosmic islands
of density peaks

a typical galaxy in the
present universe
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Most Common LIGO/Virgo Sources: (heavy) BBHs

01/02 runs More BBH candidates from independent analyses:
GWTC-1 Abbott++ 2019 Zackay++ (2019), Venumadhav++ (2020), Nitz++ (2020)
o L

Event m /Mgy my/Mg M/Mg Xer  Mp/Mg  ay  Eng/(Moc?) Cpea/(ergs™')|di/Mpe  z |AQ/deg?
GW150014 35645 30.650 28.6%7 00177 63.1133 06000 3  36if) %10 | 44058 a0yl 182
GW151012 2321119 136000 15282 0058 A5etif 06t 16188 30l 100 | 10R0ESE 02170 1523
GWISLZI6 137188 2.7M2 B9SE 0180 08T 074y 1ol 34T wg0d 4500 Gooiei (1033
GW170104 30.8172 20.0732 2147723 -0.04707] 48.9735 0667008 22103 33708 x 105 | 99074 0201088 921
GW170608 11.0133 7.6134 79132 0081310 17.853% 0.6910% 09180 35104105 | 3201120 0.07108%| 392
GWITOTZo S2te? 3400, 954203 027 wsthleB}l  48td 42492 %10 RRactIR 049720 1041
GW170802 350183 23813l 2409781 0810 563172 070101 27105 9540005 | 1030732 020705 308
OWI70814 30603y 28,0078 24.01%% 00700 5324 aariy 23 37900 1000 | 60O 012708 87
GW170817 1463012 1271008 11867000 0000 <28 <080 2004 >01x10% | 400 001509 16
GW170818 354373 26.7733 26517 —0.09%03% 594737 067500 27102 3.4703 x 105 (10601320 0215057 39
GW17082339.5:.1F 2008 202730 0.090% 6545% 072100 3aild 3600 «10% | 1940130 035015 1666

Starting to probe cosmological distances; O3 was sensitive to even more distant BBH sources.
Just like distant galaxies, quasars, and SNe, strong lensing of BBHs expected!
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Amplification Factor
hien(w) = F(w) h(w) | | minima
Z (image plane) saddle points

observer/ \ source maxima
g“% E—— & . _ ———

Fermat potential
(travel time)

e.g. Schneider, Ehlers & Falco 1992

o

—

Diffraction integral ~ F(w) = —— [ d2zei@™®)
2T 1
: . ; : G M 2
Diffraction regime: delay time ~ z —F f
(& '
; GM 2
Geometric (or ray-optics) regime: delay time ~ g L o
(i Wt
flux magnification
Tl ims T 172 ei-w‘r(:c;) eisgn(w} nr w2
OESBTCHI ] T Blandford & Narayan 1986
1

time delay ~ Morse phase
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Lensed BBH Signals in Geometric Lensing

‘ h(t)
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Dai, Venumadhav & Sigurdson 2017
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oL& - .
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Multiple lensed images:

Rescaled overall amplitudes
Mutual time delays
Identical frequency chirping

A lensed BBH signal resembles an unlensed
waveform but with biased inferred mass/
redshift bias

M(1+z)=M(1+2)

N/ 1

dr () dg (2)

Magnified signals:
BHs appear heavier and closer

De-magnified signals:

BHs appear lighter and further  Oguri 2018

Pirsa: 20090020

Page 8/27



A Topological Phase Shift

Morse phase

F(L{J) ~ Z “u(a”)ll/Q eiw'r(a:;} eisgn(w) r )2
I

[

0 minima
ny = # of negative eigenvals = ¢ 1 saddle points
2 maxima

Observational consequence for BBH signal:

(assume circular orbit and domination of (2,2) harmonics)

Equivalent to discrete change in the orbital phase

Dai & Venumadhav 1702.04724; lately see Ezquiaga++ 2008.12814
{G minima

X

Ap = saddle points

1
2 maxima

=3
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I
Rate of Strongly Lensed BBHs

e.g. Dai, Venumadhav & Sigurdson (2017); Ng, Wong, Broadhurst & Li (2018); Li, Mao, Zhao & Lu (2018);
Oguri (2018); Hannuksela++ (2019); Contigiani (2020);

103 g . . :
Semi-analytic calculations: e aLIGO, Pop-1/Il
b ‘XX
i . . lozxxgq % ¥,
Individual galaxy lenses as singular isothermal " - ,;%*»{g*-fffx’fii X
ellipsoids; Galaxy groups or galaxy clusters 5 i'g,»';i?} St %
neglected. 3 o S RE
E 'y & _ {n‘i‘; Xe W
: ; ; & 100 *
BBH mergers from field binary evolution %ﬂ 1 x x
(uncertainty in the delay time distribution and _
redshift evolution) R s Oguri (2018)
L. ) —3 = =T 0 i Wi 3
Volume limited at Advanced LIGO/Virgo, and e W o & b
hence boost from magnification bias; £ 101l
-‘i obL*" . L '. el ’
~ 0.01 yr' lensed multiple image sets at 01/02; P l0enpr AR Vel b '
~ 0.1 —1 yr at fully upgraded Advanced LIGO/ E 101 .

Virgo F TV 1V i T e (A (S (LA 10
time delay At [day]
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Lenses extracted from cosmological hydrodynamic simulations

Group and Cluster Lenses
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Followed some toy prescription converting
halo mass to isothermal lens profile.
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Robertson++ (2020)

for source atz = 2
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Group and cluster lenses not negligible.
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What we can learn from lensed BBHs?

» Probe BBH sources beyond the usual detection horizon (in particular in the

era of 2G detectors) | " _ | —
Mukherjee++ 2006.03064; Buscicchio++ 2006.04516

» Opportunity to associate a BBH source with a host galaxy, or even localize it

within the host galaxy Hannuksela, Collett, Caliskan & Li 2004.13811;

Yu, Zhang & Wang 2007.00828

* Probe profile of galaxy or cluster lenses complementary to lensed EM
sources: central images; faint images;

* Probe (non-luminous) substructure content within the lens and learn about
the small-scale property of the Dark Matter: wave diffraction effects

Dai, Li, Zackay, Mao & Lu (2018)
Oguri & Takahashi 2007.01936
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Previous Search for Lensing in O1/02

Hannuksela++ (2019)

Looked for lensed pair of events in O1/02

Quantified parameter (masses, spins, sky
position) coincidence through the Bayes
evidence ratio Haris++ (2018)

L _ [ d6 L(d,|0) L(d2|0) 7(6)

170104

U (J A0 L(d0)x(0)) ([ 40" L(da]6") 7 (0")) -

Selected short time delays

L _ P(An|H)
¥ P(Af(}l?‘iu)

3 L
170814
! ] 4
2 4
150914
| 170809
ﬁﬁ” @
5 1)
g : Ja
= 170809
g 170729 170814
= 170823
m 0 ™
i
170104 .
170809
L le
i = 0 1 2 3

log Bayes factor RL

Background distribution derived from
injection of unlensed events;
No significant pairs found.
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Previous Search for Lensing in O1/02

Mclsaac++ 1912.05389

"Single-template” search for (~13%) weaker
duplicate signals

GW170823

GWIT0818
GWI170814
— = = full bank GW 170809
0 s single template
B GW170729
e ULl =
L GW 170608
E 0
"g 10° = GW170104
gu 102 | GW151226
ﬁ GWI1s1012
E 1074
= “ GW150914
1 1 1 1
6 7 8 9 10 r
detection statistic &
Top candidates in Venumadhav++ (2020) catalog; waveform match between LVC BBH events

Lensing disfavored due to long time delays
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Qur Investigation of Lensed BBH Candidates

Dai++ 2007.12709

Pitfalls with the Bayes evidence ratio: r‘ - .

 Unknown mass and spin prior
PP <%k

distributions

* Anisotropic (sidereal-hour averaged)
detector antenna pattern

* Accuracy of evidence evaluation in high
dimensional parameter space

Barak Zackay (Weizmann) Tejaswi Venumadhav (UCSB)

Our strategy: Iy

Separately quantify coincidence in
intrinsic and extrinsic parameters

Javier Roulet (Princeton) Matias Zaldarriaga (IAS)
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Coincidence of Intrinsic Parameters

Most significant pair: GW170814 and GW170104 T A.g J d%eG;(c) Ga(c)
o . . . int = g T~ T
“Geometric” coordinates in the space of GW phasing ([ d2cGi(c)) ([ d?cG2(c))
Roulet++ (2019) 51 Intlrinsliclp?.ralfjleterlsigﬂlifilcaln:clel i}
i fi ; GW170104- .1
. 9(}%: conto'ur of Glau55|aln fit r 153 [ === GW170814 :
- I
. 1
0.75 i '
1.0 . B, |
0.50 \\
B !
= I ! T\
0.00 % i \
~0.25 ! \
1
—-0.50 } ‘l
1 I
— GW170814 1072 192 10°
- L | L I 1 L o : max
10_4 i 0 2 4 6 8 1.00 -Blnh"‘Bml
Co

Prior for injections: Mc uniform in [20, 40],
g uniform in [0.7, 1], isotropic spins
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Coincidence of Extrinsic Parameters

Fix intrinsic parameters to be the best-fit of GW170814
Coincident parameters: RA, DEC, inclination, polarization angle, orbital phase (accounting for discrete

Morse phase shifts) PR W S| .
JBE.Q _ o ph I.1_m1_- max &
- Noost Noh [ Aexi L

rlz
Biime = 5 — .
YT 25t (T — dt)

Time delay: log-flat delay distribution versus random time of arrival

Injections: effect of antenna pattern

Extrinsic parameters . Time delay Combined
T T 10 T T
o 1 i 1 1 1_0—1 L 1
== | ! |7 :
"~ 1 1‘1.| 1 1
1072 L . 1 ) i
E “‘.\“‘ I “\\ : ] - 1
NG 1N R
'x{ i \ 1 10-2¢ H.tid
S I Y
w -3 L 1 a 1 oY [ T
g 10 i N 10-1 boooid - ] . e
9 o : i N it
] : i N 1
[ | \ - :
. 1077}
1074 i b 1 i N, ] i N
b 3
] I I
GW170104- -1 L i \\ 1 i s
==° Gwi70814 -} : \\ . iR
10—5 1 1 i 10—2 L. i lﬂ—q i i
1072 10t 10° 10! 1027 107! 10° 10!
E.:MBE'.:'(‘?" mae Bexlﬂtlme.l'lﬂgl‘:"

Pirsa: 20090020 Page 17/27



Single-template search

If lensing if true, there are possibly additional lensed images.

Use the best-fit waveform informed from GW170814 and GW170104 for a single-template search.
Use extrinsic parameters informed from GW170814 and GW170104 (especially RA, DEC); this is
implemented as a coherent score:

h
S o Z Z /(lD; &, Opr, o, D) PlDg ).

s€llpair dar.to’

Overall ~ 104 reduction in look-elsewhere effect and ~ 20% more sensitive in strain amplitude.

Somewhat surprisingly, we found one sub-threshold signal, GWC170620, with a false alarm probability
1.3% determined empirically from time slides
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o
GW170814, GW170104 and GWC170620

Liu, Hernandez & Creighton 2009.06539

20
0 @ Seister @
_ 0 JEs v ! Confirmed significant
- coincidence in intrinsic +
E: —40- @ ﬁﬂxtrlnsm parameters +
= orse phases
S s e e 0
s+ n/4
80 . 2
5 08— «  3n/4
—3 — 2 -1 0 1 2
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Relative Morse phases

. . . . 1 _
Morse phase manifests itself as a change in the orbital phase Ay = - Ad

h=F,(a,d, ¥)hy + Fx(a, 6, V) hy

1
R 58 5 (14 cos®t)e

v

Morse phase differences

L
L

2ip

hy o< —i coOSte x  physical phase differences

%]
L

Orbital phase for any individual event poorly
constrained due to degeneracy with other
extrinsic parameters.

Under lensing hypothesis, multiple events
share the same extrinsic parameters, hence
relative Morse phases can manifest as
apparent orbital phases differing by —21
discrete amounts.

d}GWl?GBZ(} — dj(] WI170814

Perform joint parameter estimation ! 0 1 2 3 4 5 6

Pcowi70104 — Powi7os14
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Relative Morse phases

. . . . 1 _
Morse phase manifests itself as a change in the orbital phase Ay = - Ad

h=F,(a,d, ¥)hy + Fx(a, 6, V) hy

1
i 6 5 (14 cos®t)e

v

Morse phase differences

Ll
L

2ip

hy o< —i coOSte x  physical phase differences

%]
L

Orbital phase for any individual event poorly
constrained due to degeneracy with other
extrinsic parameters.

Under lensing hypothesis, multiple events
share the same extrinsic parameters, hence
relative Morse phases can manifest as
apparent orbital phases differing by —21
discrete amounts.

d}GWl?GBZ(} — dj(] WI170814

Perform joint parameter estimation ! 0 1 2 3 4 5 6

Pcowi70104 — Powi7os14
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Magnification Ratios

GW170814, GW170104 and GWC 170620 have el 2 K170814
network SNRs ~18, ~14, 7.8 d 8 L1 Hi7os20
; o : _ _ - ¢ R K170104
strain amplification ratios ~ 1 : 0.4 : 0.25 ::Lj TEE—
flux magnification ratios ~ 1:1/6 : 1/15 Q. JI—LL‘WIH_I\
Very large magnification ratios still detectable! 0.0 f T ]
0 10 20 30 40
Absolute magnifications undetermined! o
H170620
Item Value
Catalog FAP (GW170104, GW170814) T i
Existence of GWC170620 (GPS time: 1181956460) 1.3 x 102
Time delays (relative to GW170104) 0, 166.63 days, 222.01 days
Morse phase differences (relative to GW170104) 0,
Magnification ratios (relative to GW170814) - 0.401 £+ 0.08, 0.0719 £ 0.0024, 1
Apparent luminosity distance of GW170814 .’)‘;‘_:“"7”5]'1_;’, /HGW170814 = ';?Tf_';l’:a Mp«
Expected number of lensed events in O2 514 e g

Pirsa: 20090020

Page 22/27



Detector responses play tricks

Gw170814
e — Livingston About 4—5 hrs after GW170814, LIGO
' = BAmgre detectors became almost blind toward that
o 1.50F malihl 7 direction on the sky, and Virgo was more
c | i | sensitive !
% 1.25 3
« 1.00f .
3 Broadhurst, Diego & Smoot 1901.03190
2 0.75F -
E —
“os0Ff | A\-—7 -
- o ~ Lesson learned:
L i T _ ! an image equally loud as GW170814
0.00 e Ll - : - - could have hidden in the Gaussian noise.
-12 -9 -6 -3 0 3 6 9 12

Strain amplitude response
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Constraints on Image Configuration

Three types of images: ‘
minimum (L), saddle point (S), maximum (H) "

GW170104, GWC170620, GW170814 must be
either L,H,Hor H, L, L

S images must have been missed from n(L) + n(H) - n(S) = 1.
This however is not too strange given the fraction of Hanford- _ | 7 ;
Livingston coincident times / ) )

L images have (absolute) magnification factors > 1, so at .
least one H image is significantly magnified (7!) /)
(GW170814 for L, H, H, or GW170104 for H, L, L). This is
peculiar!

HLL . Kneib (1993)
S > 0.26 i

LHH ‘
Zg > 0.13
Einstein quad: central de-magnified H image

Likely zs < 0.7 because no counter image within Radial arc: counter S image with short delay
1 hr of GW170814.
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ocalization From Joint PE

—43F .
?Ta‘?ké‘m““““”l RXCJ0317.9-4414
—44 } z=0.08 iy
"/,xf""""' HWH‘FH,QICJ.(BI 3 dnis Time delays ~ months require
—45 } - . - a DM halo of galaxy group or
galaxy cluster scale
— —46 | -
T} Galaxy group or cluster
A =47 F - lenses can have more
complicated structure.
—-48 F -
Perhaps the peculiar image
—49} @ - configuration not completely
& REC3013611.7-4848 out of the question.
_sol  ACT-CL-0304-4921 e !
5= 0l319 1 1 1 1
42 44 46 48 50 52

RA[°]

localized to ~ 16 deg?
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(non-)Conclusion about the triplet

» Anomalous: extrinsic parameter coincidence ~ 102 between GW170814 and
GW170104, and the unlikely third signal, GWC170620, just below the detection
threshold ~ 10-2. This is conservatively NOT including intrinsic parameter
coincidence.

» As a theorist, the combination of relative Morse phases, small apparent source
distance (~ 600 Mpc for GW170814), and long time delays make us doubt. Level
of tuning in the lens countervails the low false alarm probability.

» Since source is unlikely to be too far (zs < 0.7), if the BBH host is a major galaxy,
the optical lens might be easier to find than average. Image configuration, time
delays and magnification ratios need to work out.

* If not lensing, we have no better explanation :(
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| esson learned

» Relative Morse phases are measurable! The combination of time delays,
magnification ratios, and Morse phases proves very powerful at constraining any
viable lens.

* Due to detector antenna patterns, even very loud lensed images can hide in
noise. Conversely, very faint lensed images can get lucky to be detectable.

« If the triplet is a statistical fluke, we are already limited by false alarms.
Getting more events at current measurement quality won't help. Need better
measurement!

« (1) better sky localization from at least 3 detectors

« (2) smaller error bars on intrinsic parameters and extrinsic parameters from
better sensitivity at low frequencies

* (3) detection of distant lower-mass BBH events (much better chirp mass
measurement)
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