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Intrinsic Alignments: a Primer (1)

e Shapes of galaxies are distorted by large-scale structure
e Therefore, shapes of galaxies are correlated!

e First considered in the context of weak gravitational lensing

Catelan, Bland, Kamionkowski (2000); Hirata, Seljak (2004); Bridle, King (2007)

e Detected 1n galaxy surveys many times by now (LRG’s, clusters)

Martens, Hirata, Ross, Fang [BOSS| (2018)

Mandelbaum’ Hirata++ [SDSS] (2006) Johnston, Georgiou++ [KIDS+GAMA] (2020)

Fortuna, Hoekstra++ [KIDS] (2021)
Hirata, Mandelbaum++ [2SLAQ+SDSS]| (2007)

Singh, Mandelbaum, More [BOSS] (2023)

Kurita, Takada [BOSS] (2023)

Lamman, Eisenstein++ [DESI| (2023)
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Intrinsic Alignments: a Primer (2)

 An impact on many cosmological and astrophysical phenomena!

Self-Interacting Dark Matter

Merger Histories of Galaxies

Baryon Acoustic Oscillations

Magnetic Fields

Parity-Violating Physics

Gravitational Waves

Anisotropic Primordial Non-Gaussianity
Isotropy

Modified gravity

Redshift Space Distortions

Growth Rate
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Xu, Jing, Zhao, Cuesta (2023)
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Saga, Shiraishi, Akitsu, Okumura (2023)
Philcox, Konig, Alexander, Spergel (2023)
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Intrinsic Alignment in 3D Jij(x)

e Intrinsic alignment 1s a 3D phenomenon

e Should work out 3D physics first

e Address observational effects (projection, RSD, selection) later
Iij X Z ’prXp,z'AXp,j;

I;;(x) := Z I;j(Xa)0(X — Xa);

Iij(x) — (Lij) _ 157;j58(x) + gij(x)-

fle) = "nig) B

e IA1s described by a 3D traceless field g;(x)
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What to model?

e Summary statistics in three dimensions

e Two fields: Power Spectrum (Sii(k1)Ski(kz)) = (27)3 Pyjri(k1)6” (kq + ko) &@

Vlah, Chisari, Schmidt (2019,2020)
®* Three fields: Bispectrum - non-Gaussian statistic

S;(K,) Sulla)
Schmitz, Hirata, Blazek (2019), Pyne, Tenneti, Joachimi (2022) X % .
\ /
<Sij(k1)Skl(k2)Srs(k3)> — (277)36D(k1 T k2 T kB)Bijk:lrs(klak27k3)- kl k
3
e Other 2, 3pt statistics can be expressed 1n terms of P and B ‘ | Srs(Ks3)
e Example: aperture mass statistics: more on this later!
. S N
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Galaxy Surveys 1n 2025: Beyond Two-Point

e Bispectrum applied to BOSS data...

Gil-Marin++ (2015) d’Amico++ (2022) Ivanov++ (2023)
Philcox++ (2022) Lut+ (2024)
e And recently also in DESI: Novell-Masot++ (2025)

e Makes sense to apply this methodology to intrinsic alignment as well
e Bispectrum of IA 1s sensitive to parity violation (just like power spectrum)

e Spectra involving B-modes are free of cosmic shear

o Spoiler: forecast for bispectrum B, an SNR =~ 30 for k£ < 0.15 h/Mpc for DESI LRGs

&y
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Full information content in B?

e Some early work on bispectrum of IA already exist

Schmitz, Hirata, Blazek (2019), Pyne, Tenneti, Joachimi (2022)

e Projected 3pt functions used for weak lensing

Heydenreich++ (2022), Linke++ (2022), Porth++(2023), Burger

e However, still some gaps 1n the literature:

How to estimate IA bispectrum?

How to retain all possible information?

How to model power spectrum and bispectrum consistently?

&y
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Intrinsic Alignments: Observables

e What can we actually observe?
s I;(x)

e Shape field 1s 3D, but can only observe projection on the sky

- I, 1 I17 — Io2
Poi(x) = (1 12} = (T T2 ). — = I15.
i (X) (112 I, ) i vy —y ) 1 5 2=

e Decomposition into E- and B-modes 1n 3D Fourier Space

E(k) +iB(k) = (y1(k) + ira(k))e 2", 1Pl (x)

e Also have a contribution from weak gravitational lensing (which 1s not 3D)

,Yobs e ,.Ylens i ,YIA

. Lo N
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Bispectra on the sky

e All possible bispectra are nonzero, even if parity conserved!

BppesBppp  Bpers Bpee> Bpes Bgggs Brpp, Beeg, Bppp

e Bispectra with an odd number of B-modes are parity-odd or ‘handed’:

/ —
DDE — ~DDE

R BppE  _ _p ~
B DDB DDB
Y \DDB \ Y
TB, Eggemeier, Kurita, Vlah, Chisari (2025)
X X’

e Analogy with CMB polarisation bispectra, e.g. B €t cetera (but we work 1n flat sky)
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Multipoles

e Projected bispectrum is a function of five variables %
Bxyz = Bxyz(k1, ko, k3, p1,§) é\kB S
e (Can write multipole decomposition (spherical averaging) ) Q
k, | k, X

B, (ky, ko, k3) = = /1du/0 dé Bxyz(k1, k2, k3, tty &) Yorm (1, &) YQA
— X

e Analogous to existing literature on galaxy bispectrum  Scoccimarro (2015)

* Parity-even (odd) < even (odd) in ¢ TB, Eggemeier, Kurita, Vlah, Chisari (2025)

X COSE «x sIné

N
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Separable estimators: use FFT

Ny, e,
NAV

B3y, (k1 ko, ks) = > 5 (a123) X (q1)Y (a2) Z(as) Piy’z ({&:})

q; €Ebin 2
Kurita, Takada (2022)
e Only two independent angles p, 1,, so two multipole indices (¢, £5) Ioue-++ (2024)

e Use associated Legendre polynomials for angle weights for spin-2 fields (where m = 2)

ngli@z({f{i})even — LZX (NI)LZY (NZ)ng (13)

e Parity-odd: « siné « k; XKk,
( x sin &)
Pz, ({kiDoad = L7 (1) L] (12) L2 (u3) (- (ky x ko))

e Up to now, discussion was entirely independent of dynamics

AW
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Bispectrum Modelling

e “TATT’ model includes second order biasing ettects for shape field, K;; = TF(0;0,®)
gl;QC(X, 7) =K + cKzTF(Kz)U- + Csx0,Kj; + €l + €+ 655 + €K

* EFT of IA provides framework for biasing at all orders gy, ek, MacCrann, Troxel, Fang (2017)

g'}(y)'c (X, T) — Z(CO' + €O (X, T))O;] (X, T) T €5 (X, T)
O Vlah, Chisari, Schmidt (2019,2020)

Desjacques, Jeong, Schmidt (2018) Chen, Kokron (2023)

e These models are robust on large scales, but not beyond say k£ > 0.3 4/Mpc

e Higher order IA biases detected for N-body halos; more on hydrosims / galaxies later!

TB, Kurita, Chisari, Vlah, Schmidt (2023) Akitsu, Li, Okumura (2023)

N
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The tree-level bispectrum in EFT

e Compute multipoles: tree-level EFT model, no RSD
ks (1 ko, Kes) = (S5 (ka) Sy (ka) ST (ka))' + (5377 (k) Sy (ka) S5 (kes))' + (S (k) Sy (ke2) S (k)
+ noise terms
e Deterministic part already appeared in earlier work:  Schmitz, Hirata, Blazek (2019)
e Most noise terms « (e€), (€e€) also in Vlah, Chisari, Schmidt (2019,2020)

e Summary: full generality 3 params for galaxy bias, 4 params for shape bias, 6 for noise
{al qlllh - P, B_} or {ay, a,}

{s,;g} .{sg} {s.g} g 16 10 16 111 111 111 S 2 'SSS
€1 €21 5022 1C23) sg)Xsg r Xggy Hgsg ) Agggr Xggg - S .S
| i €212 G0t & 1Ds2, gy} OF {Dg2, by |
bias expansion (7) stochasticity (6)

TB, Eggemeier, Kurita, Vlah, Chisari (2025)
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SNR fOr DESI LRG Sample TB, Eggemeier, Kurita, Vlah, Chisari (2025)

e All noise amplitudes o set to zero

Theoretical Gaussian covariance (should be a good approximation on large scales)

Assume fsky = 0.1 for overlap with LSST (high quality shape measurement)

04 <7<0.8, 7=5-10"*/Mpc)’ (volume-limited) Zhou++ (2022)
This yields V = 2.5 (Gpc/h)® and a total of ~ 1.3 - 10° galaxies
Use scales k£ < 0.14 h/Mpc so that tree-level PT applies and covariance 1s reasonable

Linear galaxy bias b; = 2.1 and linear alignment amplitude is ¢; & — 0.05 (4,4, = 4)

' - - Chaussid 2024
Second-order bias parameters fixed through co-evolution relations aussidon++ (2024)

Kurita, Takada [BOSS| (2023)

Singh, Mandelbaum, More [BOSS] (2023)
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One Shape Field: By pg, Bppg (D = 0,)

e Symmetrise parity-even multipoles over ky, &, k;

e Parity-even multipoles look promising!

e Parity-odd signal 1s suppressed
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MOI‘e Shape Flelds TB, Eggemeier, Kurita, Vlah, Chisari (2025)

e Difference w.r.t galaxy clustering: ]
shape field is noisier s| — Bpge
) 2 /= | Bpts
Ppg ~ c{P (k) < o;/ni for all scales!
4 222
""" BEEE
e SNR plateaus quickly for most cases B B22,
=
vp
2 -
e Extracting information 1s difficult
with current samples 1- -
. st S—
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Model Tests T

e N-body simulations from the DarkQuest project, no RSD . * Zéz

e 20 realisations, each V = 1 (Gpc/h)’ Kurita, Takada (2020) i :Z — b

e Use mass bin log[M/(h_lMQ)] e [12,12.5], redshift O 10- /
e Correlate matter with halo shapes E, B (not halo position) G 0w o kma‘ibﬁh /MF‘))'C'I;’ 12 o1
e Five parameters in total: ¢, Csx, Cxxs C;s aglg X (el-je,fl) j — Boss

e Power spectrum analysis done before - fit only bispectrum

SNR

TB, Kurita, Chisari, Vlah, Schmidt (2023)

e All bispectrum combinations By, detected in single volume ‘-

e More than one shape field: mostly dominated by aglg ~ ayz/ n ;

0.02 0.04 0.06 0.08 0.10 0.12 0.14

Kmax (h/Mpc)
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Data is well fit by the model (error bars rescaled here to DESI volume)

1l
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Bispectrum degeneracies

e Degeneracies in IA power spectrum broken | R . 80
| | | | I\ mm BLl

e Very important to also consider higher multipoles.;— 1 - ~§6E
| VY I\ B B3

2100, pl1 HN20 i Al _ | ] | ] B~t0t

* Bppes Bppe Bppe | | [/ o0

e Adding multipoles with 2 or 3 shape fields...

e Does not change posteriors much

o But detect agg with high SNR!

« Compatible with Poisson noise ~ ¢2/7

NI
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Model Consistency

B Bispectrum (all even)
B Power Spectrum (Gauss.)

e Consistency between all multipoles Shape bias

parameters

0.15

e (Consistency with power spectrum

-

=010

0.05r

e Model works up to k =~ 0.11 A/Mpc oo
for volume of 1 (Gpc/h)° m

-0.10

| " | | | : | il
—0.08 —0.07 0.05 0.10 0.15 -0.10 -0.05 0.00

by b3 b3 5
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The road ahead

° Sp@Ctl’OSCOplC SULVCYS. Taruya, Kurita, Okumura (2024)

e RSD neglected - but some modelling exists already 1n this direction
e Did not model lensing - how relevant 1s 1t for spec samples / wider redshift bins?
e Test model also including galaxy positions (rather than DM particles)
e Weak lensing:
Maion, Angulo, TB, Chisari, Kurita, Pellejero-Ibanez (2023)

e More model building towards smaller scales

e What level accuracy do we really need?

&y
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Higher loops in EFT

e Developed a method for fast loop calculations in LSS called COBRA

Ny
Pg(k) — Z w; (©)v; (k) TB, Vlah, Chisari (2024)
1=1

e Applied to one-loop galaxy bispectrum in redshift space (PT challenge simulation)

B Two-loop EFT, kmax = 0.26 h/Mpc

TB, Ivanov, Philcox, Vlah (2025) M= One-100p EFT, Ko = 0.11 h/Mpe

e Applied to two-loop matter power spectrum in real space

TB, Rubira, Chisari, Vlah (2025) 2 -4 'j |
e Improve cosmological parameters by 10-40% Jle e
when adding higher loop orders! X 221 ‘“i +++++++ \
(;;,: 0.32 66 68/_/0 70 2.01092).3 AS 2.4
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o ° 1.14 | ngB
Back-up 1: validate covariance
1.2- i Decent agreement with theoretical Gaussian covariance [’ I 1 Pppee® !
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