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The story of 2 kinds of aliens, helping us in our quest to detect parity violation (PV) in
the gravitational-wave background (GWB).

Let’s see when the phone connection is best.

Detecting PV in GWB
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[- Brief overview of gravitational-wave background

e Brief visit to Parity Violation

e 3G networks

e Detection Prospects for different configurations:
e P| curves and SNR prospects

e Bayesian analysis
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Gravitational-Wave background

Gravitational Wave Background (GWB): superposition of large
number of weak, independent and unresolved GW sources

— best characterised statistically

Astrophysical Cosmological

 Compact binaries: BBH, BNS, BHNS... :f

* Early Universe phenomena, such as

 Supermassive BH, rotating NS... | | .
inflation, phase transitions etc




Cosmological GWB

 Many different cosmological sources
for the GWB, (see e.g. Cosmological
implications from GWB searches for
0O1-0O4a)

 General way to approximate
cosmological GWB: power-law (PL)
spectrum

Qo) =~ _ g (L)

Pc d hlf fref

GW energy density


https://arxiv.org/pdf/2510.26848
https://arxiv.org/pdf/2510.26848
https://arxiv.org/pdf/2510.26848
https://arxiv.org/pdf/2510.26848

Detecting a GWB: cross-correlation

» Given two detectors d; and d, the output of each detector is:

e 5,=h+n, & s,=h+n, with GW signal component &

« Cross-correlation: (Cd1d2( ) ~ <5818, >

* For an isotropic, stationary and unpolarised, and when noise between

detectors Is uncorrelated:

3H; Qaw(N ()

(Ch%(f)) =

1072

£3

-

Normalized overlap reduction
function (ORF): how d; — d, pair
responds to GWB (depends on
detector geometry)

~
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ack to the basics: polarization
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Circular Polarization Basis
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Circular Polarization Basis

Fully LH: /1, = Fully RH:

No PV: /i, = h, /2 LH: hay = (h, — ih,)/\/2 RH: iy, = (1, + ihy)/\/2



Circular Polarization Basis
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Circular Polarization Basis
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Circular Polarization Basis

No PV Fully LH: /1, = Fully RH:

No PV: /i, = h, /2 LH: hay = (h, — ih,)/\/2 RH: iy, = (1, + ihy)/\/2



Circular Polarization Basis

Fully LH: /1, = Fully RH:

No PV: /i, = h, /2 LH: hay = (h, — ih,)/\/2 RH: iy, = (1, + ihy)/\/2



D
7P,
W

n
-

O
e
(

N
. -

@©
O

0
. -

©
-
O

=

O




Circular Polarization Basis

Fully LH: /1, = Fully RH:
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Circular Polarization Basis
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Circular Polarization Basis

No PV: /iy, = h, /2

-~ i
-
N ————

0090,
@@00000@8
%e,e—ee-& \%

@ Qﬁ%
/%5@ oD,

@ o o
¢O goQ
$ 0O @OQ
¢ 0o o ,?
®oe ° oy
o o
Q‘?(())@ @O(,D
QO@ @09
®O@ ®O¢
a° o Q
0 @g@
% %%

5‘6-@--@-0’050

620005

©0000°

Fully LH: /2, =

| H: hgy = (b, — ihy)/\/2

@)
8%000000(5)
,@’@'@"@_@‘@~@O
“s
e 5.
@)

@OO Oﬁ\@
g © o O®
@ o O O o0 @
6 0 © ©00
éfo o) 009
® 00 00
@OQ o ®

@o OO $

@\ @) (@) /@

&‘QO O%
8. g”
\@ —@’@
®, 2008
000000%8

Fully RH:

RH: iy, = (1, + ihy)/\/2




Circular Polarization Basis

Fully LH: /1, = Fully RH:
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Polarization in the GWB

o Stokes parameters
2 2
o I=(|hg|™)+([h]")

» V= <‘hR‘2>_<‘hL‘2>

v
. PV parameter Il = —, where

|

e Fully RH: II = 1,

e Fully LH:I1 = -1,

* No net circular polarization: II = 0O
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Detecting Parity Violation in the GWB: cross-correlation

» For a standard GWB between two detectors d; and d,:

(" )

3H 7)) Qaw(f) | - 1L dpgw I\
1072 13 with Sgw(/) = p_c dInf - QOC(fr_ef)

\ J

, (Ch(f)) =

» For a parity-violated GWB between two detectors d; and d>:

é )

([ )
3H v (N Qew(H) | . yh:
o <Cd1d2(f )) = 1072 3 with 25y ZKQGV\j (1 + HW)
i

712 = Normalized ORF for I-modes yhis _

v normalized ORF for V-modes



Overlap reduction functions
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Quantifying Sensitivity to Parity Violation

e Signal-to-noise ratio (SNR):

2
BHg JOO Q%}W(f ) (}/I ab T+ HyV ab)2
df 6’3,9 ’ ’

SNR? = p? =2T
( 1072 f6 (a.b) NaNb

* Separation for | and V modes (Seto et al.)

df

r" QLo (f) Top(f)
0 e I'y(f)

2
. 3H;
T 1072
2
> o 3H;
. PV 1072

df Hz(f) Feff(f)

r" QGw(f)
) i Ty

NCl

With

detector noise PSD

Cop(f) = Tp(HNTy(f) = Ti(f)

Cap(f) = ) 02

Hab

.78 ()
S NLON()

withA,B=1,V

sin 6, sin 0,
5

with 6, opening angle of detector a



https://arxiv.org/pdf/0801.4185
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More on ET

e 2L: SandR
AN * 15 km arms
* 10 km arms * S = L-shaped ET in Sardinia

(we will also study 15 km arms)

e R = L-shaped ET Iin three-border
region:
Belgium, the Netherlands, Germany

* \Virgo site, Pisa, Italy




More on CE

United Stated
2 L-shaped detectors

P = CE in Pacific Ocean, 20 km arms

Y = CE in Atlantic Ocean, 40 km arms

62



Configuration orientation

* The orientation angle between the 2L detectors matters... A LOT

GWB Directional

* For one 2L set-up: sensitivity 2:?;‘;{;&%

* Orientation angle of 0° (completely alignment)
— optimal scenario for detecting GWB (GWB optimized)

* Qrientation angle of 45° (completely misaligned)
— worst-case scenario for detecting GWB (localization
optimized)

 For a global network of 2L ET + 2| CE:

e Orientation angles are no longer just 0° and 45°

* Configuration angles for global network computed in
Ebersold et al. Rotation in deg

* |dea remains: relative orientation angle drives sensitivity to

GWB! 63 Ebersold et al.



https://arxiv.org/abs/2408.06032
https://arxiv.org/abs/2408.06032

Different third-generation configurations

AET + 2L CE 2L ET + 2L CE

GWB-optimized

10 km A+ 2CE,
Localization-optimized

Ebersold et al.



https://arxiv.org/abs/2408.06032

Different third-generation configurations

AET + 2L CE 2L ET + 2L CE

GWB-optimized

10 km A+ 2CE,
Localization-optimized

e A s(PY),: 15 km A + 2CE,
GWB-optimized

Localization-optimized

Ebersold et al.



https://arxiv.org/abs/2408.06032

Different third-generation configurations

AET + 2L CE 2L ET + 2L CE

GWB-optimized + (SR),(PY);: 15 km 2L + 2CE,

10 km A+ 2CE. GWB-optimized

Localization-optimized e (SR),(PY),: 15 km 2L + 2CE,

. Als(py)4: 15km A + 2CE, Localization-optimized

GWB-optimized + (SR);(PY)5: 15 km 2L + 2CE,

« A, (PY)s: 15 km A+ 2CE, Rybric

Localization-optimized

Ebersold et al.



https://arxiv.org/abs/2408.06032
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How to quantify PV detection prospects?

1077

A GWB-optimized

A GWB-optimized
=
O
A Localization-least @
optimal 107

2L GWB-least optimal 10-12.

2L Hybrid

R)1(
R) 2
R)3(

PY )5
PY)s

PY )1
PY)>

PY)3

l-mode

M| =
---- V-mode: [[1| =

102
Frequency [HZ]

Pl curve
prospects




How to quantify PV detection prospects?

SNR
A10(PY)
. . APy, prospects
GWB-optimized mmmm A, (PY)s

A15(PY)s
mmmm (SR)1(PY);

(SR)2(PY)>
mmmm (SR)3(PY)3

A GWB-optimized

A Localization-least
optimal

2L GWB-least optimal

| ~12.5
2L Hybrid —-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

=







SEVEHERWNAGEWAIRS

 Compare SNR findings to data-based analysis!

« Bayes Theorem: P(0|data) ~ P(data|@)P(0)

Qs |Uniform(—18, —7)
Gaussian(0, 3.5)
I1 Uniform(—1, 1)




VELG

Bayes | anln An alys I S injections for:

—12.5
—1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
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WELG
Injections for:

1. FiIX a value per

network & create
random detector
noise

2. For each | I:
-1 <II<L1
(40 values)

3. log Q
—-12.5 <logQ,6 < - 10
(40 values)

4.Repeat

r

5. Optimized
weighted
average

N\




SEVEHERWNAGEWAIRS

 Compare SNR findings to data-based analysis!

« Bayes Theorem: P(0|data) ~ P(data|@)P(0)

Parameters 6

Uniform(—18, —7)
. a | Gaussian(0,3.5)
Uniform(—1, 1




Comparison to Theory

e A10(PY)s
mmmm (SR)3(PY)3

Fora = ()

—12.5
—1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

7

For best and worst network configurations



Comparison to Theory

Combined for 15
runs!

p?~2InRB

In the strong

Add log Bayes from , ,
signal regime

data for both
networks

SNR prospects

»

—12.5
—1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

7

Bayesian analysis
o prospects



SEVEHERWNAGEWAIRS

 Compare SNR findings to data-based analysis!

» Bayeg Theorem: P(¢| data) ~ P(data|6)P(0)

o | Gusn0,85)




Injection case

A Combined for 15
mm Ag0(PY)s
= (SR)3(PY); runs!

Case study parameters:
a =20

logQ, =—11.54

_12.5 _
1.00-0.75—-0.50—0.25 0.00 0.25 0.50 0.75 1.00 QGW(f)—Qa(f_>a
I_I ref

Study specific injection for parameter estimation -> corner plot



Parameter Estimation

We are able to recover parameters within 10!

Case study parameters:
a=0

logQ, =—11.54
I1=-1

95 % UL 11 = -0.238

Qew(f) = Qa<frief)a

In % 7 =2.914 +0.043
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Parameter Estimation

IT = O ruled out at 95 %
95 % UL I1 = -0.238 e

Case study
parameters:

a= ()
logQ, =—11.54
96 II=-1




95% exclusion regions for 11 = ()

~10.00 Combined for 15

,’,’.! Al
..: 1\“_ — A1O(PY)5
43

’
e

—10.25

% (SR)3(PY)3 runs!
A @ Case Study

—1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
[

A,o(PY)

Threshold region: Py 5 < p‘9/5%, crit p(SR)3(PY)3

v

,0‘9/5%’ crit __ 716



Detecting PV in GWB

Conclusion

* \We use formalism to quantify PV
detection prospects.

 Both theoretically developed + tested
with data-based formalism.

 Networks with a 2L ET configuration
are better to constrain PV than A ET.
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Do YOU have Questions




Back-up slides



Polarization bases

. Linear polarization basis: el;.“ , e;;

hi(t,X) = h*(t,X)e; + h™(t,X)e;;

L e tiey  ef—le
Circular polarization basis: e

hi(t, %) = h"(t, X)e;; + h'(t,X)e;;

i 7’ i 7



Big Bang Singularity

7 /4 4

7 7 7 /

——(Cosmological GWB

A N \\ \\

 Many different cosmological sources for the GWB, e.qg.

* First Order Phase Transitions -_Phys. Rev. Lett. : .
126, 151301 — Published 16 April 2021

Indirect Limits

e Cosmic strings - Phys. Rev. Lett. 126, 241102 — _ *
Pulsar

Published 16 June 2021 2 s

 Formation of Primordial Black Holes - Phys. Rev.
Lett. 128, 051301 — Published 1 February 2022

« Stiff Equation of State (EOS) - JCAP 08 (2019) 011

"requency (Hz)

* Exotic cosmological histories - https://arxiv.org/ © https://arxiv.org/abs/1903.09260
abs/2405.10201

A Indirect limits from CMB & BBN

measurements
\_ ) 102



https://arxiv.org/abs/1903.09260
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.151301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.151301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.151301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.241102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.241102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.241102
https://arxiv.org/abs/2311.05423
https://arxiv.org/abs/2311.05423
https://arxiv.org/abs/2311.05423
https://inspirehep.net/literature/1737294
https://arxiv.org/abs/2405.10201
https://arxiv.org/abs/2405.10201

Coordinates 3G networ

Origin (lat,Jon) |X-arm end (lat,lon)|Y-arm end (lat,lon) | Azimuth [°] X-/Y-arm

E1 | 43.6300,10.5000 | 43.7149, 10.5413

E2 | 43.7200, 10.5500 | 43.7034, 10.4280

E3 | 43.7000, 10.4200 | 43.6316, 10.5006

. 40.4950, 9.5909
S

40.5200, 9.4170 40.5699, 9.5815

40.5976, 9.5620
50.5865, 5.8910

50.7200, 5.9210 | 50.5878, 5.8794
50.5868, 5.9542

S1
52
S3
R1
R2
R3
P1 45.8257, -124.9361
P2 45.8202, -125.0085
p3 |46:0000,-125.0000| 45 g546 _124.9426
P4 45.8290, -124.9197
P5
Y1
Y2
Y3
Y4
Y5

45.8202, -124.9909
29.3596, -93.9654

| 29.1152, -93.6108
29.0000, -94.0000 |

Y

29.0526, -93.5938
28.9921, -93.5896
29.1225, -93.6136

43.6983, 10.4193
43.6351, 10.5088
43.7164, 10.5420
40.6528, 9.4496
40.6454, 9.3513
40.6305, 9.3151
50.7007, 6.1312
50.6933, 6.1291
50.7409, 6.1309
46.0457, -124.7502
45.9937, -124.7420
46.0399, -124.7481
46.0559, -124.7545
46.0061, -124.7419
29.0297, -94.4092
29.3417, -94.1321
29.3569, -94.0607
29.3608, -93.9917
29.3392, -94.1405

19.43/319.43

259.43/199.43

139.43/79.43
100.60 / 10.60
68.25/338.25
54.90/324.90
188.14 /98.14
191.33 /101.33
170.99 / 80.99
165.62/75.19
181.90/91.90
167.11/77.11
161.82/71.82
177.98 / 87.98
4.82/274.82
71.29/341.29
81.52/351.52
91.15/1.15
70.06 / 340.06

ASD used

ET10kmcolumns.txt |51]

ET15kmcolumns. txt |51]

ET15kmcolumns.txt |31]

cosmic_explorer_ 20km_strain.txt [S2]

cosmic.explorer_strain.txt |32]



Qaw (HVi(f) = Qaw (f) v (f) +TI(H)w(f)]  (5)

» Normalized ORFs i/dQ(F+F+* | X R Emifas
Q7T 1 =2 1 +2

5 -~ Fle —
—a- / dQi(FFj* — FXFy*)e*m/ihaT,
-

sin 6, s1in 6,

Not-normalized ORFs: |, = :



e Non-PV GWBs:

SNR2=p2=2T(

PV GWBs:

SNR2=p2:2T(

3H;
1072

3H;
1072

SNR




©  Qaw(f) Yty + yy )
2 2 GW ~ lLab V.,ab
pr=2IC J 4 6 Zeab NN
0 (a,b) at¥b
f
Qew = Qﬁ(_)ﬁ
fref
> 1 Vrap + Dryap)”
— ,02 = 2TC2Q§J' df(i)2ﬂ_6 Z ng Lab V.ab
o Jrer T NgNp
Praree _ Jman /re 2p
2 = \/T;c J df (f];%f) Oz (1) + 20 () + TPy )
I fin _

Pl curves
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sin 6, sin 0,
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Pl curves- | modes
QZw(f) Toa(f)

o Ty(f)

Jinax
.= = zTczgz;J ar Ly L L)

f;’ef / ° ['yy(f)

fmaX
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min

min

min

J; 203 —1/2
Q ] _ p target J\ max df (f/f;ﬁf) Fe ff( f )
. v2IC o Tyu(f)

p
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3H; With

C
1072

N, detector noise PSD

Fe(N) =D () — F%V(f)
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Pl curves- V-modes

®  Qw() . Te(f)
2 — 2TC 2J d GW H2 eff
. T g
) 2
o IP() Ten(f)
— 2 — 2TC2Q2J' Jf (2P .
. % B . f ( I ef) o To)
paes [ P G o Tl
%= J df —o— ()
Vare U,/ Cy(f)
Jmax 20
For I1=constant: QX = Prarget J df (flfar)” Toi(f)
| myere [y, o Tu(f)

. Qpi(f) = mﬁax |Qﬁ (fr_ef

:| —1/2

With

3H{

C
1072

N, detector noise PSD

Feff(f) = Fll(f)rvv(f) — F%V(f)
yA,ab(f )78 an( 1)

Cyp(f) = ), 0,
" (c%) 7 NLONs(S)
withA,B=LV

sin 0, s1n 6,
5

Hab




Ist |(SR)1(PY)1|(SR)1(PY)1|(SR)1(PY)1
2nd |(SR)3(PY)3| A15(PY)s | A15(PY)4
3rd A15(PY)4 (SR)3(PY)3 A10(PY)4

4th | A15(PY)s | A10(PY)s [(SR)3(PY)3
Sth| A10(PY)s | A15(PY)s | A15(PY)s [(SR)1(PY):
6th | (SR)2(PY)2|(SR)2(PY)2| A10(PY)s |(SR)3(PY)s3

A10(PY)s [(SR)2(PY)2 [(SR)2(PY)-

Ranking of I-mode SNR

Full SNR results

Ist [(SR)3(PY)3|(SR)1(PY),
2nd [ (SR)1(PY)1 [(SR)3(PY)3
3rd| A15(PY)4 |(SR)2(PY)2
4th | (SR)2(PY)2 | A15(PY)4
5th | A15(PY)s | A15(PY)s
6th | A10(PY)s | A10(PY)4

A10(PY)s

Ranking of V-mode SNR



Different configurations: ET only

* Third-generation configurations:

e A,y 10 km A, same as before

e A5:15km A, same as before

o 10 km A, fully symmetric and closed
o 15 km A, fully symmetric and closed
. : 15 km 2L, GWB-optimized: orientation angle O degrees

* (SR),5: 15 km 2L, Localization-optimized: : orientation angle 45 degrees
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Origin (lat, lon) | X-arm end (lat, lon) | Y-arm end (lat, lon) | Azimuth [°] X-/Y-arm

50.7200, 5.9210 | 50.8548,5.9210 | 50.7198,6.1334 0.00/90.00

TABLE V: ET coordinates and azimuths (clockwise from North).

Coordinates

43.6300, 10.5000
43.7149, 10.5413
43.6983, 10.4193
43.6300, 10.5000
43.7573, 10.5620
43.7325, 10.3789
40.5200, 9.4170
40.5200, 9.4170

43.7149, 10.5413

43.6983,
43.6300,
43.7573,
43.7325,
43.6300,

10.4193
10.5000

10.5620
10.3789
10.5000

40.3851, 9.4093
40.4203, 9.5364

43.6983, 10.4193
43.6300, 10.5000
43.7149, 10.5413

43.7325, 10.3789
43.6300, 10.5000

43.75730, 10.5620

40.5258, 9.2402
40.4287, 9.2867

19.43 /319.43
259.46 /199.46
139.37 /79.37

19.43 /319.43
259.47 /199.47
139.35/79.35
182.51/272.51
137.51 /227.51




Pl curves: ET only

I-mode: M=0
- V-mode: || =1

10°
uency [Hz]




SNR prospects: ET only

e Fora =0

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
[




Full SNR results

Ranking of I-mode SNR Ranking of V-mode SNR



Repeat for ET only

Bigger
performance

gap!
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How to quantify PV detection prospects?

e Q2 () 1/2
SNR:p, = /2T “ df Gwl/ ]
oo

Qi 4(F)
| B 27’ ; G, (f) 1/2
. With Qeff,A(f) — 3H3f [Fé%(f)rgf}/(f) _ [ng/f(f)]Z:|
Cen(f); fA =1
G —
ad {FXffV (D), #A=V

- - dydy o~ dydy
[AB( £y — SIn Oy sin by, 1\, YA (H)yg" ™(f)
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How to quantify PV detection prospects?

—1/2
P thr,A (f / .fref)Zﬂ
° QﬂaA I f P .
\/ 2T Jroin Qeff,A(f)

p
ealf) = max |Q“ (fif) w
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More on ET

 Europe... but where?
e 10/15 km arms

* Configuration?
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Schematic

= =

E1

A =in Virgo’s location
10 km arms

2 XET

S =L ET in Sardinia
10 km arms

2 x CE

R =L ET in three-border region
Belgium, the Netherlands,

Germany
15 km arms

119

P = CE in Pacific Ocean
20 km arms

Y = CE in Atlantic Ocean
40 km arms



Different configurations

* There are a lot of possibilities, so we start with the 5 configurations of ET + 2 CE’s (2 L’s: one with
20 km arms and one with 40 km arms), defined in this paper

+ “Optimal” A, +2 CE
 “Not optimal” A, +2 CE

. “Optimal” 2L +2 CE

 “Not optimal” 2L +2 CE | 20 40 60 &0

Rotation in deg

* “Hybrid” 2L +2 CE

* With “optimal”= a 3G network optimized for searches and “Not optimal”= a
3G network optimized for localizing CBC searches “Hybrid” = a 3G network that makes a trade-off
between and sky-localization searches
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https://arxiv.org/abs/2408.06032
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Each injection run searched for a PV (II # 0) and a non-PV (II = 0) model. From each the repeated injections, we
M

noise’

should have 10 sets of data of each model M that has associated posteriors, log Bayes log I3 and log Bayes

standard deviation (error) o a4 noise-

For a given injection in set 2, one can find the model preference with:

log Bgig — log B'7.) — log B0

noise noise

2 2 2
O.H#O,Hzo _ O-H#O,noise + OT1=0,noise

Finally, for whichever set of data (II # 0 vs. noise, IT # 0 vs. II = 0) you can combine the results with:

Zi log B; - w;
D i Wi

Ocomb — ( Z wz) o

1

10g B comb —

where w; = 1/0?. (The code acccounts for non-runs by only adding an entry when o; > 0 i.e. when the PE run
actually completed)

Note that when all w; = const. are the same value, the above combined values become your usual average and
spread over N sets via Central Limit Theorem.




