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Abstract

This thesis presents advanced statistical tools and optimizations for the analysis of large-
scale structure, focusing on the bispectrum and the projected correlation function. First,
we derive general analytical expressions for how the Alcock-Paczynski distortions affect the
power spectrum and bispectrum of cosmological fields. We compute explicit mixing co-
efficients for bispectrum multipoles in the linear approximation, demonstrating that the
leading-order effect is a uniform dilation of the wavevector triplet. While the linear approx-
imation is highly accurate for all power spectrum multipoles and the bispectrum monopole,
we identify sub-percent level inaccuracies in the bispectrum quadrupole and a failure in the
hexadecapole. These analytical results provide a rigorous alternative to numerical schemes,
simplifying bispectrum analysis for galaxy surveys and the measurement of the baryon acous-
tic oscillation peak position.

Second, we investigate the optimization of projected correlation function analysis, specif-
ically examining how results depend on the line-of-sight integration limit, pi-max. Utilizing
varied halo occupation distribution parameters and cosmological models, we quantify the
dependence of Fisher information on the choice of pi-max. We find that the optimal in-
tegration limits for maximizing information content often fall within non-standard ranges,
spanning from 10 to 100 h-1 Mpc. Together, these studies enhance the precision of cosmo-
logical constraints by providing exact analytical frameworks for higher-order statistics and

optimized configurations for projected clustering measurements.
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Chapter 1

Introduction

This thesis is composed of two primary research objectives. The first major component in-
vestigates the intricate mixing of galaxy bispectrum multipoles under geometric distortions.
This work provides a rigorous framework for accounting for these distortions, which is es-
sential for accurately recovering cosmological information from the anisotropic clustering of
galaxies?. The second core objective of this work (that has not been published as a sepa-
rate paper yet) focuses on the optimization of projected correlation functions, w,(r,). By
examining the stability of these measurements across various integration limits and utilizing
high-accuracy simulation suites. Together, these two investigations offer novel methodologies

for analyzing the next generation of spectroscopic galaxy surveys.

Geometric Distortions in Cosmological Surveys

By measuring redshifts and angular positions, galaxy surveys inherently document the place-
ment of galaxies within spherical coordinates®. To transition these data into physical Carte-
sian coordinates, we must assume a specific expansion history and spatial curvature for
the Universe. If the selected fiducial model deviates from the Universe’s actual physics,
the perceived distances between galaxies undergo distortion. These geometric shifts allow

researchers to back-calculate the true cosmology from the initial fiducial assumptions.



Such distortions influence every statistical appraisal of large-scale structure. For instance,
the observed power spectrum effectively becomes a warped variation of the actual power

spectrum:

P™(ky, k1) = P*(oy[plkf}, aL[pIAT) (L.1)

In this context, ) and « represent distortion parameters along and perpendicular to
the line of sight, respectively, dictated by the cosmological parameters p. When the power
spectrum contains a feature at a predefined wave number, p can be constrained by identifying

the a values that align the measured feature with its theoretical location.

Parametrization and Features

Commonly, these distortions are characterized by «y, which represents the total average
distance distortion, and a., which defines the differential warping between the line-of-sight

412 Any isotropic measurement (or one with a well-defined initial

and transverse planes
anisotropy) is sensitive to a., whereas measurements tied to a known physical scale provide
sensitivity to ay .

The Baryon Acoustic Oscillation (BAO) remains the premier distance scale utilized for
this purpose. Arising from overdensity patterns in the early distribution of matter'®°, the
BAO has been detected in the two-point clustering of various galaxy populations. Currently,

these detections offer the most robust constraints on the relationship between distance and

redshift 1621,

Alternative Probes

Beyond the BAO, several other methodologies have been employed to probe these parame-

ters:

22-26

e Cosmic Voids and Clustering: Properties of cosmic voids and the clustering



between voids and galaxies®” .

e Mapping and Forests: The Lyman-a forest®9 3% and HI intensity mapping?343%4°,

e Novel Approaches: Wavelet-transformed galaxy fields?® and recent proposals to

utilize the entire galaxy distribution as a comprehensive probe for distortion parame-
ters 4748,

The primary goal of this research is to explore the nuances of utilizing galaxy bispec-
trum (three-point correlation function) multipoles for measuring geometric distortions. As a
function of density distribution, the galaxy bispectrum B(ky, ko, k3,1, ¢) depends on five dis-
tinct parameters?%®°. For analytical convenience, it is frequently decomposed into spherical
harmonics, By, (k1, ks, k3), across its angular arguments® . Theoretical forecasts indicate

that incorporating bispectrum data can substantially improve cosmological constraints de-

rived from the galaxy power spectrum alone®%559,

Recent literature has leveraged the galaxy bispectrum to investigate various phenomena,

including:

60-63

¢ BAO and Anisotropy: Determining BAO peak positions and analyzing full

51;64-71

anisotropic shapes . Recent results from the Dark Energy Spectroscopic Instru-

ment (DESI) have provided high-significance detections of the BAO signal in the three-

point correlation function™.

73-76

e Baryonic and Primordial Physics: Probing baryonic effects and primordial

non-Gaussianity (PNG) ™ #2. New research underscores the necessity of accounting for
relativistic effects in the bispectrum to avoid biasing fyr, measurements in upcoming

surveys 82 .

e Higher-Order Statistics: Utilizing massive neutrinos probes®?, fourth-order cluster-

ing (trispectrum)® 87 and parity-violating signatures in large-scale structure®.



In these analyses, geometric distortions cause a mixing of multipoles that must be rig-
orously addressed. While modeling these distortions by direct rescaling of the bispectrum
arguments is a straightforward solution, it is computationally prohibitive. Power and bis-
pectrum models are typically evaluated via Markov Chain Monte Carlo (MCMC) simula-
tions across high-dimensional parameter spaces?3; re-calculating the bispectrum at every
MCMC step is inefficient. A more streamlined approach involves estimating the warped
bispectrum through a linear approximation, utilizing derivatives and precomputed moments
from a fiducial cosmology. This technique is well-validated for power spectrum studies®* and
has recently been applied to bispectrum analyses?%7. Throughout this work, we adopt the

plane-parallel approximation .

Projected Correlation Function

The primary objective of the second part of this work is to investigate the efficacy of the
projected correlation function, w,(r,), as a robust probe for cosmological parameters
while mitigating the systematic effects of Redshift Space Distortions (RSD). Galaxy surveys
record positions in redshift space, where peculiar velocities along the line-of-sight (LOS)
19798

introduce anisotropies in the clustering signa To isolate the real-space clustering, it

is standard practice to integrate the two-dimensional correlation function &(r,, m) along the

LOS separation 7

wy(ry) =2 /0 " ey, ) dr. (12)

A critical aspect of this analysis is the choice of the integration limit, 7,,... While a
larger 7., theoretically captures more of the real-space signal by integrating out velocity

effects 100101

, it introduces additional noise from uncorrelated pairs and increases sensitivity
to modeling uncertainties %193, Conversely, a ,,q, that is too small fails to fully marginalize

over RSD, leading to biased results in the recovery of the Alcock-Paczynski parameters.



While recent literature has explored the galaxy bispectrum multipoles to enhance con-
straints, the projected correlation function remains a vital tool due to its robustness against

104;105

non-linear velocity models . The geometric distortions mix the transverse and longitu-

dinal scales, which must be accounted for using efficient modeling techniques!%%107.

The geometric distortions arising from an incorrect fiducial cosmology mix the transverse
and longitudinal scales, an effect that must be carefully accounted for in the w,(r,) anal-
ysis[cite: 852]. Following the established methodology for power spectrum and bispectrum

analysis 6794

, we examine the stability of these measurements across a range of 7,,,, values
using the AbacusSummit simulation suite.

In our work, we utilize the DESI-specified Halo Occupation Distribution (HOD) pa-
rameters for LRG and QSO samples (Emission Line Galaxies are omitted from our study
because of the lack of important statistical data that is arisen due to lack of satellite galaxy
populations), alongside the DESI logarithmic binning schemes as established in recent lit-
erature 1% For a sample of Luminous Red Galaxies (LRGs), the HOD can be accurately

described using a standard ”vanilla” model originally presented in'®”. This model, often

referred to as the vanilla HOD, is defined by:

ncent" ¢ (M) = %erfe {logw%:/M)} , (1.3)

(M). (1.4)

Ml cent

The five core parameters characterizing this model are M., M1, o, o, and k. Specifically,
M.y represents the minimum halo mass required to host a central galaxy, while M; denotes
the approximate halo mass threshold for hosting a single satellite galaxy. The o parameter
determines the sharpness of the transition from zero to one in central galaxy occupancy.
The power-law index for satellite galaxies is given by «, and kM., defines the lower mass
bound for satellite habitation. We include a modulation term, nE¥(M), in the satellite

function to effectively exclude satellites from haloes that lack a central galaxy. Furthermore,



an incompleteness parameter, fi. (where 0 < fi. < 1, in our paper it is just equal to
1), acts as a downsampling factor to align the mock galaxy number density with observed
clustering measurements.For Quasars (QSOs), we employ a nearly identical HOD framework
with one key modification: we omit the central modulation term in the satellite occupation
function. This adjustment is based on the lack of evidence suggesting a strong physical
association between satellite (QSOs and the presence of a central QSO. Consequently, the

satellite occupation for QSOs is expressed as:
M — kMcut]®
nsat¥O (M) = [—}

M,

All parameters are given in the table below:

Table 1.1: Priors used for LRG and QSO HOD fits, as adopted from®. The parameters
utilize broad Gaussian priors, N(u, o), with additional hard bounds as listed. Mass units are
expressed in h™ M.
Params LRG QSO
Prior Bounds Prior Bounds
log Moy N(13.0,1.0) [12,13.8] N(12.7,1.0) [11.2,14.0]
log My  N(14.0,1.0) [12.5,15.5] N(15.0,1.0) [12.0,16.0]

o N(0.5,0.5) [0.0,3.0] N(0.5,0.5) [0.0,3.0]
a N(1.0,05) [0.0,2.0] N(1.0,0.5)  [0.3,2.0]
K N(0.5,0.5) [0.0,10.0] N(0.5,0.5)  [0.3,3.0]




Chapter 2

Mixing bispectrum multipoles under

geometric distortions

In this Chapter, we use the results from the paper that was published in 20242

2.1 Alcock-Paczynski Distortions

The Alcock-Paczynski (AP) distortion parameters are defined as:

dy = oy dj, (2.1)

dl = OéLdj_. (22)

These parameters link the cosmological model to observable quantities via:

) = ]};d((zz))a (2.3)
DY)
LT D) 24

where H(z) represents the Hubble parameter and D 4(z) denotes the angular diameter dis-

tance at a given redshift z. These spatial distortions correspond to dual distortions in Fourier



space:

]fﬁ = Osz‘H, (25)

ki = O./Lkl. (26)

In this analysis, we utilize the following parameters:

av = y{/af o, (2.7)
o
3
= ¢ 2.8
o=/ 28)

While the definition of vy is standard within the field %, our characterization of a. varies
from the traditional € = /¢ Ja; — 1. Although both a. and e can be used without loss
of information, we demonstrate that the definition in Eq. (2.8) provides a more intuitive

geometric interpretation. To linear order, these two sets of parameters relate as follows:

day = % (boy +20axy) , (2.9)
dae = g(da” —day). (2.10)

The length of every wavevector and its angle relative to the LOS axis transform according

to:

k' = k‘\//ﬂ(aﬁ —al)+ad

= kay+/p2(a? —1/a,) + 1/a, (2.11)

l

(2.12)




Approximated to the linear order in AP parameters, these transformations simplify to:

k' =k [1+ day + Ly(u)da], (2.13)
pt=p |1+ ;(1 — p)oa| . (2.14)

Here, ay represents the mean relative distortion of wavevector lengths across all directions,
while . signifies the magnitude of the dipole distortion relative to the LOS. Notably, the
wavevector angle is influenced solely by «.. This clear geometric significance motivated the

adoption of the parameters defined in Eqgs. (2.7)-(2.8).

Figure 2.1: Depiction of the three wavevectors defining a bispectrum and the associated
geometry. Points 1 and 2 are situated in the y-z plane.

The bispectrum is determined by three wavevectors constrained by k; + ko + k3 = 0,

typically visualized as a triangle. Its value depends on the wavevector lengths (k1, ko, k3) and



their orientation relative to the LOS, parametrized by p; (the cosine of k; with the LOS)
and ¢ (the triangle’s rotation angle from the y-z plane).
To apply these distortion formulae, we express the cosine and sine of these wavevectors

using the five base parameters:

p = i, (2.15)
M2 = —[12/te + Hel12V6, (2.16)
M3 = —H31te — Hel31V0, (2.17)

where subscripts 12 and 31 denote angles between wavevectors ki, ko, and ks, k; respectively:

ki - ko ks - ki

2.18
e (2.18)

Hi2 =

While p; is a primary parameter, ps and ug are derived in Appendix A.1. Changes to the
angle ¢ due to distortions are subdominant and thus omitted from our multipole computa-
tions.

Furthermore, AP distortions rescale all volumes by 1/a3,, resulting in a wavenumber-
independent amplitude shift. This rescales the power spectrum by 1/a3, and the bispectrum
by 1/a$%,, which in linear approximation corresponds to factors of 1 — 3day and 1 — 6day .
Since this rescaling is mathematically trivial, it should be modeled exactly, even when shape
distortions use linear approximations. We do not include this global factor in the subsequent

formulae.

2.2 Distortions of the Power and Bispectrum

The power spectrum is fundamentally a function of wavenumber length and its orientation

relative to the line-of-sight (LOS). It is conventionally expanded using Legendre moments as

10



follows[cite: 1615]:

P(k, ) = Pi(k)Ly(p). (2.19)

l

These moments are computed through the following integral:

Bk = 22 [an Pl i), (2.20)

Alcock-Paczynski (AP) distortions warped the measured power spectrum relative to the true

spectrum, P', according to the relation:

Pk,js) = P* (K [k ] g [k ) (2.21)

To linear order, the relationship between measured and true multipoles can be expressed

as:

t
P = Pt—l—ﬁi(%daij 8/{;5 6)—1—

ok \ Oday da,

OP* [ Ou ou

—_— . 2.22
+ o <aav(5 ay + D, 5046) ( )

Applying the transformations for £ and g, this becomes:

oPt oPt oP' 3
_ pt 2
P =P+ Tk 5av + o kL o(p)dce + 81n,u2<1 Yo (2.23)
For the specific multipoles, the expansion yields:

_ 2 + 1 oP},
Z/d,u |:P2'LZ’ 81nkLZI(M)5aV+

8P£t, 8L4/ (/j,) 3
Lo (1) La(p)bcve + Ph——~=(1 — p*)dcr | L 2.24

51 Lo (W Le()dae + Py oIn 5 (L= #)dac| Le(n), (2.24)

11



which results in the final form:

oP} .
P 61 kéav + E 9l kAll/(SOZE + El/ PZ/B”/(SO./E.
2041
Aw = —5— [ du Lo () Le(p) La (1), (2.25)
26 + 1 8Lg/(u) 3 2

The primary term represents a scaling of each multipole by day. The subsequent terms
involve the mixing of different multipoles and are solely dependent on da.. The analytical
mixing coefficients for the first four multipoles are provided in Table 2.1. Note that these
coefficients differ by a factor of two from those in Padmanabhan and White % due to our use

of «, instead of e.

Table 2.1: Nonzero mixing coefficients for power spectrum multipoles up to the fourth degree.
C10 ] A By
2| 1/5 3/5

0
210 1 0
22| 2/7 | 3/7
24| 2/7 | 10/7
12 18/35 | —36/35
4 4[20/77 | 30/77

2.2.1 Geometric Distortions of the Bispectrum

The galaxy bispectrum is a function of five parameters and is typically expanded in spherical

multipoles as:

B(kla k27 k37 H, (b) = Z Bgm(kh k27 k3)nm<917 ¢)7 (227>
Im

where ¢ = arccos(u1). The corresponding multipoles are calculated vialcite: 1721]:

B (K1, k2, k) = /dmd(b B(ky, ka, ks, p11, 0)Yem (01, 0). (2.28)

12



As multipoles with m # 0 exhibit negligible amplitudes, we focus exclusively on the primary
index for the remainder of this analysis. Measured and true bispectra are linked through the

following relation:

B(k17k27k37ul7¢) - Bt(kiukguk;)auivgbt) (229)

To linear order, and neglecting subdominant ¢-derivatives, the distortions are given by:

0B 3
B=DB"+ Z 51 0 Z 01 kLQ(”Z)ME alnulﬁ(l_ﬂf)éae' (2:30)

Decomposing this into multipoles results in:

3

aBﬁ aB@/ / 835/
=B+ Z Oln k: Z Z dlnk; 86' Oae + Z a0 iy Dyprocre, (2.31)

om/, i=1

where the mixing coefficients are defined by:

Clihmr = /dﬂldcb Lo (1) Yeo (p1) Yerm (p11) (2.32)
Dy = ;/ padop ———— 0Y410(p1) (1= )Y () (2.33)

These analytical coefficients are summarized in Tables 2.2 and 2.3.

2.3 Testing Linear Approximation

To evaluate the validity of the derived linear expansions in Eq.-(2.26) and Eqgs. (2.31)-(2.33),
we perform numerical tests using linear theory within the standard ACDM framework (de-
tailed in Appendix). We adopt the best-fit cosmological parameters as determined by the
Planck satellite mission!!!

The validation process begins by computing the power spectrum using the exact distortion

formula in Eq. (2.21), which is then compared against the linear approximations. Figure 2.2

13



Table 2.2: All nonzero coefficients C’Z,)m, up to £ = 4.

Clem | Gy Cltny Clty

0] 2] 0 1/v5 Lo(p12)/V/5 Lo(uz1)/V5
0]2] 2 0 £4/3/10(1 — i2,) £4/3/10(1 — i3))
210] 0 1/\/g L2(M12)/2\/3 L2(M31)/2\/g
21210 2/7 2Lo(p12)/7 2Lo(p131)/7
2|22 0 —LB/2(0— 43y | —1/3/2(0— i)
21410 ] 6/7V5 6La(12)/7TV/5 6Lo(p131)/7V5
2142 0 ﬁg(l — U1s) ﬁﬁ(l )
4120 6/7V/5 6Lo(p12)/7V/5 6Lo(p31)/7V5
4122 0 1 V3/10(1 — pify) | 331/3/10(1 — i3))
41410 20/77 QOLQ(MIQ) /77 20L2(u31) /77
414] 2 0 \/5/2 — 1) \/5/2 — 15)
416| 0 |15/113/13 15L2(u12)/11\/_ 15L2(u31)/11\/_
4161 2 0 551/105/13(1 — pi3y) | 551/105/13(1 — p3,)

Table 2.3: All nonzero Dy coefficients up to £ = 4

v Da/
02 3/V5
212 3/7
204| 6/7V5
412 —12/7V/5
414 30/77
416 ]105/11V13

illustrates the ratio of these computations to the undistorted (fiducial) power spectrum. For
these tests, we assume a 1% offset in both oy and «.; as expected, the accuracy of the linear
approximation improves as the offset decreases.

Figure 2.2 highlights the first three even multipoles within the range 0 < k < 0.2h7!
Mpec. It is evident that ay exerts a more significant influence on the monopole than a.
Specifically, a 1% deviation in «y induces a roughly 2% shift in monopole amplitude, fea-
turing a distinct Baryon Acoustic Oscillation (BAO) signature. The linear approximation
demonstrates excellent agreement with exact results here. In the quadrupole, ay distortions
are smaller but remain non-negligible, contributing a 2% offset compared to the 6% offset

driven by a.. The quadrupole is predominantly sensitive to a,, where a 1% offset can lead

14



to amplitude shifts of up to 30%. Overall, the linear model performs remarkably well across
all three power spectrum multipoles.

The corresponding analysis for the bispectrum is shown in Figure 2.3. The bispectrum
monopole is almost entirely governed by ay distortions, where a 1% shift results in a 4%
amplitude change with a pronounced BAO feature. For the bispectrum quadrupole, both ay,
and a, have comparable effects. While the linear approximation remains highly accurate for
the monopole, we observe slight deviations in the quadrupole at low wavevectors (k). These
deviations primarily affect the amplitude while preserving the BAO peak positions and are
most noticeable at small wavenumbers where relative a, distortions are most impactful.

In contrast, the bispectrum hexadecapole is exceptionally sensitive to a. distortions.
In this case, the linear expansion fails to accurately capture the signal even for minimal
distortions. As demonstrated in Figure 2.4, a mere 1% distortion can cause the hexadecapole
amplitude to shift by a factor of two, indicating a breakdown of the linear regime for this

specific moment.

15
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Figure 2.2: Ratio of distorted power spectrum multipoles to the fiducial ones. Data points
represent exact results, while solid lines denote the linear approximation. Panels display the
monopole, quadrupole, and hezadecapole from top to bottom. Red markers/lines indicate a
1% ay offset, and blue markers/lines indicate a 1% a. offset.
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Chapter 3

Optimized Projected Correlation

Function

In the second part of this work, we investigate the optimal choice of the integration limit,
Tmax, f0or the projected correlation function. Our primary objective is to determine the
specific my., threshold that maximizes sensitivity toward HOD parametrization and enhances
the ability to distinguish between competing cosmological models.

Regarding cosmological sensitivity, our findings align with theoretical expectations: as
the value of 7,y increases, the resulting increase in averaging over line-of-sight separations
tends to suppress the signal, thereby reducing sensitivity to variations in the underlying
cosmology. Conversely, when focusing on HOD discrimination and the maximization of total
Fisher information, we find that the optimal integration limit is not constant. Instead, the
most effective m,., varies significantly depending on the specific galaxy sample characteristics

and on the various parameters.

3.1 Optimized 7,,,, for HOD parametrization

Firstly, we use Abacussummit simulations of small boxes (in total 1824),

We have approximately 1800 small boxes, with 14 radial bins in total, and that gives us
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Difference Between Averaged Projected 2-point Correlation Functions Comparison of Averaged Projected 2-point Correlation Functions

L T e

0.9

~0.010 08

Brpwplrp)

-0.020

-0.025

-0.030

-0.035

1071 100 10t 107! 10° 10!
rp (Mpc/h) rp (Mpc/h)

Figure 3.1: the difference of the projected correlation function times distance bin for slight
perturbation of LRG parameter, Mcut, using the AbacusSummit c000 (Base Planck) cosmol-
ogy. This analysis examines the sensitivity of the projected correlation function w,(ry) for
GIEN Tmae = 100 .

the opportunity to use Fisher information and covariance matrix statistics. The Fisher Infor-
mation Matrix (FIM) provides a rigorous mathematical framework for predicting how well
a set of parameters can be constrained by a specific observable. In the context of large-scale
structure analysis, the Fisher matrix effectively quantifies the sensitivity of the projected
correlation function, w,(r,), to variations in the underlying Halo Occupation Distribution
(HOD) and cosmological parameters.

The Fisher Matrix Fj; is defined as the expectation value of the second derivative of the

log-likelihood function with respect to the parameters 0; and 0;:

’InL

where In L is the log-likelihood of the data given the model parameters 8. Under the
standard assumption of a Gaussian likelihood where the covariance matrix C is assumed to

be independent of the parameters, the Fisher Matrix simplifies to:

- OYm 1 OYn
Iy = ; a0, [C ]mna—ej (3.2)
o9, 2V (F)a- (3.3)
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Figure 3.2: Projected Correlation function derivatives for different bins. For o HOD pa-
rameter for LRG-s.

In this expression, y is the model vector (e.g., the predicted w, values in specific distance
bins). In our studies, we use Fisher information like quantities for the sake of simplicity and
convenience as depicted below and also in the Figures. C is the covariance matrix. The
covariance matrix accounts for the statistical uncertainties, including shot noise and cosmic

variance, and is defined as:

Crn = {(Ym = Um)(Yn — Un))- (3.4)

The precision with which we can measure a parameter is limited by the Cramer-Rao

bound, which states that the variance of an unbiased estimator is at least the inverse of the
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Fisher Information-like Quantity per Radial Bin for Different HOD Parameters
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Mmax at Maximum Fisher Information-like Quantity for Each HOD Parameter

rcut M1 Apha Kappa sigma

Figure 3.4: 7,,,, mazimum vs Ty, for each HOD parameter. Here, it is visible that for
satellite parameters k and «, results are noisy, which is due to their small sensitivity towards
the total galazy population.
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Figure 3.5: The two Correlation Matriz graphs are for fived mpa. = 50, resulting from
varying My, and o HOD parameters
Fisher information. The marginalized 1o uncertainty on a parameter 6; is given by:

In our analysis, we utilize finite-difference methods to compute the derivatives in Eq. (3.2)
by applying slight perturbations to the LRG and QSO and cosmological parameters within
the AbacusSummit c000 simulation suite. This allows us to quantify the information content
as a function of the line-of-sight integration limit ... More precisely, we use the Fisher

information like quantity (FILQ):

FILQ =
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Fisher Information-like Quantity Across r-bins for Different HOD Parameters
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Figure 3.6: Final results of LRG small bozxes
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To plot and find optimal 7,,,, values. For small boxes, the noisy part is the derivatives,
as each small box volume is 64 times smaller than a large box, and even averaging over
1800 boxes does not improve in dissipating the noise. However, ¢ is much smoother as it is
computed from the covariance matrix.

The main result of this analysis is in Fig. 3.4, where it is clearly observed that the
optimal ,,,, varies approximately linearly according to radial bin. This can be said with
definite certainty about M., and o, the trend is clear with M; (although at very low and
very high distances noise becomes more dominant), however for satellite parameters « and
k the results are stochastic as expected (varying each of these two parameters very slightly

changes the total galaxy population).

3.2 Optimization in Large Box Simulations

On contrary to small boxes, in FILQ, the derivative part is much smoother, but errors are

calculated straightforwardly with standard deviation from the 25 large boxes, and thus are

Nnoisy.
Mmax at Maximum Fisher Information-like Quantity for Each HOD Parameter
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Figure 3.7: Fisher information like quantity analysis for large boxes. Only final results for
Tmaz Optimization are displayed. A clear linear dependence is observed with M., and with
o, the signal becomes noisy for higher radial bins
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3.3 HOD Parameter Optimization for Cosmological Min-
imal Deviance

To investigate the degeneracy between galaxy assembly bias and cosmological parameters,
we perform an optimization routine to determine the best-fit HOD parameters for various
AbacusSummit cosmologies. The objective of this optimization is to minimize the difference
between the clustering signal of a given cosmology and the base Planck (c000) results,
assuming a fixed integration limit of 7. = 100 h~'Mpc. Table 3.1 summarizes the resulting
HOD parameters for each tested cosmological box. Additionally, varying my,., does not give
any peculiar results, simply in the case of different cosmologies, the more averaging (thus
higher 7.y ) is better. In order to get the results in Table 3.1, initially, we performed only
2-dimensional grid analysis (for M., and o, since these two are the most sensitive), after
that the bestfit value for M; was found, and then again 2-dimensional grid analysis for the
satellite parameters, o and k.

Table 3.1: Optimized HOD parameters for different AbacusSummit cosmologies to minimize
clustering differences relative to the base Planck cosmology (c000) at mpee = 100 ™t Mpc.

Cosmology logMew | o |loghly | « K

C000 (Base Planck) 12.70 | 0.17 | 13.94 | 1.07 | 0.55
C100 (wp +2%) 12.74 |1 0.17 | 13.91 | 1.01 | 0.60
C102 (w. + 3.3%) 12,72 1 0.16 | 13.98 | 1.08 | 0.52
C104 (ns + 0.01) 12.82 1 0.18 | 13.92 | 1.07 | 0.54
C106 (1yun + 0.02) 12.69 | 0.17 | 13.91 | 1.05]0.57
C108 (wy + 0.1) 12.73 1 0.17 | 13.99 | 1.09 | 0.51
C110 (w, +0.1) 12.80 | 0.19 | 13.95 | 1.07 | 0.55
C112 (o5 + 2%) 12.65 | 0.17 | 13.84 | 1.03 | 0.53
C114 (Mixed Parameters) | 12.68 | 0.20 | 13.92 | 1.05 | 0.56
C117 (w. + 0.83%) 1281 |0.10 | 13.02 | 1.02 | 0.53
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Chapter 4

Conclusions

In the first part of this thesis, we derived explicit analytic expressions for the mixing coef-
ficients of bispectrum multipoles to the linear order in Alcock-Paczynski (AP) distortions.
These coefficients, presented in Tables 2.2 and 2.3 for multipoles up to £ = 4, are formulated
for the standard definition of bispectrum multipoles. However, they can be readily extended

1.%2.0ur analysis

to alternative parametrizations, such as those proposed by Sugiyama et a
demonstrates that the linear-order mixing coefficients perform remarkably well for all power
spectrum multipoles (see Figure 2.2). For the bispectrum, we found that the leading-order
mixing model is highly effective for the monopole. Specifically, isotropic stretching (charac-
terized by non-zero ay ) is modeled with high accuracy across all multipoles using the linear
expression.Conversely, the linear mixing model is less robust when accounting for anisotropic
stretching (non-zero a.), as illustrated in Figure 2.3. We observed that predictions for the
bispectrum quadrupole begin to deviate by a fraction of a percent even at small distortions
(ae ~ 1%). More notably, even these minor a, offsets induce substantial changes in the am-
plitude and shape of the bispectrum hexadecapole, where the linear approximation clearly
fails (see Figure 2.4).Consequently, a high degree of agreement between the linear approxi-

mation and the exact full model is not universally guaranteed. This investigation suggests

that while the linear approximation offers significant improvements in computational speed
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for bispectrum analysis, it must be applied with caution. To maintain accuracy, fiducial
templates used in the modeling should remain relatively close to the actual measurements
in terms of a, values. The required proximity will depend on the strength of the bispectrum
monopole signal and is expected to vary between different galaxy samples.These findings are
particularly relevant for future large-scale structure surveys aiming to measure the Baryon
Acoustic Oscillation (BAO) feature within the galaxy bispectrum. While the computational
cost of modeling AP distortions for the monopole can be significantly reduced through this
linear model, the bispectrum quadrupole may still require more computationally expensive,
direct computations to ensure sufficient accuracy.

In the second part of this thesis, we have performed a comprehensive optimization of the
projected correlation function, w,(r,), focusing on the selection of the line-of-sight integration
limit, 7. Using the AbacusSummit simulation suite, we evaluated the sensitivity of the
clustering signal to HOD and cosmological parameters through the application of the Fisher
Information Matrix and a simplified Fisher Information Like Quantity.

Our analysis of the small-box simulations reveals that the optimal 7, is not a static
value but rather scales approximately linearly with the radial separation, r,. This trend
is most robust for the central galaxy HOD parameters, M., and o. While the analysis of
satellite parameters (o and k) remains susceptible to stochastic noise due to their limited
impact on the total galaxy population, the overall result suggests that a scale-dependent
Tmax could yield improved constraints compared to the traditional fixed-limit approach.

Furthermore, our investigation into large-box simulations confirmed these findings. While
the noise properties of the large-box samples differed—exhibiting smoother derivatives but
noisier covariance-derived errors—the underlying linear dependence of optimal 7., on the
radial bin remained evident. This consistency across different simulation scales underscores
the physical relevance of the line-of-sight integration threshold in capturing clustering infor-
mation while mitigating the damping effects of large-scale averaging.

Finally, we performed a multi-dimensional optimization of HOD parameters across ten
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distinct cosmologies to identify the configurations that minimize deviance from the base
Planck (c000) cosmology. We found that for cosmological discrimination, higher 7, values
generally provide better results due to increased averaging, which helps to isolate broader
cosmological shifts from localized HOD variations. The optimized parameters detailed in
Table 3.1 provide a roadmap for understanding the degeneracies between galaxy bias and
cosmological parameters in future surveys.

Collectively, these results suggest that the choice of 7.« should be carefully tailored to
the specific science goals of a survey: lower, scale-dependent values for maximizing HOD

information, and higher, fixed values for distinguishing between cosmological models.
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Appendix A

Appendix for Mixing Bispectrum

Multipoles

A.1 Wavevector Projections

The primary objective is to derive analytical expressions for the line-of-sight cosines—specifically
the angles relative to the z-axis—for the arbitrary triangle configuration depicted in Fig-
ure 2.1.We begin by defining a reference triangle within the y-z plane, with the k; vector
aligned along the positive y-axis. The spatial configuration shown in Figure A.1 is then ob-
tained by applying a sequence of rotations: first, the initial triangle is rotated by an angle ¢
counterclockwise around the y-axis, followed by a second counterclockwise rotation of /2— 6,
around the z-axis.

Matrices corresponding to these rotations are

cos(¢) 0 sin(¢)
R, = o 1 o0 |, (A1)

—sin(¢) 0 cos(¢)
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and
1 0 0

Ry =10 sin(d) —-cos(d) | - (A2)
0 cos(d) sin(0)

The initial positions of wavevectors are

kl,ini = (07 kla O)T7 (AB)
k2,ini = (0, —ka12, k2V12)T, (A-4)
k3,ini = (0, —ks331, —k3V31)T, (A-5)

where 0;; is the angle between vectors k; and ;.

After the rotation we get

k1 = Rnykl,ini = (07 le97 kl@)Ta (A6)
ky = RzRykZ,ini = (k2V12’/¢>, —k29¢V12 — ka12vp, —ko120 + k2¢>V12V9)T7

T
ks = RnykS,ini = (—k3V31V¢7 k39¢V31 — k33109, —k3310 — k3¢V31V9) )

and the cosine of the angle with respect to the line of sight is

170, (A.7)
2 = —120 t¢ V12V, (A.8)
3 = 73160 —¢ V31lp. (A-9)

A.2 Bispectrum projections from Geometry

The wavevector projections established in Appendix A.1 may alternatively be derived through

fundamental Euclidean geometry. While the orientation and magnitude of k; are trivial by
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Figure A.1: The same figure as in Fig.1 for clarity
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definition, the distorted wavevectors for the remaining components of the triangle are given

by the following expressions:

r2y2 r2p? ey
kb = \/kg + (o) — 1)%k1—k3y |1 — k2¢ cos(a?+0)*+(aL—1)*(kiv—ksy [ 1 — k_2¢ sin(a?+6)*4+—2
3

3

(A.10)
K = k;g\/(l _r S;gz ¢> [cos? (af + 0) af +sin? (af +0)a? | + r S]g %02 (A1)
where
o’ = arctan (TCZS¢> (A.12)
and
£% = arctan (ZICO_S (2) (A.13)

To linear order in small distortions, these becomes

/ 2 sin?
k; = k’g + (50&” kl — ]{Zg 1-— k;32 ¢ COS (Oéz) + ‘9) +
9 i 2 2 412
+oay |k —kgy[1 =" 2“12 ?in (af +0)| + 60" S;n 2 (A1)
3 2

2 a2 2 2
= b (1 ) fa 1 0)n 50 (o8 5 )] ks ks (A1)
3 3

Distortions in ¢ are given by
¢ (T
@' = asin (F sing (1 + 50@)) ) (A.16)

where

r=\Vks®—d2, (A.17)
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and

B k12 + ]{732 o k22

d Al
o (A.18)
The distortions in r to linear order are
T 1 Z 27.2 : 4
F:1+5k1—T2—]€% > kZkIok; = kidk (A.19)
i i=1
which results in the following linearized expression for the ¢ -
L [ 3
t 272 4
9" = ¢+ tan ¢ 50@—#5151—@ izjkikﬁkj—;mki . (A.20)

For equilateral configurations, with k1 = ky = k3 = K, the equations above simplify

further to
k) = K(1+% 6oy + v*5ay) (A.21)
9

kézK—i—(MH KK /1_381n 0] v 3 cos ¢
4 V1+3cos2¢  /1+3cos2¢

sin? ¢

+6OCJ_K

92
ol | Kv— K /1_ 3sin” ¢ V3 cos ¢ n v
4 V1+3cos2d /1 +3cos?¢

3sin® ¢ v\ 3 cos ¢ ’ V3 cos v ’
k;:K(l— 1 ) = — > 50é||+ 5 + > Yot
\/1+3008¢ \/1+3008¢ \/1+3cos¢ \/1+3cosgb

(A.23)

. 9
—|—KSH1 ¢50zL+K
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¢' = arctan (sin(b (1 + oy + 0ky — ;(5/’{;1 + 0koy + (5k’3)>> (A.24)

We verified that when the results derived in Appendix A.1 are combined with Egs. 2.15-2.17

the numerical results are identical to the outcome of the formulas derived in this section.

A.3 Computing Model Power Spectrum And Bispec-

trum

To perform the validation tests illustrated in Figures 2.2 and 2.3, we employ linear pertur-
bation theory to model the power spectrum and bispectrum’®'. The process begins with
the computation of the linear matter power spectrum, B;,(k), utilizing the CAMB software

suite!!?. The corresponding galaxy power spectrum is subsequently modeled as follows:
P(k) = (b1 + f?) Pin(k), (A.25)

where b; and [ are free parameters. We compute the bispectrum using

B (k?l, k?g, /Cg) = 221(1)21 (Q)Zz(kl, kg)P]in(kfl)Hin(l{?Q) + CYCliC terms <A26)
where
Zi() = (b + £?) (A.27)
7 o b2 2 f3k3 1 2 2 2

Q(kl, k2) — §+b1Fg(k1, k2)+f3 Gg(kl, k2)_T k_(bl + fQ) + k}_(bl + fl) (A28)

1 2

5 ky-ky (ki ko 2 (k- ko2

F - A2y, z A2

2k ko) = 2+ S0 (kz * /{}1) 7 (2k1k2) (A.29)

3 ky-ky [k ky 4 (ky ko2

ki ko) = = A2y . A.

Galhke) = 7+ 550 (k:Q - kl) 7 (2k1k2) (4.30)
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Cyclic terms are computed by permuting the indices (replacing 1 and 2 by 2 and 3, and then

by 3 and 1 in the above equations).
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Appendix B

Projected Correlation Function
Optimization For QSO at redshift

z=14
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Combined Plots (Linear Scale)
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Figure B.1: For QSO, at redshift = = 1.4. The results are similar, however here the

difference between optimal Tpa, for different bins is much harder to distinguish, however
still present.
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