
Recovering w0 and wa using BAO analysis of dynamical dark energy
models in FLAMINGO hydrodynamical simulations
Kortmann, Stan

Citation
Kortmann, S. (2026). Recovering w0 and wa using BAO analysis of dynamical dark energy
models in FLAMINGO hydrodynamical simulations.
 
Version: Not Applicable (or Unknown)

License: License to inclusion and publication of a Bachelor or Master Thesis,
2023

Downloaded from: https://hdl.handle.net/1887/4297054
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:7
https://hdl.handle.net/1887/license:7
https://hdl.handle.net/1887/4297054


Recovering w0 and wa using BAO
analysis of dynamical dark energy

models in FLAMINGO
hydrodynamical simulations

THESIS

submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE
in

PHYSICS

Author : Stan Kortmann
Student ID : 2334704
Supervisor : Matthieu Schaller
2nd corrector : Subodh Patil

Leiden, The Netherlands, February 12, 2026





Recovering w0 and wa using BAO
analysis of dynamical dark energy

models in FLAMINGO
hydrodynamical simulations

Stan Kortmann

Instituut-Lorentz, Universiteit Leiden
P.O. Box 9500, 2300 RA Leiden, The Netherlands

February 12, 2026

Abstract

Baryon acoustic oscillations (BAO) provide a probe of cosmic expansion
and dark energy. Using FLAMINGO hydrodynamical simulations, we

construct DESI-like luminous red galaxy mock catalogues with forward
modeled realistic observational effects, measure the anisotropic two point
correlation function across redshifts, and fit linear theory BAO templates

to constrain Chevallier–Polarski–Linder parameters w0 and wa of
dynamical dark energy equation of state. We validate the pipeline by
recovering fiducial cosmology and testing departures from ΛCDM,

finding the BAO scale robust to baryonic effects and galaxy selection,
with residual systematics subdominant to statistical uncertainties,

yielding w0–wa constraints consistent with DESI expectations.
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2.3 Dark energy models 16
2.3.1 Cosmological constant 16
2.3.2 Quintessence models (w > −1) 17
2.3.3 Phantom dark energy (w < −1) 17
2.3.4 Dynamical dark energy and regime crossing 18

3 Method 19
3.1 Constraining Dark Energy with BAO Measurements 19
3.2 Methodology 22

Version of February 12, 2026– Created February 12, 2026 - 20:24

v



vi CONTENTS

3.2.1 Pipeline overview 22
3.2.2 Mock survey construction and target selection (green

blocks) 24
3.2.3 Visual illustration of the selection pipeline 27
3.2.4 Averaging over correlated observer realizations 36
3.2.5 Cosmology variation and 2PCF measurement (pink

blocks, MPI) 37
3.2.6 Likelihoods and posterior inference (blue blocks) 42
3.2.7 Validation and systematics 42

4 Results 47
4.1 Simulations 47
4.2 Validation by constraining Ωm and ΩDE 49

4.2.1 FID 49
4.3 w0 and wa 51

4.3.1 Validation of FID simulation at z = 0.5 51
4.3.2 Priors 56
4.3.3 W0WA: narrow priors 57
4.3.4 FID: DESI priors 62
4.3.5 WOWA: DESI priors 64
4.3.6 W0WA+AGN: DESI priors 66

4.4 Fixing w0 68
4.4.1 FID 69
4.4.2 WOWA 72
4.4.3 WOWA+AGN 75

4.5 Overview 78

5 Discussion and conclusion 79
5.1 Key results 80

5.1.1 BAO scale recovery 80
5.1.2 Detecting a non-ΛCDM cosmology 80

5.2 Limitations 82
5.2.1 Resolution 82
5.2.2 Volume 82

5.3 Conclusion 83
5.4 Outlook 84

vi

Version of February 12, 2026– Created February 12, 2026 - 20:24



Chapter 1
Introduction

1.1 Cosmological context

Large scale galaxy redshift surveys probe the expansion history and the
growth of cosmic structure of the universe. In the standard cosmological
paradigm, structures form from small primordial density perturbations
through gravitational instability, leading to the observed web-like distri-
bution of galaxies on large scales that we can see now. Connecting these
late time observables to early universe physics is a central goal of modern
cosmology. Baryon acoustic oscillations (BAO) is one of the processes that
emerge in the early universe and its effect can still be measured in the later
stages of the universe.

1.2 Physical origin of baryon acoustic oscillations

Baryon acoustic oscillations originate from the evolution of primordial
density perturbations in the early universe, when baryons and photons
formed a tightly coupled plasma through Thomson scattering. In this
regime, perturbations evolved under the competing effects of gravitational
collapse and radiation pressure. Overdensities in the plasma consisting
of photons and baryons drove outward propagating sound waves. Dark
matter perturbations evolved collisionless and provided a near constant
gravitational potential at the overdensities from where the plasma sound
waves are propagating.[1][2]
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2 Introduction

The propagation of these acoustic waves continued until recombination,
when electrons and protons combined to form neutral hydrogen and the
photon mean free path increased dramatically. Following this decoupling,
photon pressure ceased to influence baryons, freezing in a characteris-
tic comoving scale corresponding to the maximum distance traveled by
sound waves in the primordial plasma. This scale, known as the sound
horizon at the baryon drag epoch, is imprinted in the baryon distribution,
transferred to the total matter field and finally in the galaxy distribution
that we can observe today.[3]

1.3 BAO as a standard ruler

The sound horizon scale provides a standard ruler whose physical length
can be predicted from early universe physics. It depends primarily on the
physical baryon density, the matter density, and the radiation content of
the universe, all of which are tightly constrained by observations of the
cosmic microwave background (CMB). [4]

Although non-linear gravitational evolution, galaxy bias, and redshift-
space distortions modify the amplitude and shape of the BAO feature,
these effects do not significantly shift its position and thus the rulers length
as to be proven in this thesis.[5] As a result, this ruler can be used to assert
the distance between observer and the galaxy pair via parallax.

1.4 BAO in galaxy surveys

In observational data, BAO appear as a series of oscillations in the galaxy
power spectrum and as a broad peak in the two point correlation func-
tion at a comoving separation of approximately 150 Mpc.[6] Galaxies trace
the underlying matter distribution in a biased manner, but on sufficiently
large scales this bias is approximately linear and does not affect the BAO
scale length as imprinted in the matter power spectrum.[7]

Modern spectroscopic surveys are designed to optimize the measurement
of BAO across a wide range of redshifts. In particular, luminous red galax-
ies (LRGs) are highly biased tracers that can be observed with accurate
redshifts over large cosmological volumes, making them well suited for
BAO analyses. The Dark Energy Spectroscopic Instrument (DESI) is cur-
rently measuring BAO with high statistical precision using multiple galaxy

2
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1.5 Simulations and realistic mock catalogs 3

and quasar samples at different redshifts and recently released data that
shows our current limited understanding of dark energy might not be
true.[8–10]

1.5 Simulations and realistic mock catalogs

As statistical uncertainties decrease, systematic effects associated with non-
linear structure formation, redshift space distortions, and survey selection
functions become increasingly important. Numerical simulations provide
a tool for studying these effects in a controlled setting and for connecting
theoretical predictions to observational measurements.

While dark–matter–only simulations capture the dominant gravitational
dynamics on large scales, hydrodynamical simulations include baryonic
processes such as gas cooling, star formation, and feedback processes,
which can influence galaxy bias and clustering statistics. Forward model-
ing galaxy surveys within such simulations (by applying realistic selection
criteria and observational effects such as redshift measurement errors) is
therefore critical for interpreting observational BAO measurements and
for validating their outcomes.

1.6 Aim and structure

The aim of this thesis is to study the imprint of baryon acoustic oscillations
in simulated galaxy populations and to assess the impact of realistic sur-
vey selections on BAO measurements. Using the FLAMINGO hydrody-
namical simulations[11], mock galaxy catalogs are constructed to emulate
DESI like luminous red galaxy samples, and their clustering properties are
analysed. After analysis a conclusion can be made on whether the DESI
results are reproducible in the FLAMINGO simulation suite and if we will
have to rethink our understanding of how dark energy behaves.
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Chapter 2
Theoretical background

2.1 Derivation of the BAO length scale from FLRW
background and fluid dynamics

Baryon acoustic oscillations (BAO) originate from acoustic waves in the
photon–baryon plasma prior to recombination. The BAO length scale is
set by the comoving distance a sound wave can travel from very early in
the universe up to the end of photon–baryon coupling (the baryon drag
epoch). This distance is the sound horizon at drag, rs(zd), which sets the
characteristic spacing of oscillatory features in the matter power spectrum
and ultimately in the galaxy distribution.[2–4, 12]

In this section rs(zd) will be derived by using perturbations of the FLRW
metric and fluid equations.

2.1.1 Homogeneous background: FLRW metric, equations
of state, and expansion history

We begin with a homogeneous and isotropic Friedmann–Lemaître–Robertson–
Walker (FLRW) spacetime,

ds2 = −dt2 + a2(t)
[

dr2

1 − Kr2 + r2(dθ2 + sin2 θ dϕ2)

]
, (2.1)

where a(t) is the scale factor and K is the spatial curvature constant. [13]

Version of February 12, 2026– Created February 12, 2026 - 20:24

5



6 Theoretical background

Each component i is modeled as a perfect fluid with equation of state. i = c
is cold dark matter, i = b is baryonic matter, i = γ are photons, i = K is
curvature, i = ν is the combination of all relativistic neutrino’s. and i = Λ
is non–dynamical dark energy.

pi = wi ρi, (2.2)

with

and curvature can be represented as an effective component with wK =
−1/3 in the Friedmann equation.

Energy–momentum conservation for each non-interacting background com-
ponent implies the continuity equation [13]

ρ̇i + 3H(1 + wi)ρi = 0, (2.3)

whose solution is
ρi(a) = ρi,0 a−3(1+wi). (2.4)

Defining present-day (note the subscript 0) density parameters

Ωi,0 ≡ ρi,0

ρcrit,0
, ρcrit,0 ≡

3H2
0

8πG
, (2.5)

the Hubble expansion rate becomes

H(a) = H0 E(a), E(a) =
√

Ωr,0a−4 + Ωm,0a−3 + ΩK,0a−2 + ΩΛ,0,
(2.6)

where Ωm,0 = Ωb,0 + Ωc,0 and Ωr,0 = Ωγ,0 + Ων,0 includes photons plus
relativistic neutrinos at early times. [4, 13, 14]

6
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2.1 Derivation of the BAO length scale from FLRW background and fluid dynamics 7

2.1.2 The photon–baryon oscillator

Before recombination at z ≈ 1100, Thomson scattering couples photons to
baryons. In this tight-coupling regime the photon and baryon velocities
are nearly.

θγ ≃ θb ≡ θγb. (2.7)

Define the baryon-loading parameter

R(η) ≡ 3ρ̄b
4ρ̄γ

. (2.8)

Because ρb ∝ a−3 and ργ ∝ a−4, we have R(a) ∝ a and, explicitly,

R(a) =
3
4

Ωb,0

Ωγ,0
a. (2.9)

In tight coupling, the photon–baryon system behaves as an effective single
fluid with outward pressure dominated by photons and inward inertia
from baryons.[3, 12] You can see how the density of either one of them
effects the effective sound speed in Eq. 2.10

c2
s (a) ≡ δp

δρ
≃ 1

3(1 + R(a))
. (2.10)

Deriving the oscillator A compact way to see the acoustic nature is to
combine the photon continuity and Euler equations with baryon inertia
included via R. One obtains an oscillator equation for the photon–baryon
density perturbation

δ′′γb +
R′

1 + R
H δ′γb + c2

s k2 δγb ≃ −k2Ψ (2.11)

which is a forced harmonic oscillator with (time-dependent) frequency k cs
and where Ψ is the perturbation field which has been introduced on top of
the standard FLRW field. [2, 12, 14]
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8 Theoretical background

If cs and R vary slowly over one oscillation (R′ ≈ 0), the homogeneous
solution is approximately

δγb(k, η) ∝ cos[k rs(η)] (2.12)

where the phase is set by the sound horizon rs(η)

rs(η) ≡
∫ η

0
cs(η̃) dη̃. (2.13)

So at a certain time in the early universe η, acoustic waves can propagate
between the a fixed overdensity at r = 0 and the sound horizon at r =
rs in configuration space. This means a certain k-mode has to fullfill the
following equation to be oscillating:

2π

k
≤ rs(η) (2.14)

Sound waves from overdensities attributed to a certain k-mode will first
feel the sound wavefront from their nearest neighbours r = 2π

k when Eq.
2.14 is first true at a certain η. Afterwards this k mode is activated and
in Fourier space can be seen oscillating in time from that point onwards.
This oscillation frequency for a set k-mode is time dependent (because the
propagation speed of the fluid cs is time dependent as seen in Eq. 2.12 and
2.13). Higher value k-modes with a respective lower wavelength separa-
tion (which enter the sound horizon at an earlier time in the universe) in
configurations space will have oscillated longer than lower value k-modes.

2.1.3 The drag epoch and freeze-out of the BAO ruler

As the universe cools, recombination reduces the free-electron density and
Thomson scattering becomes ineffective. Photons decouple and free-stream:
baryons cease to be tightly driven by photon pressure and stop moving
outwards with respect to the initial overdensity center. The relevant time
for imprinting the BAO ruler in the matter distribution is the baryon drag
epoch (often denoted zd), when drag from baryon–photon interactions ef-
fectively ends.[3, 4, 12] In practice, zd depends on the ionisation history
(χe(z), the free electron fraction, dictates the effectiveness of Thomson
scattering inside the photon–baryon fluid) and is usually computed nu-
merically (e.g. in CAMB[15]). [3, 4, 12]

8
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2.1 Derivation of the BAO length scale from FLRW background and fluid dynamics 9

2.1.4 Sound horizon at drag

The sound horizon is defined as

rs(ηd) =
∫ ηd

0
cs(η) dη. (2.15)

Changing variables to scale factor a and using dη = da/(a2H(a)) gives

rs(ad) =
∫ ad

0

cs(a)
a2H(a)

da =
1

H0

∫ ad

0

cs(a)
a2E(a)

da, (2.16)

where E(a) is given by Eq. (2.6).
Using Eqs. 2.9 and 2.10, the integrand is fully specified by Ωb,0, Ωγ,0, and
the background expansion through (Ωr,0, Ωm,0, ΩK,0, ΩΛ,0):

cs(a) =
1√

3
[
1 + 3

4
Ωb,0
Ωγ,0

a
] . (2.17)

Thus the sound horizon rs in the matter power spectrum is determined
by early-time particle physics (through cs(a)) and by the expansion rate
(through E(a)) at the drag epoch ad when the photon pressure component
ceases to exist. [3, 4, 12] The oscillations will stop and the phase of the
oscillations imprinted in the matter power spectrum for values of k that
entered the sound horizon before the drag epoch.

2.1.5 Acoustic feature in P(k)

The oscillatory dependence cos(krs) implies extrema (peaks and troughs)
when

kn ≃ nπ

rs(zd)
(n = 1, 2, 3, . . .), (2.18)

so the fundamental BAO scale in Fourier space is

∆kBAO ≃ π

rs(zd)
. (2.19)

In the matter power spectrum the BAO appear as a series of wiggles with
characteristic spacing ∆k ≃ π/rs ≈ 0.03 h/Mpc as seen in figure 2.1.
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10 Theoretical background

Figure 2.1: Illustrative plot showing the smooth (CDM) and wiggly (Baryons)
contributions to the total matter power spectrum function of the universe.[7]

2.2 Galaxy two-point correlation function

The baryon acoustic oscillation feature appears in two equivalent but com-
plementary representations of large-scale structure: as oscillations in the
matter power spectrum P(k) and as a localized excess in the real-space
two-point correlation function ξ(r). The connection between these two
descriptions follows directly from Fourier transformations.

For a statistically homogeneous and isotropic density field, the two-point
correlation function is defined as

ξ(r) ≡ ⟨δ(x) δ(x + r)⟩, (2.20)

and is related to the matter power spectrum via [7]

ξ(r) =
1

2π2

∫ ∞

0
dk k2 P(k)

sin(kr)
kr

. (2.21)

As discussed previously, the linear matter power spectrum can be decom-
posed into a smooth and an oscillatory component,

P(k) = Ps(k) + Pw(k), (2.22)

where Ps(k) is a broadband contribution and the BAO signal is contained
in the “wiggly” component Pw(k). To leading order, the oscillatory part
may be approximated as

Pw(k) ≃ A(k) sin
(
krs + φ

)
, (2.23)

10
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2.2 Galaxy two-point correlation function 11

with rs the sound horizon at the baryon drag epoch and φ a weakly scale-
dependent phase.[3, 16]

Substituting Eq. (2.23) into Eq. (2.21) shows that the oscillatory behavior
in Fourier space does not map to oscillations in configuration space. In-
stead, the product of sine functions in the integrand leads to constructive
interference when the separation r is close to the sound horizon,

ξw(r) ∝
∫

dk k2 sin(krs)
sin(kr)

kr
, (2.24)

and destructive interference away from this scale. The net result is a single,
localized enhancement in the two-point correlation function centered at

r ≃ rs(zd). (2.25)

This feature admits a particularly intuitive physical interpretation. An ini-
tial overdensity in the early universe launches a spherical acoustic wave
in the photon–baryon plasma. By the baryon drag epoch, baryons have
accumulated both at the origin and on a thin shell of radius rs as can be
seen in figure 2.2.

Figure 2.2: Illustration [17] showing the imprinted rings of baryonic matter after
the drag epoch around a local overdensity.

After recombination, baryons fall back into dark matter potential wells,
but the characteristic separation imprinted by this shell survives gravita-
tional evolution as not all of the baryons fall into the potential wells. At
late times, galaxy pairs therefore exhibit an enhanced probability of being
separated by a distance close to rs, producing the BAO bump in ξ(r).[1, 3]
A timelapse of how the BAO is formed can be seen on the next page and is
copied straight out of the following paper [18] (Figure itself is from [19]).
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2.2 Galaxy two-point correlation function 13

2.2.1 Alcock–Paczyński effect

Galaxy redshift surveys measure angular positions and redshifts rather
than comoving distances. To construct a three-dimensional map of the
galaxy distribution, observed redshifts are converted into comoving dis-
tances using the radial comoving distance

DC(z) ≡ χ(z) =
∫ z

0

c dz′

H(z′)
, (2.26)

(for a spatially flat FLRW model. Curvature generalizations can be in-
troduced via DM(z) = Sk[χ(z)] which is shown in the Methods chapter).
Combined with the angular coordinates, this mapping assigns each galaxy
a position in comoving space, from which pairwise separations are com-
puted and the (weighted) two-point correlation function is measured.

Transverse separations: s⊥. Consider two galaxies at (approximately)
the same redshift z but separated by a small angular distance ∆θ on the sky
(so their separation is mainly perpendicular to the line of sight). At fixed
z, the comoving distance to the shell is DM(z), so the transverse comoving
separation is

s⊥ ≃ DM(z)∆θ. (2.27)

In this case, both galaxies lie on (nearly) the same constant-z surface, so
H(z) only enters implicitly through the single-number mapping z 7→ DM(z)
in Eq. (2.26). In particular, for a given pair at redshift z, H(z) is not sam-
pled along the pair separation; it is only used to convert the observed red-
shift to the distance DM(z).

Radial separations: s∥. Now consider a pair with negligible angular sep-
aration (same sky position to good approximation) but with different red-
shifts z1 and z2 (so the separation is mainly along the line of sight). Their
comoving radial coordinates are χ(z1) and χ(z2), hence the line-of-sight
comoving separation is

s∥ ≃ |χ(z1)− χ(z2)| =

∣∣∣∣∫ z1

z2

c dz′

H(z′)

∣∣∣∣ . (2.28)

If the pair is close in redshift, define z ≡ (z1 + z2)/2 and ∆z ≡ z1 − z2 with
|∆z| ≪ 1. Then H(z′) varies little over the interval, and the integral can be
approximated by evaluating H at the midpoint:

s∥ ≃ c |∆z|
H(z)

. (2.29)
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14 Theoretical background

This makes the distinction clear: transverse separations depend on DM(z)
(a distance inferred from integrating 1/H from 0 to z), while radial sepa-
rations depend directly on the local inverse Hubble rate 1/H(z) through
the differential relation dχ/dz = c/H(z).

If the cosmological model used to convert redshifts to comoving distances
differs from the true cosmology, the inferred separations are distorted anisotrop-
ically. In particular, the BAO scale is shifted by different amounts for sep-
arations parallel and perpendicular to the line of sight. This geometric
distortion is known as the Alcock–Paczyński (AP) effect.[20]

The AP effect manifests itself most clearly in the two-dimensional two-
point correlation function ξ(s, µ), where s is the distance between 2 galax-
ies and µ = cos(θ) where θ denotes angle between the line of sight and
the vector between the 2 galaxies. In the correct cosmology, the BAO fea-
ture appears approximately isotropic, meaning that ξ(s, µ) ≈ ξ(s). If the
wrong cosmology is inferred, the BAO signal will appear at different sepa-
ration s depending on the orientation in respect to the line of sight µ. Thus
the spherical shell seen in figure 2.2 can be distorted depending on the
value of µ as is schematically drawn in figure 2.3. We use α⊥ and α∥ which
are defined in Eq. 2.30. In a correct cosmology s⊥ = s∥ with α⊥ = α∥ = 1.

α⊥ =
s⊥

s⊥, f iducial
=

s(µ = 1)
s f iducial(µ = 1)

α∥ =
s∥

s∥, f iducial
=

s(µ = 0)
s f iducial(µ = 0)

(2.30)

By measuring the BAO signal as a function of orientation relative to the
line of sight, one can therefore constrain the cosmological parameters gov-
erning the expansion history. In practice, this information is often ex-
tracted either from the anisotropic two-point correlation function or from
its multipole moments, with the AP effect providing sensitivity to the ge-
ometry of the universe in addition to the overall BAO scale. [3, 21]

14
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2.2 Galaxy two-point correlation function 15

s⊥

s∥

correct cosmology
wrong cosmology

∝ α⊥

∝ α∥

Figure 2.3: Schematic illustration of the Alcock–Paczynski effect on anisotropic
BAO. In the correct cosmology the BAO feature is approximately isotropic (solid
circle), while an incorrect mapping from redshift to distance distorts the BAO ring
into an ellipse (dashed).
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16 Theoretical background

2.3 Dark energy models

The observed late-time accelerated expansion of the universe is commonly
attributed to a dark energy (DE) component with negative pressure. Within
a homogeneous and isotropic FLRW background, dark energy can be char-
acterised by its equation-of-state parameter rewriting Eq. 2.2 into Eq. 2.31:

w ≡ pDE

ρDE
, (2.31)

where pDE and ρDE denote the pressure and energy density of the dark
energy component, respectively. Different physical models of dark en-
ergy correspond to distinct values and possible time evolution of w, which
can be broadly classified into three categories: a cosmological constant,
quintessence models, and phantom models.

2.3.1 Cosmological constant

The simplest dark energy model is a cosmological constant Λ, correspond-
ing to a constant equation-of-state parameter

w = −1.

In this case, the dark energy density remains constant in time, as can be
seen from Eq. 2.4, ρΛ = const. The associated negative pressure, pΛ =
−ρΛ, leads to a repulsive gravitational effect in general relativity and drives
the late time accelerated expansion of the universe.

Physically, a cosmological constant can be interpreted as a constant vac-
uum energy density permeating spacetime. When included in the Einstein
field equations, it modifies the Friedmann equations through the term ΩΛ
that dominates the cosmic energy budget at late times seen in Eq. 2.6, nat-
urally producing acceleration once the matter density Ωm has sufficiently
diluted.

16
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2.3 Dark energy models 17

2.3.2 Quintessence models (w > −1)

Quintessence models describe dark energy as a minimally coupled scalar
field evolving in a potential V(ϕ). [22] In these models, the equation-of-
state parameter satisfies

−1 < w < 1

The energy density of the quintessence field decreases as the universe ex-
pands, leading to a dynamical dark energy component whose influence
becomes dominant later than the cosmological constant and phantom dark
energy models. It also causes the universe to expand at a slower rate than
the other 2 models.

2.3.3 Phantom dark energy (w < −1)

Phantom dark energy models are characterised by an equation-of-state pa-
rameter

w < −1

corresponding to an energy density that increases with cosmic time as seen
in Eq. 2.4. Such behaviour can give rise to exotic future scenarios, includ-
ing a “Big Rip” singularity, in which bound structures are eventually torn
apart. [23]

Although phantom dark energy is not excluded by current observations,
realising w < −1 typically requires fields with negative kinetic energy,
which may lead to instabilities at the quantum level. For this reason, phan-
tom models are often regarded as effective descriptions rather than funda-
mental theories.
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18 Theoretical background

2.3.4 Dynamical dark energy and regime crossing

More generally, dark energy may be dynamical, with an equation-of-state
parameter that evolves with cosmic time and transitions between the regimes
described above. In such scenarios, the effective equation of state may
evolve from quintessence-like behaviour (w > −1) to phantom-like be-
haviour (w < −1), or vice versa, crossing the so-called “phantom divide”
at w = −1.

While a strict crossing of w = −1 cannot occur in simple single-field
quintessence models, it may arise in more complex scenarios involving
multiple scalar fields, non-minimal couplings, or modifications of gravity.
[24]

18
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Chapter 3
Method

3.1 Constraining Dark Energy with BAO Mea-
surements

To constrain the time evolution of the dark energy equation of state, a
common approach is to employ a parametric form such as the Chevallier–
Polarski–Linder (CPL) parametrization. In this framework, the equation
of state is written as a function of the scale factor a (or equivalently redshift
z) as

w(a) = w0 + wa(1 − a) = w0 + wa
z(a)

1 + z(a)
, (3.1)

where w0 denotes the present-day value of the dark energy equation of
state and wa characterizes its time evolution.
Substituting Eq. 3.1 into the dark energy continuity equation (Eqs. 2.4 and
2.2) yields a redshift-dependent dark energy density,

ρDE(z) = ρDE,0 (1 + z)3(1+w0+wa) exp
[
−3wa

z
1 + z

]
. (3.2)

The Hubble expansion rate for a non-flat universe then takes the form

H2(z) = H2
0

[
Ωm(1 + z)3 + Ωr(1 + z)4 + Ωk(1 + z)2

+ ΩDE(1 + z)3(1+w0+wa) exp
(
−3wa

z
1 + z

)]
.

(3.3)

The CPL parameters (w0, wa) therefore enter directly into the expansion
history through H(z), modifying cosmological distance measures used in
baryon acoustic oscillation (BAO) analyses.
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Single measurements of the BAO scale at a particular redshift are primarily
sensitive to a specific combination of w0 and wa, leading to degeneracy
directions in the w0–wa parameter plane. You are in fact only constraining
w(z) for

z − ∆z ≤ z ≤ z + ∆z

in the data analysis of a single redshift bin with binwidth ∆z . Combining
BAO measurements across multiple redshift bins decreases the degener-
acy because each redshift bin probes a different weighting of the equation-
of-state evolution (3.4) due to the different z and thus w(z), thereby tight-
ening the joint constraints on both parameters.[5, 25, 26]
This behavior can be understood by defining an effective equation of state
at redshift zi,

w(zi) = w0 + wa
zi

1 + zi
, (3.4)

which represents the linear combination of CPL parameters most directly
constrained by distance measurements at that redshift. As zi varies, the
corresponding degeneracy direction in the (w0, wa) plane rotates, enabling
multi-bin BAO analyses in large spectroscopic surveys to significantly im-
prove constraints on the time evolution of dark energy.
When combining measurements from multiple redshift bins, the joint like-
lihood is formally given by

Ljoint(w0, wa) = P(dz1 , dz2 , . . . , dzN | w0, wa) , (3.5)

with dzi being the data vectors in the different redshift bins.
When assuming full gaussian likelihoods we expect the following full joint
likelihood

Ljoint(w0, wa) =
1√

(2π)k det C

× exp
[
−1

2
(D − M(w0, wa))

T C−1 (D − M(w0, wa))

]
, (3.6)

C =


C11 C12 · · · C1N
C21 C22 · · · C2N

...
... . . . ...

CN1 CN2 · · · CNN

 , (3.7)

20
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3.1 Constraining Dark Energy with BAO Measurements 21

C is the full covariance matrix. Redshift bins i and j are independent
whenever Cij = 0. M(w0, wa) Is the vector that contains the expected
data vector assuming our w0waCDM model. Finally, D contains the data
measurement of the BAO signal in the 2PCF.

In observational analyses, the full covariance between redshift bins is typi-
cally estimated from mock catalogs or analytical models and incorporated
into the joint likelihood to account for correlations between bins.[5, 26]
This ensures that the uncertainties are not artificially decreased when com-
bining bins that share large-scale modes and thus are not statistically in-
dependent.

In simulation-based studies, like FLAMINGO, using the same initial den-
sity field, it is common to approximate snapshots at different redshifts as
statistically independent, particularly when the bins are widely separated.
Under this approximation, the joint likelihood reduces to the simple prod-
uct in equation (3.8).[27] However, this is only an approximation:

Ljoint(w0, wa) = Lz1(w0, wa)×Lz2(w0, wa)× · · · , (3.8)

or, equivalently in terms of χ2,

χ2
joint(w0, wa) = ∑

i
χ2

zi
(w0, wa). (3.9)

The large-scale density field modes are coherent across snapshots, lead-
ing to significant covariance between BAO measurements at different red-
shifts. Modes that contribute to the BAO feature at one redshift also in-
fluence the BAO in other snapshots. Neglecting this correlation under-
estimates uncertainties and artificially tightens constraints in the (w0, wa)
plane. Proper treatment therefore requires estimating the cross-covariance
between redshift bins and incorporating it into a joint likelihood or χ2

analysis, as is standard in observational combined analyses. [5, 28]

Finally, combining BAO measurements with other cosmological probes,
such as supernovae or cosmic microwave background data, further breaks
degeneracies and improves the overall figure of merit for dark energy pa-
rameters. [27]
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3.2 Methodology

3.2.1 Pipeline overview

We construct DESI-like luminous red galaxy (LRG) mock observations
from the FLAMINGO simulations, measure the two-point correlation func-
tion (2PCF), and infer cosmological constraints by comparing the mea-
sured BAO scale to theoretical templates under varying cosmological as-
sumptions. The pipeline has three stages as seen in the flow chart in Fig.
3.1:

1) mock survey construction and target selection

2) cosmology-dependent remapping and 2PCF computation (MPI-parallel)

3) likelihood combination and posterior inference

22
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3.2 Methodology 23

Figure 3.1: Flow chart of the BAOFLAMINGO pipeline. The analysis pipeline is
publicly available at https://github.com/stankortmann/BAO_FLAMINGO
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3.2.2 Mock survey construction and target selection (green
blocks)

Snapshot selection

For each redshift bin [zmin, zmax], we load the simulation snapshot at the
bin centre zc = (zmin + zmax)/2 (e.g. the z = 0.5 snapshot for 0.45 < z <
0.55), which limits redshift-evolution systematics within the bin.

True cosmology initialization

We extract the cosmological parameters from the simulation metadata and
initialize a cosmology class using these values. This “true cosmology” is
then used for all baseline distance–redshift conversions.

Halo catalogue and stellar-mass filtering

Halos are loaded from the SOAP–HBT catalogue and their centre-of-mass
coordinates are used as galaxy position proxies. All coordinates are co-
moving Cartesian (x, y, z). Halos with zero stellar mass are removed to
ensure the remaining sample has non-zero probability of being an observ-
able galaxy and to reduce computational cost.

Observer placement and periodic translations

An observer is placed so that the outer edge of the redshift bin corresponds
to the desired comoving radial depth inside the periodic simulation box.
We compute the comoving distance corresponding to zmax using the true
cosmology and position the observer accordingly. A random translation
(∆x, ∆y, ∆z) is applied to exploit translational invariance under periodic
boundary conditions. Different viewing directions (e.g. x±, y±, z±) are
implemented via axis rotations.

Spherical coordinate transformation

Coordinates are transformed relative to the observer:

(x, y, z) → (r, θ, ϕ). (3.10)

24
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3.2 Methodology 25

Distance–redshift mapping

We compute the line-of-sight comoving distance

DC(z) = c
∫ z

0

dz′

H(z′)
, (3.11)

and the transverse comoving distance

DM(z) =



c
H0

√
Ωk

sinh
(√

Ωk
H0

c
DC(z)

)
, Ωk > 0,

DC(z), Ωk = 0,

c
H0

√
|Ωk|

sin
(√

|Ωk|
H0

c
DC(z)

)
, Ωk < 0.

(3.12)

We numerically invert this mapping to obtain z(r) where r ≡ DM. In all
of the cosmologies we use Ωk ≈ 0. This means that r ≡ Dc.

Transform to observed coordinates and apply redshift errors

We map (r, θ, ϕ) → (z, θ, ϕ) and perturb the redshifts with DESI-like un-
certainties:

zobs ∼ N (ztrue, σ2
z ), σz = 0.0005(1 + z), (3.13)

consistent with DESI LRG target selection. [29] We then keep only objects
with zmin ≤ zobs ≤ zmax.

DESI LRG colour–magnitude selection

Apparent magnitudes are computed from absolute magnitudes using the
luminosity distance,

DL(z) = (1 + z) DM(z), m = M + 5 log10

(
DL

10 pc

)
, (3.14)

where DM(z) is the transverse comoving distance obtained from the distance–
redshift relation of the (true) cosmology used to construct the mock obser-
vation. For each selected subhalo, apparent magnitudes are evaluated in
the g, r, and z optical bands and the mid-infrared W1 band. The g, r, z
magnitudes are taken directly from the simulation catalogue, while the
W1-band magnitude is obtained by extrapolation assuming a linear rela-
tion in logarithmic magnitude space. The z, r and g are GAMA bands [30]
and W1 is a near infrared band.
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We then apply the DESI luminous red galaxy (LRG) target selection, de-
signed to isolate massive, passively evolving galaxies with red colours.[29]
The cuts are expressed in terms of apparent magnitudes as:

(z − W1) > 0.8 (r − z)− 0.6
(g − W1 > 2.9) ∨ (r − W1 > 1.8)
(r − W1) > 1.8 (W1 − 17.14) AND
(r − W1 > W1 − 16.33) ∨ (r − W1 > 3.3)

with

λg = 475 nm
λr = 622 nm
λz = 905 nm

λW1 = 3368 nm.

These colour–magnitude criteria define a well-separated locus in optical–
infrared colour space, suppressing contamination from blue, star-forming
galaxies and preferentially selecting luminous systems with high stellar
mass.

Luminous red galaxies form an optimal tracer population for BAO mea-
surements because their high large-scale bias enhances the clustering sig-
nal, their red spectral energy distributions lead to stable colour selection
and precise redshift determination, and their smoothly varying selection
function minimizes redshift dependent systematics that could distort the
BAO feature when making real life observations. [29]

26
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3.2.3 Visual illustration of the selection pipeline

To illustrate how the ideal underlying matter distribution is progressively
transformed into an observationally realistic galaxy sample, we construct
a sequence of projected maps from the L1000N1800/HYDRO_FIDUCIAL
FLAMINGO simulation (FID in Table 4.1 for simulation parameters). A
snapshot at z = 0.5 is used.
Each panel shows a thin comoving slice of thickness 40 Mpc, correspond-
ing to the range

480 ≤ zbox ≤ 520 Mpc,

projected onto the (x, y) plane. The stellar mass surface density is dis-
played on a logarithmic scale where indicated. A reference bar corre-
sponding to the BAO scale of 150 Mpc is shown in the lower-right corner
of each panel for visual comparison. Halo centres from the SOAP–HBT
catalogue are marked with green points.

In principle, cosmological information is encoded in the full matter den-
sity field and its power spectrum. However, the total matter distribution
cannot be observed directly. Instead, galaxy surveys detect only luminous
galaxies that emit sufficient light in observable bands. This introduces
bias, incompleteness, and selection effects that alter the effective tracer
population. The sequence below demonstrates how successive observa-
tional cuts reduce the tracer density and modify the clustering sample
used for BAO measurements inside the pipeline.
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(1) Stellar mass surface density field Fig. 3.2 shows the logarithmic stel-
lar mass surface density in the selected slice. The cosmic web structure
is clearly visible. The BAO reference scale is comparable to the separa-
tion between prominent overdense regions, illustrating that the acoustic
feature is imprinted on large-scale structure.

Figure 3.2: Logarithmic stellar mass surface density in a 40 Mpc comoving slice
of the FID simulation. The 150 Mpc BAO reference scale is shown in the lower
right corner.

28
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(2) Density field with halos In Fig. 3.3, all halos from the SOAP–HBT
catalogue are plotted on the density field, corresponding to

Ntracer ≈ 7.1 × 105.

Halos trace the high density regions of the cosmic web while also pop-
ulating intermediate density environments. At this stage, the catalogue
represents the full halo population of the respective slice of the simulation
volume.

Figure 3.3: All SOAP–HBT halos (Ntracer ≈ 7.1 × 105) overlaid on the logarithmic
stellar mass surface density field. Green points indicate halo centres.
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(3) Halos only Fig. 3.4 shows only the halo centres without the back-
ground density field. The large-scale clustering pattern remains evident
despite the discrete sampling, demonstrating that halo tracers alone cap-
ture the large-scale modes responsible for the BAO signal.

Figure 3.4: Spatial distribution of all SOAP–HBT halos in the slice (Ntracer ≈ 7.1×
105), without the underlying density field.

30
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(4) Luminous halos detectable in GAMA bands We next restrict the
sample to halos hosting galaxies with non-zero stellar mass and detectable
emission in the nine GAMA photometric bands. This reduces the sample
to

Ntracer ≈ 4.3 × 104.

The resulting distribution (Fig. 3.5) is visibly sparser, with low-mass halos
in underdense regions preferentially removed.

Figure 3.5: Halos hosting galaxies with detectable emission in the nine GAMA
bands (Ntracer ≈ 4.3 × 104). The tracer population becomes visibly sparser.
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(5) Luminous halos detectable in GAMA bands with stellar mass den-
sity Fig. 3.6 overlays the luminous tracer sample on the logarithmic stel-
lar mass density field. The selected galaxies preferentially occupy dense
nodes and filaments, reflecting galaxy bias relative to the underlying mat-
ter distribution.

Figure 3.6: Luminous tracer sample (Ntracer ≈ 4.3 × 104) with the logarithmic
stellar mass surface density field.

32
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(6) Redshift selection We then apply the radial filter corresponding to
the chosen redshift bin (0.45 ≤ z ≤ 0.55) in the mock survey construction.
The mock observer is located to the right of the projected slice parallel to
the (x, y) plane and at coordinate z = 500 Mpc. Only galaxies within the
appropriate comoving distance interval are retained, reducing the sample
to

Ntracer ≈ 1.4 × 104.

Figure 3.7: Tracer population after applying the redshift selection relative to the
mock observer on the right (Ntracer ≈ 1.4 × 104).
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(7) DESI LRG colour–magnitude selection Finally, the DESI luminous
red galaxy (LRG) colour–magnitude cuts described in Section 3.2.2 are ap-
plied. This produces the final mock survey sample with

Ntracer ≈ 1.4 × 103.

The resulting distribution (Fig. 3.8) is significantly sparser and preferen-
tially traces the most massive, highly biased structures. This population
constitutes the effective tracer set used for the two-point correlation func-
tion BAO analysis.

Figure 3.8: Final DESI LRG-selected tracer population (Ntracer ≈ 1.4 × 103) used
for the BAO analysis.

34
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At this point, an observer-based realisation of the simulation is defined
at fixed redshifts, corresponding to thin radial shells centred around se-
lected epochs. Each shell represents a snapshot of the galaxy distribution
as it would be observed in a redshift survey such as SDSS or DESI. When
considered individually, these shells are analysed separately in this work;
however, taken together across multiple redshifts they would form a con-
tinuous lightcone geometry, with galaxies occupying a spherical wedge
extending outward from the observer, as illustrated in Fig. 3.9.

Figure 3.9: Illustration of the SDSS galaxy survey in lightcone coordinates, shown
as a compressed two dimensional projection in (z, ϕ) space. The radial direction
corresponds to redshift, which is mapped to comoving radial distance Dc assum-
ing a fiducial cosmological model, while the angular extent defines the survey
footprint. This figure is adapted from the SDSS data release paper.[31]
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3.2.4 Averaging over correlated observer realizations

To improve statistical precision, multiple observer realizations are gener-
ated by randomly translating the galaxy catalogue within the periodic sim-
ulation volume. Since all realizations probe the same underlying density
field, they are not statistically independent and share large scale modes.
Each realization i is assigned a weight

wi =
fini

∑j f jnj
, (3.15)

where fi is the fractional survey volume and ni the galaxy number density.
The averaged correlation function is

ξ̄ = ∑
i

wiξ
(i). (3.16)

Assuming a constant average overlap ρ between realizations, the covari-
ance of the averaged measurement is

Cov(ξ̄) = ∑
i

[
w2

i + ρ wi(1 − wi)
]

C(i). (3.17)

36
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3.2.5 Cosmology variation and 2PCF measurement (pink
blocks, MPI)

Trial cosmologies and remapping

For each parameter combination in a predefined grid of priors, we ini-
tialize a new cosmology object and recompute the mapping r ↔ z. The
observed coordinates are then converted back to comoving space as

(z, θ, ϕ) → (r, θ, ϕ), (3.18)

creating a 3D map as interpreted under the trial cosmology.

Two-point correlation function with pycorr

We measure the anisotropic two-point correlation function (2PCF) ξ(s, µ)
using the publicly available pycorr package [32, 33]. The estimator adopted
throughout this work is the Landy–Szalay estimator [34],

ξ(s, µ) =
DD(s, µ)− 2DR(s, µ) + RR(s, µ)

RR(s, µ)
, (3.19)

where DD, DR, and RR denote the suitably normalized counts of data–
data, data–random, and random–random pairs in bins of separation s and
cosine of the line-of-sight angle µ. This estimator is known to be nearly
minimum-variance and to efficiently suppress edge effects arising from
complex survey geometries.

The separation s is defined as the comoving distance between galaxy pairs,
while µ is the cosine of the angle between the pair separation vector and
the line of sight, defined using the midpoint of the pair. This choice en-
sures a symmetric treatment of the two galaxies in each pair and is stan-
dard in anisotropic clustering analyses. [35]
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Random catalogues are constructed to have the same angular and radial
selection functions as the data. Angular positions are drawn uniformly
over the spherical wedge footprint using

ϕ ∼ U [ϕmin, ϕmax] cos θ ∼ U [cos θmin, cos θmax]

which ensures uniform sampling on the sphere. The radial selection func-
tion is modeled by estimating the empirical redshift distribution n(z) of
the selected galaxies, constructing a histogram of this distribution, and in-
terpolating it to obtain a smooth probability density. Random redshifts
are drawn from this distribution and converted to comoving distances us-
ing the same trial cosmology employed for the data, thereby guaranteeing
consistency between the data and random catalogues.

The random catalogues contain a factor of 20 more objects than the data
in order to reduce Poisson noise in the RR and DR pair counts. Tests con-
firm that increasing the random density beyond this factor does not sig-
nificantly change the measured correlation function within the statistical
uncertainties.

Covariances of ξ(s, µ) are estimated using jackknife resampling. [36] The
survey wedge is divided into equal-area angular regions using a HEALPix
tessellation. [37] The 2PCF is recomputed by omitting one region at a time,
and the covariance matrix is estimated as

Cij =
NJK − 1

NJK

NJK

∑
k=1

[
ξ
(k)
i − ξ̄i

] [
ξ
(k)
j − ξ̄ j

]
, (3.20)

where NJK is the number of jackknife regions, ξ
(k)
i is the measurement in

bin i for the k-th jackknife sample, and ξ̄i is the mean over all jackknife
realizations. Jackknife resampling provides a robust, internally consistent
estimate of the covariance on BAO scales and is widely used in large-scale
structure analyses. [29, 36]

38
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BAO fitting window

We restrict the analysis to separations near the BAO scale, typically s ∈
[sBAO − 50, sBAO + 50] Mpc, with sBAO ≈ 150 Mpc.

Theoretical template from CAMB

We compute a theoretical correlation-function template using CAMB. [15]
The linear matter power spectrum is evaluated over

k ∈ [10−4, 10] Mpc−1, (3.21)

which safely brackets all scales contributing to the BAO feature. The lower
bound captures large-scale modes relevant for the broadband correlation
function, while the upper bound includes all small-scale power affecting
the BAO peak shape. Contributions from higher wavenumbers are negli-
gible at separations s ∼ 150 Mpc.
The correlation function is obtained via

ξ(r) =
1

2π2

∫ ∞

0
dk k2P(k)

sin(kr)
kr

. (3.22)

For w0waCDM cosmologies we use the PPF prescription to allow stable
evolution across the phantom divide. [38] The template is computed on a
wider separation range than the data 2PCF to avoid extrapolation of the
template when applying a dilation parameter α.
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Multipole projection and covariance transformation

We compute the monopole and quadrupole via Legendre projection:

ξℓ(s) =
2ℓ+ 1

2

∫ 1

−1
dµ ξ(s, µ) Pℓ(µ), ℓ ∈ {0, 2}. (3.23)

If x is the flattened 2D data vector and y the stacked multipole vector, then
y = Px and the covariance transforms as

Cmulti = P C2D PT. (3.24)

An example for the CAMB template monopole at z = 0.5 is seen in Fig.
3.10

Figure 3.10: Monopole of the BAO template at z = 0.5 created by the CAMB
Python package.

40
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Monopole BAO fit with dilation and nuisance terms

We fit the monopole using a dilated template plus a broadband polyno-
mial:

ξmodel
0 (s) = b2 ξ

temp
0

( s
α

)
+

2

∑
i=0

aisi, (3.25)

where b is an effective bias amplitude, α is the BAO dilation parame-
ter (with α = 1 corresponding to no shift), and the polynomial absorbs
smooth broadband mismatches. [39, 40] The parameters (α, b, {ai}) are
determined by minimizing a χ2 statistic that quantifies the mismatch be-
tween the measured monopole ξdata

0 (s) and the model prediction ξmodel
0 (s).

Explicitly, the χ2 statistics is defined below:

χ2(α, b, ai) = ∑
i,j

[
ξdata

0 (si)− ξmodel
0 (si|α, b, ai)

]
C−1

ij

[
ξdata

0 (sj)− ξmodel
0 (sj|α, b, ai)

]
(3.26)

where Cij is the covariance matrix of the monopole measurement and the
sums run over separation bins within the BAO fitting range.
The best-fitting BAO dilation parameter α is obtained by minimizing χ2

with respect to all free parameters. In this framework, deviations of α from
unity quantify shifts of the BAO scale relative to the fiducial template,
while the nuisance terms absorb smooth broadband differences without
altering the position of the acoustic feature as we have qualitatively checked.
We extract α and σα from each fit.

Quadrupole isotropy diagnostic

We compute the quadrupole ξ2(s) and average it over the BAO window(<
ξ2(100 ≤ s ≤ 200, µ) >). In the isotropic limit ξ(s, µ) = ξ(s),

ξ2(s) =
5
2

∫ 1

−1
dµ ξ(s, µ) P2(µ) =

5
2

ξ(s)
∫ 1

−1
dµ P2(µ) = 0, (3.27)

since
∫ 1
−1 P2(µ)dµ = 0.Non-zero quadrupole reflects line-of-sight anisotropy

from redshift-space distortions and/or incorrect distance conversions. [35,
41] This means the following discrete function will be applied to all cos-
mologies and the value of ⟨ξ2⟩100≤s≤200 extracted:

⟨ξ2⟩100≤s≤200 =
1

Ns
∑

si∈[100,200]
ξ2(si) (3.28)
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3.2.6 Likelihoods and posterior inference (blue blocks)

Gaussian likelihoods

For each cosmology-grid point we obtain (α, σα) and optionally (ξ̄2, σξ2).
We define Gaussian likelihoods:

Lα(θ) ∝ exp

[
−1

2

(
α(θ)− 1

σα(θ)

)2
]

, (3.29)

and optionally

Lquad(θ) ∝ exp

[
−1

2

(
ξ̄2(θ)

σξ2(θ)

)2
]

. (3.30)

Combining redshift bins

Assuming independent redshift bins, the combined likelihood is

Lcomb(θ) = ∏
i
Li(θ), lnLcomb = ∑

i
lnLi. (3.31)

In practice, bins are not perfectly independent in a single simulation vol-
ume due to shared large-scale modes; multiple independent simulation
realizations would be required for strict independence.

3.2.7 Validation and systematics

A series of validation tests and systematic checks were performed to en-
sure that the recovered BAO signal and inferred cosmological constraints
are robust.

Recovery of the true cosmology As a primary consistency check, the
analysis was performed using the true cosmological parameters of the
simulation. In this case, the recovered BAO dilation parameter is expected
to satisfy α ≈ 1. We find that α deviates from unity by at most ∼ 5%,
with the deviation increasing mildly with redshift. This behaviour is con-
sistent with the decreasing number density of galaxies at higher redshift,
which increases statistical noise in the correlation function measurement.
The recovery of α ≃ 1 demonstrates that the pipeline does not introduce a
systematic shift in the BAO scale.

42
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Observer placement, averaging, and error estimation To test sensitivity
to observer placement and finite-volume effects, the analysis was repeated
for multiple random translations of the galaxy catalogue within the peri-
odic simulation volume. Due to the finite box size, these observer realiza-
tions are not fully independent. The number of statistically independent
realizations is limited by the ratio

Nind ∼ Vsimulation

Vsurvey
, (3.32)

which depends on the redshift bin, as higher redshift bins probe a smaller
comoving volume. For the L = 1000 Mpc FLAMINGO simulation, this
typically results in only a few effectively independent observer placements
at low redshift, increasing at higher redshift.

Rather than treating each observer realization as independent, the two-
point correlation function is averaged across realizations and uncertainties
are propagated accordingly. For each observer placement i, the anisotropic
correlation function ξi(s, µ) and its covariance Ci are measured. The aver-
aged correlation function is computed as

ξ̄(s, µ) =
N

∑
i=1

wi ξi(s, µ), (3.33)

with weights

wi =
Vini

∑j Vjnj
, (3.34)

where Vi is the fractional survey volume and ni the galaxy number den-
sity of realization i. This weighting reflects the relative statistical power of
each realization and mitigates the effect of partially overlapping volumes.

Because the observer realizations are drawn from the same periodic simu-
lation, their measurements are correlated through shared large-scale modes.
Following standard treatments of correlated mock catalogues, the aver-
aged covariance is constructed as

C̄ =
N

∑
i=1

βi Ci, (3.35)

with
βi = w2

i + ρ wi(1 − wi), (3.36)
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where ρ = 1
Nindenpent

is the mean fractional survey volume relative to the
simulation box. The first term corresponds to standard weighted errors,
while the second term accounts for correlations induced by overlapping
density modes due to observing the same region of the simulation. This
prescription interpolates between the limits of independent and fully cor-
related measurements, as discussed in [42] and [43].
This approach ensures that uncertainties are not underestimated by treat-
ing correlated observer realizations as independent while still exploiting
the statistical gain available from multiple observer placements within the
periodic simulation volume.

Random catalogue construction The impact of the random catalogue
was tested by varying the random seed and verifying that the measured
correlation function and BAO fit parameters remained stable. A random
catalogue size of NR = 20ND was found sufficient to suppress Poisson
noise in the RR and DR pair counts. The radial selection function n(z),
estimated from a histogram and smoothed with a mild Gaussian kernel,
was confirmed to reproduce the observed redshift distribution of the data.
The result of the test at 0.45 ≤ z ≤ 0.55 inside a ΛCDM simulation can be
seen in Fig. 3.11.

44
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Figure 3.11: Normalized n(z) with 0.45 ≤ z ≤ 0.55. The redshifts of the random
catalogue are drawn from the smoothed PDF.

Binning choices The dependence of the results on binning was explored
by varying the number of separation and angular bins. A clear trade-off
between resolution and noise was observed: finer binning increases noise
without improving BAO scale recovery, while coarser binning smooths the
BAO feature. The adopted binning scheme was found to provide a stable
compromise between these effects.

Covariance estimation The jackknife covariance was validated by mon-
itoring the stability of the monopole autocovariance across multiple real-
izations. Using 100 HEALPix-based angular jackknife regions yielded a
covariance matrix whose diagonal elements varied only weakly between
realizations, indicating that the covariance estimate is sufficiently stable
for the purposes of this analysis.
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Broadband modeling and BAO fitting The robustness of the BAO fit-
ting procedure was tested by varying the order of the nuisance polyno-
mial used to model broadband shape variations. These broadband effects
include nonlinear effects of galaxy formation in the FLAMINGO simu-
lation. Zero- and first-order polynomials were generally insufficient, oc-
casionally biasing the recovered BAO dilation parameter or preventing a
stable fit. A second-order polynomial provided the most stable recovery
of the BAO scale without visibly overfitting the BAO feature or shifting it.

As an additional consistency check, the relationship between the BAO di-
lation parameter α and the nuisance polynomial coefficients was exam-
ined. Because the broadband terms are not strictly orthogonal to the BAO
signal, some degree of covariance between α and the nuisance parameters
is expected. However, excessively strong correlations would indicate that
the broadband model is partially absorbing shifts in the BAO peak posi-
tion.

This covariance was therefore monitored qualitatively by inspecting if the
peaks in monopole fits were visible by the naked eye. If they were not
visible but a fit was still made, these fits could have been induced by the
nuisance parameters. A far more rigorous analysis of the covariance be-
tween α and the nuissance parameters is needed.

Assumptions and limitations The theoretical template is based on linear
theory only and does not explicitly include non-linear BAO damping or
reconstruction. These effects primarily modify the broadband shape and
peak amplitude rather than the peak position. Since the analysis focuses
on relative shifts of the BAO scale and marginalizes over broadband con-
tributions, this approximation is sufficient for the current study. Residual
systematics from nonlinear effects are expected to be subdominant com-
pared to statistical uncertainties such as the Poisson noise.[41]

46
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Chapter 4
Results

4.1 Simulations

We analyse a set of cosmological hydrodynamical simulations from the
FLAMINGO simulation suite, focusing on the L1000N1800 configuration.
All simulations are evolved from z = 30 to z = 0 in a periodic cubic vol-
ume of comoving side length 1000 Mpc. The simulation contains 18003

cold dark matter particles and an equal number of baryonic (gas) parti-
cles. The corresponding particle masses are mCDM = 5.65 × 109 M⊙ and
mb = 1.07 × 109 M⊙, respectively.[11]

In this work, we consider three simulation variants: a fiducial ΛCDM
cosmology (FID), a dark-energy model with evolving equation-of-state pa-
rameters consistent with DESI forecasts (W0WA), and a corresponding model
with enhanced AGN feedback (W0WA+AGN).[11] The key cosmological pa-
rameters, AGN feedback, and resulting galaxy statistics used in the anal-
ysis are summarised in table 4.1.
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Table 4.1: Simulation and survey properties for the fiducial and DESI cosmolo-
gies in the FLAMINGO L1000N1800 simulation suite. FID = HYDRO_FIDUCIAL, W0WA
= HYDRO_DESI_W0WA and W0WA+AGN = HYDRO_DESI_W0WA_STRONGEST_AGN

Simulation FID W0WA W0WA+AGN
H0 [km s−1 Mpc−1] 68.1 66.8 66.8
ΩCDM,0 0.256 0.268 0.268
ΩDE,0 0.694 0.681 0.681
Ωb,0 0.049 0.050 0.050
w0 −1 −0.760 −0.760
wa 0 −0.857 −0.857
AGN feedback normal normal high
Survey redshift bin width ∆z 0.1 0.1 0.1
Ngal(zeff = 0.5) ≈ 28 × 103 ≈ 30 × 103 ≈ 40 × 103

Ngal(zeff = 0.7) ≈ 13 × 103 ≈ 13 × 103 ≈ 16 × 103

ngal(zeff = 0.5) [deg−2] ≈ 37 ≈ 38 ≈ 51
ngal(zeff = 0.7) [deg−2] ≈ 28 ≈ 28 ≈ 35
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4.2 Validation by constraining Ωm and ΩDE 49

4.2 Validation by constraining Ωm and ΩDE

The first step in validating the BAO analysis pipeline is to test whether
the simulation is able to recover the matter density parameter Ωm while
keeping all other cosmological parameters fixed to their fiducial values.
Ωm ∝ (z + 1)3 follows from Eq. 2.4. This means Ωm, apart from radiation
(Ωr ∝ (z + 1)4) at very early times , is a dominant component in the early
universe. So it has a strong effect on how large the BAO rulers length rs
is in the CAMB template production. This is in addition to the fact that it
has a noticeable effect on DM in the latter stages of the universe and thus
influences the shift in the 2PCF data analysis. It can overall be expected
that only a very narrow range of Ωm values give a correct fit due to the
effect on both processes.

4.2.1 FID

The following (Ωm, ΩDE) priors were used inside the FID simulation:

Ωm ∼ U[0.2, 0.4], ΩDE ∼ U[0.6, 0.8]

The resulting (Ωm, ΩDE) posterior has a likelihood evaluated on a uniform
grid of 10 × 10 points spanning the chosen prior ranges (including both
endpoints) This corresponds to step sizes:

∆Ωm =
0.6 − 0.4
10 − 1

=
0.2
9

≃ 0.022 ∆ΩDE =
0.8 − 0.6
10 − 1

=
0.2
9

≃ 0.022

Fig. 4.1 shows that the pipeline is able to recover the a posterior contour
in which true values of Ωm = 0.305 and ΩDE = 0.694 of the FID simu-
lation fall within the 68% confidence contour.The pipeline seems to favor
cosmologies with a slightly higher Ωm and ΩDE value but these are nearly
within 1σ for both parameter marginals. The posterior is not sampled well
enough due to the uniform grid having large ∆ΩDE and ∆Ωm. Thus the
result in 4.1 is more of a validation that the pipeline works than necessarily
constraining Ωm and ΩDE tightly.

Ωm = 0.31+0.02
−0.00 (68% CI)

ΩDE = 0.73+0.03
−0.04 (68% CI)

(4.1)
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Figure 4.1: Joint posterior constraints on (Ωm, ΩDE) from the FID simulation us-
ing narrow priors, obtained by combining the z = 0.5 and z = 0.7 redshift shells
(∆z = 0.1). Contours show the 68% and 95% confidence regions. The black lines
indicate the true cosmology. The true values of Ωm and ΩDE are both within 1σ
but true cosmology is on the edge of the 68% confidence contour. Nrealizations = 6.

50
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4.3 w0 and wa

In this section the w0 and wa are constrained for the 3 simulations. All
other cosmological parameters are fixed at their true value of the respec-
tive simulation.

4.3.1 Validation of FID simulation at z = 0.5

The pipeline is first validated by using a small probe within the FID simu-
lation using the following priors

w0 ∼ U[−1.5,−0.5] wa ∼ U[−1, 1]

The resulting (w0, wa) posterior has a likelihood evaluated on a uniform
grid of 10 × 10 points spanning the chosen prior ranges (including both
endpoints) This corresponds to step sizes:

∆w0 =
−0.5 − (−1.5)

10 − 1
=

1
9
≃ 0.111

∆wa =
1 − (−1)

10 − 1
=

2
9
≃ 0.222

As a consistency check of the BAO analysis pipeline, we examine whether
the correct cosmological parameter combination (w0, wa) used to generate
the FID simulation at z = 0.5 yields a stable and unbiased BAO recovery.
Fig. 4.2 shows the monopole two-point correlation function measured
from the simulation together with the best fitting shifted BAO template.
The template is obtained by minimizing the χ2 statistic defined in Eq. 3.26,
allowing the BAO dilation parameter α and broadband nuisance terms to
vary. The recovered value α = 0.984 is close to unity, indicating that the
BAO peak position is accurately reproduced when the correct cosmology
is assumed.

To further assess the robustness of the result, Fig. 4.3 presents complemen-
tary diagnostics based on the BAO dilation parameter and the quadrupole
moment. The left panel shows the recovered α values across the (w0, wa)
grid, where the true simulation cosmology (marked by a cross) lies close
to α = 1.

The right panel displays the averaged quadrupole ⟨ξ2⟩ over separations
100–200 Mpc, computed as in Eq. 3.28. The quadrupole remains consis-
tent with zero within uncertainties, and the true cosmology is among the
parameter combinations with the smallest anisotropic signal.
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Figure 4.2: Monopole BAO fit for the FID simulation (narrow priors) with the cor-
rect cosmological values for (w0, wa) at z = 0.5. The vertical dotted line indicates
the expected BAO peak position in comoving separation (Mpc) for the fiducial
template. The green data points with error bars show the measured monopole
correlation function ξdata

0 (s), while the yellow curve shows the best-fitting shifted
template model ξmodel

0 (s) obtained by minimizing the χ2 defined in Eq. 3.26. The
best-fitting dilation parameter is α = 0.984 (no σα shown, error is computed inter-
nally). Nrealisations = 6.

52
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(a) (b)

Figure 4.3: Left: BAO dilation parameter shift α for the FID simulation with nar-
row priors at redshift z = 0.5, evaluated using Eq. 3.26. Red regions indicate BAO
scales larger than the fiducial template, while blue regions correspond to smaller
inferred BAO scales. The cross marks the true simulation cosmology and lies
close to α = 1, indicating good overall recovery. Right: Average quadrupole ⟨ξ2⟩
measured over separations 100–200 Mpc as in Eq. 3.28 for the same configura-
tion. The quadrupole remains consistent with zero within uncertainties, with the
true cosmology (cross) being among the cosmologies with the lowest anisotropy.
For both quadrupole and α plots we see some points (especially in the top right
corner) are blank. This means the pipeline was not able to recover a correct fit for
that cosmology. Nrealisations = 6.
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Fig. 4.4 shows that the pipeline is able to recover the a posterior contour in
which true values of w0 = −1 and wa = 0 of the FID simulation fall within
the 68% confidence contour. The posterior is not sampled well enough due
to the uniform grid having large ∆w0 and ∆wa. Thus the result in 4.2 is
more of a validation that the pipeline works than necessarily constraining
w0 and wa tightly. It does show that wa seems to be less tightly constrained
than w0. Another observation is that the (w0, wa) posterior is not fully
encapsulated by the prior choice made before. It is therefore needed to
choose wider priors on both parameters to fully show the posterior.

w0 = −1.06+0.11
−0.11 (68% CI)

wa = −0.26+0.59
−0.74 (68% CI)

(4.2)

54
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Figure 4.4: Joint posterior constraints on (w0, wa) from the FID simulation using
narrow priors, obtained by combining the z = 0.5 and z = 0.7 redshift shells
(∆z = 0.1). Contours show the 68% and 95% confidence regions.w0 is well con-
strained but wa is poorly constrained. The black lines indicate the true cosmology.
The true values of w0 and wa of the fiducial cosmology fall within the 68% confi-
dence contour. Nrealisations = 6

Version of February 12, 2026– Created February 12, 2026 - 20:24

55



56 Results

4.3.2 Priors

Two prior choices are used for the w0waCDM analyses that follow from
this point forward. Unless stated otherwise in the caption of a figure, re-
sults labelled narrow priors adopt

wnarrow
0 ∼ U[−1.5,−0.5] wnarrow

a ∼ U[−1, 1]

while results labelled DESI priors use broader uniform ranges following
the DESI analysis strategy [8],

wDESI
0 ∼ U[−3, 1] wDESI

a ∼ U[−3, 2]

For all two parameter (w0, wa) posterior evaluations shown in the corner.corner
plots, the likelihood is evaluated on a uniform grid of 30× 30 points span-
ning the chosen prior ranges (including both endpoints). This corresponds
to step sizes:

∆wnarrow
0 =

−0.5 − (−1.5)
30 − 1

=
1

29
≃ 0.034 ∆wnarrow

a =
1 − (−1)

30 − 1
=

2
29

≃ 0.069

∆wDESI
0 =

1 − (−3)
30 − 1

=
4

29
≃ 0.138 ∆wDESI

a =
2 − (−3)

30 − 1
=

5
29

≃ 0.172
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4.3.3 W0WA: narrow priors

Validation of WOWA simulation at z = 0.5

The same validation procedure is done as in section 4.3.3 to verify if the
BAO is fitted correctly in the W0WA simulation for the correct cosmology.

Figure 4.5: Monopole BAO fit for the WOWA simulation (narrow priors) with the
correct cosmological values for (w0, wa) at z = 0.5. The vertical dotted line indi-
cates the expected BAO peak position in comoving separation (Mpc) for the fidu-
cial template. The green data points with error bars show the measured monopole
correlation function ξdata

0 (s), while the yellow curve shows the best-fitting shifted
template model ξmodel

0 (s) obtained by minimizing the χ2 defined in Eq. 3.26. The
best-fitting dilation parameter is α = 1.01 (no σα shown, error is computed inter-
nally). Nrealisations = 6.
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(a) (b)

Figure 4.6: Left: BAO dilation parameter shift α for the WOWA simulation with nar-
row priors at redshift z = 0.5, evaluated using Eq. 3.26. Red regions indicate BAO
scales larger than the fiducial template, while blue regions correspond to smaller
inferred BAO scales. The cross marks the true simulation cosmology and lies
close to α = 1, indicating good overall recovery. Right: Average quadrupole ⟨ξ2⟩
measured over separations 100–200 Mpc as in Eq. 3.28 for the same configura-
tion. The quadrupole remains consistent with zero within uncertainties, with the
true cosmology (cross) being among the cosmologies with the lowest anisotropy.
For both quadrupole and α plots we see some points (especially in the top right
corner) are blank. This means the pipeline was not able to recover a correct fit for
that cosmology. Nrealisations = 6.

Combined redshift shells at z = 0.5 and z = 0.7

Fig. 4.7 shows the posterior distribution of the dark energy equation-of-
state parameters (w0, wa) obtained from a joint likelihood analysis com-
bining the redshift shells centered at z = 0.5 and z = 0.7, each with a
bin width of ∆z = 0.1, corresponding to the intervals 0.45 ≤ z ≤ 0.55
and 0.65 ≤ z ≤ 0.75. The posterior is visualized using a two-parameter
corner.corner plot, where the contours represent the marginalized con-
straints in the (w0, wa) plane.
Marginalizing over wa and w0 respectively yield the following constraints

w0 = −0.84+0.10
−0.10 (68% CI)

wa = −0.38+0.69
−0.48 (68% CI)

(4.3)

The resulting confidence region is highly elongated, indicating a strong
degeneracy between w0 and wa when only the lower redshift information
is used.
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Figure 4.7: Joint posterior constraints on (w0, wa) from the W0WA simulation using
narrow priors, obtained by combining the z = 0.5 and z = 0.7 redshift shells
(∆z = 0.1). Contours show the 68% and 95% confidence regions. The black lines
indicate the true values of the simulations and the blue lines indicate the FID
cosmological constant simulation values. Contours show the 68% and 95% confi-
dence regions. Nrealisations = 10.
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Including higher redshift information

Figure 4.8: Joint posterior constraints on (w0, wa) from the W0WA simulation using
narrow priors, combining the z = 0.5, z = 0.7, and z = 0.9 redshift shells. Con-
tours show the 68% and 95% confidence regions. The black lines indicate the true
values of the simulations and the blue lines indicate the FID cosmological constant
simulation values. Including the higher-redshift bin partially breaks the (w0, wa)
degeneracy and tightens the confidence contours, although the low tracer abun-
dance at z = 0.9 makes BAO recovery less stable in that shell. Nrealisations = 10.

To investigate whether this degeneracy can be reduced, an additional higher
redshift shell at z = 0.9 is included in the analysis. The resulting posterior
distribution is shown in Fig. 4.8, where the combined likelihood now in-
corporates the redshift shells at z = 0.5, z = 0.7, and z = 0.9. In this case,
the confidence contours are noticeably more compact and are more tightly
centered around the true parameter values (w0, wa) = (−0.760,−0.857)
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used in the simulation and the FID cosmology is just outside the 95% con-
fidence interval. However, this redshift bin galaxy count is low (≈ 6000)
and this means the BAO signal cannot be resolved in a few of the runs.
This is the reason why this redshift bin has been ejected from further anal-
ysis. A larger simulation would make this redshift bin more viable to in-
clude in the final posterior and constrain the (w0, wa) values even better.
For this configuration, the marginalized constraints improve to

w0 = −0.81+0.03
−0.07 (68% CI)

wa = −0.66+0.34
−0.28 (68% CI)

(4.4)

This demonstrates that including higher-redshift information helps to par-
tially break the degeneracy between w0 and wa, leading to tighter con-
straints on both parameters.

Effect of prior choice

However, for both Fig. 4.7 and Fig. 4.8, the confidence intervals visibly ex-
tend to regions outside the imposed priors. This suggests that the chosen
prior ranges may be overly restrictive and could artificially truncate the
posterior distribution.

To address this issue, a third analysis is performed using wider priors
consistent with those adopted in the DESI analysis.[8] This new analy-
sis allows the full extent of the likelihood surface to be explored without
prior induced boundary effects and provides a more fair assessment of the
cosmological constraints.
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4.3.4 FID: DESI priors

Figure 4.9: Joint posterior constraints on (w0, wa) from the FID simulation using
DESI priors, obtained by combining the z = 0.5 and z = 0.7 redshift shells. Rel-
ative to the narrow-prior case, the wider prior range reveals the full extent of the
(w0, wa) degeneracy and leads to weaker marginal constraints. Contours show
the 68% and 95% confidence regions. The true cosmology is indicated with black
lines. When compared to Fig. 4.4 the w0 value is less well constrained and lies
further away from the true value of w0 = −1. wa is again poorly constrained.
Nrealisations = 6.
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When adopting the wider DESI prior ranges, the resulting constraints on
the dark energy equation-of-state parameters seen in 4.5 and in Fig. 4.9
become significantly weaker compared to those obtained with the narrow
priors in 4.2. In particular, the marginalised uncertainty on w0 increases,
while the constraint on wa remains effectively unconstrained, reflecting
the strong degeneracy between the two parameters when limited redshift
information is available.

Although the best-fitting value of w0 lies approximately 1.5σ away from
the cosmological constant value w0 = −1, this level of deviation is not sta-
tistically significant enough to say the pipeline failed to recover the true
cosmology. The FID cosmology still falls within the 95 % confidence inter-
val. It does show that the prior choice has a big influence on the resulting
posterior and w0 marginal.

w0 = −0.79+0.14
−0.14 (68% CI)

wa = −1.45+1.21
−1.03 (68% CI)

(4.5)
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4.3.5 WOWA: DESI priors

Figure 4.10: Joint posterior constraints on (w0, wa) from the W0WA simulation using
DESI priors, obtained by combining the z = 0.5 and z = 0.7 redshift shells. Con-
tours show the 68% and 95% confidence regions. The black lines indicate the true
values of the simulations and the blue lines indicate the FID cosmological con-
stant simulation values. Relative to the narrow-prior case, the wider prior range
reveals the full extent of the (w0, wa) degeneracy and leads to weaker marginal
constraints. Nrealisations = 5 (one corrupted realisation).

64
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When adopting the wider DESI prior ranges, the resulting constraints on
the dark energy equation-of-state parameters become significantly weaker
compared to those obtained with the narrow priors in 4.3. In particular,
the marginalised uncertainty on w0 increases substantially, while the con-
straint on wa remains effectively unconstrained, reflecting the strong de-
generacy between the two parameters when limited redshift information
is available. Although the best-fitting value of w0 lies approximately 1.5σ
away from the cosmological constant value w0 = −1, this level of devia-
tion is not statistically significant.

Consequently, it remains premature to claim a confident distinction be-
tween the evolving w0waCDM cosmology considered here and a standard
ΛCDM model based on the current analysis. The resulting posterior con-
tours in Fig. 4.10 are indistinguishable from the FID simulation in Fig. 4.9.

w0 = −0.79+0.14
−0.14 (68% CI)

wa = −0.59+1.03
−1.38 (68% CI)

(4.6)
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4.3.6 W0WA+AGN: DESI priors

Figure 4.11: Joint posterior constraints on (w0, wa) from the W0WA+AGN simulation
using DESI priors, combining the z = 0.5 and z = 0.7 redshift shells. Contours
show the 68% and 95% confidence regions. The black lines indicate the true val-
ues of the simulations and the blue lines indicate the FID cosmological constant
simulation values. The higher tracer density in this run yields a tighter constraint
on w0 compared to W0WA, while wa remains weakly constrained due to the persis-
tent (w0, wa) degeneracy at these redshifts. Nrealisations = 6.
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The properties of the W0WA+AGN simulation help to explain the constraining
power of the resulting posterior. As shown in table 4.1, this run exhibits a
higher LRG tracer number density compared to the corresponding models
with weaker AGN feedback. This enhancement arises because the inclu-
sion of strong AGN feedback leads to earlier quenching of star formation
in massive galaxies, producing a larger population of passively evolving
red galaxies at earlier cosmic times. Such early quenching is a key ingredi-
ent in boosting the abundance of luminous red galaxies at higher redshifts.
[44]

The increased tracer density improves the signal-to-noise of the cluster-
ing measurements in both redshift bins as can be seen in table 4.1. This
contributes to the tighter marginal constraint on w0 shown in Fig. 4.11.
We find that the ΛCDM value w0 = −1 remains well within the 1σ con-
fidence interval of the marginalised posterior, indicating no statistically
significant deviation from a cosmological constant. In contrast, the time
variation parameter wa remains weakly constrained, reflecting the limited
sensitivity of the current data combination to a deviation from constant
dark energy at these redshifts. The resulting posterior contours in Fig.
4.11 are indistinguishable from the FID simulation in Fig. 4.9.

w0 = −0.79+0.14
−0.14 (68% CI)

wa = −0.59+0.86
−1.03 (68% CI)

(4.7)
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4.4 Fixing w0

This section investigates whether fixing w0 at its corresponding true sim-
ulation improves constraints on wa and furthermore can distinghuish dy-
namical dark energy from cosmological constant simulations. The analysis
is performed for all three simulations considered above. When analysing
the posterior contours, the W0WA and W0WA+AGN simulations are indistin-
guishable from the FID simulation. There is not enough information to
show that the W0WA and W0WA+AGN simulation are run with a dynamical
dark energy model instead of the standard cosmological constant.

When fixing w0 and varying only wa, the likelihood is evaluated on a
one-dimensional uniform grid of 300 points across the DESI prior range
wa ∼ U[−3, 2] (including endpoints). The corresponding spacing is

∆wDESI
a =

2 − (−3)
300 − 1

=
5

299
≃ 0.017. (4.8)
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4.4.1 FID

These results correspond to the DESI prior wa only analysis of the FID sim-
ulation, in which the true cosmology is ΛCDM with wa = 0. As shown in
Fig. 4.14a and Fig. 4.12b, the posteriors inferred from the individual red-
shift shells at z = 0.5 and z = 0.7 are noticeably offset from one another, in-
dicating a substantial redshift dependence of the recovered wa value even
in the absence of dynamical dark energy inside the simulation.

Quantitatively, the z = 0.5 shell prefers a mildly positive value of wa,
while the z = 0.7 shell favours a negative value, leading to a mild ten-
sion between the two measurements. This behaviour closely mirrors the
pattern observed in the W0WA simulation and reflects the limited constrain-
ing power of a single BAO redshift shell on the time variation of the dark
energy equation of state.

When the two shells are combined, the resulting posterior shown in Fig. 4.13
peaks close to the true value wa = 0 and remains consistent with ΛCDM
at the ∼ 1σ level. This demonstrates that, despite significant disagreement
between individual redshift bins, the combined constraint does not falsely
indicate dynamical dark energy in the fiducial cosmological constant sim-
ulation.

wa,z=0.5 = 0.41+0.31
−0.37 (68% CI)

wa,z=0.7 = −0.98+0.23
−0.45 (68% CI)

wa,combined = −0.28+0.20
−0.20 (68% CI)

(4.9)
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(a) z = 0.5

(b) z = 0.7

Figure 4.12: One-dimensional posteriors for the dark energy time-variation pa-
rameter wa obtained from the FID simulation using DESI priors, shown separately
for the redshift shells at z = 0.5 (top) and z = 0.7 (bottom). The two shells favour
different values of wa, indicating a strong redshift dependence of the inferred con-
straint when w0 is fixed. The true cosmology is indicated with the vertical black
dotted line. Nrealisations = 6.
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Figure 4.13: Combined posterior distribution for wa from the FID simulation, ob-
tained by multiplying the likelihoods from the z = 0.5 and z = 0.7 redshift shells
under the assumption of independent measurements. The resulting constraint
peaks close to the true value wa = 0 and remains consistent with ΛCDM at the
∼ 1σ level, despite the tension between the individual redshift bin posteriors. The
true cosmology is indicated with the vertical black dotted line. Nrealisations = 6.
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4.4.2 WOWA

These results correspond to the DESI-prior wa only analysis of the W0WA
simulation, with the marginalized constraints summarized in 4.10. As
shown in Fig. 4.14a and Fig. 4.14b, there is a clear discrepancy between
the posterior distributions inferred from the individual redshift shells at
z = 0.5 and z = 0.7, indicating that the recovered value of wa is strongly
dependent on the redshift range considered. This highlights difficulty of
constraining the time variation of the dark energy equation of state once
again, even when w0 and all other cosmological parameters are held fixed.

When the two redshift shells are combined, the resulting posterior shown
in Fig. 4.15 yields a constraint on wa that lies more than 4σ away from the
ΛCDM value wa = 0. However, given the significant tension between the
individual redshift posteriors, it remains premature to interpret this devi-
ation as conclusive evidence for a departure from ΛCDM. While the pos-
teriors derived from the individual redshift shells at z = 0.5 and z = 0.7
(Figs. 4.14a and 4.14b) exhibit approximately Gaussian shapes, the com-
bined posterior shows no clear or well-defined Gaussian structure. This
disparity might have something to do with with the assumption that the
likelihoods of the two shells are independent as in Eq. 3.8.

wa,z=0.5 = −1.7+0.22
−0.2 (68% CI)

wa,z=0.7 = −0.46+0.29
−0.3 (68% CI)

wa,combined = −1.3+0.26
−0.23 (68% CI)

(4.10)
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(a) z = 0.5

(b) z = 0.7

Figure 4.14: One-dimensional posteriors for the dark energy time-variation pa-
rameter wa obtained from the WOWA simulation using DESI priors, shown sepa-
rately for the redshift shells at z = 0.5 and z = 0.7. The true cosmology is indi-
cated with the vertical black dotted line and the FID cosmology is indicated with
a red dotted line. The two redshift bins favour substantially different values of
wa, with minimal overlap between the posteriors, indicating strong redshift de-
pendent variation when w0 is held fixed. Nrealisations = 6.

Version of February 12, 2026– Created February 12, 2026 - 20:24

73



74 Results

Figure 4.15: Combined posterior distribution for wa from the WOWA simulation,
obtained by combining the likelihoods from the z = 0.5 and z = 0.7 redshift
shells under the assumption of independent measurements. The true cosmology
is indicated with the vertical black dotted line and the FID cosmology is indicated
with a red dotted line. The resulting constraint lies more than 4σ away from the
ΛCDM value wa = 0 and approximately 2σ away from the true simulation value
of wa = −0.857. Nrealisations = 6.
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4.4.3 WOWA+AGN

The WOWA+AGN simulation exhibits qualitatively different behaviour com-
pared to both the FID and W0WA runs. As shown in Fig. 4.16a and Fig.
4.16b, the posteriors obtained from the individual redshift shells at z = 0.5
and z = 0.7 are in substantially better agreement with one another and are
both centred close to the true simulation value of wa.

This improved consistency is also reflected in the combined posterior (Fig.
4.17), which remains well centred around the true wa = −0.857 value and
shows a comparatively narrower width than the corresponding W0WA case.
The agreement between the two redshift bins suggests that, for this simu-
lation, systematic redshift dependence in the recovered wa is significantly
reduced.

A plausible explanation for this behaviour is the higher luminous red
galaxy tracer density in the WOWA+AGN run, particularly at z ≳ 0.5, as shown
in Table 4.2. The enhanced tracer abundance increases the SNR of the BAO
measurement and reduces Poisson noise in the two-point correlation func-
tion, leading to more stable wa inference across redshift bins.

wa,z=0.5 = −0.87+0.27
−0.42 (68% CI)

wa,z=0.7 = −1.30+0.74
−0.70 (68% CI)

wa,combined = −0.91+0.24
−0.40 (68% CI)

(4.11)
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(a) z = 0.5

(b) z = 0.7

Figure 4.16: One-dimensional posteriors for the dark energy time-variation pa-
rameter wa obtained from the WOWA+AGN simulation using DESI priors, shown
separately for the redshift shells at z = 0.5 and z = 0.7. The true cosmology
is indicated with the vertical black dotted line and the FID cosmology is indicated
with a red dotted line. In contrast to the FID and W0WA runs, the two posteriors
are in good agreement and are both centred close to the true simulation value of
wa = −0.857, indicating reduced redshift-dependent systematics. Nrealisations = 6.
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Figure 4.17: Combined posterior distribution for wa from the WOWA+AGN simula-
tion, obtained by combining the likelihoods from the z = 0.5 and z = 0.7 redshift
shells under the assumption of independent measurements. The true cosmology
is indicated with the vertical black dotted line and the FID cosmology is indi-
cated with a red dotted line. The resulting constraint is well centred around the
true value wa = −0.857 and is narrower than in the corresponding W0WA case. The
ΛCDM value wa = 0 lies approximately 3–4σ away from the posterior maximum.
Nrealisations = 6.
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4.5 Overview

Table 4.2: Summary of dark energy parameter constraints from the FLAMINGO
L1000N1800 simulations. All quoted uncertainties correspond to 68% confidence
intervals. For the wa–only analyses, w0 is held fixed at its true simulation value
just like the rest of the cosmological parameters.

Simulation Analysis (z shells used) Priors w0 (68% CI) wa (68% CI)

FID w0–wa (0.5, 0.7) narrow −1.06+0.11
−0.11 −0.26+0.59

−0.74

W0WA w0–wa (0.5, 0.7) Narrow −0.84+0.10
−0.10 −0.38+0.69

−0.48

W0WA w0–wa (0.5, 0.7, 0.9) Narrow −0.81+0.03
−0.07 −0.66+0.34

−0.28

FID w0–wa (0.5, 0.7) DESI −0.79+0.14
−0.14 −1.45+1.21

−1.03

W0WA w0–wa (0.5, 0.7) DESI −0.79+0.28
−0.14 −0.59+1.03

−1.38

W0WA+AGN w0–wa (0.5, 0.7) DESI −0.79+0.14
−0.14 −0.59+0.86

−1.03

FID wa (0.5) DESI fixed 0.41+0.31
−0.37

FID wa (0.7) DESI fixed −0.98+0.23
−0.45

FID wa (0.5, 0.7) DESI fixed −0.28+0.2
−0.2

W0WA wa (0.5) DESI fixed −1.70+0.22
−0.20

W0WA wa (0.7) DESI fixed −0.46+0.29
−0.30

W0WA wa (0.5, 0.7) DESI fixed −1.30+0.26
−0.23

W0WA+AGN wa (0.5) DESI fixed −0.87+0.27
−0.42

W0WA+AGN wa (0.7) DESI fixed −1.3+0.74
−0.7

W0WA+AGN wa (0.5, 0.7) DESI fixed −0.91+0.24
−0.4
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Chapter 5
Discussion and conclusion

This thesis developed and applied an end-to-end BAO analysis pipeline to
DESI-like luminous red galaxy (LRG) mock catalogues constructed from
the FLAMINGO hydrodynamical simulations. The goal was to test whether
BAO measurements in a hydrodynamical simulation can (i) recover the
correct cosmology when analysed under the true model, and (ii) recover
dynamical dark energy parameters in a w0waCDM simulation in a way
that is qualitatively consistent with current survey analyses. The physical
motivation is that BAO are set by early universe photon–baryon physics
and the drag-epoch sound horizon [1–4], while late time non-linearities
and baryonic processes primarily affect the broadband shape rather than
the BAO peak position.[5]

DESI is now measuring BAO with high precision and has reported con-
straints on (w0, wa) that motivate validation of these results within simu-
lations such as FLAMINGO.[8–10]
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5.1 Key results

5.1.1 BAO scale recovery

A baseline validation is that analysing a snapshot under the correct cos-
mological parameters should yield α ≃ 1 from the monopole BAO fit
(Eq. 3.26). For the W0WA simulation at z = 0.5, the monopole template fit
reproduces the observed BAO feature well (Fig. 4.5), and the true (w0, wa)
location lies close to α = 1 in the α-map (Fig. 4.6). The quadrupole diag-
nostic, defined by the averaged ⟨ξ2⟩ statistic (Eq. 3.28), remains consistent
with zero near the true cosmology (Fig. 4.6), supporting the interpretation
that no significant anisotropic distortion is present in this configuration,
consistent with the geometric arguments in Sec. 2.2.1.[20]

5.1.2 Detecting a non-ΛCDM cosmology

Under the assumption of narrow (w0, wa) priors, the combined posterior
for the W0WA simulation is statistically distinct from that of the FID simula-
tion, allowing the two cosmologies to be distinguished in the w0–wa plane.
In this case, the ΛCDM point lies within the 68% confidence region for FID
as can be seen in Fig. 4.4, but outside the 95% confidence region for W0WA
as can be seen in Fig. 4.7.

However, when we change to DESI priors on (w0, wa) the resulting pos-
teriors of FID,W0WA and W0WA+AGN are almost indistinguishable. This can
be seen by comparing Figs. 4.9, 4.10 and 4.11 respectively. This might be
due to the larger ∆wa and ∆w0 compared to the narrow (w0, wa) priors
and the rudimentary way of taking a uniform 2 dimensional grid inside
the (w0, wa) DESI priors that causes the pipeline to not sample the high
probability cosmologies often enough. This can be solved by implement-
ing a Markov chain Monte Carlo (MCMC) algorithm that selects (w0, wa)
combinations in a way that samples the higher probability regions more
closely.[45]
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Including a higher redshift shell at z = 0.9 can, in the case of the W0WA
simulation (with narrow (w0, wa) priors), occasionally yield a clearer sep-
aration from ΛCDM as seen in Fig. 4.8. This is consistent with the fact
that including higher redshift measurements samples a larger fraction of
the redshift evolution of w(z) (Eq. 3.4), thereby providing increased lever-
age on time variation in the dark energy equation of state. In practice,
however, the low tracer count (≈ 6000) in this shell leads to reduced BAO
signal-to-noise and a fragile fitting procedure, limiting the robustness of
this detection and the choice of excluding it from the final inference for
now.

Fixing w0

When keeping w0 fixed and fitting only wa, the resulting constraints differ
qualitatively between the three simulations. For the FID simulation, fixing
w0 = −1 yields a posterior that is consistent with the cosmological con-
stant value wa = 0 within approximately 1.5σ (Fig. 4.13), indicating that
static dark energy cannot be ruled out in this case and the pipeline works.

In contrast, for the W0WA and W0WA+AGN simulations, where w0 is fixed to
the true input value w0 = −0.760, the inferred values of wa show a clear
and statistically significant deviation from wa = 0. The W0WA simulation
exhibits a ∼ 5σ deviation from the cosmological constant case and lies at
a level of ≳ 1.5σ from the true simulation value wa = −0.857 (Fig.4.15).
The W0WA+AGN simulation shows a ∼ 4σ deviation from wa = 0, with the in-
ferred mean value lying within 1σ of the true input wa = −0.857 (Fig.4.17).

It is important to note that, for the W0WA and W0WA+AGN simulations, fix-
ing w0 at its true value already encodes prior information that the cosmol-
ogy is not ΛCDM. Within this controlled setting, the analysis nevertheless
demonstrates that wa is robustly non-zero in both simulations, implying
genuinely dynamical dark energy. By contrast, for the FID simulation, no
such conclusion can be drawn, and ΛCDM with wa = 0 remains fully
consistent with the data.
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5.2 Limitations

Across snapshots, the recovered α values for the true cosmologies are typ-
ically close to unity but show a mild tendency towards α < 1 at higher
redshift. A one-sided preference for α < 1 (rather than symmetric scatter
about unity) suggests that the effect is not purely statistical and may in-
volve fitting systematics, binning choices, and covariance between α and
broadband nuisance terms in the monopole fit (Eq. 3.26).

Importantly, this shift is not mirrored by a corresponding quadrupole trend:
the averaged quadrupole does not show a comparable systematic offset.

A more definitive interpretation would require multiple independent sim-
ulation realizations and a nuisance parameter covariance analysis, as is
done in the DESI data release 2. [10]

5.2.1 Resolution

A practical limitation of the analysis is the finite separation binning used
to measure ξ(s, µ) and the multipoles. With a typical bin width of ∆s =
3 Mpc, sensitivity to small BAO peak shifts is limited: displacements sig-
nificantly below this scale cannot be resolved and may be absorbed by
broadband nuisance terms in Eq. 3.25. This limits the interpretation of
cosmological parameters that have only a small impact on the Hubble pa-
rameter in Eq. 3.3. This could be a reason why the wa constraints are poor
within the 2 parameter (w0, wa) pipeline.

5.2.2 Volume

The FLAMINGO volume considered here is a periodic cube of side length
L = 1000 Mpc (Table 4.1), which limits the number of independent large
scale modes available for BAO and hence causes the instability of high
redshift measurements. [11] This is a key reason why wa remains weakly
constrained as introducing higher redshift bins such as z = 0.9 is not viable
due to the low amount of tracers.
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In contrast, DESI analyses rely on the AbacusSummit mock suite, which
is based on dark matter only simulations with box sizes of up to L =
2000 h−1Mpc and an effective volume of approximately (6 h−1Gpc)3 achieved
by tiling multiple realizations. This substantially increases the number of
independent BAO-scale modes and allows for BAO measurements out to
higher redshifts.[8, 10] Higher redshift measurements give you more con-
straints on (w0, wa) as that creates more linear combination of (w0, wa) in
Eq. 3.4.

A further distinction lies in the galaxy halo connection model. In Aba-
cusSummit, galaxies are populated into dark matter halos using a halo
occupation distribution (HOD), which is calibrated to reproduce observed
galaxy clustering and number densities but does not explicitly model bary-
onic physics.[9] In contrast, FLAMINGO is a fully hydrodynamical simu-
lation in which galaxies form self-consistently from gas cooling, star for-
mation, and feedback processes, without relying on an HOD prescription.[11]
While this makes FLAMINGO particularly well suited for studying bary-
onic effects and galaxy formation physics, it comes at the cost of signifi-
cantly reduced cosmological volume.

As can be seen from the results in table 4.2, the constraints on (w0, wa)
from the W0WA and W0WA+AGN are practically the same. This may very well
indicate that higher AGN feedback does not interfere with physics at BAO
length scale.

5.3 Conclusion

In conclusion, BAO measurements extracted from FLAMINGO hydrody-
namical simulations reproduce the expected BAO scale behaviour and
yield w0–wa posteriors that deviate from ΛCDM in the direction expected
for the underlying W0WA cosmology (Table 4.2; Figs. 4.7 and 4.10). The
pipeline passes a key self-consistency check at z = 0.5 (Figs. 4.5 and 4.6),
and the quadrupole diagnostic supports approximate isotropy near the
true cosmology (Eq. 3.28). The dominant limitations arise from finite vol-
ume, reduced tracer density at higher redshift, and finite ∆s resolution,
which collectively hinder constraints on wa and motivate the use of larger
mock volumes for dark energy parameter inference, as adopted in the
DESI analysis with AbacusSummit.[8, 10, 11]
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5.4 Outlook

Looking ahead, progress in constraining evolving dark energy with BAO
will depend critically on extending both simulation volumes and obser-
vational redshift coverage. The present analysis demonstrates that BAO
measurements extracted from hydrodynamical simulations are capable of
recovering the correct BAO scale and responding in the expected direction
to deviations from ΛCDM. However, the limited volume of FLAMINGO
restricts the achievable signal-to-noise at higher redshift, where sensitivity
to the time evolution of the dark energy equation of state becomes most
pronounced.

Larger volume hydrodynamical simulations, with sizes of several (Gpc)3,
would enable stable BAO measurements at z ≳ 1 while retaining a self-
consistent treatment of baryonic physics. Such simulations would signifi-
cantly increase the number of independent BAO-scale modes and mitigate
the low-tracer limitations encountered in the z = 0.9 shell of the present
work. In this regime, multiple redshift bins could be combined to robustly
sample the redshift evolution of w(z), reducing degeneracies between w0
and wa and allowing meaningful constraints on dynamical dark energy
without fixing either parameter beforehand.

On the observational side, upcoming DESI data releases will improve sta-
tistical precision through increased sky coverage, deeper exposures, and
thus create larger number of well-populated redshift bins. As the survey
approaches its full target volume, BAO measurements from LRGs, ELGs,
and quasars will extend to z ≳ 1.5 up to z ≈ 4, providing the redshift
leverage required to break the (w0, wa) degeneracy.[9]

More broadly, very large volume dark matter only simulations, such as
AbacusSummit, provide the most practical path forward for precision BAO
cosmology. Their statistical power enables accurate covariance estimation
and stable BAO measurements at high redshift. Fully hydrodynamical
simulations, such as FLAMINGO, remain valuable for quantifying bary-
onic effects, but the results of this thesis support the conclusion that bary-
onic physics has a negligible impact on the BAO length scale relevant for
cosmological inference. The added computational power required to run
large volume hydrodynamical simulations is an extra downside of using
FLAMINGO-like suites to create mock BAO measurements.
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If future observations provide robust evidence for dynamically evolving
dark energy, the implications would extend well beyond constraints on
w0 and wa in itself. A departure from a cosmological constant would dis-
favour vacuum energy as the dominant explanation for cosmic acceler-
ation and instead point toward dynamical degrees of freedom, such as
scalar field models or modifications of gravity on large scales. In this sce-
nario, measurements of the redshift evolution of the expansion history will
be essential for discriminating between competing theoretical descriptions
of dark energy and for clarifying whether cosmic acceleration arises from
new physics or a breakdown of General Relativity on cosmological scales.
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