GW-CMB 2025, NCU, November 6-7, 2025

Extracting parity-violating gravitational
waves from the large-scale structure of
the universe

Teppei OKUMURA 22s @ J At 4 BE, .
XLEX L 3L
Academia Sinica, Institute of Astronomy Acf.)mu- sm.c,fﬁ .

and Astrophysics (ASIAA) / Kavli IPMU STA™ __Institute of Astronomy and Astrophysics




Multi-frequency Gravitational Wave Cosmology
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1016 — 10-19 Hz: empty window Renzini et al (2022)

We focuson A =1 - 100 Mpc (= 1014 - 1010 Hz)




GWs = tidal force = tidal deformation

« GWs are locally identical to the scalar
(Newtonian) tidal force

* The difference is its space-time @

dependence
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» Different correlation functions Z=0

* In linear theory, Newton potential
W(t,x) is almost constant in time: GWs propagate:
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Tidal force field

* metric perturbation
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« tidal force field
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L-R helicity (polarization) decomposition

Creminelli+ (2014),
. define * operation Alexander & Martin (2005)
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(X=s for scalar, X=h for tensor)

then, 4@4
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except for the factor k, * operation transforms R - R, L — — L

* operation can be used to detect parity violation (PV) in GWs




2-point functions
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« cosmological GW 2-pt functions exhibit unique time-dependence
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How can we probe cosmological
GW background?

Intrinsic Alignment (IA) of galaxies




Effects of GWs on large-scale structure

« At 1st order, the density perturbation is not affected by GWSs
« 2nd-order density field induced by the coupling between GWs
and scalar tidal fields :
on la
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k-dependent GWs at
Init time
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long mode short mode

* Shapes of galaxies, vy, are affected by GW at 15t order as an
iInstantaneous response effect



Intrinsic Alignment of galaxies

A 8 Sn— * (scalar) tidal fields statistically align
R PR ‘ galaxies
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Projected tidal force field in 3D

» Observable = projected tidal field
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basis perpendicular ton line of sight

et . pi o i i
projectiontensor: P’ =¢§' — n'n,,

* Projected field in 3D
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T trace part is difficult to detect

» Projected (traceless) tidal force field

angular component
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How can we extract tensor part?

scalar tensor

Line-of-sight component



Extracting parity-violating GW components

« Conventional method: E/B-mode decomposition N Globel Parity 4

E-mode = scalar + tensor a4 e
B-mode = tensor a0

non-zero <B?> = GW
' [non—zero <E - B> = PVGW J

E/B_mOd esS. defl ned g |Oba| |y Princi;)al Polarization

https://background.uchicago.edu/~whu/index.html

« New “local” method (complimentary to E/B method)

X%, x)=0%X%,(n,x), [ Xi(n,x)=P0XE4(n,%)

VX / V x X

"XT (n,x) =04 X1 (n,x)eBC9405XT, |- Pseudo-scalar, free from
scalar components

V-VxX



2-point functions of projected tidal fields

 2-point functions in terms of GW amplitude
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[ The above 2-pt functions can be obtained by local operations ]




ORFs for scalar and tensor
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* In principle, it is possible to distinguish tensor from scalar contributions by
template matching applied to the data.



ORFs for <*h*h> and <*hh>
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Polarization degrees of freedom of GWs

Mikura, Okumura & Sasaki (2025) [arXiv:2507.23302] //Y\G\’ s Y\ ©
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We can extract the extra GW polarizations if one can resolve (1973a,b)

the three-dimensional shapes of galaxies!
--> a direct test of the modified theory of gravity




Summary

« Taking the divergence of the curl of the projected tidal tensor field X :

V = Vx X, allows us to extract GW signals locally, free from scalar
(gravitational potential) tidal force field.

« Taking the cross-correlation between the divergence and the curl of X
<V f=VxX> we can extract parity-violating GW signals.

* Our method is complementary to the E/B-mode decomposition, as it
can extract GWs locally, in principle.

 Calculating the expected signal-to-noise ratio is an ongoing work.

* Placing an upper limit on Qg from the current data of galaxy surveys
will be the next step.

Okumura & Sasaki, JCAP 10 (2024) 060 [arXiv:2405.04210]
See also, Mikura, Okumura & Sasaki (2025) [arXiv:2507.23302]
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Relation to E/B-modes

 Fourier modes n
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* Power spectra
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Parity-violating GW encoded in the galaxy shape

power spectrum
Akitsu, Li & Okumura (2023)

e E/B-mode decomposition
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* Power spectra
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