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5. Mock observations

In this work the following convention is used : metric sign p´,`,`,`q

and c “ 1
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Cosmic Strings I

The cosmic string’s metric is described by following metric

ds “ ´dt2 ` dz2 ` dr2 ` p1 ´ 4Gµq2r2dφ2 (1)

where :Gµ - tension of cosmic string
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Cosmic Strings II

Figure 1: Lensing By cosmic string scheme. Where :DS - angular distance to
source; DL - angular distance to lens; DLS “ DS ´

zL`1
zS`1DS ; zi - redshift; θL -

inclination of image; θS - inclination of source; ∆-deficit angle;Gµ - tension of
cosmic string.
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Cosmic Strings III

From (Vilenkin, 1984; Peter, 1994; Sazhin et al., 2007; Harari and
Sikivie, 1988), we know that in our case the separation between
images is constant,

θ` ` θ´ “ ∆θ “ 8πGµ (2)

Based on this information, the characteristic angle (Einstein angle)
θ˚ can be derived (Xiao et al., 2022).

αpθ⃗q “ θ˚ “ 4πGµ
DLS

DS
(3)

From (Sazhin et al., 2007), one can easily see that lensing is possible
for θS ă 2θ˚. :
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Wave Optics and GW Lensing I

Figure 2: A schematic depicting different regimes in gravitational lensing as a
function of angular frequency Ω “

4πRs
λ

where Rs is Schwarzschild radius and λ
is the wavelength of the gravitational wave. Source:(Leung et al., 2025)

One of the fundamentals of wave optics formalism is amplification
factor F pw , yq (Nakamura and Deguchi, 1999; Villarrubia-Rojo et al.,
2025)

F pw , yq ”
h̃pf q

h̃0pf q
. (4)

Where, h̃0pf q and h̃pf q are characteristic strain in frequency domain
of unlensed and lensed gravitational wave.
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Wave Optics and GW Lensing II

Further, we define dimensionless quantities based on (Nakamura and
Deguchi, 1999; Yoo et al., 2013; Villarrubia-Rojo et al., 2025)

deff ”
DLDLS

p1 ` zLqDS
(5)

φ “ θS ´ θ˚ (6)

y “
φ

θ˚

(7)

w “ 2π
pDLθ˚q2

deff
f (8)

β “
DLS

DS
(9)
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Wave Optics and GW Lensing III

Next with defined equations 5,7 and 8m, we can finally present am-
plification factor approximation

F pw , yq “ exp
´w

2i
p1 ` 2yq

¯

r1 ´
1
2
erfc p

c

w

2i
p1 ` yqqs`

exp
´w

2i
p1 ´ 2yq

¯

r1 ´
1
2
erfc p

c

w

2i
p1 ´ yqqs

(10)

where: erfc pxq “ 2?
π

ş8

x e´t2dt
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Amplification value dependence on w and y (Fig. 9)
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Amplification factor plots with Fgeo “
a

2 ` 2 cos p2wyq
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Initial Data

For the first part, assume:
‚ equal mass binary systems on circular orbits, placed at redshift
zS “ 3,(Dominik et al., 2013)

‚ mass span of single Black hole from M
2 P r5, 1000s solar mass

(range of ET (Singh et al., 2022))
‚ Gµ « 1 ˆ 10´10 based on the (Planck Collaboration, 2014;

Lentati et al., 2015; Abbott et al., 2021)
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Estimation of zL

(a) Characteristic angle for source on
zS “ 3

(b) wmax for source on zS “ 3 and
M
2 “ 1000 Md

Based on above figures we set redshift of cosmic string to zL « 0.5.
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Pipeline of Method

h0ptq from
PyCBC

h̃0pf q

h̃pf q “

F pw , yqh̃0pf q

F pw , yq from (Jung and Kim, 2020)

IFFT

Lensed wave-
form hpf q

S
N

For Einstein Telescope (Punturo
et al., 2010; Branchesi et al., 2023)

FFT
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SNR value for ET

(a) zS “ const (b) y “ const (c) M “ const

Figure 4: SNR values
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Example waveforms: Case of 10 Md

Figure 5: We present waveform plots for M
2 “ 10 Md. The green curve is

unlensed waveform, while the orange curve is lensed.
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Example characteristic strains: case of 10 Md

(a) y “ 0 (b) y “ 0.1 (c) y “ 0.9

Figure 6: Characteristic strain plot for M
2 “ 5



17/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Example waveforms: Case of 100 Md
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Example characteristic strains: case of 100 Md

Figure 8: Characteristic strain plot for M
2 “ 100
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Example waveforms: Case of 1000 Md



20/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Example characteristic strains: case of 1000 Md

(a) y “ 0 (b) y “ 0.5 (c) y “ 0.9

Figure 10: Characteristic strain plot for M
2 “ 1000
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Pipeline of code

Data from Startrack simu-
lation (Olejak et al., 2020),
with randomly assigned y

Generation of
Waveforms

Estimation of parameters
using Bilby (Ashton et al.,
2019) and UltraNest
(Buchner, 2021)

For N “ 10 events, cho-
sen randomly

Final parameters: p1 ` zSqMc , q , zS
, log β , log pGµq , log y ,zL

Plots of Final
Waveforms and
posteriors

Estimating final log pGµq using
bayesian interference and emcee
(Foreman-Mackey et al., 2013)

For N “ 10 events

Figure 11: Pipeline of code used to estimate the simulated events with Bilby
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Final estimation

Figure 12: log pGµq estimation based on Bayesian interference
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Conclusions

‚ The oscillating wave effects are clearly visible in amplification
factor

‚ We can see interference patterns in SNR and Amplification
factor

‚ Also they could be observed in waveforms, with characteristic
beat patterns (Hou et al., 2021)

‚ Despite the tension values, which make the cosmic strings hard
to observe via light, the gravitational waves lensing is a
promisive way to search cosmic strings, especially in the era of
the Einstein Telescope.



24/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Bibliography I

R. Abbott, T. D. Abbott, S. Abraham, F. Acernese, K. Ackley, and
et. al. Constraints on Cosmic Strings Using Data from the Third
Advanced LIGO–Virgo Observing Run. , 126(24):241102, June
2021. doi: 10.1103/PhysRevLett.126.241102.

Gregory Ashton et al. BILBY: A user-friendly Bayesian inference
library for gravitational-wave astronomy. Astrophys. J. Suppl.,
241(2):27, 2019. doi: 10.3847/1538-4365/ab06fc.

Marica Branchesi, Michele Maggiore, David Alonso, Charles Badger,
Biswajit Banerjee, Freija Beirnaert, Enis Belgacem, Swetha Bhag-
wat, Guillaume Boileau, Ssohrab Borhanian, Daniel David Brown,
Man Leong Chan, Giulia Cusin, Stefan L. Danilishin, Jerome De-
gallaix, Valerio De Luca, Arnab Dhani, Tim Dietrich, Ulyana Du-
pletsa, Stefano Foffa, Gabriele Franciolini, Andreas Freise, Gian-
luca Gemme, Boris Goncharov, Archisman Ghosh, Francesca Gul-
minelli, Ish Gupta, Pawan Kumar Gupta, Jan Harms, Nandini



25/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Bibliography II

Hazra, Stefan Hild, Tanja Hinderer, Ik Siong Heng, Francesco
Iacovelli, Justin Janquart, Kamiel Janssens, Alexander C. Jenk-
ins, Chinmay Kalaghatgi, Xhesika Koroveshi, Tjonnie G. F. Li,
Yufeng Li, Eleonora Loffredo, Elisa Maggio, Michele Mancarella,
Michela Mapelli, Katarina Martinovic, Andrea Maselli, Patrick
Meyers, Andrew L. Miller, Chiranjib Mondal, Niccolò Muttoni,
Harsh Narola, Micaela Oertel, Gor Oganesyan, Costantino Pa-
cilio, Cristiano Palomba, Paolo Pani, Antonio Pasqualetti, Al-
bino Perego, Carole Périgois, Mauro Pieroni, Ornella Juliana Pic-
cinni, Anna Puecher, Paola Puppo, Angelo Ricciardone, Antonio
Riotto, Samuele Ronchini, Mairi Sakellariadou, Anuradha Samaj-
dar, Filippo Santoliquido, B. S. Sathyaprakash, Jessica Steinlech-
ner, Sebastian Steinlechner, Andrei Utina, Chris Van Den Broeck,



26/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Bibliography III

and Teng Zhang. Science with the Einstein Telescope: a com-
parison of different designs. , 2023(7):068, July 2023. doi:
10.1088/1475-7516/2023/07/068.

Johannes Buchner. UltraNest - a robust, general purpose Bayesian
inference engine. The Journal of Open Source Software, 6(60):
3001, April 2021. doi: 10.21105/joss.03001.

Michal Dominik, Krzysztof Belczynski, Christopher Fryer, Daniel E.
Holz, Emanuele Berti, Tomasz Bulik, Ilya Mandel, and Richard
O’Shaughnessy. Double Compact Objects. II. Cosmological
Merger Rates. , 779(1):72, December 2013. doi: 10.1088/
0004-637X/779/1/72.

Daniel Foreman-Mackey, David W. Hogg, Dustin Lang, and
Jonathan Goodman. emcee: The MCMC Hammer. , 125(925):
306, March 2013. doi: 10.1086/670067.



27/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Bibliography IV

Diego Harari and P. Sikivie. Gravitational field of a global
string. Phys. Rev. D, 37:3438–3440, Jun 1988. doi: 10.
1103/PhysRevD.37.3438. URL https://link.aps.org/doi/
10.1103/PhysRevD.37.3438.

Shaoqi Hou, Pengbo Li, Hai Yu, Marek Biesiada, Xi-Long Fan,
Seiji Kawamura, and Zong-Hong Zhu. Lensing rates of gravi-
tational wave signals displaying beat patterns detectable by DE-
CIGO and B-DECIGO. , 103(4):044005, February 2021. doi:
10.1103/PhysRevD.103.044005.

Sunghoon Jung and TaeHun Kim. Probing cosmic strings with
gravitational-wave fringe. , 2020(7):068, July 2020. doi: 10.1088/
1475-7516/2020/07/068.

https://link.aps.org/doi/10.1103/PhysRevD.37.3438
https://link.aps.org/doi/10.1103/PhysRevD.37.3438


28/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Bibliography V

L. Lentati, S. R. Taylor, C. M. F. Mingarelli, A. Sesana, S. A. Sanidas,
A. Vecchio, R. N. Caballero, K. J. Lee, R. van Haasteren, S. Babak,
C. G. Bassa, P. Brem, M. Burgay, D. J. Champion, I. Cognard,
G. Desvignes, J. R. Gair, L. Guillemot, J. W. T. Hessels, G. H.
Janssen, R. Karuppusamy, M. Kramer, A. Lassus, P. Lazarus,
K. Liu, S. Osłowski, D. Perrodin, A. Petiteau, A. Possenti, M. B.
Purver, P. A. Rosado, R. Smits, B. Stappers, G. Theureau,
C. Tiburzi, and J. P. W. Verbiest. European pulsar timing array
limits on an isotropic stochastic gravitational-wave background.
Monthly Notices of the Royal Astronomical Society, 453(3):2576–
2598, 08 2015. ISSN 0035-8711. doi: 10.1093/mnras/stv1538.
URL https://doi.org/10.1093/mnras/stv1538.

https://doi.org/10.1093/mnras/stv1538


29/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Bibliography VI

Calvin Leung, Dylan Jow, Prasenjit Saha, Liang Dai, Masamune
Oguri, and Léon V. E. Koopmans. Wave Optics, Interference,
and Decoherence in Strong Gravitational Lensing. , 221(2):29,
March 2025. doi: 10.1007/s11214-025-01157-7.

T. T. Nakamura and S. Deguchi. Wave Optics in Gravitational Lens-
ing. Progress of Theoretical Physics Supplement, 133:137–153,
January 1999. doi: 10.1143/PTPS.133.137.

A. Olejak, K. Belczynski, T. Bulik, and M. Sobolewska. Synthetic
catalog of black holes in the Milky Way. , 638:A94, June 2020.
doi: 10.1051/0004-6361/201936557.

Patrick Peter. Comments on some metric properties of cosmic
strings having a non-degenerate stress–energy tensor. Classical and
Quantum Gravity, 11(1):131, jan 1994. doi: 10.1088/0264-9381/
11/1/015. URL https://doi.org/10.1088/0264-9381/11/1/
015.

https://doi.org/10.1088/0264-9381/11/1/015
https://doi.org/10.1088/0264-9381/11/1/015


30/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Bibliography VII

Planck Collaboration. Planck 2013 results. XXV. Searches for cosmic
strings and other topological defects. , 571:A25, November 2014.
doi: 10.1051/0004-6361/201321621.

M. Punturo, M. Abernathy, F. Acernese, B. Allen, N. Andersson,
K. Arun, F. Barone, B. Barr, M. Barsuglia, M. Beker, N. Beveridge,
S. Birindelli, S. Bose, L. Bosi, S. Braccini, C. Bradaschia, T. Bulik,
E. Calloni, G. Cella, E. Chassande Mottin, S. Chelkowski, A. Chin-
carini, J. Clark, E. Coccia, C. Colacino, J. Colas, A. Cumming,
L. Cunningham, E. Cuoco, S. Danilishin, K. Danzmann, G. De
Luca, R. De Salvo, T. Dent, R. De Rosa, L. Di Fiore, A. Di Virgilio,
M. Doets, V. Fafone, P. Falferi, R. Flaminio, J. Franc, F. Frasconi,
A. Freise, P. Fulda, J. Gair, G. Gemme, A. Gennai, A. Giazotto,
K. Glampedakis, M. Granata, H. Grote, G. Guidi, G. Hammond,
M. Hannam, J. Harms, D. Heinert, M. Hendry, I. Heng, E. Hennes,
S. Hild, J. Hough, S. Husa, S. Huttner, G. Jones, F. Khalili,



31/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Bibliography VIII

K. Kokeyama, K. Kokkotas, B. Krishnan, M. Lorenzini, H. Lück,
E. Majorana, I. Mandel, V. Mandic, I. Martin, C. Michel, Y. Mi-
nenkov, N. Morgado, S. Mosca, B. Mours, H. Müller–Ebhardt,
P. Murray, R. Nawrodt, J. Nelson, R. Oshaughnessy, C. D. Ott,
C. Palomba, A. Paoli, G. Parguez, A. Pasqualetti, R. Passaqui-
eti, D. Passuello, L. Pinard, R. Poggiani, P. Popolizio, M. Prato,
P. Puppo, D. Rabeling, P. Rapagnani, J. Read, T. Regimbau,
H. Rehbein, S. Reid, L. Rezzolla, F. Ricci, F. Richard, A. Rocchi,
S. Rowan, A. Rüdiger, B. Sassolas, B. Sathyaprakash, R. Schn-
abel, C. Schwarz, P. Seidel, A. Sintes, K. Somiya, F. Speirits,
K. Strain, S. Strigin, P. Sutton, S. Tarabrin, A. Thüring, J. van
den Brand, C. van Leewen, M. van Veggel, C. van den Broeck,
A. Vecchio, J. Veitch, F. Vetrano, A. Vicere, S. Vyatchanin,
B. Willke, G. Woan, P. Wolfango, and K. Yamamoto. The Ein-
stein Telescope: a third-generation gravitational wave observatory.



32/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Bibliography IX

Classical and Quantum Gravity, 27(19):194002, October 2010.
doi: 10.1088/0264-9381/27/19/194002.

M. V. Sazhin, O. S. Khovanskaya, M. Capaccioli, G. Longo, M. Pao-
lillo, G. Covone, N. A. Grogin, and E. J. Schreier. Gravitational
lensing by cosmic strings: what we learn from the CSL-1 case.
, 376(4):1731–1739, April 2007. doi: 10.1111/j.1365-2966.2007.
11543.x.

Neha Singh, Tomasz Bulik, Krzysztof Belczynski, and Abbas Askar.
Exploring compact binary populations with the Einstein Telescope.
, 667:A2, November 2022. doi: 10.1051/0004-6361/202142856.

A. Vilenkin. Cosmic strings as gravitational lenses. , 282:L51–L53,
July 1984. doi: 10.1086/184303.



33/33

Introduction Wave effects Model Detection Mock observations Conclusions Bibliography

Bibliography X

Hector Villarrubia-Rojo, Stefano Savastano, Miguel Zumalacárregui,
Lyla Choi, Srashti Goyal, Liang Dai, and Giovanni Tambalo. Gravi-
tational lensing of waves: Novel methods for wave-optics phenom-
ena. , 111(10):103539, May 2025. doi: 10.1103/PhysRevD.111.
103539.

Huangyu Xiao, Liang Dai, and Matthew McQuinn. Detecting cosmic
strings with lensed fast radio bursts. , 106(10):103033, November
2022. doi: 10.1103/PhysRevD.106.103033.

Chul-Moon Yoo, Ryo Saito, Yuuiti Sendouda, Keitaro Takahashi, and
Daisuke Yamauchi. Femto-lensing due to a cosmic string. Progress
of Theoretical and Experimental Physics, 2013(1):013E01, January
2013. doi: 10.1093/ptep/pts045.


	Introduction
	Wave effects
	Model
	Detection
	Mock observations
	Conclusions
	Bibliography

